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   PREFACE    

   That life as we know it is built from but a handful of 
elements suggests that despite the necessary complexity 
of biomolecules to store and relay information, it is still 
highly regulated by one simple molecule—oxygen. More 
simply, if one theme can be reduced from the vastly 
circuitous biochemistry of the living cell, it is that of 
oxygen regulation. At the heart of this highly regulated 
system is the relatively predictable behavior of the key 
biological oxido-reductants. Most typical oxido-reduc-
tants are the reactive species of oxygen, nitrogen, sulfur, 
and halogens. Due to their highly reactive nature, these 
species can be diffi cult to observe; however, they are 
increasingly understood to play a key role in the regula-
tion of vital cellular processes such as in proliferation, 
intracellular transport, cellular motility, membrane integ-
rity, immune responses, and programmed cell death. 
Formed as by-products of the metabolism of oxygen, 
reactive species are regulated by powerful antioxidant 
defense systems within the cell to minimize their dam-
aging effects. However, the imbalance between the pro-
oxidant and antioxidant defense mechanisms of the cell 
or organism in favor of the former can result in oxida-
tive stress. Prolonged oxidative stress conditions lead to 
the pathogenesis of various diseases such as cancer, neu-
rodegeneration, cardiovascular, and pulmonary diseases 
to name a few. 

 In a most abstract sense, life itself is a cascade of 
events originating from the very fundamental nature of 
the electron, to the reactivity of molecules on which 
electrons reside, to the chemical modifi cations that 
these reactions cause to biomolecular systems that can 
lead to a variety of intracellular signaling pathways. 
Such communication signals the survival or death of the 
cell, and ultimately that of the whole organism. Thus, it 
follows that the most fundamental causes of disease are 
reactive species. 

 The goal of this book is to provide comprehensive 
coverage of the fundamental basis of reactivity of reac-
tive species (Chapter  1 ) as well as new mechanistic 
insights on the initiation of oxidative damage to biomol-
ecules (Chapters  2–4 ) and how these oxidative events 
can impact cellular metabolism (Chapters  5–8 ) translat-
ing into the pathogenesis of some disease states (Chap-
ters  9–13 ). This fi eld of study could hopefully provide 
opportunities to improve disease diagnosis and the 
design of new therapeutic agents (Chapters  14–15 ). 

    Frederick A. Villamena 

  Columbus, Ohio   
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CHEMISTRY OF REACTIVE SPECIES

Frederick A. Villamena
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1.1 REDOX CHEMISTRY

Electron is an elementary subatomic particle that carries 
a negative charge. The ease of electron flow to and from 
atoms, ions or molecules defines the reactivity of a 
species. As a consequence, an atom, or in the case of 
molecules, a particular atom of a reactive species under-
goes a change in its oxidation state or oxidation number. 
During reaction, oxidation and reduction can be broadly 
defined as decrease or increase in electron density on a 
particular atom, respectively. A more direct form of oxi-
dation and reduction processes is the loss or gain of 
electrons on a particular atom, respectively, which is 
often referred to as electron transfer. Electron transfer 
can be a one- or two-electron process. One common 
example of a one-electron reduction process is the 
transfer of one electron to a molecule of oxygen (O2) 
resulting in the formation of a superoxide radical anion 
(O2

•−) (Eq. 1.1). Further one-electron reduction of O2
•− 

yields the peroxide anion (O2
2−) (Eq. 1.2):

 O O2 2+ →− •−eaq  (1.1)

 O O2 2
2•− − −+ →eaq  (1.2)

Conversely, two-electron oxidation of metallic iron 
(Fe0) leads to the formation of Fe2+ (Eq. 1.3) and further 
one-electron oxidation of Fe2+ leads to the formation of 
Fe3+ (Eq. 1.4). Electrons in this case can be introduced 
electrochemically or through reaction with reducing or 
oxidizing agents:

 Fe Fe0 2 2→ ++ −eaq  (1.3)

 Fe Fe2 3+ + −→ + eaq  (1.4)

Another method by which oxidation state on a particu-
lar atom can be altered is through change in bond polar-
ity. Electronegative atoms have the capability of 
attracting electrons (or electron density) toward itself. 
Listed below are the biologically relevant atoms accord-
ing to their decreasing electronegativities (revised 
Pauling): F (3.98) > O (3.44) > Cl (3.16) > N (3.04) > Br 
(2.96) > S > (2.58) > C = Se (2.55) > H (2.20) > P (2.19). 
Therefore, changing the electronegativity (or electro-
positivity) of an atom attached to an atomic center of 
interest can result in the reversal of the polarization of 
the bond. By applying the “whose-got-the-electron-
rule” will be beneficial in identifying atomic centers  
that underwent changes in their oxidation states. For 
example, based on the electronegativity listed above, 
one can examine the relative oxidation states of a 
carbon atom in a molecule (Fig. 1.1). Since carbon 
belongs to group 14 of the periodic table, the carbon 
atom has 4 valence electrons. When carbon is bonded 
to an atom that is less electronegative to it (e.g., hydro-
gen atom), the carbon atom tend to pull the electron 
density toward itself, making it electron-rich. The two 
electrons that it shares with each hydrogen atom are 
counted toward the number of electrons the carbon 
atom can claim. In the first example, methane has four 
hydrogen atoms attached to it. Since hydrogen is less 
electronegative than carbon, all eight shared electrons 
can be claimed by carbon, but since carbon is only enti-
tled to four electrons by virtue of its valence electron, 
it has an excess of four electrons, making its oxidation 
state −4. However, when a carbon atom is covalently 
bound to a more electronegative atom (e.g., oxygen  
and chlorine), the spin density distribution around the 
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the word “radical” had become a chemical terminology 
is not clear, but one could only speculate that these 
groups of atoms that make up a molecule was figura-
tively referred to as “roots” or basic foundation of an 
entity. In the early 1900s, early literature referred to 
metallic atoms as basic radicals and nonmetallic ones as 
acid radicals, for example, in mg(OH)2 or H2S, respec-
tively. During this time, radicals are still referred to as 
group entities that are part of a compound but not until 
Gomberg had demonstrated during this same time that 
radicals can indeed exist by themselves as exemplified 
by his synthesis of the stable triphenylmethyl radical 2 
from the reduction of triphenylchloromethane 1 by Zn 
(Eq. 1.5):4

Cl

Zn
ZnCl2

1 2

•

 (1.5)

In the late 1950s, the electron paramagnetic resonance 
spectrum of 2 had been obtained, further confirming the 
radical nature of trityl which can indeed be stable 
enough to exist by itself and be spectroscopically 
detected.5 radical is defined in modern times as a finite 
chemical entity by its own that is capable of undergoing 
chemical reaction. radicals carry an odd number of 
electrons in the form of an atom, neutral or ionic mol-
ecule. By virtue of Pauli’s exclusion principle, the 
number of electrons occupying an atomic or molecular 
orbital is limited to two provided that they have differ-
ent spin quantum number. This pairing of electron 
results in the formation of a chemical bond between 
atoms, existence of lone pair of electron or completion 

carbon atom decreases and are polarized toward the 
more electronegative atoms. In this case, the electrons 
shared by carbon with a more electronegative atom are 
counted toward the more electronegative atom. In the 
case of formyl chloride, only the two electrons it shares 
with hydrogen can be counted toward the total number 
electrons the carbon atom can claim since the four elec-
trons it shares with oxygen and the two electrons it 
shares with chlorine cannot be counted toward the 
carbon because these electrons are polarized toward the 
more electronegative atoms. Hence, the carbon becomes 
deficient in electron density, and by virtue of its four 
valence electrons, it can only claim two electrons from 
the hydrogen atom, therefore, the net oxidation state 
can be calculated to be +2. The increasing positivity of 
the carbon from methane to formyl chloride indicates 
oxidation of carbon and therefore, oxidation can now 
be broadly defined as (1) loss of electron; (2) loss of 
hydrogen atom; and (3) gain of oxygen or halogen 
atoms, while reduction can be defined as (1) gain of 
electron; (2) gain of hydrogen atom; and (3) loss of 
oxygen or halogen atoms.

1.2 CLASSIFICATION OF REACTIVE SPECIES

Definition. Free radicals are integral part of many 
chemical and biological processes. They play a major 
role in determining the lifetime of air pollution in our 
atmosphere1 and are widely exploited in the design of 
polymeric, conductive, or magnetic materials.2 In bio-
logical systems, free radicals have been implicated in the 
development of various diseases.3 So what are free radi-
cals? The word “radical” came from the Latin word 
radix meaning “root. In the mid-1800s, chemists began 
to use the word radical to refer to a group of atoms. How 

Figure 1.1 Oxidation states of the carbon atom calculated as number of valence electrons for the carbon atom (i.e., 4 e−) minus 
the number of electrons that carbon can claim in a molecule. Order of increasing electronegativity: H < C < O < Cl.
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tion in solution very difficult. rOS detection is com-
monly accomplished by detecting secondary products 
arising from their redox or addition reaction with a 
reagent as will be discussed in Section 1.5. Figure 1.4 
shows examples of dimer formation from HO•, HO2

•, 
TEmPO, and trityl, and their respective approximate 
dissociation enthalpies. rates of rOS decomposition in 
solution, of course, depend on the type of substrates that 
are present in solution but lifetimes of these radicals 
vary in solution since even one of the most stable radi-
cals such as the trityl radical for example is not stable 
in the presence of some oxido-reductants.

Figure 1.2 Hydrogen, formyl, and vinyl σ-radicals.

H
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H

H

•

•

•

Figure 1.3 methyl, thiyl, hydroxyl, hydroperoxyl, superoxide, 
and nitric oxide as examples of π−radicals.
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Figure 1.4 Dissociation enthalpies (ΔH0 in kcal/mol) of 
various dimers showing nitroxide to be the most stable radical 
and the methyl radical being the least stable.
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of the inner core nonbonding electrons. For radicals, 
electrons are typically on an open shell configuration in 
which the atomic or molecular orbitals are not com-
pletely filled with electrons, making them thermody-
namically more energetic species than atoms or 
molecules with closed shell configuration or with filled 
orbitals. For example, the noble gases He, Ne, or Ar, with 
filled atomic orbitals, 1s2 (He), 1s22s22px22py22pz2 (Ne), 
1s22s22p63s23px23py23pz2 (Ar), are known to be inert, 
while the atomic H, N, or Cl with electron configurations 
of 1s1 (H), 1s22s22px22py12pz0 (N), and 1s22s22p63s23px2

3py23pz1 (Cl) are known to be highly reactive and hence 
exist as diatomic molecules. Similarly, molecules with 
open shell molecular orbital configurations are more 
reactive than molecules with closed shell configuration. 
For example, hydroxyl radical has an open shell configu-
ration of σpz

2 px
2py

1 while the hydroxide anion has a 
closed shell configuration of σpz

2 px
2py

2, making the 
former more reactive than the latter.

1.2.1 Type of Orbitals

radicals can be classified according to the type of orbital 
(SOmO) that bears the unpaired electron as σ− or 
π−radicals. radical stability is governed by the extent of 
electron delocalization within the atomic orbitals. In 
general, due to the restricted spin delocalization in the 
σ−radicals, these radicals are more reactive than the 
π−radicals. Examples of σ−radicals are H•, formyl-, 
vinyl-, or phenyl-radicals (Fig. 1.2).

Almost all of the radical-based reactive oxygen 
species (rOS) that will be discussed in this chapter fall 
under the π−type category but each will differ only on 
the extent of spin delocalization within the molecule. 
Examples of π−radicals with restricted spin delocaliza-
tion are •CH3, •SH, and HO• and are relatively less 
stable than π−radicals with extended spin delocalization 
(e.g., HOO•, O2

•−, and NO) (Fig. 1.3).

1.2.2 Stability of Radicals

radicals can also be categorized according to their sta-
bility as stable, persistent, and unstable (or transient). 
Although the terms stable and persistent are often used 
interchangeably, free radical chemists agree that persis-
tent radicals refer to the thermodynamic favorability of 
being monomeric as opposed to being dimeric as formed 
via radical–radical reaction in solution. radical-based 
rOS are not persistent (or stable) making their detec-
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Figure 1.5 reaction of nitric oxide with hydroxyl radical to 
produce nitrous acid showing pertinent oxidation states of the 
atoms undergoing redox transformation.

NO OH HNO2

N O OH

+2 −2 −1 +1

HO N O

+1
−2 +3 −2

••
•
• •

• •

•

• ••

••

• • • •

• •• • • •

Figure 1.6 reaction of nitric oxide with hydroxyl radical to produce nitrous acid showing pertinent oxidation states of the atoms 
undergoing redox transformation.
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Figure 1.7 molecular orbital diagram of dioxygen showing 
its biradical nature.

Classification of reactive species is sometimes cum-
bersome since, for example, a number of molecules 
contain more than one atom whose oxidation states are 
altered during reaction. Nitric oxide (NO), for example, 
can react with hydroxyl radical (HO•) to form nitrous 
acid (HNO2), but in order to classify whether NO is a 
reactive nitrogen or oxygen species, one has to carefully 
examine the oxidation states of the relevant atoms of 
the reactants and the product (Fig. 1.5).

Using the “whose-got-the-electron-rule” mentioned 
earlier, one can assign the oxidation states for each of the 
species involved in the transformation. The nitrogen atom 
of NO underwent an oxidation since its oxidation state 
has increased from +2 to +3 in HNO2, while the oxygen 
of HO• (not of NO) underwent reduction (from −1 to 
−2). We can therefore classify NO as reactive nitrogen 
species (rNS) while HO• as rOS since it was the nitro-
gen atom of NO and the oxygen atom of HO• that 
underwent oxidation state modification after reaction. 
Figure 1.6 shows the various reactive oxygen, nitrogen, 
and sulfur species with their respective oxidation states.

1.2.3 ROS

1.2.3.1 Oxygen Molecule (O2, Triplet Oxygen, 
Dioxygen) The electronic ground state of molecular 

oxygen is the triplet state, O2(X3Σg
−). Dioxygen’s molec-

ular orbital O2(X3Σg
−) has the two unpaired electrons 

occupying each of the two degenerate antibonding πg-
orbitals and whose spin states are the same or are paral-
lel with each other (Fig. 1.7).

Owing to dioxygen’s biradical (open-shell) property, 
it exhibits a radical-type behavior in many chemical 
reactions. Elevated physiological concentrations of O2 
(hyperoxia) have been shown to be toxic to cultured 
epithelial cells due to necrosis, while lethal concentra-
tions of H2O2 and O2

•− cause apoptosis, suggesting that 
the mechanism of O2 toxicity is distinct from other oxi-
dants. However, in in vivo systems, apoptosis is pre-
dominantly the main mechanism of cell death in the 
lung upon breathing 99.9% O2.6

Chlorinated aromatics have been widely used as bio-
cides and as industrial raw materials, and they are ubiq-
uitous as environmental pollutants. The toxicology of 
polychlorinated biphenyls (PCBs) have been shown to 
be due to the formation H2O2 and O2

•− from one-
electron oxidation or reduction by molecular oxygen of 
reactive hydroquinone and quinone products, respec-
tively, via formation of semiquinone radicals (Eq. 1.6).7 
Oxygenation of pentachlorophenol8 (PCP) also leads to 
the formation of superoxide via the same mechanisms 
(Eq. 1.7):



CLASSIFICATION OF rEACTIVE SPECIES  5

with lipid and thiyl radicals form peroxyl (LOO•) and 
thiol peroxyl (rSOO•) radicals, respectively, (Eq. 1.10 
and Eq. 1.11):

 L LOOO2• •� ⇀��↽ ���  (1.10)

 RS RSOOO2• •� ⇀��↽ ���  (1.11)

1.2.3.2 Superoxide Radical Anion (O2
•−) Superox-

ide is the main precursor of the most highly oxidizing 
or reducing species in biological system. The one-
electron reduction of triplet dioxygen forms O2

•− and 
initiates oxidative cascade. The molecular orbital of O2

•− 
shows one unpaired electron in the antibonding πg-
orbital (Fig. 1.8) and is delocalized between the π* 
orbitals of the two oxygen atoms.

Dismutation Reaction By virtue of superoxide’s oxida-
tion state, O2

•− can either undergo oxidation or reduc-
tion to form dioxygen or hydrogen peroxide, respectively 
(Eq. 1.12), 

   
O O e oxidation

O e H H O reduction
2 2

2 2 22

•− −

•− − +

→ +
+ + →

( )

( )
 (1.12)

thereby allowing O2
•− to dismutate to H2O2 and O2 

according to Equation 1.13:

 2 4 102 2 2 2 7
20O H H O O pH

•− ++ + = ×� K  (1.13)

The dismutation of two O2
•− in the absence of proton is 

slow with k < 0.3 M−1 s−1 due to repulsive effects between 
the negative charges. However, in acidic medium, the 
rate O2

•− dismutation significantly increases due to the 
formation of the neutral HO2

• (Eq. 1.14 and Eq. 1.15) 
in which electron transfer between the radicals becomes 
more facile:

O HO O HO s2 2 2 2
8 1 11 10•− • − − −+ → + = ×k M  (1.14)

HO HO O H O s2 2 2 2 2
5 1 11 10• • − −+ → + = ×k M  (1.15)

OH

OH OH

Cl2 Cl2 Cl2

O

O

O

PCBs

O2 O2 O2 O2

•

•− •−

(1.6)

Cl

Cl Cl

Cl Cl

Cl Cl

Cl
OH

O O

O

O2 O2 O2 O2

Cl

Cl Cl

Cl Cl

Cl
Cl

Cl

Cl
OH OH

OH

P450

PCP
•

•− •−

 (1.7)

Oxygen addition to 1,4-semiquinone radicals was 
observed to be more facile than their addition to 
1,2-semiquinones with free energies of reaction of 7.4 
and 10.3 kcal/mol, respectively (Eq. 1.8 and Eq. 1.9).9 
The experimental rate constants for the reaction of O2 
with 2,5-di-tert-butyl-1,4-semiquinone radicals were 
2.4 × 105 M−1 s−1and 2.0 × 106 M−1 s−1 in acetonitrile and 
chlorobenzene, respectively, similar to that observed in 
aqueous media at pH 7. The formation of quinones was 
suggested to occur via a two-step mechanism in which 
O2 adds to the aromatic ring followed by an intramo-
lecular H-atom transfer to the peroxyl moiety and con-
comitant release of HO2

•. This reactivity of O2 to 
semiquinone to yield HO2

• underlies the pro-oxidant 
activity of hydroquinones:10

 

OH

O

HO OO

O

O2
O

O

+ HO2

•

•

•  (1.8)

 

O
OH O2

O

+ HO2

O
OH

H OO

O

•

•

•
 (1.9)

Perhaps one of the most important reactions of O2, 
although reversible in most cases, is its addition to 
carbon- or sulfur-centered radicals which is relevant in 
the propagation steps in lipid peroxidation processes or 
thiol oxidation, respectively. The reaction of dioxygen 

Figure 1.8 molecular orbital diagram of O2
•−.
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malonyl-derivatives of fullerene (C60) have been shown 
to exhibit SOD mimetic properties with rate constants 
in the order of 106 M−1 s−1 compared to dismutation rates 
imparted by SODs (i.e., ∼109 M−1 s−1).12 In vivo studies 
using SOD2–/– knockout mice indicate increased life 
span by 300% and show localization in the mitochon-
dria functioning as mnSOD.13 Computational studies 
show that electron density around the malonyl groups 
is low, thereby making this region more susceptible to 
nucleophilic attack by O2

•− via electrostatic effects.13 
Osuna et al.14 suggested a dismutation mechanism by 
which O2

•− interacts with the fullerene surface and is 
stabilized by a counter-cation and water molecules. An 
electron is transferred from O2

•− to the fullerene-
producing O2 and fullerene radical anion. Subsequent 
electron transfer from fullerene radical anion to another 
molecule of O2

•− gives the fullerene–O2
2− complex, and 

protonation of the peroxide by the malonic acid groups 
gives fullerene–H2O2, where H2O2 is released along with 
the regenerated fullerene (Fig. 1.9).

SOD exists in two major forms: as a Cu,ZnSOD that 
is primarily present in cytosol while mnSOD is located 
in the mitochondria. There is also an FeSOD that has 
chemical similarities with mnSOD such as being suscep-

The pKa of the conjugate acid of O2
•− was determined 

to be 4.69, which indicates that O2
•− is a poor base but 

O2
•− has strong propensity to abstract proton from 

protic substrates. For example, O2
•− addition to water 

results in the formation of HO2
− and HO−, with an equi-

librium constant equivalent to 0.9 × 109.10 This indicates 
that O2

•− can undergo proton abstraction from sub-
strates to an extent equivalent to a conjugate base of an 
acid with a pKa of 24 (Eq. 1.16):10

2 0 9 102 2 2 2 7
9O H O HO O HO pH

•− − −+ + + = ×� K .  (1.16)

This ability of O2
•− to act as “strong base” is due to its 

slow initial self-dismutation to O2 and peroxide (O2
2−) 

that can drive the equilibrium further right to form the 
hydroperoxide, HO2

−. Since the pKa of H2O2 is ∼11.75,11 
the basicity of HO2

− can approach those of rS−.
Dismutation has also been reported to be catalyzed 

by SOD mimetics, fullerene derivatives, nitroxides, and 
metal complexes. Superoxide dismutation should meet 
the following criteria: (1) no structural or chemical mod-
ification of the mimetic upon reaction with O2

•−; (2) 
regeneration of O2; (3) production of H2O2; and (4) 
absence of paramagnetic primary by-products. Tris-

Figure 1.9 SOD mimetic property of tris-malonyl-derivative of fullerene (C60).

OHO

OH
O

OHO

HO

O

HO
O HO

O

+ O2

OHO

OH

O

OHO

HO

O

HO

O HO
O

+ O2

OHO

OH

O

OHO

HO

O

HO

O HO
O

+ O2

OHO

OH

O

OHO

HO

O

HO

O HO
O

O
O

OO

O
O

OHO

HO

O

HO

O HO
O

H2O2
+

OO

O
O

OHO

HO

O

HO

O HO
O

OHO

OH

O

OHO

HO

O

HO

O HO
O

+ 2 H+

•−

•−

•−

•−



CLASSIFICATION OF rEACTIVE SPECIES  7

pH 7.21,22 The mechanism was suggested to be catalyzed 
by formation of an oxoammonium intermediate which 
in turn converts O2

•− to molecular O2 according to the 
following reactions shown in Equation 1.18:

 

R
N
O

R′
O2

O2

+ +H2O2

R
N
O

R′2H+

R
N
O

R′+R
N
O

R′ O2+

•

•

•−

•−

 (1.18)

Nucleophilic Substitution Reaction Nucleophilic sub-
stitution reaction has also been observed for O2

•− with 
alkyl halides and tosylates in DmSO leading to the 
formation of alkylperoxy radicals then to peroxy anions 
via one-electron reduction (Eq. 1.19):23,24

 
ROOO2+RX X

-+

ROO
e-

ROOH
H+

•

•

•−

 (1.19)

Addition Reactions reaction of O2
•− with tyrosyl 

radical generated from sperm whale myoglobin was 
investigated, and results show that O2

•− prevented myo-
globin dimer formation as a mechanism for repairing 
protein tyrosyl radical.25 moroever, an addition product 
with O2

•− at Tyr151 was identified using mass spectrom-
etry as a more preferred reaction compared to dimer 
formation, and this addition reaction was enhanced in 
the presence of exogenously added lysine.25 This study 
further supports previous observations on the forma-
tion of tyrosyl hydroperoxide generated from O2

•− and 
tyrosyl radical as enhanced by the presence of H-bond 
donors.26,27 Addition of O2

•− and tyrosyl radical at the 
ortho-position is the most thermodynamically preferred 
addition product (Eq. 1.20).27 In aprotic solvents, reac-
tion of O2

•− with α-dicarbonyl carbon involves nucleo-
philic addition to the carbonyl carbon followed by 
dioxetane formation via addition of the terminal O to 
the other carbonyl carbon. reductive cleavage by the 
second O2

•− yields benzoate and oxygen:28

 O2

O
OOH

HO

H2N H2NCOOH COOH

H+

•

•−
 (1.20)

Proton-Radical Transfer By virtue of the pKa of the 
conjugate acid of O2

•− of 4.8, O2
•− is considered a weak 

base. However, proton and radical transfer pathways have 
been proposed for the antioxidant property of mono-
phenols and polyphenols, respectively, against O2

•−.29 

tible to deactivation at high pH and resistance to CN− 
inactivation. Over the past years, the synthesis of 
metal-complexes-based SOD mimetics involved the use 
of Ni(II),15 Cu(II),8 mn(III),16 mn(II),17 Fe(II), and 
Fe(III).18 The overall dismutation reaction of metal-
SOD/SOD mimetic involves the following redox reac-
tion (Fig. 1.10):

Activation of O2
•− by metal ions via the formation of 

metal-peroxo adduct (m(n+1)–O2
2−):

 Fe II O Fe III -O( ) ( )+ →•− −
2 2

2  (1.17)

Formation of m(n+1)–O2
2− can also be achieved through 

several pathways such as combination of m(n−1) and O2, 
m(n+1) and O2

2−, or m(n), O2, and e-.19 Protonation of 
metal-peroxo adducts can proceed via two different 
pathways, depending on the metabolizing enzyme 
involved. For example with SOD, release of H2O2 occurs 
with the metal oxidation state unchanged, while in the 
case of catalase, peroxidases, and cytochrome P450, 
O–O bond cleavage occurs with the formation of a high 
valent metal oxo-species (Fig. 1.11).19

Electrostatic effect plays an important role in enhanc-
ing SOD mimetic activity by introducing positively 
charged moieties.13 For example, studies show that the 
presence of guanidinium derivative of an imidazolate-
bridged dinuclear copper moiety enhances SOD activity 
by 30% compared to when the guanidinium is lacking.8 
Also, increasing the number of positive charge on the 
ligand and its proximity around the metal center give 
higher SOD mimetic activity by several-fold compared 
to the singly-charged analogue.20

Nitroxide or aminoxyl-type compounds have also 
been shown to impart SOD-mimetic properties with 
catalytic rates that are in the order of 105 M−1 s−1 at 

Figure 1.10 SOD mimetic property of metal-complexes.

Ma
n-L Mb

(n-1)-L + O2

Mb
(n-1)-L O2+ Ma

n-L H2O2++ 2H+

H2O2 + O22O2 + 2H+

whereMa/Mb
 = 

Cu(II)/Cu(I); Mn(III)/Mn(II); Fe(III)/Fe(II);  
Ni(II)/Ni(I);Mn(II)/Mn(I)

net reaction:

+ O2
•−

•−

•−

Figure 1.11 Activation of O2
•− by metal ions.
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Mn+ OHO
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RH ROH
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reaction of O2
•− with thiols were found to be highest 

for acidic thiols with approximated rate constants in the 
orders of 10–103 M−1 s−1.31 Oxygen uptake shows con-
comitant formation of H2O2 in some thiols such as peni-
ciallamine and cysteine via a complex radical chain 
reaction with the formation of oxidized thiols (Fig. 1.12), 
but this mechanism was not observed for GSH, DTT, 
cysteamine, and N-acetylcysteine. This difference in 
mechanisms among thiols for H2O2 formation is not 
clear but was proposed to be due to the nature of  
the thiol oxidation products formed during the propaga-
tion step and of the termination products; thus, stoichi-
ometry could play an important factor in product 
formation.

Computational studies show that reaction of O2
•− 

with meSH to give meSO• and HO− (Pathway 1) as the 
most favorable mechanism with ΔGaq of −170.5 kcal/mol 
compared to the formation of meS• and HO2

− (Pathway 
2) with endoergic ΔGaq of 68.2 kcal/mol.32 However, the 
free energies for the formation of meSO− + HO• and 
meS− + HO2

• are ΔGaq = −52.5 and 32.2 kcal/mol, respec-
tively. Therefore, the proposed Pathway 2 is unfavorable 
unless the reacting species is HO2

• to give meS• and 
H2O2 with ΔGaq = −11.3 kcal/mol but formation of 
meSO• and H2O from HO2

− and meSH is far more 
favorable with ΔGaq = −278.7 kcal/mol. As previously 
suggested,32 the reactivity of other oxidants such as 
H2O2 and HO• to thiols should also be considered and 
may involve a more complex mechanistic pathway.

For monophenols, electrogenerated O2
•− acts as weak 

base and the phenolic compound (PhOH) acting as 
Bronsted acid according to Equation 1.21 in which the 
formation of phenoxide PhO− and HO2

• though thermo-
dynamically unfavorable, can be driven to completion 
by the subsequent electron transfer reaction between 
HO2

• and O2
•−, to form HO2

− (a very strong base) and 
O2 in which the former can further abstract proton from 
phenol to form the phenoxide (PhO−) according to 
Equation 1.21:

 

O2

O2

+

OH

OH

HO2 H2O2+

O
slow

+

+HO2 HO2

HO2

+ O2

O

+

•

•

•−

•−

 (1.21)

Polyphenols, however, undergo radical (or H-atom) 
transfer reaction with O2

•− to form the phenoxyl radical 
(PhO•) and HO2

−; similarly with monophenols, HO2
− 

can also abstract proton from PhOH to form phenoxide 
(PhO−). The fate of PhO• was shown to form nonradical 
products via dimerization or oligomerization, or semi-
quinone formation. This difference in the pathway 
between monophenols and polyphenol decomposition 
with O2

•− can be due to the stabilization of the radical 
in polyphenols via resonance as evidenced by the higher 
reactivity of polyphenols containing o-diphenol rings 
with O2

•− according to Equation 1.22:

O2 +

OH OH
OH

OH

OH

OH
OH

OH

HO2

HO2 + H2O2

+
O

O

+ O

O
nonradical products

•−

•
•

•

•

•  

(1.22)

reactivity of O2
•− was also reported with cardiovascular 

drugs such as 1,4-dihydropyridine analogues of nifedip-
ine to form pyridine (Eq. 1.23).30 The proposed mecha-
nism involves a two-electron oxidation of DHP to form 
the pyridine and hydrogen peroxide:

  
N
H

R″′R′
R″ H

N

R″′
+ H2O2

R′
R″

2O2
•−

 (1.23)

Figure 1.12 Various pathways for the reaction of O2
•− with 

thiols.

RSSR+RS RS

Pathway 1

Pathway 2

Net Reactions

GSSG 4 H2O4 GSH 2 O2 ++

RSSR H2O22 RSH O2 ++

H2O2H+RSHO2 RS +++

GSSGGSGS +

GSSG H2OGSHH+GSO +++

GSOGSGSO +GS+

O2 O2GSSG GSSG ++

GSH OHO2 GSO ++•−

•−

•−

•−

•

• •

•
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stable product (H2O) and Fe3+ are comparable with ΔG 
of −27.1 kcal/mol and −23.5 kcal/mol, respectively.

1.2.3.3 Hydroperoxyl Radical (HO2
•) Protonation 

of O2
•− leads to the formation of HO2

• whose concentra-
tion in biological pH exists a hundred times smaller than 
that of O2

•−; however, the presence of small equilibrium 
concentration of HO2

• (pKa = 4.8) can contribute to the 
O2

•− instability in neutral pH due to dismutation reac-
tion shown in Equation 1.14. In acidosis condition, the 
reactivity of HO2

• is expected to be more relevant than 
O2

•−. Electrochemical reduction of O2 in the presence of 
strong or weak acids such as HClO4 or phenol, respec-
tively, generates HO2

•.35 Hydroperoxyl radical is a stron-
ger oxidizer than O2

•− with Eo′ = 1.06 and 0.94 V, 
respectively, and due to its neutral charge, it is capable 
of penetrating the lipid bilayer and hence, it has been 
suggested that HO2

• is capable of H-atom abstraction 
from PUFAs or from the lipids present in low-density 
lipoproteins. Cheng and Li36 argued against the role of 
HO2

• in LPO initiation since the concentration of HO2
• 

at physiological pH is less than 1% of the generated 
O2

•− and that SOD have little effect on peroxidation in 
liposomal or microsomal systems. However, it has been 
demonstrated that LOOH is more likely the preferred 
species for HO2

• attack and not the LPO initiation 

Reaction with Iron–Sulfur [Fe–S] Cluster Iron–sulfur 
clusters are important cofactors in biological system. 
They serve as active sites in various metalloproteins 
catalyzing electron-transfer reactions and plays a role in 
other biological functions such as O2 sensing ability 
(e.g., by the transcription factor FNr).33 The ubiquitous-
ness of [Fe–S] clusters in enzymatic systems such as in 
Complex II and III of the mitochondrial electron trans-
port chain, ferredoxins, NADH dehydrogenase, nitroge-
nase, or hydro-lyases underlies their susceptibility for 
inactivation by rOS specifically by O2

•− through forma-
tion of unstable oxidation state of the [Fe–S] cluster and 
their subsequent degradation (Fig. 1.13). For example, 
hydro-lyase enzymes such as dihydroxy-acid dehydra-
tase, fumarase A and B and aconitase can be inactivated 
by O2

•− with a second-order rate constant of 106–107 
M−1 s−1 while the rate of their inactivation by O2 is orders 
of magnitude lower (102 M−1 s−1).34 This difference in the 
rates of inactivation of O2

•− versus O2 can be accounted 
to the favorability of the initial steps in the oxidation of 
a [4Fe-4S]2+ by O2

•− and O2 with ΔG of −10.1 kcal/mol 
and 17.6 kcal/mol, respectively.34 However, these initial 
steps only represent formation of Fe2+, H2O2, or O2

•− and 
can further undergo redox reactions to form H2O as end 
product. The overall free energies of oxidation of [4Fe-
4S]2+ by O2

•− and O2 leading to the formation of the most 

Figure 1.13 Free energies (in kcal/mol) of the reaction of O2
•− and O2 with [4Fe-4S]2+ cluster.
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Figure 1.14 molecular orbital diagram of H2O2.

σs σs* σx πy πz πy* πz* σx*

O O
H+

O OH H
• • • •• • • •

• • • •• • • •
•
•

•
•

Figure 1.15 metal-independent generation of HO• from H2O2.
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O
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OOH

O

O
HCl

O

O

O
HO

O

O

O

HO

•

•

•

process. H-atom abstraction from peroxyl-OOH and 
not from the alkyl C–H backbone is the preferred mech-
anism of HO2

• reactivity, and therefore, HO2
• is more 

important than O2
•− in initiating LOOH-dependent 

LPO, but not as the H-abstraction initiator in LPO.36

relevant to the antioxidant activity of catechols or 
hydroquinones (QH2), the reactivity of HO2

• with QH2 
involves H-atom transfer reaction to form semiquinone 
radical and H2O2 with a rate constant of 4.7 × 104 
M−1 s−1 for 1,2-dihydroquinone (Eq. 1.24):37

   HO2 + H2O2

OH
OH +

OH
O•

•
 (1.24)

1.2.3.4 Hydrogen Peroxide (H2O2) Hydrogen per-
oxide is perhaps one of the most ubiquitous rOS 
present in biological systems due to its relative stability 
with an oxidation potential of 1.8 V compared to other 
rOS such as O2

•−, HO2
•, or HO•. Hydrogen peroxide is 

the protonated form of the two-electron reduction 
product of molecular oxygen and is a nonradical rOS 
with all the antibonding orbitals occupied by paired 
electrons (Fig. 1.14). Hydrogen peroxide undergoes 
highly exoergic disproportionation reaction to form two 
equivalents of water and one equivalent of oxygen 
where the rate of disproportionation is temperature 
dependent.

Perhaps the most common reaction of H2O2 is its 
metal-catalyzed reaction to produce HO• and HO2

• (the 
Fenton chemistry) as proposed by Haber and Weiss (Eq. 
1.25, Eq. 1.26, Eq. 1.27, Eq.1.28, Eq.1.29, Eq.1.30, Eq. 
1.31, and 1.32).38 Perez-Benito39 proposed that this reac-
tion can undergo propagation in which the HO• can 
further react with H2O2 to produce HO2

• according to 

Equation 1.26. Depending on the pH, the equilibrium 
concentrations of HO2

• and O2
•− can vary (Eq. 1.27), and 

it has been suggested39 that HO2
• and O2

•− are involved 
in the reduction and oxidation of Fe3+ (Eq. 1.28) and 
Fe2+ (Eq. 1.29), respectively. Iron (III) reaction with 
H2O2 can also lead to HO• production in acidic pH via 
formation of FeOOH2+ complex and its subsequent 
decomposition to Fe2+ and HO2

• (Eq. 1.30 and Eq. 1.31) 
in which the formed Fe2+ can propagate the cycle to 
produce HO• as shown in Equation 1.25, Equation 1.26, 
Equation 1.27, Equation 1.28, and Equation 1.29:

 Fe H O Fe HO HO2
2 2

3+ + • −+ → + +  (1.25)

 HO H O H O HO• •+ → +2 2 2 2  (1.26)

 HO H O2 2
• + •−+�  (1.27)

 O Fe O Fe2
3

2
2•− + ++ → +  (1.28)

 
2 2 2 2 2

2
2

3

HO H O O

Fe HO Fe HO

•

+ • + −

→ +
+ → +

 (1.29)

 Fe H O FeOOH H3
2 2

2+ + ++ +�  (1.30)

 FeOOH Fe HOO2 2+ + •→ +  (1.31)

Shown in Figure 1.15 is the metal-independent genera-
tion of HO• from H2O2, which was proposed to be formed 
from tetrachlo-bezoquinones (TCBQ)8 through nucleo-
philic substitution reaction forming the hydroperoxyl-
TCNQ and O–O homolytic cleavage to yield HO• and 
TCBQ-O•. Subsequent disproportionation TCBQ-O• 
yields TCBQ-O−, which can further react with excess 
H2O2 to produce HO•.

Hydrogen peroxide oxidation of anions is not favor-
able. For example, oxidation of Cl− to HOCl by H2O2 
is highly endoergic with ∼30 kcal/mol. However, 
myeloperoxidase-mediated oxidation of Cl− in the pres-
ence of H2O2 gave rate constants that are dependent on 
the Cl− concentration. It was proposed that Cl− reacts 
with mPO-I (an active intermediate formed from the 
reaction of mPO with excess H2O2) to form the chlori-
nating intermediate mPO-I–Cl−. The rate-limiting step 
is [Cl−] dependent; that is, at low [Cl−], k2 is the rate-limiting 
step with k2 = 2.2 × 106 M−1 s−1 and k3 = 5.2 × 104 s−1 
(Eq. 1.32):40
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tion, or radical–radical reactions, to name a few. The 
standard reduction potential for HO•

aq/HO−
aq couple 

was determined to be 1.77 V in neutral solution.47 The 
half-life of HO• is ∼10−9 s compared to ∼10−5 s and ∼60 s 
for O2

•− and H2O2, respectively.
Reactivity with ROS/RNS. radical–radical reaction 

of HO• proceeds at diffusion-controlled rate. For 
example, at neutral pH, reaction of HO• with various 
rOS and non-rOS radicals ranges between ∼109 and 
1010 M−1 s−1 (Eq. 1.34). The reactions are characteristic 
of addition of the hydroxyl-O to the heteroatoms. In the 
case of HO• reaction to O2

•− and HO2
•, their oxidation 

via electron transfer reactions to form O2 was observed 
(Eq. 1.35):

 

HO HO H O

HO H H O

HO ClO H ClO

• •

• •

• • + −

+ → = ×
+ → = ×
+ → + =

2 2
9

2
9

2 3

5 2 10

7 10

k

k

k

.

44 10

1 10

1 10

9

2
10

2 2
10

×
+ → + = ×
+ → = ×

• + −

•

HO NO H NO

HO NO HO NO

k

k

 (1.34)

 
HO O HO O

HO HO H O O

• •− −

• •

+ → + = ×
+ → + = ×

2 2
9

2 2 2
9

7 10

6 6 10

k

k .
 (1.35)

Theoretical studies show that hydrogen bonding 
between HO• and H2O2 forms a five-membered ring 
structure with two distorted hydrogen bonds with a 
binding energy of ∼4 kcal/mol.48 This HO•–H2O2 interac-
tion leads to H-atom abstraction to yield O2

•−. In pyri-
dine, H2O2 reaction with HO• has a relatively slower 
rate of 3 × 107 M−1 s−1 compared to most of HO• 
reactions.49

Reactivity with ions. reaction of HO• to anions leads 
to a one-electron oxidation of the anion. It has been 
suggested that simple electron transfer mechanism from 
the anion to the HO• is not likely the mechanism due 
to the large energy associated with the formation of  
the hydrated hydroxide ion.50 Instead, an intermediate 
HOX•− adduct is initially formed (Eq. 1.36). reaction of 
HO• to cations can also result in an increase in the oxi-
dation state of the ion, but unlike its reaction with 
anions, the reaction occurs at a much slower rate con-
stants that is no more than ∼3 × 108 M−1 s−1/s via H-atom 
abstraction from the metal-coordinated water (Eq. 
1.37)50:

 
HO Cl ClOH

HO CO HO CO pH

• − −

• − − •−

+ → = ×
+ → + = ×

k

k

4 3 10

3 7 10 11

9

3
2

3
8

.

. ( )
 

(1.36)

   
HO Fe FeOH

HO Cu CuOH

• + +

• + +

+ → = ×
+ → = ×

2 2 8

2 2 8

3 2 10

3 5 10

k

k

.

.
 (1.37)

 

MPO H O MPO-I H O

MPO-I Cl MPO-I-

+ +

+
−

−

−

2 2 2
1

1

2

2

k

k

k

k

� ⇀��↽ ���

� ⇀��↽ ��� CCl

MPO-I-Cl MPO HOCl

−

−  → +k3

 (1.32)

In the absence of ionic substrates, myeloperoxidase has 
been reported to degrade H2O2 to oxygen and water 
thereby imparting a catalase activity.41 Kinetic analysis 
show that there is 1 mol of oxygen produced per 2 mol 
of H2O2 consumed with a rate constant of ~ 2 × 106 M−1 s−1 
which is an order of magnitude slower than the rate 
constant observed for catalase of 3.5 × 107 M−1 s−1. Oxi-
dation of nitrite to nitrate by H2O2 in the presence of 
catalase has been reported.42 In the absence of catalase, 
nitrite reacts with H2O2 to form peroxynitrite.43 Hydrox-
ylation and nitration of tyrosine and salicylic acid by 
H2O2 in the presence of nitrite occur between the pHs 
of 2–4 and 5–6, respectively, as mediated by peroxyni-
trite formation.44

Four major detoxification pathways for H2O2 operate 
intracellularly: (1) catalase; (2) gluthathione peroxidase; 
(3) peroxiredoxin enzymes; and (4) nonenzymatic mean 
via oxidation of protein thiol residues.45 These pathways 
will be discussed in detail in the succeeding chapters. 
Probably one of the most important reactions in biologi-
cal systems is the reaction of H2O2 with thiols. The cel-
lular signaling property H2O2 is mainly dependent on 
the oxidation of intracellular protein thiols in which 
majority of these reactions form protein disulfides as 
opposed to S-glutathiolation.45 The H2O2 reaction with 
thiols is free radical mediated and the rate is dependent 
on the pKa of the thiol in which the thiolate (rS−) is the 
reacting species to form the sulfenic acid (rSOH) inter-
mediate according to Equation 1.33.31 The reported rate 
constant for the reaction of H2O2 with thiolates range 
from 18–26 M−1 s−1 which is relatively slow compared to 
the reaction of O2

•− with thiols (>105 M−1 s−1).31 Catalysis 
of rSSr formation with Cu(II) from peroxides has also 
been reported:46

 
RS H O RSOH HO

RSOH RSH RSSR H O

− −+ → +
+ → +

2 2

2

 (1.33)

1.2.3.5 Hydroxyl Radical (HO•) Hydroxyl radical 
originates from the three-electron reduction of oxygen. 
Among all the rOS, HO• perhaps is the most reactive 
and short-lived. Aside from the HO•’s significant role in 
controlling atmospheric chemistry, it plays a direct role 
in the initiation of oxidative damage to macromolecules 
in biological systems. Unlike O2

•− and H2O2 whose reac-
tions are limited due to their lower oxidizing ability, 
HO• can practically react with almost every organic 
molecules via H-atom abstraction, electrophilic addi-
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reaction of HO• with deoxyribose forms a C-centered 
radical which further decomposes to form malonalde-
hyde (mDA) (Fig. 1.16).54 mDA is a toxic by-product of 
polyunsaturated lipid degradation.55,56 Increase dose of 
HO• results in increase mDA-like products,54 therefore, 
production of mDA in biological systems has become a 
popular biomarker of oxidative stress using thiobarbu-
turic acid (TBArS) via mDA electrophilic addition 
reaction to form an UV detectable adduct, TBArS-mDA. 
radiolysis of d-glucose undergoes H-atom abstraction 
at the C-6 position and rearrangement leads to the 
initial elimination of two water molecules. Fragmenta-
tion yields mDA upon protonation and a dihydroxy-
aldehyde radical species which can further undergo 
dehydration to form another molecule of mDA.57

reaction of HO• to ketones and aldehydes also gave 
preference to H-atom abstraction. rate constants for 
H-atom abstraction in aqueous phase were faster 
2.4–2.8 × 109 M−1 s–1 for acetaldehyde and propionalde-
hyde, compared to acetone with k = 3.5 × 107 M−1 s−1.58 
Computational studies show that for ketones with at 
least an ethyl group attached to the carbonyl carbon, the 
preference for H-atom abstraction is at the beta-position 
rather than the alpha position due to the presence of 
strong H-bond interaction forming 7-member ring tran-
sition state structure (Fig. 1.17)59 In aldehydes, abstrac-
tion of the aldehydic-H was shown to be the most 
favored according to the equation, rHC = O + HO•• → 
[rC = O]• + H2O.60

reaction of HO• to carboxylic acids is also that of 
H-atom abstraction of the acidic-H and alpha-H. There 
are two possible reactions in acetic acid/acetate system. 
One that involves H-atom abstraction from C–H and 
the other from OH according to Equation 1.38 and 
Equation 1.39, respectively:

 
CH COO HO CH COO H O

s
3 2 2

7 1 17 0 10

− • • −

− −

+ → +
= ×k M.

 (1.38)

Modes of reaction with organic molecules. There are two 
main mechanisms of HO• reaction with organic com-
pounds, that is, H-atom abstraction and addition reac-
tion. With protic compounds such as alcohols, reaction 
of HO• proceeds via H-atom abstraction from C–H 
bond and not from the O–H to form water and the 
radical species. The general reaction for HO• with 
alcohol is HO• + rH → r• + H2O, and not HO• + rOH→ 
rO• + H2O. For example, ascorbate/ascorbic acid (AH-/
AH2) react with HO• to form ascorbate radical anion 
(A•− ) and ascorbyl radical (HA•) with rate constants of 
1.1 × 1010 M−1 s−1 (pH = 7) and 1.2 × 1010 M−1 s−1 (pH = 1), 
respectively.50 EPr studies revealed formation of a 
C-centered radical.51 reaction of HO• with aliphatic 
alcohols such as methanol and ethanol gave rate con-
stants of 9.0 × 108 M−1 s−1 and 2.2 × 109 M−1 s−1, respec-
tively, using pulse radiolysis.52 Preference to abstract H 
atom at the alpha position (i.e., the H attached to the  
C atom that is also attached to the OH group) was theo-
retically demonstrated and was found to be both kineti-
cally and thermodynamically favorable. For example, 
the relative energies of H-atom abstraction as calcu-
lated at the CCSD(T) level of theory are as follows: 
α-H = −25.79 kcal/mol > β-H = −16.26 kcal/mol 
> OH = −15.67 kcal/mol.53
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Figure 1.16 malonaldehdye (mDA) formation from the reaction of hydroxyl radical to deoxyribose.
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adduct prior to the abstraction process.68 Using per-
oxynitrite, formation of rS• species as source of HO• 
was demonstrated by spin trapping.69

1.2.3.6 Singlet Oxygen (1O2
1Δg or 1O2

*) Singlet 
oxygen is the diamagnetic and less stable form of molec-
ular oxygen. The energy separation between 1O2(1Δg) 
and the triplet ground state oxygen 3O2(3Σg

−) was esti-
mated to be 22.5 kcal/mol (94.3 kJ/mol), corresponding 
to a near-infrared transition of 1270 nm, while the 
energy separation between the 1O2

1Δg and the singlet 
1O2(3Σg

+) is 15.0 kcal/mol.70 Electronic configuration of 
the various spin states of oxygen show only variations 
in the electronic distribution at the pi-antibonding (π*) 
orbitals. As shown in Figure 1.19, unlike the ground 
state oxygen (3Σg

−), the electron distribution in 1Δg and 
3Σg

+ have antiparallel spins where in the former, the two 
electrons occupy the same orbital while in the latter, 
each electron occupies two separate orbitals. Spin-
forbidden transition from 1Δg and 3Σg

− makes 1O2* a rela-
tively longer-lived species compared to the short-lived 
3Σg

+ due to the spin-allowed transition. In solution, life-
times of 1O2* is solvent dependent and range from 10−3 
to 10−6 s, with the shortest lifetime observed in water.71

Due to the high energy state of 1O2*, its generation 
in biological system usually involves photo-excitation 

  
CH COOH HO CH COO H O

s
3 3 2

7 1 11 7 10

+ → +
= ×

• •

− −k M.
 (1.39)

rate constants for these reactions show that H-atom 
abstraction from C–H bond is 4× faster than abstraction 
from O–H in aqueous solution.61 The same trend in the 
relative reactivities of HO• with various acids and their 
respective conjugate base had been observed.61

The reaction of HO• with alkenes is relevant in the 
initiation of lipid peroxidation processes and will be 
discussed in detail in the succeeding chapter. It has been 
demonstrated that increasing alkyl substitution on the 
C=C bond enhances its reaction rate with HO• by two 
orders of magnitude.62 In the gas phase, initial reaction 
of HO• to alkenes forms the HO-alkene adduct which 
in the presence of O2 gives the (β-hydroxylalkyl)peroxy 
radical. Further reaction with NO yields the β-
hydroxyalkoxy radical and NO2 according to Fig. 1.18.63

reaction of HO• with aromatic hydrocarbons mainly 
proceeds via addition reaction. Laser flash photolytic 
study in acetonitrile gave rate constants ranging from 
1.2–7.9 × 108 M−1 s−1 for one-ringed aromatic hydrocar-
bons compared to 1.8–5.2 × 109 M−1 s−1 for naphthalenic 
systems.64 Experimental and computational studies 
indicate that the electrophilic nature of HO• addition 
was supported by the higher rate of HO• addition reac-
tion in aqueous solution compare to acetonitrile by a 
factor of 65. The stabilized aromatic ring-OH complex 
in the transition state has the aromatic unit and assumes 
a radical cation-like form and that the HO* like a 
hydroxide anion. This can have implication in the HO• 
reactivity with DNA bases in which the stabilization of 
the radical cation form can increase HO• reactivity to 
bases.65 The same addition mechanism was proposed 
for benzaldehyde and its methoxy-, chloro- and nitro-  
analogues.66

Thiols, such as GSH or thiol-based synthetic antioxi-
dants such as N-acetyl cysteine, are important biological 
species. H-atom abstraction is the main mechanism of 
HO• reaction with thiols (rSH + HO• → rS• + H2O) 
with rate constants that range from 8.8 × 109 M−1 s−1 to 
2 × 1010 M−1 s−1.50 Computational studies also show that 
H-atom abstraction of the thiyl-H is the main reaction 
channel67 via formation of a short-lived, weakly bonded 

Figure 1.18 Addition reaction of hydroxyl radical to alkenes and subsequent reaction of O2 and NO with the formed HO-alkene 
adduct.
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molecule T1 to the ground state triplet O2, a spin-allowed 
process (Eq. 1.42).71

 A T O A S O( ) ( ) *
1

3
2 0

1
2+ → +  (1.42)

Oxidative modification via Type I or Type II processes 
may depend on the O2 concentration in which the former 
is more likely to occur at low O2 concentration.

The generation of singlet oxygen through photosen-
sitization has been widely exploited in photodynamic 
therapy, environmental remediation and synthesis.70 In 
general, the reactivity of 1O2* was found to be lower 
than that of HO• but higher than O2

•−, and is ca. 1 V 
more oxidizing than 3O2.70 There are two major quench-
ing mechanisms for singlet 1O2*, that is, through physical 
means where interaction of 1O2* with substance A forms 
3O2; or chemical where 1O2* reacts with A to form 
product B or a combination of both. Physical quenching 
of 1O2* occurs mainly through its interaction with sol-
vents, or other substrates such as, azide, carotene, or 
lycopene, but its most common reaction is chemical 
which accounts for its main mode of action in photody-
namic therapy. For example, reaction of 1O2* with 
double bonds results in the formation hydroperoxides 
via “ene”-reactions, or endoperoxides through Diels-
Alder-type addition to unsaturated lipids (PUFA or 
cholesterol), amino acids (e.g., His, Trp, and met), or 
nucleic acids (e.g., guanosine).72 Singlet oxygen has 
also been shown to be chemically produced from  
H2O2 and hypochlorite, KO2 reaction with water, and 
thermal decomposition of aryl peroxides.71 In biological 
systems, 1O2* can be endogenously produced from 
the decomposition of alpha-linolenic acid hydroperox-
ide by cytochrome c and lactoperoxidase,73 metabolism 
of indole-3-acetic acid by horseradish peroxidase and 
neutrophils,74 oxidation of NADPH by liver micro-
somes,75 from myeloperoxidase-H2O2-chloride system,76 
or from horseradish peroxidase-H2O2-GSH system.77

1.2.4 Reactive Nitrogen Species

1.2.4.1 Nitric Oxide (NO or •NO) Nitric oxide is a 
paramagnetic molecule with a bond order of 2.5 where 
the unpaired electron occupies an antibonding orbital 
(Fig. 1.20). Nitric oxide is nonpolar and with solubility 
in aqueous solution of 1.94 × 10−6 mol/cm/atm at 298K.78 
The diffusivity (D) at 298 K of NO is similar to that O2 
with DNO in water of 2.21 × 10−5 cm2/s and 2.13 × 10−5 cm2/s 
for O2.78

Nitric oxide functions as an intracellular signaling 
molecule and is the main precursor of highly oxidizing 
rNS’s in biological system. Nitric oxide’s toxicity is gen-
erally limited to its reaction or oxidation to form the 
more highly reactive species such as ONOO− and •NO2.43

via direct absorption through vibrationally excited 
water at 600 nm, or indirectly through photosensitiza-
tion. Certain organic molecules absorb photons of a 
particular wavelength causing transition from singlet 
ground state (S0) to one of the higher energy 1st or 2nd 
excited states, that is, S1 and S2, respectively. Through 
vibrational relaxation (Vr) or internal conversion (IC) 
(a nonradiative transition), S2 → S1 (τS1 = 10−8 s) transi-
tion occurs which can further undergo conversion to S1 
→ S0 via IC, or through emission of fluorescence which 
is a radiative transition between spin states of the same 
multiplicity. One has to note that these processes do not 
involve change in multiplicity (S = 1) where the lowest 
energy orbitals still have the two electrons of opposite 
spins and are usually referred to as “spin allowed” tran-
sitions. Transition from S0 to excited triplet states (T1), 
whereby two electrons with the same spins occupy dif-
ferent orbitals is “spin forbidden”. However, the energy 
difference between S1 and the lower lying T1 is about 
∼12 kcal which can facilitate S1 → T1 transition via inter-
system crossing (ISC), another nonradiative process, for 
molecules with large spin-orbit coupling. Higher excited 
states transition (S2 → T2) can also occur and through 
Vr and IC, T2 → T1 is possible. Photosensitizers typi-
cally have longer T1 half-life than S1 with τS1 = 10−4–10−3 s 
and has a quantum yield of 0.7–0.9. Conversion of T1 → 
S0 emits phosphorescence as a spin forbidden radiative 
transition.

The high quantum yield and longer half-life for T1 
state of photosensitizers have significant ramification in 
the initiation of a variety of chemical reactions. There 
are two major types of reaction resulting from T1 
quenching (i.e., Type I and II). Type I processes are typi-
cally characterized by H-atom abstraction or electron 
transfer between the excited sensitizer (A) to a sub-
strate (X) (triplet oxygen for example to yield O2

•−) and 
sensitizer (A)•+ according to Equation 1.40:

 
A T O A O

A T X X A

( )

( )
1 2 2

1

+ → +
+ → +

•+ •−

•+ •−
 (1.40)

where O2
•− can further dismutate to H2O2 and to form 

HO•. Alternatively, O2
•− can also be produced from A•− 

as a secondary product depending on the direction of 
the electron transfer reaction (Eq. 1.41).

 A O A O•− •−+ → +3
2 2  (1.41)

Formation of rOS from O2
•− can have implications in 

the initiation of oxidative damage to key biomolecular 
systems. Type II processes involve photosensitization of 
biological or synthetic compounds through energy-
transfer mechanism (in contrast to electron-transfer 
mechanism for Type I) from a sensitizer triplet state 
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NO CO NO CO s+ → + = ×•− − − −
3 2 2

9 1 13 5 10( . )k M  
(1.45)

reaction of NO with CO2
•− forms the transient NOCO2

− 
and its subsequent decomposition yields hyponitrite 
radical anion and CO2 (Eq. 1.46):

NO CO2+ NOCO2
NO N2O2 + CO2

(k = 2.9 × 109 M−1 s−1)

•− •−

 (1.46)

With hydroxyethyl radical (radical derived from 
ethanol), its reaction with NO gives oximes/hydroxamic 
acids as the main products (Eq. 1.47).

  

CH3CHOH + NO CH3CHOH
NO

CH3COH

NOH

+ CH3C
NHOH

O (k= 3.0 x 109 M-1 s-1)

•

 (1.47)

reactions of NO with lipid alkoxyl (LO•) and peroxyl 
(LOO•) radicals are relevant in the termination of lipid 
peroxidation processes since NO, being more soluble in 
nonpolar solvents, can concentrate in lipid bi-layers, and 
therefore, can play a role in the regulation of lipid per-
oxidation. reaction of NO with alkoxyl (rO•) and 
peroxyl (rOO•) radicals approaches that of diffusion 
controlled rate. reaction of meO• with NO yields 
meONO83 in aqueous solution while reaction of meOO• 
with NO proceeds at a rate of constant of 3.7 × 109 M−1 
s−1 to yield rOONO and decomposes to free rO• and 
•NO2 via O–O homolysis (Eq. 1.48 and Eq. 1.49).84

 RO NO RONO• + →  (1.48)

  ROO NO ROONO RO NO• • •+ → → + 2  (1.49)

NO-Metal Reaction metal complexation of NO is 
important in the regulation of protein function. Aside 
from radicals, metals (mostly heme iron) are NO’s prin-
cipal target. A classic example is the activation of the 
enzyme guanylyl cyclase (sGC) via NO complexation 
with the ferro-heme. The formation of nitrosyl-Fe(II) 
complex results in changes in the electronic property of 
the heme iron such that the histidine ligand that was 
initially bound became labile and leads to change in the 
protein conformation. This change allows for the cata-
lytic formation of the secondary messenger, cGmP from 
GTP which then causes relaxation of the smooth muscle 
tissue. Other metalloenzymes where NO plays a crucial 
role in their regulations are, cyt P450, cytochrome oxi-
dases, catalase or peroxidases.85 There are two major 
NO binding modes to metalloporphyrin depending on 

NO Radical Reaction Due to NO’s radical nature, it 
exhibits rich chemistry and is capable of reacting with 
radicals or transition metals to form complexes. NO is 
relatively stable and unreactive to nonradical species. 
Theoretical evidence show dimerization of NO to (NO)2 
is only slightly favorable with ΔH = −2.3 kcal/mol.79 The 
facile reaction of NO with O2 gave k1 = 2.1–2.9 × 106/
m2/s at 22°C (based on the rate law: 4kl [NO]2[O2])80,81 
in aqueous solution and yields a variety of NOx products 
such as NO2, N2O3 and N2O4, as well as NO2

− via a 
complex mechanism. Kinetic model for NO reaction 
with O2 is shown in Equation 1.43.

2 2 2 9 10

2 2 1 10
2 2

6 1 1

2 2 3

NO O N

NO NO N O forward

+ → = ×
×

− −( . )

( .

k M

k� 99 1 1

2 3 2 2
1

2

2 2 4 4 530

2 4

M

k

− −

− + −+ → + =
+ + →

s

N O H O NO

Net: 4NO H O O NO2

)2 1

O s

=+
H s( )

22 H− ++ 4
(1.43)

The reaction of NO with O2 results in the formation of 
NO—O2 weak complex, a nitrosyldioxyl radical inter-
mediate, and further reaction to NO yields the dimer-
ized NO2 (ONOONO) which along with NO2 and N2O3 
are potent oxidants. Subsequent reaction of ONOONO 
with two equivalents of NO yields equimolar amounts 
of N2O3. Since N2O3 is not formed in the presence of 
NO2 scavengers, it was assumed that ONOONO acts as 
a weak oxidant and its formation from NO/O2 is the rate 
limiting step.81

reactions of NO with short-lived radicals such as 
(SCN)2

•−, CO2
•−, CO3

•−, and hydroxyethyl radicals in 
aqueous solution have been reported with rate constant 
approaching diffusion controlled limit.82 reaction of 
NO with (SCN)2

•− forms the NOSCN intermediate that 
upon hydrolysis yields NO2

− (Eq. 1.44).

 
NO SCN NO SCN NOSCN SCN

s

NOSCN H

+ → → +
= ×

+

•− •− −

− −

( ) ( )

( . )
2 2

9 1 1

2

4 3 10k M

OO HO-NOSCN H

HNO SCN

� ( )− +

−

+
→ +2

 

(1.44)

For CO3
•−, O-transfer to NO yields NO2

− and CO2 as the 
most preferred mechanism according to Equation 1.45:

Figure 1.20 Bonding orbitals of nitric oxide.
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it reacts rapidly with water to form nitrites and nitrates.88 
Nitrogen dioxide is a powerful oxidizer with a E0(•NO2/
NO2

−) = 0.89–1.13 V.89 Among the most important reac-
tions of •NO2 are: (1) H-atom abstraction from C–H 
bond; (2) addition reaction to C=C bonds; (3) O-transfer 
reactions; (4) radical–radical addition; (5) electron 
transfer. The H-atom abstraction involving •NO2 is a 
slow process due to the weak H–O bond in HONO with 
a dissociation energy of ∼79 kcal/mol compared to C–H 
bond of ∼100 kcal/mol.87

Addition to Double Bonds Nitration of PUFA occurs 
via •NO2 addition to C=C bond (Fig. 1.23). Nitrated 
PUFA are important biomarker of nitrosative stress 
due to their abundance in biological systems. reaction 
of •NO2 with 1,4-pentadiene moiety of ethyl linoleate90 
for example proceed via competition between H-atom 
abstraction and free radical combination. The formation 
of vicinal –OH along with –NO2 results from the 
O-centered addition of another •NO2 to the alkyl radical 
and the subsequent hydrolysis of the nitrite to form the 
hydroxyl group. Addition of •NO2 to double bonds have 
also been observed in xenobiotics, food additives, reti-
noic acid, 17β-estradiol, or cinnamic acids.91

Radical–Radical Addition The major product in the 
reaction of •NO2 with meO• is methyl nitrate (meONO2) 
through O–N bond formation.83 However, reaction of 
•NO2 with tyrosyl radical (Tyr•) forms the 3-nitrotyrosine 
via C–N bond formation which is one of the most 
studied biomarker of oxidative damage to protein 
systems due to their abundance in biological systems. 
One could initial assume that HO• can abstract H-atom 
from tyrosine but its preferred mode of reaction is the 
ortho-directed addition to the aromatic ring to form the 
ortho-dihydroxytyrosine with k = 7.0 × 109 M−1 s−1.92 
While •NO2 is able to abstract H-atom from Tyr to form 
Tyr•, this reaction is relatively slower (k = 3.2 × 105 
M−1 s−1)93 than the H-atom abstraction by CO3

•− with 
k = 4.5 × 107 M−1 s−1 (Fig. 1.24) resonance structure of 
Tyr• shows localization of the unpaired electron on the 

the direction of the charge transfer between the metal 
and NO: (1) NO assumed the NO+ upon complexation 
and is characterized by a 180o m–N–O angle; and 
(2) NO assumed the NO− upon complexation and is 
characterized by a 120o m–N–O angle (Fig. 1.21).

The direction of charge transfer is dependent on 
several factors such as the oxidation state and type of 
the metal ion, as well as, the coordination number and 
type of co-ligands bound to the metal other than the 
NO. The nature of the m-NO bonding mode determines 
protein conformation and NO-m reactivity (e.g., in the 
activation of O2 to yield nitrate). For example, m–N–O 
bond angles for FeII(OEP)(NO) and [FeIII(OEP)(NO)]+ 
(OEP = octaethylporphinato) are 143.6o and 176.9o, 
respectively.86 Dependence of NO binding mode on the 
type of metal ions can also be seen with tetraphenylpor-
phyrin complexes of mnII, FeII and CoII, where the 
m–N–O bond angles are as follows, 176.1o, 142.1o, and 
128.5o, respectively.85

1.2.4.2 Nitrogen Dioxide ( •NO2) Nitrogen dioxide 
is one of the nitrogen oxides (NOx) and is a paramag-
netic π molecule where the unpaired electron is delocal-
ized between the three atoms (Fig. 1.22). The polar 
property of •NO2 is due to its bent structure with an 
O–N–O bond angle of 136o having negative charges on 
the O atoms and a positive charge on the N.

Nitrogen dioxide is sparingly soluble in water. Surface 
chemistry of adsorbed •NO2 in aqueous system leads to 
its decomposition to H+, nitrate and nitrous acid (HONO), 
and the presence of antioxidants such as ascorbate, 
urate and glutathione catalyzes this hydrolytic dispro-
portionation.87 In the gas and aqueous phases, •NO2 
dimerizes with a rate constant of ∼5 × 108 M−1 s−1 where 

Figure 1.21 Binding modes of nitric oxide to metal ions.
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protein active sites containing Cu, Zn, sulfhydryl and 
Fe–S clusters to cause nitration and protein cleavage 
resulting in enzyme deactivation.59,101–103 The rate con-
stant for ONOOH isomerization to nitric acid (HNO3) 
was found to be 1.1 ± 0.1/s.104 While the low rate of 
homolytic cleavage of ONOO− makes the reaction 
trivial, ONOO− is known to react with dissolved CO2 to 
form nitrosoperoxycarbonate (ONOOCO2

−) at a rate 
constant of 3.0 × 104 M−1 s−1.105 ONOOCO2

− is a two-
electron oxidant that undergoes homolytic cleavage to 
form 30% CO3

•− and •NO2 (Eq. 1.51).95,106

ONOO CO ONOOCO CO NO− − •−+ → → +2 2 3 2  (1.51)

The modes of decay of ONOOCO2
− and ONOOH has 

been shown to vary depending on the ability of the 
solvent to hold the intermediate species in the solvent 
cage, and is therefore, dependent on the viscosity of a 
solvent.107 Peroxynitrite is a strong nucleophile, and has 
been shown to cause β-scission of carbonyl groups,108,109 
where acyl- and H-spin adducts have been observed 
using EPr spin trapping.110,111 Peroxynitrite has recently 
been shown to form peroxynitrate (O2NOO−) at neutral 
pH through combination of ONOO− and ONOOH to 
form O2NOOH and nitrite (NO2

−).112

reaction of ONOO− with inorganic radicals such as 
CO3

•−, •N3, ClO2
• and HO• involves a one-electron trans-

fer process. For example, ONOO− oxidation by the inor-
ganic radicals yields ONOO• and the corresponding 
anions with varying rate constants (Eq. 1.52–1.55).113 
With NO, ONOO− forms •NO2 and NO2

− with highly 
exoergic free energy of −113 kJ.114

 
ONOO CO ONOO CO

s

− •− • −

− −

+ → +
= ×

3 3
2

6 1 17 7 10( . )k M
 (1.52)

 
ONOO N ONOO N

s

− • • −

− −

+ → +
= ×

3 3

8 1 17 2 10( . )k M
 (1.53)

 
ONOO HO ONOO HO

s

− • • −

− −

+ → +
= ×( . )k M4 8 109 1 1

 (1.54)

 
ONOO ClO ONOO ClO

s

− • • −

− −

+ → +
= ×

2 2

4 1 13 2 10( . )k M
 (1.55)

phenoxyl-O and the carbon atom ortho to the 
phenoxyl-O. Subsequent addition of •NO2 to Tyr• yields 
the 3-nitrotyrosine with k = 3 × 109 M−1 s−1.93 Lost of 
enzyme function has been correlated with the degree of 
tyrosyl nitration and has been observed in prostaglan-
din H2 synthase (PGSH-1),94 mnSOD95 and mitochon-
drial cytochrome c.96

Reaction with Thiols Nitrosation of thiol-containing 
biomolecules is one of the most important processes in 
posttranslational protein modification. Production of 
nitrosothiols (rSNO) is an important regulatory func-
tion of NO in cell signaling and pathology. Examination 
of rSNO formation at low micromolar concentrations 
of NO indicate N2O3 and •NO2 as the nitrosating agents 
via a one-electron oxidation of thiols to rS• (Eq. 1.50) 
and its subsequent radical–radical addition to NO to 
form S-nitrosothiols (rSNO).97 Using laser flash pho-
tolysis, the rate of glutathiyl radical (GS•) reaction with 
NO to form GSNO was reported to be 2.8 × 107 M−1 s−1, 
which is lower than that expected for GSSG formation 
through radical–radical reaction further demonstrating 
that GS• does react slowly with NO to form GSNO.98

 RSH NO RS NO H s+ → + + =• − + − −
2 2

7 1 110( )k M  

(1.50)

1.2.4.3 Peroxynitrite (ONOO−) Peroxynitrite is 
formed from the addition reaction of NO with superox-
ide (O2

•−) at a diffusion-controlled rate.43,81 Peroxyni-
trite is known to exist in the relatively stable cis- 
conformation, or gain a proton to form peroxynitrous 
acid (ONOOH, pKa 6.8). One relevant mechanism for 
ONOO−/ONOOH decay is its homolytic cleavage 
through •ONO. . .O•− and •ONO. . .•OH intermediates.99 
The higher membrane permeability of ONOOH com-
pared to its unprotonated form can result in its homoly-
sis to form HO• and •NO2 leading to the initiation of 
oxidation of key biomolecular systems. For ONOO−, the 
rate of radical cleavage has been reported at ≈ 10−6/s, 
with negligible •NO2 and O•− release,100 while for 
ONOOH, the rate of radical cleavage has been reported 
to be 0.35 ± 0.03/s, with about 30% of HO• and •NO2 
being released at pH < 5 via escape from the solvent 
cage. Like O2

•−, ONOO− is capable of reacting with 

Figure 1.24 radical–radical addition of •NO2 to tyrosyl radical.
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nisms. GSH for example is the predominant intracellular 
antioxidant with cytosolic concentrations of up to 
10 mm. Due to the high GSH concentration, the forma-
tion of disulfide is regulated. Gluthatione reacts with 
tyrosyl radical Tyr• to yield GS• and TyrOH (k = 2 × 106 
M−1 s−1) as a repair mechanism but at a 220× slower rate 
than Tyr• reaction with ascorbate. Ascorbate being more 
abundant in tissues makes GSH a minor player in this 
type of repair mechanism.121

Thiyl radicals can catalyze conversion of cis to trans 
isomerism in unsaturated systems. In lipid systems, the 
conversion of the naturally occurring cis unstaturated 
fatty acids to trans can cause morphological changes in 
the lipid bi-layers.122 reaction of thiyl with unstaturated 
compounds can also result to addition reaction where 
the preference for radical attack is the one with the 
highest electron density such as double bonds demon-
strating the electrophilic nature of thiyl radicals which 
is due to the ability of the d-orbitals of sulfur to accom-
modate the negative charge. The rate constant for thiyl 
radical addition to monounsaturated fatty acid esters such 
as methyl oleate, methyl palmitoleate, methyl Z-vaccenate, 
and oleic acid in tert-butyl alcohol is in the order of ka

Z 
and ka

E ∼105 M−1 s−1, while the rate constant for the 
β-elimination to Z or E configurations are higher with 
kf

Z and kf
E of ∼107/s and 108/s, respectively.123 Thiyl radical 

induced isomerization for linoleic acid, linolenic acid 
and arachidonic acid gave ka

Z and ka
E of ∼106 M−1 s−1 and 

kf
Z and kf

E of ∼105/s, respectively (Fig. 1.25).51

relevant to the oxidation PUFA, thiyl can also 
undergo H-atom abstraction in bisallylic systems and, 
like HO• (Eq. 1.57), demonstrates their pro-oxidative 
role in the initiation of lipid peroxidation. The rate con-
stant for H-atom abstraction by thiyl radicals with 
PUFAs was in the order of 107 M−1 s−1.124

  RS + + RSH
•

•
 (1.57)

H-atom abstraction from aliphatic alcohols and ethers 
has been shown to occur at a rate constant of 103–104 
M−1 s−1.125 In peptidic systems, intramolecular H-atom 
transfer between cycteine thiyl radical and the αC-H 
bond occurs with rate constants that are in the order of 
103–105 M−1 s−1.126 The favorability of this reaction was 
shown to be dependent on peptide and protein sequence 
as well as structure and can have implications in the 

Peroxynitrite acts as two-electron oxidant with thiols. 
Thiolates from low molecular weight thiols or protein 
thiols react with ONOOH to form sulfenic acid (rSOH). 
With low molecular weight thiols, the rates of thiol oxi-
dation increases with decreasing thiol pKa,115 consistent 
with the mechanism of nucleophilic attack of the 
thiolate-O to the peroxyl-O of ONOOH with nitrite as 
the leaving group according to the mechanism shown in 
Equation 1.56:

 RS O N O OH RSOH + NO2
 (1.56)

rate constants for the reaction of ONOO− with free 
cysteine and the single thiol of albumin was reported to 
be in the order of 103 M−1 s−1.116 The formation of rSSr' 
from rSOH in the presence of rS− is fundamental to 
the regulation of protein function. With peroxidoxin 
thiol (PrxS−), the reaction with ONOO to yield NO2

− 
and PrxSOH is faster (107 M−1 s−1)117 than ONOO− reac-
tion with small molecular weight thiols. Decomposition 
of ONOO− via one-electron or two-electron reduction 
processes can be catalyzed by metalloporphyrins of  
iron and manganese which can have protective effects 
against ONOO− induced damage. One electron reduc-
tion leads to the formation of •NO2 while its two-electron 
reduction forms NO2

−.101 The formation of •NO2 from 
ONOO− is shown to cause tyrosine nitration to form 
3-nitrotyrosine.118

1.2.5 Reactive Sulfur and Chlorine Species

1.2.5.1 Thiyl or Sulfhydryl Radical (RS•) Thiyl 
radicals are analogous to alkoxyl radicals (rO•) but 
there are important differences between the nature of 
the bonds involving S and O atoms. For example, the 
S–H bond in thiols is weaker than the O–H bond in 
alcohols with experimental bond dissociation energies of 
88.0 kcal/mol and 104.4 kcal/mol for CH3S–H and 
CH3O–H, respectively.119 The bond length for S–H is 
1.33 Å compared to O–H of 0.96 Å. These differences 
in the structural and physical properties of thiols com-
pared to alcohols play an important role in the reactivity 
of thiols compared to alcohols in which the S is more 
accessible. Since S is less electronegative than O, there-
fore, thiyls are more electrophilic than alkoxyl radicals 
with a longer C–S bond length of 1.81 Å compared to 
C–O of 1.42 Å.

Generation of rS• in biological systems occurs via 
one-electron oxidation of thiols (rSH) by metal ions 
such as Cu2+ or Fe3+, HO•, peroxynitrite, DNA or protein 
radicals. Disulfide formation (GSSG) from GS• via 
radical–radical addition is fast with rate constant of 
1.5 × 109 M−1 s−1.120 The susceptibility of rSH to oxida-
tion is the basis of thiol antioxidant or repair mecha-

Figure 1.25 Thiyl radical mediated E and Z isomerization of 
monosaturated fatty acid.
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rate constants in the order of 105–106/s.135 reaction of 
GSSG•− with O2 has a rate constant of 1.6 × 108 M−1 s−1 
(Eq. 1.61).136

 GS GS GSSG GSSG OO• − •− •−+  → +� 2
2  (1.61)

1.2.5.2 Disulfide (RSSR) Unlike the S–H bond dis-
sociation energy being lower than the O–H, the S–S 
bond dissociation energy is higher compared to O–O. 
reported BDE for meS-Sme is 74 kcal/mol compared 
to meO-Ome of 37.6 kcal/mol.119,137 Thiol-disulfide 
interchange as described by Equation 1.62 and Equa-
tion 1.63 shows formation of a mixed disulfide interme-
diate rSSr' from the oxidation of rSH and reduction 
of rSSr'.138 Thiol-disulfide interchange is an important 
biochemical process and occurs in many metabolic reac-
tions of thiols either endogenously or from thiol-based 
drugs such as penicillamine. The rate constants for the 
symmetrical thiol-disulfide exchange reaction have 
been determined for several thiols such as GSH, Cys, or 
homocysteine in aqueous basic medium (pH > 10) with 
k in the range of 12–60 M−1 s−1.138

    RSH R SSR RSSR R SH+ +′ ′ ′ ′�  (1.62)

    
RSH RSSR RSSR R SH

RSH R SSR RSSR R SH′ ′ ′
�
�

+ +
+ +

′ ′
22

 (1.63)

Disulfide bonds play a major role in protein thermal 
stability but through chemical means, disulfide bonds 
can be broken down via several mechanisms. Under 
basic or neutral conditions, hydroxide (HO−) is shown 
to attack the sulfur atom to form sulfenic acid and thio-
late anion and can ultimately result in post-translational 
protein modification to form complex disulfides (Eq. 
1.64) or mixed sulfenic acid/disulfides with another 
protein/s.

S S

Protein

HO S S

Protein

HO

RSSR′

S S

Protein

S S
R R′

(1.64)

Hydroxide can also abstract the α- or β-protons of the 
Cys residue leading to C–S or S–S bond breakage, 
respectively, followed by β- or α-elimination according 
to Figure 1.26.139

Disulfide can be further oxidized to disulfide-S-mon-
oxide and disulfide-S-dioxide. Oxidation of one of the 
sulfur atoms leads to the weakening of the S–S bond 
and is therefore more susceptible to reaction with rSH 
to form sulfenic (rSOH) and sulfenic acids (rSO2H) to 
generate the mixed disulfide (Fig. 1.27).140

catalysis of protein damage due to its potential irrevers-
ibility resulting in protein fragmentation and/or epimer-
ization.127 Interconversion between αC-, βC-, and 
S-centered radicals in GS• (Eq. 1.58) has been shown to 
proceed favorably and is pH dependent with an overall 
rate constants of kforward = 3.0 × 105/s, kreverse = 7.0 × 105/s 
and K = 0.4, with an equilibrium ratio at pH 7 of 8 : 3 : 1 
for S : βC : αC-, centered radicals.128
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•
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(1.58)

H-atom abstraction from carbohydrates by thiyl radical 
have been reported.129 H-atom transfer of C1−H of 
2-deoxy-d-ribose, 2-deoxy-d-glucose, α-d-glucose and 
inositol by cysteine-derived thiyl radical gave rate con-
stants that are in the order of 104 M−1 s−1.

Quenching of thiyl radicals by ascorbate results in 
the formation of ascorbyl radical and rSH while thiyl 
reaction with radicals such as NO, O2, and r• showed 
varying reactivity. GSNO formation from the addition 
of GS• to NO was estimated to be much faster than the 
previously reported rate constant of 2.8 × 109 M−1 s−1 
using laser flash photolysis.98 Using pulse radiolysis, the 
rate constant for the reaction of NO with thiyl radicals of 
glutathione (Eq. 1.59), cysteine and penicillamine were 
reported to be in the range of 2–3 × 109 M−1 s−1.130

 GS NO GSNO s• − −+ → = ×k M2 7 109 1 1.  (1.59)

reaction of thiyl radicals with O2 yields rSOO• but the 
presence of excess rSH leads to the formation rSO• 
and rSOH under normal conditions.131 The reported 
rate constants for the reaction of GS• with O2 vary from 
3.0 × 107 M−1 s−1 to 2.0 × 109 M−1 s−1 indicating a more 
complex mechanism resulting from this addition reac-
tion (Eq. 1.60).132, 133

  
GS O GSOO

s s

• •
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reaction of GS− with GS• forms GSSG•− with a rate 
constant of 4.5 × 108 M−1 s−1 with an equilibrium constant 
of 2.25 × 103/M.134 Decay of rSSr•− forms rS− and rS•, 
with rS• further undergoing intramolecular H-atom 
abstraction mechanism to form the α-amino carbon-
centered radical with rate constants ranging in the order 
of 104–105/s for cysteine, homocysteine and gluthathione 
at pH 10.5.134 Protonation of rSSr•− leads to its decom-
position to rS• and rSH and ultimately to rSSr with 
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with O2
•− to generate HO•,146 and with HO• to form 

ClO• (Fig. 1.28).147

reaction of HOCl with hydroperoxide such as lin-
oleic acid hydroperoxide (LA-OOH) mimics that of its 
reaction with H2O2 producing [O2 (1Δg)] (13% yield) at 
physiological pH (Eq. 1.66).148

  

2
R1 R1

R2 R2 R2

R1

R1 R1

R2 R2

OO OO OO
H H

H

H
OH O

+ + 1O2
3O2

(< 14%)

+

•

 (1.66)

With anions such as NO2
−, HOCl is capable of forming 

a reactive intermediate that can nitrate phenolic sub-
strates such as tyrosine and 4-hydroxyphenyl acetic acid 
with high yield at physiological pH.149,150 The nitrating 
intermediates were identified to be •NO2 and nitryl 
chloride (NO2–Cl) based on Equation 1.67.

  
HOCl NO HO ClNO Cl-ONO

Cl NO Cl NO- -

+ → +

→ + ++ − • •

2 2

2 2

( )
 (1.67)

Sulfite reaction with HOCl gives the intermediate, Cl–
SO3

− and its subsequent hydrolysis forms Cl− and 
SO4

2−.151 reaction rate of HOCl with low molecular 
weight antioxidant such as ascorbate (AH−) is 6 × 106 
M−1 s−1.152

 AH HOCl A Cl H O− −+ → + + 2  (1.68)

Electron transfer reaction between Fe2+ and HOCl 
occurs with the generation of HO• and Cl• according to 
Equation 1.69 and Equation 1.70,

 HOCl Fe Fe HO Cl+ → + ++ + • −2 3  (1.69)

 HOCl Fe Fe HO Cl+ → + ++ + − •2 3  (1.70)

where the formation of HO• predominates due to the 
electron transfer reaction between Cl• and H2O to 
further form HO•.153

reaction of HOCl with free amino acid backbone 
generates chloramine species at the free amino moiety. 

Disulfides can also be enzymatically reduced to rSH 
by glutathione reductase141 or thioredoxin reductases142 
in the presence of NADPH, or chemically, by small mol-
ecules such as dithiothreitol, hydrazine or sulfones.143

1.2.5.3 Hypochlorous Acid (HOCl) Hypochlorous 
acid is usually formed from the reaction of Cl2 gas with 
water, however in biological systems, their formation 
have been mediated by a secreted heme protein, myelo-
peroxidase (mPO), which can convert H2O2 to HOCl in 
the presence of chloride ion (Cl−) according to Equation 
1.65.144

  H O Cl H MPO HOCl H O2 2 2+ + + → +− +  (1.65)

HOCl has a pKa of 7.5, therefore, it co-exists with the 
ionized hypochlorite (−OCl) in solution at physiological 
pH. The HOCl produced has been shown to be a potent 
2-electron oxidant capable of chlorinating electron rich 
substrates and oxidation of heme, tyrosine or cysteine 
residues in proteins, DNA and lipids.

Hypochlorous acid reacts with various rOS such as 
H2O2 to generate stoichiometric amounts of [O2 (1Δg)],145 

Figure 1.26 β- or α-elimination reactions of hydroxide on 
protein with cysteine residues.
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Figure 1.27 Formation of mixed disulfides through oxidation 
processes.
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Chloramine undergoes further decomposition to 
nitrogen-centered radicals which subsequently undergo 
further decomposition pathways such as (1) intra- and 
intermolecular H-atom abstraction; (2) decarboxyl-
ation; (3) β-scission according to Figure 1.29.154

Analogous to the reaction of amines with HOCl, 
GSH forms S-chloro derivative with HOCl which can 
hydrolyse to yield the corresponding sulfenic acid 
(GSOH) (via formation of thiyl radical)154 with an esti-
mated rate constant of >107 M−1 s−1 (Eq. 1.71, Eq.1.72, 
and Eq. 1.73).153 With amino acids containing thiols, 
methionine, or cysteine, the rates were estimated to be 
in the order of ∼104−5 M−1 s−1).155

 HOCl GSH GSCl H O GS Cl+ → + → +• •
2  (1.71)

 Cl H O HO Cl H• • − ++ → + +2  (1.72)

 GS HO GSOH• •+ →  (1.73)

The formation of sulphonamide (rSO2NHr) but not 
the formation of GSSG from HOCl and GSH via intra-
molecular cyclization reaction has also been observed.156 
methionine oxidation by HOCl forms methionine sulf-
oxide and dehydromethionine according to Equation 
1.74157:

 HOCl +
+
S

H
N

O

O
OH

O
NH2

S

OH
O

NH2

SO

 (1.74)

reaction of HOCl with tyrosine and peptidyl-tyrosyl 
residues yielded 3,5-dichlorotryosine (diCl-Tyr) in addi-
tion to Cl–Tyr. Further reaction of the mono- and di- 
chlorinated tyrosines gave the corresponding mono- and 
dichlorinated 4-hydroxyphenylacetaldehydes, Cl-HPAA 
and diCl-HPAA, respectively, according to Figure 1.30.158

Figure 1.29 reaction of hypochlorous acid with amino acids.
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Figure 1.30 reactions of hypochlorous acid with tyrosine.
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Oxidation of cytochrome c by HOCl has rate 
constant of >3 × 105 M−1 s−1. This reaction is not only 
selective toward the heme iron but also involves N-
halogenation of the side chain amino groups and with 
concomitant generation of HO• (Eq. 1.75).159

Fe(II cyt HOCl Fe(III cyt HO Cl

other products

) )c c+ → + +
+

• −

 (1.75)
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reaction of related compound such as NADPH with 
HOCl is characterized by an initial fast reaction with 
k = 4.2 × 105 M−1 s−1 leading to the formation of a stable 
pyridine product (Py/Cl). Subsequent reaction with 
HOCl (k = 3 × 103 M−1 s−1) leads to the total loss of the 
aromatic pyridine ring absorbance.164

1.3 REACTIVITY

As in all chemical reactions, reactions involving reactive 
species are governed thermodynamically and kineti-
cally, and these two inter-related forces can offer insights 
into the favorability and rate of a reaction, respectively.

1.3.1 Thermodynamic Considerations

The favorability of redox reaction involving reactive 
species is governed by the overall change in the poten-
tial energy whereby the energy is released (in this case 
of an exothermic reaction) or addition of energy (endo-
thermic reaction) to the system for the reaction to 
proceed. The thermodynamic favorability is defined by 
an entity called free energy (ΔG) which is either intro-
duced or given off in a reaction. One can envision that 
reactants and products have stored energy in them. Cal-
culation of ΔG can be theoretically and experimentally 
performed. As an example for the formation ONOO− 
from O2

•− and •NO, one can calculate the favorability of 
this reaction by taking into account the potential ener-
gies of the individual species. One important theoretical 
consideration in determining the free energy of reaction 
(ΔGrxn) is that the type and number of atoms in the 
product and reactant sides should be conserved as 
shown in the equation: O2

•− + •NO → ONOO−. Each of 
these species carries a potential energy originating from 
the separation of the individual nuclei and electrons 
from the molecule. For example, the following are the 
total electronic energies (εo) (with thermal free energies, 
Gcorr) for O2

•−, •NO, and ONOO− formed from nuclei 
and electrons (Fig. 1.32).

The ΔGo
rxn,298K for the reaction: O2

•− + •NO → ONOO− 
can then be calculated using the Equation 1.78:

∆ Σ Σ

∆

G G G

G

o

o

rxn K o corr products o corr reactants

rxn

(, ( ) )298 = + − +ε ε

,, (( . ) ( . . )

.
298 280 402251 150 482170 129 907204

627 5095
K = − − − + −

∗
∆Goo

rxn K kcal/mol, .298 8 08= −

 

(1.78)

The ΔG for the formation of ONOO− from O2
•−and •NO 

is therefore exothermic since the total energy of the 
reactant is greater than the reactants, and therefore, 

HOCl reaction with lipids occurs at either the lipid  
head group or the unsaturated portion of the fatty  
acid side-chain. For example, reaction of HOCl with 
phosphoryl-serine and phosphoryl-ethanolamine are 
rapid with k ∼105 M−1 s−1 yielding chloroamines as the 
major products.44 reaction with unsaturated fatty acid 
chains involves initial formation of chlorohydrins160 fol-
lowed by secondary dehydrohalogenation reactions to 
yield the epoxide (Eq. 1.76). The formed epoxide can 
further react with HOCl to form rOS and lipid peroxi-
dation products.

R
COOH

HOCl
R

COOH
OH

Cl
chlorohydrin

HCl

R
COOH

O

(1.76)

reaction of HOCl with nucleotide bases occur primar-
ily on the exocyclic free amino group (e.g., of cytosine, 
adenosine and guanosine) or nitrogen atoms of the het-
erocyclic ring (e.g., of thymidine, uridine and guanosine) 
which contain lone pairs to form N–Cl bond. These 
adducts can result in miscoding and have been identified 
in tissues under inflammatory conditions. The rate con-
stants for reactions within the heterocylic ring is in the 
order of 103–104 M−1 s−1. With uridine for example, N–Cl 
formation leads to the formation of N-centered radical 
(Eq. 1.77).161
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Direct chlorination on the carbon atom by HOCl of the 
heterocylic ring was also observed to give chlorinated 
products such as 5-chloro-2′-deoxycytidine, 5-chloro-
uracil, 8-chloro-2′-deoxyguanosine, and 5-chloro-2′-
deoxyadenosine162 as well as hydroxylation of the 
pyrimidine moiety to give thymine glycol (cis/trans), 
5-hydroxycytosine, 5-hydroxyuracil, 5-hydroxyhydantoin 
(Fig. 1.31).163

Figure 1.31 Chlorination and hydroxylation of pyrimidine 
by hypochlorous acid.
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 ∆G RT Ko = − ln eq  (1.81)

where r is the universal gas constant and T is the abso-
lute temperature. Since Keq represents the ratio of the 
molar concentrations of A relative to B, and of k1 and 
k2 at equilibrium, that is, Keq = [B]/[A] = k1/k2, it is 
expected that ΔGo will obviously be dependent on tem-
perature as temperature affect the direction of the equi-
librium. Examples of temperature-dependent reversible 
reaction is the transnitrosation reaction between thiol 
and S-nitrosothiol (Eq. 1.82):

 RSH R SNO R SH RSNO+ +′ ′�  (1.82)

With r'SNO as S-nitroso-N-acetyl-penicillamine (SNAP), 
and with gluthathione or l-cysteine as rSH, the Keq’s 
were determined to be 3.69 and 3.66, at 25°C. Using 
Equation 1.79, ΔGo can be calculated to be −0.77 kcal/mol. 
With ΔG being negative, it is exoergic hence the equi-
librium is shifted to the product side of the equation. At 
higher temperature (i.e., 33°C) for gluthathione or 
l-cysteine, the Keq is lower with 3.0 and 2.58, which cor-
respond to ΔGo of −0.66 and −0.58 kcal/mol, respec-
tively, indicating the equilibium is shifted to the right. 

excess energy is given off, hence, the reaction is said  
to proceed spontaneously. In contrast, the dismutation 
reaction of two O2

•− to form O2
2− and O2 according 

to the equation: 2O2
•− → O2

2− + O2, gave 
ΔGo

rxn,298K = 35.7 kcal/mol, which is endoergic and does 
not proceed spontaneously due to repulsion between 
the two O2

•−. The two contrasting equations demon-
strate the relative thermodynamic stability of the two 
reactions in which the formation of ONOO− is preferred 
due to the less repulsion between reactants and the 
radical–radical nature of the reaction.

However, ΔG of formation for rOS/rNS can also be 
obtained experimentally. Koppenol had compiled a 
series free energies as shown in Table 1.1.114

The ΔG is defined by Equation 1.79,

 ∆ ∆ ∆G H S= − T  (1.79)

where ΔH is the change in enthalpy, T is the absolute 
temperature and ΔS is the change in entropy. Although 
the exoergicity or endoergicity of a reaction is deter-
mined by the minimization of the total enthalpy (i.e., 
net heat change), the minimization of the total free 
energy of the system at constant temperature and pres-
sure is the driving force for all reactions. Therefore, the 
sign of ΔG indicates favorability of a reaction, that is,

ΔG < 0 (favored or spontaneous)
ΔG = 0 (equilibrium, neither forward or backward 

reactions are favored)
ΔG > 0 (not favorable, nonspontaneous)

The concept presented above assumes that the reaction 
is unidirectional, meaning that the products are per-
fectly thermodynamically stable and does not revert 
back toward the formation of the reactant. However, 
there are reactions involving reactive species that are 
not unidirectional. These reactions contain significant 
quantities of reactants and products at equilibrium (Eq. 
1.80), a state in which the composition of the reactant 
and products remains unchanged.

 A Bk

k

1

2
� ⇀��↽ ���  (1.80)

The relationship between free energy and thermody-
namic equilibrium (Keq) constant is described by Equa-
tion 1.81:

Figure 1.32 Total electronic energies for O2
•−, •NO, and 

ONOO− formed from nuclei and electrons.

O2 2 O8+ + 17 e− –150.482170 hartrees

NO O8+ + N7+ + 15 e− –129.907204 hartrees

ONOO 3O8+ + N7+ + 32 e− –280.402251 hartrees

•− TABLE 1.1 Gibbs Energies of Formation for Various 
ROS/RNS114,165

Compounds ΔfGo (kcal/mol)

HO• 15.7 (12.7)166

H2O −56.7
H2O2 −14.1
HO2

• 10.7 (1.7)165

HO2
− −7.6

HO− −28.1
NO• 24.4
NO+ 52.3
NO− (singlet) 32.5
NO− (triplet) 15.3
NO2

• 15.1
NO2

+ 52.1
NO2

− −7.7
NO3

• 31.3
NO3

− −26.6
N2 4.2
N2O 27.2
N2O2

•− 33.7
N2O3 35.1
ONOO• 20.1
ONOO− 10.1 (16.6)167

O2 3.9
O2

•− 7.6
ONOOH 7.5

Adapted from reference 114.
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The net equation gave a positive ΔEo value of +0.28 V 
(Eq. 1.87). For a reaction to occur spontaneously, the 
ΔGo must be negative. However, according to Equation 
1.84, Eo must be positive to meet the requirement for 
spontaneity, and therefore, reaction of H2O2 with Fe(II) 
is considered highly favorable.

1.3.2 Kinetic Considerations

Although free energies are useful entities to predict if 
a reaction will take place, it does not address the rate 
by which the process will occur. Thermodynamics only 
describes the relative stability of the reactants versus 
products. The rate of reaction is proportional to the 
molar concentration of a component (Eq. 1.88).

Conversely, Keq can be determined based on ΔGo of 
formations. For example, in the ionization of ONOOH 
to ONOO− (Eq. 1.83),

 ONOOH H ONOO→ ++ −  (1.83)

using Table 1.1, the ΔGo for the formation of ONOOH 
and ONOO− is 7.5 and 16.6 kcal/mol, respectively. The 
free energy of ionization is then equal to ΔGo(ONOO−) 
− ΔGo(ONOOH) = (16.6 kcal/mol) − (7.5 kcal/mol) 
= 9.1 kcal/mol using ΔGo = 0 kcal/mol for H+. Using 
Equation 1.79 and RT = 0.593 kcal/mol at 25°C, one can 
calculate the pKa to be 6.7 which is consistent to that 
observed experimentally of 6.5 by absorption spectros-
copy measurements.168

Free energy can also be described as a function of the 
cell potential (Eo

cell) which is characterized by electron 
transfer or redox reaction. Using Equation 1.84,

 ∆G nFEo = − o
cell  (1.84)

where n = is the number of electrons transferred in a half-
reaction and F = Faraday’s constant (23.06 kcal/mol/V), 
one can predict the spontaneity of a reaction based on 
the standard electrode potential of a half cell reaction. 
Buettner had complied an extensive list of one electron 
reduction potential for a variety of half-cell reactions at 
pH 7.169 Table 1.2 lists some of the reduction potentials 
of half reaction couples. Half-cell reactions are pre-
sented such that the species on the right side is the 
reduced form of the species in the left side. For example, 
the half-cell reaction, HO•, e−, H+/H2O, can be written as 
HO• + e− + H+ → H2O with a reduction potential of 
Eo = 2.31 V at standard conditions. Oxidation of H2O 
can be written in reverse, that is, H2O → HO• + e− + H+ 
but the sign has to be reversed, that is, Eo = −2.31 V. It 
should be noted that half-cell reaction potentials involv-
ing H+ or HO− can be pH dependent. Table 1.2 generally 
shows that the species with the most positive reduction 
potential (in this case HO•) is the most reducing and is 
therefore the easiest to oxidize.

To predict the spontaneity of a reaction based on 
reduction potentials, one can write two half-cell reac-
tions where one is a reduction and the other is an oxida-
tion process. For example, in Fenton chemistry, the 
reaction of Fe(II) with H2O2 is represented below. Note 
that the sign for the reduction potential of Fe(II) is 
negative (Eq. 1.85) since Fe(II) is oxidized to Fe(III) in 
this reaction.

Fe(II) Fe(III) e                         Vo→ + = −− ∆E 0 11.

H O e H H O HO V

H O
2 2 2

o

2

+ + → + = +− + • ∆E 0 39.

2 22
oFe(II) H H O HO Fe(III) V+ + → + + = +•+ ∆E 0 28.

(1.87)

TABLE 1.2 Reduction Potentials for Various Half-Cell 
Reactions Showing One-Electron and Two-Electron 
Oxidants114

Half-cell reactions ΔEo (vs NHE)

At pH 7 in V at 25°C

HO•, e−, H+/H2O 2.31
CO3

•−, e−, H+/ HCO3
− 2.10

rO•, e−, H+/rOH 1.60
2NO, 2e−, 2H+/N2O, H2O 1.59
H2O2, 2e−, 2H+/ 2H2O 1.35 (1.78)89

HOO•, e−, H+/ H2O2 1.05
rOO•, e−, H+/ rOOH 1.00
NO3

−, e−, 4H+/NO, 2H2O 0.96
NO3

−, 2e−, 3H+/HNO2, H2O 0.93
rS•, e−/ rS− 0.92
O2

•−, e−, 2H+/ H2O2 0.91
N2O4, 2e−/ 2NO2

− 0.87
O2, 4e−, 4H+/ 2H2O 0.85 (1.23)89

1O2, e-/ O2
•− 0.81

PUFA• , e−, H+/ PUFA-H 0.60
•NO2, e-/ NO2

− 0.60
α-Tocopheroxyl•, e−, H+/ 

α-Tocopherol
0.50

H2O2, e−, H+/ H2O, HO• 0.39
O2, 2e−, 2H+/ H2O2 0.36
ascorbate•, e−, H+/ ascorbic acid 0.28
Fe(III), e−/Fe(II) 0.11
NO3

−, 2e−, H2O/ NO2
− + 2HO− 0.01

O2, e−/O2
•− −0.18

FAD, 2e−, 2H+/ FADH2 −0.22
NADP+, 2e−, H+/ NADPH −0.32
NAD+, 2e−, H+/ NADH −0.32
O2, e−, H+/ HOO• −0.46
NO, e−/3NO− −0.81
2NO3

−, 2e−, 2H2O/N2O4 + 4HO− −0.85
GSSG, e−/GSSG•− −1.5

Adapted from references 89 and 114.

(1.85)

(1.86)
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 Rate of reaction d A /dt A= − =[ ] [ ]k2
2  (1.93)

where the rate is proportional to the instantaneous con-
centration of A. The second-order rate constant is 
usually expressed in M−1/s unit.

Experimentally, one can determine the second-order 
rate constant (k2) by monitoring the formation or decay 
of A as a function of time (Eq. 1.94).

 
1 1

0
2

[ ] [ ]A A
t

t

− = k  (1.94)

The half-life for second-order reaction is described by 
Equation 1.95,

 k t2 1 2 1/ [ ]= / A  (1.95)

which indicates that the t1/2 of the second-order rate 
constant is inversely proportional to [A]. Examples of 
this reaction are the bimolecular reaction between two 
HO• to form H2O2, or the dismutation of HOO• to form 
H2O2 and O2.

majority of reactions, however, are between two dif-
ferent species (Eq. 1.96) as described by the rate law 
(Eq. 1.97):

 A B products+ →  (1.96)

 Rate of reaction d A /dt d B /dt A B= − = − =[ ] [ ] [ ][ ]k2  

(1.97)

The integrated rate law for k2 determination is described 
by Equation 1.98:

   ln
[ ]
[ ]

([ ] [ ] ) ln
[ ]
[ ]

A
B

A B t
A
B

t

t







= − + 



0 0 2

0

0

k  (1.98)

To simplify the kinetic measurements, second-order 
kinetics can be investigated using first-order rate law by 
making one of the reagents in large excess. For example, 
if A is in large excess over B, that is, [A]0 >>>[B]0, then 
[A]t ∼ [A]0, therefore, Equation 1.98 can be rewritten as 
k2[A]0 = k1' where k1' is the pseudo-first-order rate con-
stant that is related to the concentrations of B according 
to Equation 1.99,

 ln
[ ]
[ ]
B
B

t

0
1







= −k t′  (1.99)

Using the known initial concentration of the reactant 
that is in excess, that is [A]0, the second-order rate con-
stant k2 can be calculated from k1'.

 − +d reactant /dt or d product /dt[ ] [ ]  (1.88)

at isothermal and constant volume. As the reaction pro-
ceeds, the reactant/s concentrations decrease and this is 
accompanied by a decrease in the rate of the reaction 
as they usually tend to slow down overtime. Since rates 
have variability, a way to quantify the rate of a chemical 
reaction is through the use of an experimental measure 
of a reaction rate which is usually referred to as rate 
constants (k). (Note that by convention, small letter k is 
referred to as the rate constant and the capitalized K as 
equilibrium constant). rate constant is independent of 
how far the reaction proceeded and its scale. reactive 
species in biological systems could exhibit unimolecular, 
bimolecular or higher order reactions and each of these 
types of reaction are described by a rate constant.

1.3.2.1 Unimolecular or First-Order Reactions Only 
one reactant in which the rate of its reaction is solely 
proportional to its concentration at constant volume 
where the reaction is described in Equation 1.89,

 A products→  (1.89)

and where the rate law is described in Equation 1.90:

   Rate of reaction d A /dt A= − =[ ] [ ]k1  (1.90)

Experimentally, one can determine the first-order rate 
constant (k1) by monitoring the formation or decay of 
A as a function of time (Eq. 1.91).

   ln
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[ ]

log
[ ]
[ ] .
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A
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A
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tt t

0
1

0

1

2 303






= − 





=
−

k
k

 (1.91)

where [A]0 and [A]t are concentrations at time = 0 and 
time = t, respectively. The first-order rate constant has a 
dimension of time−1 and is usually expressed in s−1 unit. 
The half-life (t1/2) of a first-order reaction which is the time 
required for the [A] to decrease by 50% is described as

k t1 1 2 0 693/ .=

Therefore, based on this equation, by knowing t1/2, one 
will be able to determine k1. Examples of this reaction 
is the decomposition of GSSG•− to form GS− and GS•, 
or ONOOH to form NO2

• and HO•.

1.3.2.2 Bimolecular or Second-Order Reactions 
This reaction occurs from two reactants that are the 
same species (Eq. 1.92). The rate law is described in 
Equation 1.93.

 A A products+ →  (1.92)
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1.3.2.3 Transition State Theory, Reaction Coordinates 
and Activation Energies Transition state theory is the 
current model used to describe a chemical reaction in 
terms of physical processes. It assumes that reactions 
are in equilibrium between the reactants and an acti-
vated transition state structure. By determining the 
reaction rate constants (kc), the standard Gibbs free 
energy of activation (ΔG≠) can be calculated using 
Equation 1.100,

 k
k

Gc
BT
h

e /RT= − ≠∆  (1.100)

where kBT/h is the universal factor composed of 
Boltzman (kB) and Planck (h) constants and the abso-
lute temperature (T).

In a simple reaction coordinate composed of reac-
tants (A + B), activated complex (AB≠) and products, 
the potential energy diagram for an exothermic reaction 
is shown in Figure 1.33.

The activated complex lie at the saddle point (highest 
energy of a potential energy surface) and is in “quasi-
equilibrium” with the reactant molecules which is later 
converted into products.

The magnitude of ΔG≠ therefore determines the rate 
of the reaction; that is, the higher the activation barrier 
the slower the reaction rate will be. One also has to 
consider that free energy is temperature dependent and 
hence the kinetics of a reaction. Several external factors 
can affect the magnitude of ΔG≠ and the rate of reac-
tions. For example, increased temperature, concentra-
tion, and pressure can increase the probability of 
collision between two particles and therefore, the rate 
of reaction increases. Catalysts such as enzymes provide 
lower activation barrier by increasing the collision rate 
between reactants by arranging the orientation of the 

Figure 1.33 Classical reaction coordinate for an exothermic 
reaction showing the free energies of activation (ΔG≠) and 
reaction (ΔGrxn).
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reactants for optimal reactivity; by changing the elec-
tronic property of the reactants though increased elec-
trophilicity or nucleophilicity; through changes in 
intramolecular forces of attraction that can hinder reac-
tants reactivity; or by simply providing alternative path-
ways for the reaction mechanism.

The range of rates by which reactions in biological 
system occurs is wide from very slow (<1) to diffusion 
controlled rate (109–1010). Table 1.3 shows the various 
biologically relevant reaction and their experimental 
rate constants.

Based on Table 1.3, in general, the fastest reactions 
(109–1010) involve either addition reaction or electron 
transfer reaction between two radicals. Intermediate 
rate reactions (105–108) are mostly characterized by 
H-atom abstraction, reaction between radical anions or 
electron transfer between the pi-radicals such as in the 
case of NO and O2. Slow reactions (10−2–104), are mostly 
unimolecular decomposition that involves bond break-
ing of N–O, O–O or N–N bonds and electron transfer 
between anions and neutral molecules.

1.4 ORIGINS OF REACTIVE SPECIES

1.4.1 Biological Sources

Among the numerous reactive species formed in bio-
logical systems, O2

•− and NO are the two major precur-
sors. The enzymatic generation of O2

•− and •NO has 
been shown to originate from O2 and arginine, respec-
tively as substrates. These radicals are formed in various 
subcellular compartments such as membrane, mito-
chondria, endoplasmic reticulum172 or golgi apparatus.173 
Below are the common sources of O2

•− and NO but the 
mechanistic details will be left in the succeeding chap-
ters and the list below only offers a general overview of 
the different enzymes responsible for their generation.

1.4.1.1 NADPH Oxidase Superoxide radical anion 
are generated through stimulated professional phago-
cytes (e.g., neutrophils, macrophages monocytes, den-
dritic cells and mast cells).174 Pentose phosphate pathway 
generates NADPH during the oxidative phase in which 
two molecules of NADP+ are reduced to NADPH 
though the utilization of glucose-6-phosphate into ribu-
lose 5-phosphate according to Equation 1.101,

glucose-6-phosphate

2 NADP+ 2NADPH/H+

ribulose 5-phosphate
(1.101)

where NADPH subsequently reduce O2 to O2
•− via the 

NADPH oxidase pathway (Eq. 1.102). The details of 
which are discussed in Chapter 2.
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TABLE 1.3 Various Reactions of Reactive Species and their 
Respective Rate Constants at Normal Conditions

reaction rate Constants

O2
•− + •NO→ ONOO− 1.9 × 1010 M−1 s−1

O2
•− + HO• → O2 + HO− 1.0 × 1010 M−1 s−1

•NO + HO• → HNO2 1.0 × 1010 M−1 s−1

•NO2 + HO• → + NO2 + HO− 1.0 × 1010 M−1 s−1

•NO + r• → rNO 1.0 × 1010 M−1 s−1

2O2
•− + 2H+ → O2 + H2O2 (SOD catalyzed) 1.0 × 109 M−1 s−1

O2
•− + •NO2 → O2NOO− 4.5 × 109 M−1 s−1

•NO2 + •NO2 → N2O3 1.1 × 109 M−1 s−1

•NO + TyrO• → Tyr–ONO 1.0 × 109 M−1 s−1

•NO2 + TyrO• → Tyr–NO2 1.3 × 109 M−1 s−1

NO2
− + HO• → •NO2 + HO− 5.3 × 109 M−1 s−1

GSSG•− + O2 → GSSG + O2
•− 5 × 109 M−1 s−1

2GS• → GSSG 1.5 × 109 M−1 s−1

•NO + GS• → GSNO 3 × 109 M−1 s−1

•NO2 + GS• → GSNO2 3 × 109 M−1 s−1

GS•  + GSNO → GSSG + •NO 1.7 × 109 M−1 s−1

GS• + O2 → GSOO• 2 × 109 M−1 s−1

GSOO• + •NO2 → GSOONO2 1 × 109 M−1 s−1

GSOO• + •NO → GSOONO 3 × 109 M−1 s−1

CO3
•− + •NO + HO− → HCO3

− + NO2
− 3.9 × 109 M−1 s−1

GSOO• + GSNO → GSSG + O2 + •NO 3.8 × 108 M−1 s−1

CO3
•− + O2

•− + H+ → HCO3
− + O2 4.0 × 108 M−1 s−1

N2O3 + rH → rNO + H+ + NO2
− 1.8 × 108 M−1 s−1

CO3
•− + Tyr → HCO3

− + TyrO• 4.5 × 107 M−1 s−1

2TyrO• → diTyr 8.05 × 107 M−1 s−1

N2O3 + GSH → GSNO + H+ + NO2
− 6.6 × 107 M−1 s−1

•NO2 + GSH → GS• + H+ + NO2
− 2 × 107 M−1 s−1

H2O2 + Catalase-Fe(III) → Compound 1 k1 = 1.7 × 107;
Compound 1 + H2O2 → Cat 

Fe(III) + 2H2O + O2

k2 = 2.6 × 107 
M−1 s−1

UH2
− + •NO2 → NO2

− + UH•− + H+ 1.8 × 107 M−1 s−1

2•NO + O2 → 2•NO2 2 × 106 M−1 s−1

4•NO + O2 + 2H2O → 4HNO2 8.0 × 106 M−1 s−1

GS• + GS− → GSSG•− 9.6 × 106 M−1 s−1

CO3
•− + GSH → HCO3

− + GS• 5.3 × 106 M−1 s−1

LOO• + TOH → LOOH + TO• 2.5 × 106 M−1 s−1

UH•− + Asc− → UH2
− + A•− 1 × 106 M−1 s−1

rOO• + UH2
− → rOO− + UH•− + H+ 3 × 106 M−1 s−1

CO3
•− + rH → HCO3

− + r• 4 × 105 M−1 s−1

•NO2 + Tyr → NO2
− + TyrO• 3.2 × 105 M−1 s−1

GSSG•−→ GS• + GS− 1.6 × 105 s−1

GSOO• → GS• + O2 6 × 105 s−1

•NO2 + rH → NO2
− + r• + H+ 3.2 × 105 M−1 s−1

GSH + TyrO• → GS• + Tyr 3.5 × 105 M−1 s−1

GS• + Tyr → GSH + TyrO• 3.5 × 105 M−1 s−1

2O2
•− + 2H+ → O2 + H2O2 2.54 × 105 M−1 s−1

N2O3 → •NO + •NO2 8.1 × 104 s−1

ONOO− + CO2 → NO3
− + CO2 2 × 104 M−1 s−1

ONOO− + CO2 → •NO2 + CO3
•− 1 × 104 M−1 s−1

Tyr–ONO → •NO + TyrO• 1 × 103 s−1

Urate + ONOO− → products 4.8 × 102 M−1 s−1

ONOO− + GSH → NO2
− + GSOH 6.6 × 102 M−1 s−1

LOO• + LH → LOOH + L• 10–50 M−1 s−1

GSOONO2 → GSOO• + •NO2 0.75 s−1

ONOO− + H+ → HNO3 0.568
ONOO− + H+ → •NO2 + HO• 0.232 s−1

UH•− + O2 → no measurable reaction <10−2 M−1 s−1

Adapted from references 170, 171 and 277.

 
NADPH NADP+

O2 O2
•−

 (1.102)

1.4.1.2 Xanthine Oxidoreductase or Oxidase During 
ischemia, ATP is metabolized to adenosine and through 
adenosine deaminase, adenosine is converted to inosine 
which further decomposes to hypoxanthine (Eq. 
1.103).175 Although hypoxanthine can be converted to 
xanthine by xanthine oxidase (XO) via a reductive half-
reaction, xanthine can be independently formed from 
GmP through purine metabolism. This catalytic purine 
degradation is also associated with the formation of 
H2O2 and O2

•−.

ATP ADP AMP adenosine inosine

hypoxanthine

→ → → →
→

 (1.103)

XO belongs to a family of molybdoflavoenzymes and is 
released by a calcium-triggered protease during hypoxia 
(Eq. 1.104).

  
xanthine dehydrogenase

xanthine oxidase Ca /protease2+
 → (( )XO

 (1.104)

Hypoxanthine or xanthine can undergo reductive half-
reaction with XO at the mo–Co centers. Two electrons 
are transferred to XO from xanthine, thereby reducing 
mo(VI) to mo(IV). The oxidative half-reaction then 
takes place at FAD where electron transfer between the 
reduced mo–Co occurs with FAD as mediated by Fe2–S2 
centers, thus maintaining mo to be as mo(VI) and FAD 
as FADH2. Transfer of electrons from FADH2 to NAD+ 
or O2 occurs during the reoxidation of fully six electron-
reduced XO. The first two processes involve 2-electron 
reduction of O2 to form H2O2, then the remaining two 
electrons are each used to reduced O2 to O2

•−. The total 
rOS produced is, therefore, two molecules of each H2O2 
and O2

•− (Eq. 1.105).
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 (1.105)

1.4.1.3 Mitochondrial Electron Transport Chain 
(METC) metabolism of O2 involves a series of elec-
tron transfer between an electron donor (NADH) and 
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rOS in the mitochondria are the dehydrogenases, 
quinone oxidoreductase and monoamine oxidase B.

1.4.1.4 Hemoglobin (Hb) Oxygen binds to the 
heme Fe(II) on a reversible and stable manner and is 
the basis of Hb function. However, the Fe(II) heme can 
undergo auto-oxidation (∼3 within 24-hour period) to 
form Fe(III) and O2

•− (Eq. 1.107) and is a common 
mechanism of oxidative stress in red blood cells.178

 Hb II O Hb O( ) 2 2→ ++ •−  (1.107)

1.4.1.5 Nitric Oxide Synthases Nitric oxide syn-
thase catalyzes the production of nitric oxide from 
l-arginine via an electron flow from NADPH→ FAD 
→ FmN → heme → oxygen based on Equation 1.108.179

   
L-arginine NADPH H O

citrulline NO NADP

+ + +

→ + +

+

+

3
2

2

3
2

2

 (1.108)

The Fe(III) heme upon reduction by FmNH2 to Fe(II) 
enables binding to O2 to form the ferrous-dioxy complex 
or Fe(III)O2

− (species 1). Species 1 can presumably 
further undergo a one-electron reduction by tetrahy-
drobiopeterin (H4B) to form the iron-peroxo species 
(species II) and O–O bond cleavage yields water (Fig. 
1.35) and iron-oxo species which is thought to hydroxyl-
ate the guanindino nitrogen of the l-arginine and ulti-
mately leading to the generation of NO (Fig. 1.36).

an electron acceptor, O2, via the mETC, with concomi-
tant transfer of protons from the inner mitochondrial 
membrane.176 This process involves transfer of four elec-
trons from cytochrome c oxidase to O2 to form two 
molecules of water and four molecules of H+ according 
to Equation 1.106:

4 8 4 22 2cyt O H cyt H O Hred oxc c+ + → + ++ +  (1.106)

However, partial metabolism of O2 occurs prior to its 
full reduction to water by cytochrome c oxidase. 
Although it is estimated that under normal conditions, 
1–2% of O2 consumed by mitochondria are converted 
to rOS. This phenomenon called electron leakage maybe 
more prevalent in pathophysiological conditions.

The major sources of radical generation within the 
mitochondria have been identified to be the NADH 
dehydrogenase and ubiquinone. Figure 1.34 shows the 
ubiquinone cycle in which ubiquinone (Q) reduces cyto-
chrome b through multiple processes that also leads to 
the oxidation of NADH dehydrogenase. The cycle is 
coupled to the electron transfer process that occurs 
between ubiquinol (QH2) and cytochrome c1 via pro-
teins containing Fe–S clusters. At the site of this electron 
transfer process, an electron is “leaked” to the O2 mol-
ecule to give O2

•− then subsequently forming H2O2. 
Studies on heart and nonsynaptic brain mitochondria of 
mammals and birds show that oxygen radicals are gen-
erated at complex I in heart and brain mitochondria in 
States 4 and 3, while complex III (ubiquinone cyto-
chrome c reductase) generates radicals only in heart 
mitochondria and only in State 4.177 Other sources of 

Figure 1.34 The ubiquinone cycle of the mitochondrial electron transport chain showing the formation of reactive oxygen species.
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Figure 1.35 Production of superoxide radical anion from 
nitric oxide synthase. (Adapted with permission from  
Chem. Rev., 2003, 103(6), 2365–2384. Copyright 2003 Ameri-
can Chemical Society.)
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Figure 1.36 Production of nitric oxide from l-arginine, NADPH, and O2.
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Under oxidative conditions such as in the presence 
of ONOO−, the oxidation state for H4B is altered such 
that conversion of species 1 to 2 is hampered. The 
peroxo group of species 1 then decomposes to O2

•− and 
Fe(III).

1.4.1.6 Cytochrome P450 (CYP) CyP is one of the 
most important class of enzymes responsible for the 
oxidation of organic substances using lipids and steroids 
as well as xenobiotics as substrates.180,181 The catalytic 
action of CyP mirrors that of NOS enzymes where the 
formation of oxo-ferryl (FeIV = O), species II (shown in 
Fig. 1.35) is the oxidizing form of the heme. Like in NOS, 
non-reduction of Fe(III)O2

− results in the production 
of O2

•−.

1.4.1.7 Cyclooxygenase (COX) and Lipoxygenase 
(LPO) Arachidonic metabolism can mediate several 
important cellular events such as inflammation, chemo-
taxis, and regulation of muscle tone. However, the  
formation of metabolites such as prostaglandins, throm-
boxane and leukotriene generates rOS.182 The forma-
tion of PGG2 and HpETEs hydroperoxides has been 

shown to be mediated by COX and LPO. These unstable 
peroxides can yield HO• and rO• via O–O bond 
cleavage.

1.4.1.8 Endoplasmic Reticulum (ER) Er is an 
organelle responsible for protein folding and matura-
tion. Along with Golgi complex, it is involved in the 
transport of new proteins, lipids and other small mole-
cules to their proper destination. recently, Er has been 
implicated in hypoxia- and diabetes-mediated oxidative 
stress.172 During accumulation of newly synthesized 
unfolded proteins, the unfolded pretein response (UPr) 
is activated and causes a variety of inflammatory and 
stress signaling responses. The mechanism of radical 
production from Er was proposed to originate from an 
enzyme Ero1p, a flavin-containing oxidase, due to its 
ability to reduce molecular O2 to yield H2O2 when acting 
on thiol substrates according to Equation 1.109 and 
Equation 1.110.183

  E-FAD RSH EFADH RSSR+ → +2 2  (1.109)

    EFADH O EFAD H O2 2 2 2+ → +  (1.110)

Ero1p is an enzyme responsible for the disulfide bond 
formation in eukaryotic cells under aerobic and anaero-
bic conditions. The ability of Ero1p to transfer electron 
to other small molecules and macromolecular electron 
acceptor has also been demonstrated.

1.4.2 Nonbiochemical Sources

1.4.2.1 Photolysis Shown in Equation 1.111 and 
Equation 1.112 is the generation of O2

•− during ionizing 
radiation of air-saturated sodium formate using stopped-
flow radiolysis apparatus on line with a Van de Graaff 
electron generator at 2-meV.184

 H2O H2O2 + H3O+ + H + HO + H2 + eaq
–

 

H O HO

e O O s

HO O H

aq

• •

− •− − −

• •− +
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�

 (1.111)
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in Figure 1.37: (1) via photoionization of a sensitizer 
molecule which generates hydrated electron (eaq

−) which 
in turn directly reduces O2 to O2

•−; (2) use of excited 
state acceptor (Sen) that can accept electron from a 
ground state electron donor such as an amine or other 
electron-rich substrates to form (Sen•−) which then 
leads to the reduction of O2 by Sen•− to form O2

•−; (3) 
and through electron transfer with O2 or 1O2 by a sen-
sitized excited or ground state donor, respectively.191

mechanisms 1, 2, and 3 require O2 for the production 
of O2

•−. For mechanism 1, tryptophan and other amino 
acids as well as other aromatic compounds (such as 
amines, phenols, methoxybenzenes and indoles) are 
capable of generating O2

•− under photoionizing condi-
tions in near-UV light. mechanism 2 involves charge-
transfer mechanism which is very common among flavin 
and its analogues which usually occurs in the presence 
of an electron donor such as EDTA. Triplet state methy-
lene blue in the presence of alkylamines results in elec-
tron transfer to generate O2

•−. mechanism 3 shows the 
formation of O2

•− from 1O2 (1O2 is generated from O2 
sensitization by rose bengal) using furfuryl alcohol,192 
fullerenes,193 or quinones194 as specific 1O2 quenchers.

1.4.2.4 Electrochemical The standard potential of 
O2/O2

•−, E0 = −0.284 V (vs. NHE). Using this potential, 
O2

•− can be electrochemically generated from one-
electron reduction of O2 in alkaline aqueous solution,195 
DmSO196,197 or ionic liquids.198

1.4.2.5 Chemical Tetramethylmmonium salt of O2
•− 

(me4NO2) can be prepared from solid state metathesis 
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Superoxide can also be formed in O2-saturated aqueous 
formate solution upon short UV irradiation by Xe or 
Ar lamp. The main process involves photochemical 
decomposition of water through its dissociation into 
HO• and H• (Eq. 1.113). In the presence of O2, electron 
transfer occurs to produce O2

•− (Eq. 1.114). moreover, 
formate (HCOO−) can react with H• or HO• to form a 
common product CO2

•−, where CO2
•− can further reduce 

O2 to O2
•− (Eq. 1.115).185
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Photolysis of H2O2 solution can also convert HO• and 
H• to HO2

• via reactions shown in Equation 1.116 and 
Equation 1.117185: 

      H H O HO H O• •+ → +2 2 2  (1.116)

     HO H O HO H O• •+ → +2 2 2 2  (1.117)

UV-photolysis of H2O2 yields HO• via O–O bond homo-
lytic cleavage,186 while photolysis of alkyl disulfides 
results in C–S and S–S homolytic bond cleavage.187

1.4.2.2 Sonochemical Acoustic cavitation involves 
the nucleation, growth and violent collapse of gas-filled 
microbubbles in a liquid. The bubble collapse is associ-
ated with the creation of a transient region with very 
high temperature (>1000 K) and pressure (>100 atm) in 
pressure. It is known that the collapse of the bubbles is 
accompanied by the emission of light, a process known 
as sonoluminescence. Ultrasound-induced pyrolysis of 
argon-purged water showed formation of H• and HO• 
using spin trapping technique.188,189 Sonolysis in the 
presence of drugs also known as sonosensitizers can 
yield rOO• and rO• exhibiting enhanced therapeutic 
action against cancer cells for example.190

1.4.2.3 Photochemical There are three major path-
ways for the photochemical generation of O2

•− as shown 

Figure 1.37 Various photochemical mechanisms for the for-
mation of reactive oxygen species.
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with O2. This process is usually referred to as redox 
cycling. The diagram below shows the redox cycling of 
rOS by quinone as mediated by an electron donor, 
NADPH. redox cycling has also been observed in 
ortho-bezoquinones.

Nitric oxide can be generated from chemical sources 
directly or indirectly by enzymatic or nonenzymatic 
systems. Nitric oxide can be photochemically or thermally 
generated from metal-NO complexes, N-nitrosamines, 
N-hydroxyl nitrosamines, nitrosoimines, nitrosothiols, 
C-nitrosothiols, and diazetine dioxides. NO can also be 
generated indirectly through enzymatic metabolism of 
organic nitrates/nitrites, guanidines, hydroxyureas, 
oximes, oxatriazole-5-imines, or furoxans.202

Stable ONOO− solution can be generated directly 
from ozone and sodium azide,203 nitrite and H2O2,43 or 
organic nitrite and H2O2.204 Since 3-N-morpholinosyd-
nonimine (SIN-1) comes in solid form, the use of SIN-1 
is the most common form of ONOO− delivery due to its 
ease of handling. Figure 1.39 shows the proposed decom-
position pathway for SIN-1, which involves electron 
transfer reaction with O2 to form O2

•−. The oxidized 
SIN-1 intermediate decomposes to form NO. Combina-
tion of the generated NO and O2

•− in solution then 
yields ONOO−.205

1.5 METHODS OF DETECTION

reactive species in in vitro and in in vivo systems can 
be directly or indirectly detected. Due to the instability 
and short half-lives of the common radicals, reagents are 
needed for their detection. By exploiting the chemistry 
of radical addition or electron transfer reactions to 
some reagents, one can use this process as an analytical 
tool to detect rOS production. In particular, the detection 

Figure 1.38 NADPH-mediated redox cycling of rOS by 
quinones.
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combination of KO2 and me4NOH with high purity.199 
Also, me4NO2 can be prepared from NH3 treatment of 
KO2 with me4NF or reaction of me4NOH•5H2O with 
excess KO2.200

Quinones are active sites of mitochondrial bc complex 
(III) or as active moieties of xenobiotics.201 One electron 
reduction of quinone leads to the formation of semiqui-
none. In general, reduction of quinone to hydroquinone 
can be accomplished nonenzymatically via two-electron 
reduction with the reducing equivalents of NADPH, or 
by one-electron reduction to semiquinone with micro-
somal or mitochondrial enzymes (Fig. 1.38). Semiqui-
none can reduce O2 to form O2

•− and the original 
quinone. The process is repeated until rOS production 
is at its maximum and semiquinone begins to accumu-
late, at which time the system becomes depleted  

Figure 1.39 Proposed mechanism for the generation of peroxynitrite from SIN-1.205

O N N
N O

N-H

H2O
O N N

N O

N

H3O+

H3O+

O N N

N O

N

O2

O2
O N N

N O

N

NO
ONOO

O N N
N

•+

•−



32  CHEmISTry OF rEACTIVE SPECIES

dichlorodihydrofluorescein (DCFH2), rhodamine (rhH2) 
and ethidine (DHE) (Fig. 1.40). DCFH2 and rhH2 react 
with O2

•− or H2O2 poorly, and fluorescence arising from 
this reaction could be catalyzed by metal ion impurities, 
and therefore are not suitable probes for rOS. Carbon-
ate radical anion and •NO2 are better detected using 
DCFH2 due to their higher reactivity and higher fluo-
rescence yield, however, this is not true for HO• and 
HOCl. rhH2 gives fluorescence with all of the reactive 
species. Unlike DCFH2 and rhH2, DHE is highly reac-
tive to O2

•− but yields two fluorescent products: (1) spe-
cific to O2

•− (i.e., 2-hydroxyethidium, 2-OH-E+); and (2) 
nonspecific to O2

•− that can be formed photochemically 
(E+). To differentiate between 2-OH-E+ and E+, the use 
of HPLC/FL assay has been suggested and provides 
unequivocal differentiation of the two products.207 In spite 
of this complication, DHE is currently perhaps the most 
specific FL probe for O2

•−.
Lucigenin (LC) is the most commonly used CL probe 

for O2
•− but like DCFH2, it can also generate O2

•− and 
is not specific for O2

•− because it also gives luminescence 
in the presence of nucleophiles and reducing agents to 
form LC•+. Addition of O2

•− to LC•+ (formed from its 
enzymatic reduction) forms a dioxetane intermediate 
that cleaves to form the excited state N-methylacridone 
which later can emit light (Fig. 1.41). Other reductants 
that can generate LC•+ are H2O2, flavoproteins, eNOS, 
NADPH reductases and cyt P450.206

Boronates have been shown to react with ONOO−, 
HOCl, and H2O2 imparting fluorescence but with 
varying rates of reaction.208,209 The second-order rate 
constants show ONOO− to be the most reactive (∼105–
106 M−1 s−1) followed by HOCl (∼103–104 M−1 s−1) and by 
H2O2 (∼2 M−1 s−1).209 The mechanism of oxidant reaction 
to boronates involves nucleophilic addition of the 
oxidant to the boron atom followed by the heterolytic 

of O2
•− is the most relevant since it is the major precur-

sor of most reactive species and it signals the first sign 
of oxidative burst in biological systems. However, in in 
vitro and in vivo systems where the flux of O2

•− can be 
below the detection limit of the commonly used analyti-
cal techniques, secondary products such as the forma-
tion of other rOS, rNS, rSS as well as the formation 
of biomolecular radicals such as protein or nucleotide 
radicals can be directly or indirectly detected. Analysis 
of the primary or secondary addition products of radi-
cals to substrates can be analyzed using various methods 
such as by chromatography, electrochemistry, mass 
spectrometry, spectrophotometry or by magnetic reso-
nance spectroscopy.

1.5.1 In Vitro

1.5.1.1 Flourescence and Chemiluminescence Fluo-
rescence (FL) occurs when light is absorbed by a fluo-
rophore (excitation) with subsequent emission of light, 
while chemiluminescence (CL) occurs with the emission 
of light as a result of a chemical reaction; the latter is 
more sensitive than the former by 2 orders of magni-
tude.206 Although FL and CL are among the most sensi-
tive techniques for radical detection in vitro (i.e., >1 nm), 
caution is needed for their application. FL and CL 
probes are capable of detecting various rOS/rNS via 
two-electron oxidation, and therefore, suffer from selec-
tivity and may compete with endogenous intracellular 
antioxidants such as ascorbate, urate and thiols. more-
over, these probes can generate O2

•− via formation of an 
active intermediate after reaction with rOS/rNS. Due 
to the lack of selectivity to a particular reactive species, 
FL and CL are more appropriately called redox probes 
to indicate their general reactivity to various reactive 
species. Some of the most common FL probes are 

Figure 1.40 Fluorescence probes for rOS and their various products.
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 NO O NO O+ → +3 2 2
*  (1.120)

 NO NO2 2
* → + hv  (1.121)

1.5.1.2 UV-Vis Spectrophotometry and HPLC 
Several assays for O2

•− based on 1-electron transfer 
reaction have been employed due to the high rate con-
stants observed for this type of reaction. Cytochrome 
(cyt) c3+ can be reduced to cyt c2+ by O2

•− and can be 
detected spectrophotometrically. Due to the relatively 
low rate constant of this reaction (∼105 M−1 s−1), the 
amount of O2

•− generated can be underestimated. 
Another popular spectrophotometric technique for O2

•− 
detection is through the use of p-nitrotetrazolium blue 
(NBT) which forms a colored monoformazan anion. 
However, the use of cyt c and NBT have limitations such 
that their reduction is not specific to O2

•− and cannot be 
applied in in vivo systems.212

Nitric oxide can be measured by using reduced 
hemoglobin according to Equation 1.122. Oxidation of 
hemoglobin to methemoglobin can be detected spectro-
photometrically with a detection threshold of 1 nmol.

  NO Hb Fe O Hb Fe NO2+ → ++ + −( ) ( )2 3
3  (1.122)

Also, by using thioproline, NO can be trapped and the 
adduct formed can be detected using mass spectros-
copy.213 Nitrite as an oxidation end product of NO can 
also be detected spectrophotometrically using Griess 
assay. Nitrite is detected as red pink coloration pro-
duced from the reaction of sulphanilic acid with NO2

− 
where the product formed reacts further with an azo 
dye (alpha-naphthilamine) giving a colored product. In 
systems where NO3

− are present, prior reduction of 
NO3

− to NO2
− is required to obtain the total NO2

−/ NO3
− 

content by treatment of the sample with sodium formate 
and nitrate reductase.214

Hypochlorous acid can be trapped by taurine  
forming taurine chloramine. Taurine chloramine can 
then be spectrophotometrically assayed using 5-thio-2-
nitrobenzoic acid (TNB)215 but has some limitations 

cleavage of the X-O bond to form the respective ion. 
Intramolecular rearrangement of the B–O yields the 
final fluorescent phenolic products (Eq. 1.118).
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For NO detection, fluorescence probes have been 
employed such as those containing the vicinal diamines 
(e.g., flourescein based, DAF-2; rhodamine-based, 
DAr-4m; BODIPy-based, DAmBO; and cyanine-
based, DACs). reaction of NO with diamine proceeds 
in the presence of oxygen to form the highly fluorescent 
N-nitrosated product (Eq. 1.119).210
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The reaction of NO with ozone imparts chemilumines-
cence and has been exploited to detect NO formation. 
This ozone-based detection of NO in the gas phase 
involves light emission along with the formation of •NO2 
(Eq. 1.120 and Eq. 1.121).211 This technique, although 
very sensitive, requires the use of an NO analyzer 
equipped with ozone generator and sensitive photomul-
tiplier tube and purging of NO from the sample is 
required.

Figure 1.41 Formation of superoxide radical anion from lucigenin•+ and its reaction with superoxide resulting in 
chemiluminescence.
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cals are relevant intermediates for the initiation of 
oxidative stress in biological systems. Nitrone spin traps, 
for example 5,5,dimethyl pyrroline N-oxide (DmPO) 
adds to protein radicals to form a longer-lived protein 
spin adduct. This radical adduct can later form the dia-
magnetic analogue, nitrone-protein adduct (formed via 
a variety of oxidative pathways mostly mediated by 
heme iron centers) which can be detected at 1 μm 
sensitivity using polyclonal antibodies against DmPO 
coupled to octanoic acid antiserum. This immune-spin 
trapping (ISP)229 approach combines the specificity 
of spin trapping to free radical formation and antigen–
antibody interactions (Fig. 1.42). Coupled with mS/mS 
technique, one would be able to also identify the  
specific site/s of radical formation. Immunochemical 
detection using ISP has been employed in various 
radical systems formed from hemoglobin-tyrosyl,230 
myoglobin-tyrosyl,231 Cu,Zn-SOD,232 thyroid peroxi-
dase,233 catalase-peroxidase,234 and DNA.235–237

1.5.1.4 Electron Paramagnetic Resonance (EPR) 
Spectroscopy EPr spectroscopy exploits the magnetic 
moment of an electron through absorption of micro-
wave radiation in the presence of external magnetic 
field. As shown in Figure 1.43, there are three major 
approaches for the detection of O2

•− using EPr and 
various probes, that is, (1) spin-quenching (or spin-loss) 
using trityl; (2) spin-formation using hydroxylamine; (3) 
spin trapping using nitrones where the former involves 
loss of signal and the latter two involve signal formation. 
Due to the inherent stability of trityl radicals, they have 
been employed as probes for the detection of O2

•−. 
The most common are the triarylmethyl (trityl)-based 
radicals238–240 which can undergo electron transfer reac-
tion with O2

•− to yield O2 and the EPr silent trityl anion. 
The synthetic trityl radicals, TAm OX063 and perchlo-
rotriphenylmethyl (PCm-TC), have been shown to give 
high reactivity to O2

•− with second-order rate constants 
of 3.1 × 103 M−1 s−1 and 8.3 × 108 M−1 s−1, respectively.238,239 
Trityl radicals show inertness toward a majority of the 

such as the need to predetermine the chloramine con-
centration for accurate measurements, poor selectivity 
as other oxidants can bleach TNB, and the light sensitiv-
ity of TNB. Iodide was proposed to be an alternative to 
TNB and by using 3,3',5,5'-tetramethylbenzidine (TmB) 
as chromophore due to its ability to be oxidized by 
hypoiodous acid with a sensitivity of 1 μm of taurine 
chloramine. Dihydrorhodamine was also used as chro-
mophore giving 10-fold greater sensitivity than TmB.216

Other radicals such as HO•, •NO2 or HO2
• have been 

shown to form adducts with various substrates such as 
amino acids, DNA bases or lipids via hydroxylation, 
nitration and hydroperoxide formation, respectively, 
which can be detected using a variety of analytical 
methods such as HPLC, electrochemical, spectrophoto-
metric or by mS. Hydroxyl radical for example adds to 
8-hydroxyguanine of the DNA to yield the 8-hydroxy-
2-deoxygianosine (8-OHdG) which can be isolated  
and analyzed using HPLC/electrochemical methods.217 
recently, more improved methods using HPLC/
electrochemical detection for hydroxylation was pro-
posed using 4-hydroxybenzoic acid and terephthalate 
assays which do not have the drawbacks associated with 
the use of salicylate or phenylalanine.218 Using tandem 
mass spectroscopic techniques, nitration of amino acid 
residues in peptides219 have been demonstrated while 
proteomic approach have been successful in identifying 
nitration in proteins.220,221

Ferrous oxidation-xylenol orange (FOX) assay has 
been used as a conventional technique for hydroperox-
ide formation in lipids,222,223 and peptide/protein 
systems.27,224,225 FOX assay technique uses the Fenton 
chemistry to generate the HO• from the O–O homolytic 
cleavage from the rOOH which decolorizes the xylenol 
orange dye. rNS adduct of lipids have been character-
ized using HPLC coupled with UV and mS detection.226 
mDA, being one of the end products of lipid hydroper-
oxide formation, can be measured using TBArS assay 
with thiobarbituric acid (TBA) as a reagent. Caution  
is required in interpreting TBArS data since mDA  
participates in other reactions other than TBA and is 
not exclusively formed from lipid peroxidation. more-
over, mDA is only formed from a particular lipid per-
oxidation process out of a myriad of several lipid 
peroxidation decomposition reactions.227 Analysis of F2-
isoprostanes (F2–IPs) are more reliable marker of lipid 
peroxidation which possesses a 1,3-dihydroxycyclopentane 
ring with the OH groups in the syn position and are 
mainly formed from the arachidonic acid oxidation. 
Analysis of F2–IPs can be carried ex vivo using LC/mS/
mS or GC/mS.48,228

1.5.1.3 Immunochemical Formation of macromo-
lecular radical systems such as protein and DNA radi-

Figure 1.42 Immuno-spin trapping of macromolecular radi-
cals using DmPO and anti-DmPO octanoic acid antiserum.
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simple electron transfer mechanism to yield a paramag-
netic aminoxyl species and H2O2. Figure 1.44 shows 
the commonly used hydroxylamines, TPO-H, TPL-H, 
TEmPONE-H,241 CP–H,242 and PP-H243 which are 
N-hydroxy-pyrrole or piperidine derivatives able to 
react with O2

•−. rate constants for hydroxylamine probe 
reaction with O2

•− are dependent on the structure of the 
probe. In the case of the negatively charged probe, 
PP–H, its rate of reaction to O2

•− was found to be slower 
with k = 840 ± 60 M−1 s−1 due mostly to repulsive effect, 
while the neutral probes, TPO-H and TPL-H have 
higher rate constants in the range of 1–2 × 103 M−1 s−1.107 
The redox reaction of O2

•− with the hydroxylamine pro-
duces H2O2 and can be considered an artifactual source 
of other rOS. Since other rOS/rNS species as well as 
metal ions and O2 can also give the exact same EPr 
triplet signal, caution should be practiced in data inter-
pretation using hydroxylamine probes.

Detection of 1O2 can be accomplished using the 
amine 2,2,6,6-tetramethyl-4-piperidone (TEmP). reac-
tion of 1O2 with TEmP leads to the formation of 
the nitroxide 2,2,6,6-tetramethyl-4-piperidone-N-oxyl 
(TEmPO) which can be detected using EPr as shown 
in Equation 1.123.244

 N
H

TEMP

1O2

N
O

TEMPO
•

 (1.123)

Spin traps are nitrone-based molecules. Although 
hydroxylamines exhibit 10- to 1000-fold higher reactiv-
ity to O2

•− than the nitrones, the paramagnetic species 
generated from hydroxylamine does not allow discrimi-
nation between the different radicals generated.243 Spin 
traps, however, add to a free radical at its α-carbon 
(C-2) position to form an aminoxyl adduct (or spin 
adduct), except that the signal is more complex than  
the ones observed from hydroxylamines (Fig. 1.43).245 
The complex spectrum of the spin adduct is due to  
the presence of a β-H and the nature of the radical 
moiety, and is the basis for their popularity not only in 

Figure 1.43 radical detection using EPr spectroscopy and 
various radical probes.
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common oxido-reductant species, however, they exhibit 
reactivity with other radical species, such as HO2

•, rO2
• 

and HO•.239

Although trityls offer some degree of specificity  
to O2

•−, the loss of signal also brings concern about 
other unknown factors that can result in the loss of 
signal, and therefore, other non-EPr technique is rec-
ommended to confirm the results from using trityl as 
reagent. A spin-generating system uses diamagnetic 
probes such as hydroxylmines and nitrone spin traps 
which involves electron transfer or addition reactions 
with O2

•−, respectively, forming an EPr-detectable para-
magnetic aminoxyl (or commonly called nitroxides) 
species. Hydroxylamines are oxidized by O2

•− via a 

Figure 1.44 Various N-hydroxy-pyrrole or piperidine deriva-
tives used as probes for superoxide.
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Figure 1.45 Commonly used spin traps for radical detection 
and identification.
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Figure 1.46 reaction of nitric oxide with nitronyl nitroxides (NN), PTIO, and C-PTIO, to form the imino nitroxide (IN).
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free radical detection but also in their identification. 
Shown in Figure 1.45 are the commonly used spin  
traps, and are divided into two major classes, the cyclic 
nitrones, 5,5-dimethyl-1-pyroline N-oxide (DmPO), 5-
(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide (EmPO), 
and 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide 
(DEPmPO), and the linear, N-tert-butyl-α-phenylnitrone 
(PBN).

Aside from O2
•−, other radicals that can also be iden-

tified using spin trapping are HO•, rO•, rS•, •NO2, 
CO3

•−, CO2
•−, N3

•− and so on. The half-lives of the spin 
adducts vary significantly which range from seconds to 
hours depending on the type of the radical and nitrone 
used. The least stable are the O2

•− adducts of DmPO 
and PBN with a half-life of <1 minute in aqueous solu-
tion. However, C-5 derivatized spin traps such as EmPO 
and DEPmPO exhibit longer O2

•− adduct half-lives of 
∼8 and ∼14 minutes, respectively. One major disadvan-
tage of this technique, in spite of the improved O2

•− 
adduct half-lives, is the slow reactivity of these spin traps 
with O2

•− with rate constants ranging from <1–10 M−1 s−1 
which requires the use of high concentrations (typically 
10–100 mm) of these reagents in solution for O2

•− detec-
tion. However, other radicals exhibit significantly fast 
reactivity and long adduct half-lives with spin traps.

Spin trapping has been employed to detect O2
•− from 

xanthine oxidase,238,246 the mitochondrial ETC,247,248 and 
NADPH oxidase.249 Nitrones have also been success-

fully used to detect O2
•− generation in human epithelial 

cells,250 human neutrophils,251 reperfused cardiac 
tissue,252 and small animals using ex vivo techniques.253,254 
Ex vivo spin trapping was also demonstrated in ischemia-
reperfusion studies where the spin trap was adminis-
tered to the animals before the onset of ischemia. 
reperfusates were then collected and radical adduct 
generation was detected by EPr spectroscopy.252,255

Nitric oxide does not add to nitrone spin traps but 
they undergo redox reaction with nitronyl nitroxides 
(NN) and addition reaction with iron-thiocarbamate 
complexes with fast rates of reaction whose products 
are detectable by EPr. Oxidation of NO by NN as 
opposed to reduction of O2 by hydroxylamine occurs. 
There are two commonly used NN’s, the 2-phenyl-
4,4,5,5-tetramethylimidazoline-l-oxyl 3-oxide (PTIO) 
and its water soluble analogue 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (C-
PTIO) (Fig. 1.46).

Nitric oxide react with NN via addition reaction to 
the nitroxyl-O and subsequent liberation of •NO2 to 
form the imino nitroxide (IN) as shown in Figure 1.46. 
The detection of NO through the use of NN shows clear 
distinction between the spectral profile imparted by the 
NN versus the IN product formed (Fig. 1.47). By virtue 
of symmetry, the spectral profile of NN is characterized 
by two equivalent N hyperfine splitting constants with 
aN1,3 = 8.2 G, while the IN gives asymmetrical product 
with the two nitrogens giving two different hfsc’s of 
aN1 = 9.8 G and aN3 = 4.4 G. The rate constant for there-
action of NO with NN is in the order of ∼103 M−1 s−1 
which is fast enough to compete with O2 but not with 
O2

•−. moreover, nitroxyl (HNO) also reacts with NN to 
form the similar IN product and that the •NO2 formed 
can participate with other reactions involving NN and 
therefore requires careful consideration in the interpre-
tation of the signal formed.256,257 One main disadvantage 
of NN as probes for NO is their ability to be reduced to 
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EPr-silent hydroxylamine by reductants such as ascor-
bate or metal ions.

Several NO traps such as Fe2+-dithiocarbamate com-
plexes have been developed that allows NO detection 
using EPr (Fig. 1.48). This technique was first intro-
duced by Vanin et al.258–260 In vivo EPr experiments 
using mice showed that NO trapping by the hydropho-
bic Fe2+-DETC is more efficient than by the hydrophilic 
Fe2+-mGD due to the higher stability of the latter in 
animal tissues.261 The redox state of Fe-dithiocarbamates 
plays a critical role in the detection of NO. Under 
aerobic condition, Fe2+ complex can be readily oxidized 
to form Fe3+-dithiocarbamate. reaction of ferric 
complex with NO forms the EPr-silent NO–Fe3+-mGD 
complex but can be converted to an EPr detectable 
NO–Fe2+-mGD by NO itself with 50% yield and by 
reductants such as ascorbate, hydroquinone, or cysteine 
with conversion efficiency of up to 99.9%. The use of 
iron carbamate complexes involves premixing of the 
FeSO4 with excess dithiocarbamate co-ligand. Water 
insoluble Fe(DETC)2 can be introduced as suspension 
with serum albumin262 and has been reported to measure 
NO in porcine aorta with high sensitivity of 10 pmol/mL. 
Detection of NO in blood vessels as well as human 
umbilical endothelial cells has been successfully demon-
strated using colloidal Fe2+-DETC prepared by mixing 
DETC and Fe2+ in concentrated Krebs-HEPES solu-
tion.263,264 Compared when using NN as probe for NO, 
Fe dithiocbamate complexes are better probes for the 
detection of NO due to the stability of the adducts 
formed. Cautions should be observed however since 
iron complexes also have been shown to detect HNO, 
nitrite and S-nitrosothiols. Dithiocarbamates have 

Figure 1.47 EPr spectra of nitronyl nitroxides (NN) and imino nitroxide (IN) after reaction with NO. (Adapted with permission 
from J. Am. Chem. Soc. 2010, 132(24), 8428–8432. Copyright 2010 American Chemical Society.)

Figure 1.48 Complexation of nitric oxide with iron (II) 
dithiocarbamates, Fe-DETC, and Fe-mGD, giving a triplet 
EPr signal.
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potential to chelate metals and may act as enzyme 
inhibitors. Through the use of NOS inhibitors, the triplet 
signal can be integrated to represent NOS-derived 
NO.265 Nitric oxide can be trapped by hemoglobin/
myoglobin (Hb) as well and can be detected using EPr 
but with the disadvantage of cooling the sample to ∼100 K 
to allow observation of the signal thus making Hb 
impractical for real time monitoring of NO production 
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and analysis modalities. In vivo imaging of NO have also 
been achieved using commonly use iron-dithiocarbamate 
spin traps.274

1.5.2.4 In Vivo EPR Spin Tapping-Ex Vivo 
Measurement In vivo spin trapping of radical metabo-
lites have been extensively employed using the com-
monly used spin traps, DmPO, PBN or POBN. However, 
due to the susceptibility of the radical adducts to be 
reduced to diamagnetic hydroxylamine species, post-
treatment of the samples are needed to re-oxidize the 
hydroxylamine back to the EPr-detectable nitroxide 
using mild oxidants such as potassium ferricyanide or 
bubbling with O2. Carbon- or S-centered radicals have 
been detected from blood or biles samples after sys-
temic injection of the xenobiotics. Spin traps have been 
extensively employed for the detection of transient 
radicals in animals.253,275,276
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   OVERVIEW 

 At fi rst glance, peroxidation and nitrosylation of  poly-
unsaturated fatty acids  ( PUFA s) may appear to form a 
bewildering array of nearly random products. The 
overall goal of this chapter is to review the reaction 
pathways that lead to well-established products of lipid 
peroxidation and nitrosylation, so that the underlying 
patterns in species formation becomes clear. Under-
standing these pathways and their major products 
should permit a more coherent examination of the role 
of lipid peroxidation and nitrosylation products in phys-
iology and disease.  

  2.1     PEROXIDATION OF  PUFAs  

 Saturated fatty acids (e.g., palmitic and stearic acid) and 
monounsaturated fatty acids (e.g., oleic acid [OA]) do 
not undergo peroxidation during physiologically rele-
vant conditions. In contrast, PUFAs such as linoleic 
(C18:2), linolenic (C18:3), arachidonic (C20:4), eicosap-
entaenoic (C20:5), and docosahexaenoic acid (C22:6) 
readily undergo peroxidation. What differentiates PUFA 
from the other fatty acids is the energy required for a 
radical (typically a hydroxyl or peroxyl radical) to 
abstract a hydrogen from the acyl chain to form a lipid 
radical, the critical fi rst step in peroxidation. The poten-
tial energy for abstraction of hydrogen (removing both 
the proton and the electron by breaking the carbon–
hydrogen bond) from an alkane chain is quite high 
(1900 mV).  1   For this reason, formation of radicals from 

a saturated fatty acid is extremely unlikely under physi-
ological conditions. The potential energy for abstraction 
of an allylic hydrogen adjacent to single double bond 
(e.g., from a monounsaturated fatty acid) is 960 mV,  1   
which is still too great for abstraction to occur physio-
logically. In contrast, the potential energy for abstrac-
tion of the methylene hydrogen directly adjacent to two 
double bonds (i.e., the bis-allylic hydrogen of a PUFA) 
is only 600 mV.  1   The difference in energy of abstraction 
for this type of hydrogen can be easily rationalized by 
the ability of the fi ve neighboring carbons (the pentadi-
enyl moiety) to share the unpaired electron due to con-
jugation (Fig.  2.1 ). 

  Because hydrogen abstraction occurs at the bis-allylic 
hydrogens, being cognizant of the position of these bis-
allylic hydrogens is essential to understanding the 
pattern of peroxidation products that emerge. For lin-
oleic acid (LA), abstraction occurs at carbon 11; for 
 α -linolenic acid, abstraction occurs at carbon 11 or 14; 
for  γ -linolenic acid, at carbon 8 or 11; and for arachi-
donic acid, at carbon 7, 10, or 13. In general, each of the 
bis-allylic hydrogens have an equal probability of 
abstraction, so that the number of possible species pro-
duced by peroxidation increases with the number of 
bis-allylic hydrogen in the PUFA. 

 The rate of hydrogen abstraction ( k   =  50  M   − 1  s  − 1 ) 
controls the rate of lipid peroxidation as the next step, 
the addition of molecular oxygen, is extremely rapid 
(3  ×  10 8   M   − 1  s  − 1 ). Why is the addition of oxygen so rapid? 
Radical to radical bond formation does not have to 
overcome spin restrictions, so the activation energy for 
this reaction is very low and thus the reaction rate is 
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  Figure 2.1         Abstraction of hydrogen by free radical and addi-
tion of oxygen forms lipid peroxyl radical. 
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see in the next sections, the position of the initial peroxyl 
radical determines the specifi c products that are formed, 
and knowing that only specifi c peroxyl radicals can form 
helps to rationalize these various products. 

 One fi nal essential point about the formation of the 
peroxyl radical by nonenzymatic mechanisms is the lack 
of stereoselectivity. Because the pentadienyl radical is 
planar, in the absence of constraints imposed by the 
active site of an enzyme, molecular oxygen can attack 
with equal probability from either side. Thus, the pres-
ence of racemic mixtures (i.e., equal abundance of  S  and 
 R  isomers) of lipid peroxides in a biological sample is a 
clear signature of nonenzymatic peroxidation rather 
than enzymatic peroxidation (e.g., by a lipoxygenase). 

 Once formed, the lipid peroxyl radical can undergo 
numerous secondary reactions depending on the spe-
cifi c PUFA being oxidized and on the local environ-
ment. In general, the greater the total number of 
pentadienyl units in the PUFA, the greater the likeli-
hood of oxidation and the greater number of fi nal pos-
sible lipid peroxidation products. Thus, LA oxidizes to 
a somewhat lesser extent and gives rise to fewer species 
than linolenic or arachidonic acid. 

  2.1.1     Hydroperoxy Fatty Acid Isomers ( HpETE s and 
 HpODE s) 

 Lipid peroxyl radicals generally form in a sea of other 
membrane-associated PUFAs (i.e., PUFA esterifi ed 
in phospholipids) providing a ready supply of easily 
abstractable bis-allylic hydrogens nearby. Thus, the 
peroxyl radical can abstract a hydrogen from one of 
these adjacent PUFA or other hydrogen donor such as 
alpha-tocopherol (vitamin E) to form a hydroperoxy 
fatty acids (Fig.  2.2 ). When the peroxidized lipid is ara-
chidonic acid or LA, the resulting product is named 
 hydroperoxy eicosatetraenoic  acid ( HpETE ) or  hydro-
peroxy octadecadienoic  acid ( HpODE ), respectively. 
The exact regioisomer formed can be further designated 
by the carbon position of the hydroperoxy group (e.g., 
15-HpETE). Collectively, the family of isomers gener-
ated by nonenzymatic lipid peroxidation can be referred 
to as isoHpETEs or isoHpODEs. 

  In addition to their formation by nonenzymatic 
free radical mechanisms, HpETEs and HpODEs are 
formed in great abundance by various lipoxygenases. 
These iron-containing oxidoreductase enzymes gener-
ally form a single regio- and stereoisomer of HpETE or 
HpODE and are named based on their products (e.g., 
15-lipoxygenase generates 15-S-HpETE). The HpETEs 
and HpODEs generated by lipoxygenases can serve as 
substrates for secondary peroxidation reactions, so that 
the genetic ablation of these enzymes can lower the 
level of other peroxidation products  in vivo .  2    

very fast. Molecular oxygen in its ground state is a dirad-
ical and thus primed to react with nearby lipid radicals. 
Given the relative abundance of molecular oxygen  in 
vivo , once the initial lipid radical forms, the generation 
of the lipid peroxyl follows almost instantaneously. 

 One critical point for understanding the downstream 
products is that oxygen generally does not add at the 
same carbon position where the hydrogen abstraction 
occurred (i.e., the carbon at the center of the pentadi-
enyl unit). Rather, oxygen adds at carbons at the outer 
positions of the pentadienyl unit, two carbons away (in 
either direction) from the central carbon where the 
abstraction occurred. Because the unpaired electron is 
shared across all fi ve carbons of the pentadienyl unit, 
stable addition of oxygen occurs at the most energeti-
cally favorable positions. Why at the outer positions and 
not the central position? Addition of oxygen at either 
of the outer carbons generates a conjugated diene, while 
addition at the central carbon gives only two isolated 
double bonds (Fig.  2.1 ). Perhaps for this reason, while 
peroxyl radical does form at the central carbon, this 
reaction is highly reversible and is therefore generally 
negligible. The formation of a conjugated diene during 
lipid peroxidation has been exploited to measure rates 
of peroxidation  in vitro , using the UV absorbance of the 
conjugated dienes ( ∼ 232 nm). Counting two carbons 
away from the bis-allylic hydrogen position allows us to 
predict what has been well-verifi ed experimentally, that 
formation of peroxyl radicals primarily occurs at carbon 
9 or 13 for LA and at carbon 5, 8, 9, 11, 12, or 15 for 
arachidonic acid. In the absence of other factors in the 
local environment, the peroxyl radical forms with equal 
probability at each of these positions, so that the total 
yield of each regioisomer is very similar as long as all of 
the downstream products are accounted for. As we will 
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  2.1.3     Isoleukotrienes 

 IsoHETEs also serve as intermediates for the genera-
tion of other biologically active lipids. Because iso-
HETEs retain pentadienyl moieties, they can undergo 
another round of hydrogen abstraction and peroxida-
tion (Fig.  2.2 ). For instance, when arachidonic acid 
containing phospholipids are exposed to oxidants, 
compounds with two peroxyl moieties are readily 
detected, likely representing stepwise peroxidation at 
two independent sites. After reduction of the peroxida-
tion products with SnCl 2 , the resulting dihydroxy com-
pounds display a strong absorbance at 270 nm with 
vibronic absorption at 260 nm and 280 nm.  8   This absor-
bance pattern is characteristic of a conjugated triene, 
and mass spectrometry confi rms the presence of leukot-
riene B 4 -like isomers (B 4 -isoleukotrienes). Most inter-
estingly, when these B 4 -isoleukotrienes are released from 
the phospholipid by base hydrolysis, they show rela-
tively potent activity for calcium release in neutrophils, 
and this effect can be blocked by LTB4 receptor antago-
nists.  8   Thus, isoleukotrienes show similar biological 

  2.1.2     Hydroxy Fatty Acids ( HETE s and  HODE s) 

 Metals such as iron or copper reduce hydroperoxy fatty 
acids to their respective hydroxy fatty acids via a two-
step mechanism. First, the oxygen–oxygen bond of the 
peroxyl group undergoes scission to generate an alkoxyl 
radical. Second, the alkoxyl radical abstracts hydrogen 
from another molecule of PUFA to form the hydroxy 
fatty acid (Fig.  2.2 ). Hydroxy fatty acids derived from 
arachidonic acid and LA are named  hydroxyeicosatet-
raenoic  acids ( HETE s) and  hydroxyoctadecaenoic acid s 
( HODE s), respectively, and specifi c isomers are desig-
nated by the position of the hydroxyl group in the same 
manner as with HpETEs. 

 HETEs and HODEs produced by lipoxygenases 
are biologically active.  3–7   Although nonenzymatically 
formed, isoHETEs and isoHODEs are typically esteri-
fi ed to phospholipids and cholesterol; once these prod-
ucts are hydrolyzed, they share the same biological 
activity of their enzymatically formed counterparts (e.g., 
15S-HETE). The other regio- and stereoisomers may be 
biologically active as well.  

  Figure 2.2         Formation of oxygenated fatty acids from lipid peroxyl radical. 
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  2.2     CYCLIC ENDOPEROXIDES AND THEIR 
PRODUCTS 

 In addition to the relatively simple reaction represented 
by formation of oxygenated PUFAs, lipid peroxyl radi-
cals can generate complex cyclic compounds  via  intra-
molecular reactions. In theory, the double bond adjacent 
to the nascent peroxyl group is a ready target for 4- exo  
cyclization to form a highly strained, four-membered 
endoperoxide ring (i.e., a 1,2-dioxetane) (Fig.  2.3 ). This 
intermediate was proposed initially for a number of 
prominent lipoxidation products.  16   However, evidence 
supporting this mechanism has been weak. Instead, evi-
dence supports 5- exo  cyclization to form a 1,2-dioxolane 
moieties.  17   5- Exo  cyclization is possible when the lipid 
undergoing peroxidation contains an octatrienyl moiety 
(e.g., linolenic acid, arachidonic acid, eicosapentaenoic 
acid, and docosahexaenoic acid). Formation of the 
peroxyl radical must occur at one of the internal posi-
tions within the octratrienyl moiety (i.e., on the fourth 
or fi fth carbon of the octatrienyl unit) in order to allow 
the peroxyl group to react with the nonconjugated 
double bond. The resulting 1,2-dioxolanylcarbinyl 
radical is relatively unstrained compared to a 1,2-
dioxetanylcarbinyl radical, making it more stable. The 
monocyclic peroxides formed in this manner account 
for at least 25% of the oxidation products of linoleate 
methyl esters.  18   In addition to monocyclic peroxides, the 
dioxolanylcarbinyl radical can undergo transformation 
to more complex molecules by three distinct pathways: 
the isoprostane pathway, the diepoxide pathway, and 
the serial cyclic endoperoxide pathway (Fig.  2.3 ). The 
yield of products from each pathway depends on tem-
perature and oxygen concentration.  18–21   Endoperoxide 
products account for at least 50% of oxidation products 
of linoleate methyl esters.  18   

   2.2.1     Isoprostanes 

 Isoprostanes may well be the most studied of the endo-
peroxide products of lipid peroxidation. Formation of a 
cyclopentane (prostane) ring from the dioxolanylcarbi-
nyl radical is the fi rst dedicated step in the formation of 
these compounds (Fig.  2.3 ). The resulting bicyclic endo-
peroxide radical adds an additional molecule of oxygen 
to form prostaglandin G 2 -like compounds. Reduction of 
the peroxyl radical yields prostaglandin H 2  (PGH 2 )-like 
compounds, given the trivial name of H 2 -isoprostanes. 
The four most common PUFA that give rise to prostane 
ring containing molecules are linolenic acid, arachidonic 
acid, eicosapentaenoic acid, and docosahexaenoic acid. 
Peroxidation of LA has not been shown to form a pros-
tane ring, presumably because it lacks the octatrienyl 
moeity required to form a 1,2-dioxilane ring. 

activities as their enzymatically generated counterparts. 
From chemical considerations, it seems reasonable to 
also expect that trihydroxy fatty like epi-lipoxins 
would also form during lipid peroxidation. However, 
there does not yet appear to be clear evidence for 
completely nonenzymatic formation of lipoxin-like 
compounds.  

  2.1.4     Epoxy Alcohols 

 The alkoxyl radical intermediate can also generate 
other products including beta-scission products (dis-
cussed later in this chapter) and epoxyalcohols (Fig. 
 2.2 ). Formation of epoxyalcohols occurs when the 
alkoxyl radical attacks the adjacent double bond to 
form an epoxide and another molecule of oxygen 
subsequently adds to epoxy radical. Reduction of 
this epoxyperoxyl radical generates the fi nal epoxyal-
cohol. The nonenzymatic formation of these epoxyalco-
hols have been characterized using the reaction of 
15-HpETEs with hematin, and four epoxyalcohols 
were characterized from this regioisomer.  9   Epoxyalco-
hols (or their metabolites) are ligands for the PPAR α  
receptor.  10   

 The formation of these other alkoxyl products from 
peroxy fatty acids may be limited  in vivo  by the enzy-
matic two-electron reduction of peroxy fatty acids to 
hydroxy fatty acids by nonheme peroxidases and reduc-
tases such as gluthatione peroxidase-4,  11   gluthathione 
 S -transferases,  12   and peroxiredoxins.  13–15   Such enzymatic 
reductions likely protect the cell from the damage 
caused by the alkoxyl radicals. 

 The formation of isoHETEs, isoHODEs, isoleukot-
rienes, and epoxyalcohols highlights what will be a 
recurring theme in this chapter, which is that nonenzy-
matic lipid peroxidation generates isomeric families 
of many (if not all) of the well-established, enzymati-
cally derived bioactive lipids. It is interesting to specu-
late whether the predominance of bioactive lipids in 
infl ammatory cell signaling refl ects an evolutionary 
process. For instance, receptors that were activated by 
peroxidized lipid may have allowed primitive cells to 
identify that they were being harmed by local condi-
tions, to respond by altering this environment or 
moving away, and thus to improve their survival. Over 
time, enzymes may have evolved to catalyze the forma-
tion of specifi c isomers of these peroxidized lipids to 
accelerate the cellular response to danger. Regardless 
of the natural history of these responses, there is sub-
stantial evidence that cellular responses to the bioac-
tive lipids generated by nonenzymatic lipid peroxidation 
play important roles in infl ammatory responses and 
disease.   
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  Figure 2.3         Products of cyclic endoperoxides. 

O

O

O

O

O

O

O

O

O

O

O

O

O O

O

O

OH

O

O OH

OH

OH

OH

OH OHOH

O

HO

HO

HO

HO

O

O

O

O O

O

O

O O

O

ISOPROSTANE PATHWAY EPOXIDE PATHWAY SERIAL CYCLIC ENDO PEROXIDE PATHWAY

ISOPYRANISOFURAN

H2O

O

O

OO O O

O2 O2

O2

O2

H2-ISOPROSTANE

SERIAL CYCLIC ENDOPEROXIDE

1,2-DIOXETANYL CARBINYL RADICAL

1,2-DIOXOLANYL CARBINYL RADICAL

O

O

DIEPOXYALCOHOLS

OH

O

O

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

R1

R2

MONOCYCLIC ENDOPEROXIDE
 

•

•

•

•

•

•

•

•

•

•



54  LIPID PEROXIDATION AND NITRATION

  2.2.1.1     Isoprostane Regio- and Stereoisomers     Per-
oxidation of PUFA generates a large number of isopros-
tane regio- and stereoisomers. As discussed previously, 
peroxidation of arachidonic acid leads to formation 
of a peroxyl radical at six possible carbon positions 
(carbon 5, 8, 9, 11, 12, and 15) (Fig.  2.4 ). Peroxyls at 
carbon 5 or 15 do not have an appropriately situated 
double bond to form a dioxolane ring, so they do not 
give rise to isoprostanes directly. The remaining four 
peroxyl regiosomers each give rise to an individual bicy-
clic endoperoxide regioisomer. Each bicyclic endoper-
oxide regioisomers has four stereocenters (marked with 
* in Fig.  2.4 ), so that there are 16 potential stereoisomers 
for each of the four regioisomers. Thus, there are 64 
potential regio- and stereoisomers of H 2 -isoprostanes 
created by the peroxidation of arachidonic acid. When 
necessary to identify a particular regioisomer of H 2 -
isoprostane, individual isomers are designated using a 
numbering system based on the carbon position of the 
hydroxyl group and the stereochemistry of the two side 
chains relative to the endoperoxide ring.  22   By this 
nomenclature system, the regioisomer that has the 
hydroxyl group at carbon 15 and its acyl side chains 
in  trans  confi guration relative to the endoperoxide (but 
in  cis  confi guration relative to the cyclopentane ring) 
is designated as 15-H 2t -isoprostane (Fig.  2.4 ). Other 
nomenclature systems for isoprostanes have also been 
utilized as well  23   and in the prostaglandin nomenclature 
this same species is designated 8-epi-PGH 2 . The use of 
multiple nomenclature systems is unfortunate, but 
perhaps inevitable as each system has differing strengths 
and weaknesses. 

  Although there are 64 isomers of H 2 -isoprostanes, 
isomers where the acyl side chains are in the  cis  confi gu-
ration relative to the cyclopentane ring are formed in 
greater abundance than isomers where the acyl chains 
are in the  trans  confi guration (Fig.  2.4  inset). Thus, the 
confi guration of most isoprostanes differs from that of 
prostaglandins that are formed enzymatically by pros-
taglandin synthases (also known as cycloxygenases,) 
where the two side chains are in the  trans -confi guration. 
Why do free radical reactions, which do not have 
enzymatically directed stereochemistry, predominately 
yield  cis  side chains instead of equal proportions of 
 cis  and  trans  side chains? The transition state for forma-
tion of the  cis  side chain confi guration has lower free 
energy than that for formation of the  trans  confi gura-
tion,  24   resulting in a faster rate constant for the  cis  
confi guration, particularly at lower temperatures.  18,24   
The conformational difference between the vast major-
ity of isoprostanes and their prostaglandin counterparts 
has been routinely exploited for their separation in 
various chromatographic systems and leads to differ-
ences in their potency for various receptors. However, 

it is important to keep in mind that isoprostanes with 
 trans  side chains are still formed in signifi cant amounts 
( ∼ 8% at 37°C). 24  Thus, lipid peroxidation via the iso-
prostane pathway can be a signifi cant source of prosta-
glandins in some situations (e.g., PGF 2 α   measured in the 
urine).  24    

  2.2.1.2      F 2  -Isoprostanes     The endoperoxide ring of 
H 2 -isoprostanes rearranges to form a number of prod-
ucts (Fig.  2.5 ). Complete reduction of the endoperoxide 
of H 2 -isoprostanes generates 64 regio- and stereoiso-
mers of PGF 2  (designated as F 2 -isoprostanes). Measure-
ment of F 2 -isoprostane concentrations in plasma and 
urine is now considered the gold standard for monitor-
ing oxidative stress  in vivo ,  25   and changes in F 2 -
isoprostane concentrations have been measured in a 
large number of disease-related conditions in humans 
and other animals. The suitability of these compounds 
for monitoring oxidative stress derives from their chem-
ical stability, the relative ease of selective measurement, 
and their dramatic increases in response to oxidative 
insults  in vivo . 

  In addition to their usefulness as biomarkers, F 2 -
isoprostanes are also biologically active. For instance, 
15-F 2t -isoprostane is a potent vasoconstrictor and acts 
via the thromboxane receptor.  26   Eight other F 2 -
isoprostane isomers have been synthesized, including 
12-F 2t -IsoP and 5-F 2t -isoprostane, and six out of these 
eight isomers were also vasoconstrictors.  27   Interestingly, 
they also induced thromboxane synthesis, so they may 
potentially be acting at an independent receptor in addi-
tion to binding at the thromboxane receptor.  

  2.2.1.3     Other Major Isoprostane Products     Although 
F 2 -isoprostanes are the most well-studied products of 
the isoprostane pathway, other products of this pathway 
may be more important in terms of direct contribution 
to pathophysiology of oxidative stress. Synthetase 
enzymes enzymatically rearrange PGH 2  to form fi ve 
major prostaglandin products: PGF 2 , PGE 2 , PGD 2 , PGI 2  
(prostacyclin), and thromboxane A 2 . Nonenzymatic 
rearrangement of PGH 2  also forms two isomers of 
 γ -ketoaldehydes, levuglandin E 2 , and D 2 . Peroxidation 
of arachidonic acid has been demonstrated to form iso-
meric families of most of these prostaglandin products, 
including F 2 -, D 2 -/E 2 -isoprostanes,  28   isothromboxanes,  29   
and isolevuglandins (also called isoketals).  30,31   To date, 
no evidence for isomers of the sixth product, I 2 -
isoprostanes, has been published, although attempts 
have been made to isolate it or its metabolite. 

 The exact yield of each product from nonenzymatic 
rearrangement of H 2 -isoprostane depends on the redox 
state under which the H 2 -isoprostane forms.  In vitro  
oxidation of arachidonate in typical buffers yields 
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15-E 2 -isoprostane has also been shown to be a potent 
vasoconstrictor,  28   but nothing is known about the bio-
activity of isothromboxanes. In terms of pathophysiol-
ogy, the most important isoprostane product may be the 
isolevuglandins. These highly reactive  γ -ketoaldehydes 
are highly toxic when added exogenously to cells.  36–38   
Potential mechanisms underlying their cytotoxicity 
include their ability to inhibit the proteasome,  37   induce 
mitochondrial transition pore formation,  39   activate p38 
MAPK,  40   and form PE adducts that may disrupt mem-
brane integrity.  34   They also inhibit ion channel func-
tion.  32,41,42   The importance of isolevuglandins to the 
deleterious effects of lipid peroxidation has gained 
further support by experiments where selective scaven-
gers of these compounds provided protection against 
cytotoxicity and ion channel dysfunction induced by 
oxidizing agents.  42,43   Because at least one of these selec-
tive scavengers, salicylamine, is orally bioavailable,  44   
evaluation of the effi cacy of this compound in animal 
models of disease related to lipid peroxidation is cur-
rently underway.  

  2.2.1.4     Minor Isoprostane Products     In addition to 
the major products of the isoprostane pathway, several 
isoprostane species with additional cyclized oxygen 
rings have been reported. Two G 2 -isoprostanes (8-G 2 -
isoprostane and 12-G 2 -isoprostane) have appropriately 
spaced double bonds to be able to generate a second 
dioxolane ring, and these dioxolane-isoprostane species 
have been demonstrated to form  in vitro   20   (Fig.  2.4 ). 
Presumably F-, D/E-ring type compounds, as well as 
the isolevuglandins, can form from these H 2 -dioxolane-

predominantly D 2 /E 2 -isoprostanes, but lipid peroxida-
tion within the more reducing environments of cells and 
tissues strongly favor F 2 -isoprostanes. For example, the 
yield of the fi ve products in the liver of rats after carbon 
tetrachloride treatment was found to be 672 ng g  − 1  F 2 -
isoprostane, 161 ng g  − 1  D 2 /E 2 -isoprostane, 102 ng g  − 1  iso-
thromboxane, and 27.4 ng g  − 1  isolevuglandins (measured 
as protein adduct).  29,32   Addition of 100  μ M  α -tocopherol, 
a reductant, to oxidizing synaptosomes signifi cantly 
decreased the sum total of isoprostanes formed, but 
dramatically increased the ratio of F 2 -isoprostanes to 
D 2 /E 2 -isoprostanes.  33   It may be important to note, however, 
that measurement of D 2 /E 2 -isoprostanes and isolevug-
landins is less straightforward in biological systems 
than  in vitro . In the case of D 2 /E 2 -isoprostanes, this 
is because they undergo dehydration to J 2 /A 2 -isopros-
tanes that react with cellular thiols to form adducts. 
Thus, measuring free levels of D 2 /E 2 -isoprostanes or 
even J 2 /A 2 -isoprostanes does not accurately refl ect their 
initial abundance. Such consideration is even more sig-
nifi cant when considering isolevuglandins, which react 
almost instantaneously with proteins.  31   Although mea-
suring isolevuglandin protein adducts does provide an 
estimate of the initial isolevuglandin formed, isolevug-
landins were recently discovered to form phosphatidyl-
ethanolamine adducts in greater abundance than protein 
adducts,  34,35   so that an accurate estimate of the total 
isolevuglandins formed would require measuring both 
types of adducts. 

 The biological ramifi cation of nonenzymatic forma-
tion of prostaglandin-like products remains to be fully 
explored. In addition to the F 2 -isoprostane isomers, 

  Figure 2.5         Major products of H 2 -isoprostane pathway. 
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of reactivity with methoxyamine ruled out this struc-
ture. A molecule with a substituted tetrahydrofuran ring 
(i.e., an isofuran) is consistent with this data, as is a 
molecule with a substituted hydropyran ring (Fig.  2.3 ). 
Furan ring compounds have previously been shown to 
form by enzymatic mechanisms.  47   Based on experiments 
with  18 O-labeled water and  18 O oxygen, two mechanisms 
for the formation of isofurans were proposed by Fessel 
et al.  21   One mechanism involved cyclic peroxide cleav-
age, and the second mechanism involved epoxide hydro-
lysis. More recently, Jahn et al. proposed that formation 
of isofurans that acquired oxygen from water proceeded 
via the diepoxide pathway (Fig.  2.3 ), rather than the 
originally proposed epoxide hydrolysis pathway.  19   More 
studies are necessary to determine which of these pro-
posed pathways account for the formation of these 
compounds. 

 While no biological activity has been attributed to 
isofurans to date, they have been used as biomarkers in 
conjunction with isoprostanes in cases where oxygen 
tension is expected to be markedly high.  In vitro  experi-
ments showed that both F 2 -isoprostanes and isofurans 
levels increase linearly with oxygen concentrations up 
to 21% oxygen, but above 21% only isofuran levels 
continue to increase.  21   Although oxygen tension in the 
vast majority of tissues is  < 5%, in cases where supple-
mental oxygen is used such as surgery, high performance 
aircraft, or deep diving operations, isofurans are likely 
to change to a greater extent than F 2 -isoprostanes in 
exposed tissues like the lung. Additionally, isofuran 
levels are elevated to a greater extent than F 2 -
isoprostanes in the substantia nigra of patients who died 
from Parkinson ’ s disease,  48   potentially refl ecting the 
greater oxygen concentration present in diseased tissue 
due to mitochondrial dysfunction. If further validation 
does indeed establish a relationship between isofuran/
isoprostane ratio and mitochondrial dysfunction, this 
may be a very useful tool for verifying mitochondrial 
dysfunction in many conditions where such dysfunction 
has been proposed.   

  2.2.3     Serial Cyclic Endoperoxides 

 Another set of products of the 1,2-dioxolanylcarbinyl 
radical intermediate that show sensitivity to oxygen 
tension are the serial cyclic endoperoxides (Fig.  2.3 ). 
These species can be generated when the 1,2-
dioxolanylcarbinyl adds a second oxygen to form a 
peroxyl radical properly positioned to undergo a second 
5- exo  cyclization. Addition of the second oxygen must 
compete with the cyclization reaction, so that higher 
oxygen concentrations favor formation of the serial 
cyclic endoperoxides.  49–51   The bioactivity of these serial 
cyclic endoperoxides has not been explored.   

isoprostanes.  20   Formation of the dioxolane-isoprostane 
species has been used to rationalize the greater abun-
dance of 5-and 15-series isoprostanes found  in vitro  and 
 in vivo  compared to 8- and 12-series isoprostanes. 
Besides dioxolane isoprostanes, Berliner and coworkers 
have also characterized isoprostane compounds with 
additional epoxide rings that form esterifi ed to phos-
pholipids during the oxidation of LDL.  45,46   Interestingly, 
many of these epoxyisoprostane compounds induced 
infl ammatory cytokine secretion from endothelial cells.   

  2.2.2     Diepoxide Pathway Products 

 Besides isoprostanes, the 1,2-dioxolanylcarbinyl radical 
is the precursor to other molecules as well, including 
diepoxide containing compounds and their derivatives 
(Fig.  2.3 ). Here, a concerted reaction of the carbinyl 
radical with the endoperoxide ring leads to scission of 
the oxygenoxygen bond to form two epoxide rings. 
Acceptance of a second molecule of oxygen gives a 
diepoxy, peroxyl radical product which can be reduced 
to a diepoxyalcohol. The two epoxide rings can undergo 
ring opening to potentially yield trihydroxy, epoxide 
products or pentahydroxy products. The biological 
activity of these various products has not been well 
characterized. 

  2.2.2.1     Isofurans and Related Compounds     The tri-
hydroxy, epoxide products of the diepoxide pathway 
were recently proposed as an alternative intermediate  19   
for the formation of isofurans, a potential marker of 
oxidative damage at high oxygen.  21   The isofurans were 
fi rst put forward as sensitive markers of oxygen tension 
in 2002, when Fessel et al. reported fi nding a family of 
compounds by GC/MS with mass 16 amu greater than 
F 2 -isoprostanes during the oxidation of arachidonic acid 
at high oxygen concentration.  21   When these same com-
pounds were analyzed as [ 2 H 9 ] TMS derivatives, rather 
than as the [ 1 H 9 ] TMS derivatives, the mass was increased 
by another 27 amu, consistent with the presence of three 
hydroxyl groups. Catalytic hydrogenation shifted the 
mass of the compounds 4 amu, consistent with two 
double bonds. The underivatized mass of these com-
pounds was consistent with a molecular formula of 
C 20 H 34 O 6  and thus four double bond equivalents, so that 
the molecule appeared to contain either a ketone or a 
cyclized oxygen ring. Treatment with sodium borohy-
dride or with methoxyamine hydrochloride did not alter 
the mass of the molecule, ruling out a ketone. Acid treat-
ment also did not alter the mass of the molecule, so that 
the compounds could not be trihydroxy, epoxy com-
pounds. Although the mass matched that for isothrom-
boxane B 2 , the acetal ring of isothromboxane B 2  should 
spontaneously open to form a ketone, so that the lack 
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nism requires the formation of a vinyl radical, which 
is not very favorable, mechanisms involving adjacent 
peroxy groups  52   or a dioxetene mechanisms  53   have also 
been proposed for the beta-scission-like fragmentation 
on the diene side. 

  Whatever the uncertainty in the precise mechanism 
of fragmentation, products predicted from beta-scission-
like fragmentation can be readily detected during lipid 
peroxidation. Measurement of pentane and ethane, the 
 ω -terminal fragments from the alkoxyl radical formed 
at the carbon 15 and carbon 18 position of arachidonic 
and eicosapentaenoic acid, respectively, have long been 
used as a marker of lipid peroxidation  in vivo .  54   For each 
PUFA, specifi c fragmentation products can be predicted 
based on the site of the initial peroxyl radical formation. 
For instance, oxidation of arachidonic acid is predicted 
to generate an alkoxyl radical at six different positions 
(carbon 5, 8, 9, 11, 12, and 15) leading to a total of 12 
different aldehydes and 12 complimentary alkane frag-
ments of variable lengths. Relatively little effort has 
gone into trying to measure each of these products  in 
vivo  or to determine their bioactivities, but some of the 
products have known bioactivities, often discovered in 
other contexts. For instance, beta scission from the 
carbon 5 alkoxyl radical of arachidonic acid forms 
butyric acid and from the carbon 9 alkoxyl radical of 
linoleate forms azelaic acid. Butyric acid is well known 
as an inhibitor of histone deacetylases.  55   Azelaic acid 
has antiproliferative and cytotoxic effects which has led 
to its use as a treatment for comedonal and infl amma-
tory acne, as well as various cutaneous hyperpigmentary 
disorders.  56    

  2.3.2     Oxidatively Fragmented Phospholipids 

 One area where the extent of formation and biological 
activity of beta-scission products have been more exten-
sively characterized is oxidatively fragmented phospho-
lipids. In particular, the beta-scission products of LA 
and arachidonic acid esterifi ed to  phosphatidylcholines  
( PC ) generate potent ligands for a number of critical 
leukocyte receptors including the  platelet-activating 
factor  ( PAF ) receptor, the  peroxisomal proliferator-
activated receptor  γ   ( PPAR γ  ), and CD36. 

 Activation of the PAF receptor results in platelet 
aggregation, leukocyte activation, vasodilation, and 
secretion of infl ammatory cytokines.  57,58   Oxidation of 
 low-density lipoprotein  ( LDL ) or 1-alkyl-2-arachidonyl-
PC results in a number of beta-scission products, includ-
ing 1-alkyl-2-butanoyl-PC (C4-PAF) and 1-alkyl-2-
oxovaloryl-PC that are potent agonists for the PAF 
receptor.  59–61   Oxidation of the 1-palmitoyl-2-arachidonyl-
PC give rise to similar fragmentation products, including 
 1-palmitoyl-2-oxovaleroyl-PC  ( POVPC ) and 1-palmitoyl-

  2.3     FRAGMENTED PRODUCTS OF LIPID 
PEROXIDATION 

 Up to this point, we have described lipid peroxidation 
species that form by the addition of one or more oxygen 
to the PUFA. In addition to oxygenation and cyclization 
reactions, peroxidation results in fragmentation of acyl 
chains. Fragmentation products include some of the ear-
liest and most well-studied products of lipid peroxida-
tion, such as malondialdehyde, acrolein, and 4-hydroxy-
2-nonenal, as well as highly potent ligands for receptors 
such as oxidatively fragmented phospholipids. 

  2.3.1     Short-Chain Alkanes, Aldehydes, and Acids 

 One of the predominant fragmentation reactions during 
lipid peroxidation is beta scission. After formation of a 
lipid hydroperoxide, reductive fragmentation by metals 
such as iron or copper leads to formation of an alkoxyl 
radical as described previously in Section 2.1.2. This 
alkoxyl radical can instigate the cleavage of the carbon–
carbon bond on the side opposite from the conjugated 
double bond, leaving behind an alkanyl radical frag-
ment as well as an aldehydic fragment (Fig.  2.6 ). Two 
electron oxidation of the aldehydic fragment yields a 
carboxylate, so that both aldehyde and acid fragments 
are detected  in vitro  and  in vivo . For the alkanyl radical, 
abstraction of a hydrogen from a nearby PUFA con-
verts the radical into a stable alkane product. In addi-
tion to these fragmentation products, fragmentation 
products that correspond to scission on the conjugated 
diene side of the alkoxyl radical can also be readily 
observed. These products have also been rationalized by 
a beta-scission reaction. However, because this mecha-

  Figure 2.6         Fragmentation of polyunsaturated fatty acids by 
beta-scission generates aldehydes and alkanes. 
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the most important of these enzymes are the group VII 
phospholipase A 2  that make up the  PAF acetylhydro-
lase  ( PAFAH ) family.  77   There are a least four isoforms 
of PAFAH,  78,79   and two of these isoforms (PAFAH1 and 
PAFAH2) degrade both authentic PAF and oxidized 
phospholipids. The plasma form (PAFAH1) was the fi rst 
enzyme discovered and was originally characterized as 
the enzyme that degraded PAF but not normal length 
alkylacyl or diacyl PC.  80   Later, it was found that this 
enzyme could also cleave longer sn-2 chains if they bore 
also an  ω -oxo moieties or multiple hydroxyl groups.  81   
Thus PAFAHs cleave C4-PAF, POVPC, PGPC, and F 2 -
isoprostanes esterifi ed phospholipids, and probably 
many of the oxidatively fragmented phospholipids rec-
ognized by CD36. The effects of modulating PAFAH 
activity support a critical role for oxidatively fragmented 
phospholipids in oxidative injury. For example, overex-
pression of PAFAH2 protects against cell death induced 
by oxidants,  82   and genetic ablation of PAFAH2 increases 
cell death and injury during carbon tetrachloride-
induced hepatic injury.  83    

  2.3.4     Hydroxyalkenals 

 Perhaps the most studied of all lipid peroxidation prod-
ucts is  4-hydroxy-2-nonenal  ( HNE ), a highly abundant 
hydroxyalkenal fragmentation product that results from 
peroxidation of both arachidonic acid and LA. Ester-
bauer fi rst reported the formation of HNE in peroxi-
dized liver microsomal lipids in 1980.  84   Extensive studies 
have demonstrated that HNE reacts with cellular thiols, 
particularly cysteines, and to a lesser extent with lysines 
and histidines.  85,86   Modifi cation of proteins by HNE has 
signifi cant effects on protein function and may there-
fore lead to cellular dysfunction. Increases in HNE-
protein levels have been demonstrated in numerous 
conditions and more recently, the major proteins 
adducted by HNE have been cataloged.  87   

 Interestingly, as intensively as HNE has been studied 
(or perhaps precisely because of how intensively it has 
been studied), the exact mechanism of its formation has 
been a matter of some controversy. Originally, Ester-
bauer proposed a dioxetane mechanism for its forma-
tion (Fig.  2.7 ).  88,89   

  Subsequently, Porter and Pryor proposed two other 
mechanisms for HNE formation.  90   One mechanism 
required cyclization to form a hydroperoxy dihydropy-
ran intermediate that then underwent beta scission to 
form HNE.  90   However, this mechanism seemed less 
favorable because the presence of a double bond greatly 
constrains the likelihood of the cyclization. The other, 
more favored mechanism, postulated the formation of 
an epoxyhydroperoxide that then underwent Hock 
rearrangement and cleavage in the presence of acid to 

2-glutaryl-PC (PGPC), which are also PAF receptor 
agonists even though with less potency than their alkyl 
analogs.  59,60,62,63   Importantly, these products have been 
detected in plasma, oxidized cells, low-density lipopro-
tein, and atherosclerotic lesions.  64–67   

 Although oxidatively fragmented phospholipid 
clearly activate the PAF receptor, authentic PAF cannot 
replicate all of the activities of these lipids, suggesting 
that oxidatively fragmented phospholipid act through 
other receptors or mechanisms as well when they stimu-
late cytokine secretion from endothelial cells, monocyte 
binding to endothelial cells, and endothelial cell 
death.  66,68   Oxidation of 1-alkyl-2-linoleic-PC gives 1-
alkyl-2-azelaoyl-PC (azPAF) which is a relatively poor 
agonist of the PAF receptor but stimulates PPAR γ .  69   
More recently, azPAF has been also shown to act at 
mitochondria to induce swelling and cytochrome  c  
release and these effects required the mitochondrial 
protein Bid.  70,71   Whether these effects are a general 
property of all oxidatively fragmented phospholipids 
with  ω -carboxylate moieties is not known, but at least 
one other such species (PGPC) was able to induce 
swelling, while oxidatively fragmented phospholipids 
lacking the  ω -carboxylate moiety such as C4-PAF and 
POVPC were much weaker agonists.  71   Other receptors 
which have been implicated in the activity of oxidatively 
fragmented phospholipids included the lectin-like oxi-
dized low-density-lipoprotein receptor (LOX-1),  72   the 
VEGF receptor 2,  73   and the EP2 receptor.  74   

 In addition to the PAF receptor and lipid receptors, 
oxidatively fragmented phospholipids are substrates for 
uptake by various scavenger receptors of macrophages 
including CD36 and SRBI.  69,75   Characterization of 
structural requirements for optimal binding by CD36 
found that the best ligands possessed chain lengths 
of 6–11 carbons and a gamma-hydroxy(or oxo)- α , β -
unsaturated carbonyl.  76   The potential mechanism under-
lying the formation of these hydroxyalkenals will be 
discussed in Section 2.3.4, but the essential point here is 
that monocytes and macrophages appear to be extremely 
well equipped to detect and take up oxidatively frag-
mented phospholipids, suggesting the biological impor-
tance of these molecules. The mechanisms of action for 
these oxidized phospholipids needs further investiga-
tion and such investigation will likely be very informa-
tive in increasing our understanding of how lipid 
peroxidation contributes to atherosclerosis and other 
diseases.  

  2.3.3      PAF  Acetylhydrolase 

 Because of the potential role of oxidatively fragmented 
phospholipids in infl ammation, the discovery of enzymes 
that degrade these products is not surprising. Perhaps 
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  Figure 2.7         Proposed mechanisms of 4-hydroxynonenal (HNE) formation by peroxidation of  ω -6 PUFA. 
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unsaturation of HNE allows it to undergo Michael addi-
tion with thiols in addition to forming Schiff base 
adducts with primary amines. While ONA can form a 
Schiff base, the ONA Schiff base adduct will not undergo 
further reaction to form pyrrole adducts as the HNE 
Schiff base adduct can. What role ONA or its analogs 
play in the biology of oxidative injury remains to be 
more fully elucidated.  

  2.3.5     Malondialdehyde 

 One of the very fi rst fragmentation products of lipid 
peroxidation identifi ed was the 1,3-dialdehyde,  malo-
ndialdehyde  ( MDA ). One well-established intermedi-
ate in the formation of MDA is bicyclic endoperoxides 
(e.g., H 2 -isoprostanes and PGH 2 ), with enzymatic con-
version of PGH 2  to thromboxane A 2  by thromboxane 
synthetase generating 1 mole of MDA and 1 mole of 
thromboxane A 2  for every 2 mole of PGH 2 .  101,102   Free 
ferric iron (or the ferric thiol cluster in the case of 
thromboxane synthase) assists in the fragmentation of 
the ring, which likely proceeds through hemolytic scis-
sion of the oxygen–oxygen bond of the endoperoxide 
(Fig.  2.8 ).  103   Other mechanisms may also generate MDA 
from other lipid hydroperoxide precursors.  16,104   MDA 
reacts readily with  thiobarbituric acid  ( TBA ) to form a 
pinkish chromophore, and assaying TBA reactivity has 
long been used to detect MDA and lipid peroxidation 
in biological systems. While commonly used, it is impor-
tant to remember that the TBA reactivity assay is not 
selective for MDA, because many other lipid aldehydes 
including HNE can react with TBA to form the same 
chromophore. Furthermore, as MDA can be formed 
from spermine,  105   the TBA reactivity assay is also not an 
entirely specifi c indicator of lipid peroxidation. 

  In solution with neutral or alkaline pH, MDA gener-
ally exists in its enolate form, which is not very reactive. 
However, at pH  <  4.5, MDA exists as both  β -hydroxy 
acrolein and its dicarbonyl form and is quite reactive 
with both thiols and amines. More than one MDA mol-
ecule generally contributes to the fi nal stable adduct. 
Many of the same biological activities that have been 
characterized for HNE have also been shown to be 
induced by MDA.  

  2.3.6     Acrolein 

 One fi nal aldehydic product of beta-scission-like frag-
mentation that deserves mention is the  α , β -unsaturated 
aldehyde acrolein. Acrolein forms during incomplete 
combustion of gasoline, coal, wood, and plastics,  16   as 
well as the peroxidation of various PUFAs.  106   Although 
the exact mechanism of acrolein formation from peroxi-
dation of PUFA has not been well characterized, its 

yield the 3,4 epoxynonal. This expoxynonal had already 
been defi nitely shown to undergo rearrangement to 
HNE. While these mechanism seemed reasonable, sub-
sequent studies pointed to  4-hydroperoxy-2-nonenal  
( HPNE ) being the immediate precursor of HNE. There-
fore, Schneider et al. performed further analytical 
studies on various intermediates and proposed another 
mechanism that still utilized Hock cleavage, but that 
included a dihydroperoxy intermediate prior to forma-
tion of HPNE.  91   Subsequently, Schneider et al. analyzed 
the products of synthetic dihydroperoxides,  92   leading 
them to modify this mechanism to one that included 
formation of lipid peroxy dimer intermediates.  52   Still 
other mechanisms have also been put forward; for 
instance, Kaur et al. proposed a mechanism that pro-
ceeded through a dioxetane intermediate prior to frag-
mentation.  53   It is of value to note that each of these 
mechanisms applies basic reaction steps for which there 
is substantial scientifi c evidence. The diffi culty lies in 
combining these potential choices of reaction pathways 
into a cohesive mechanism that best fi ts the available 
data on HNE intermediates. It may well be that multiple 
pathways lead to the formation of HNE, and that it 
is the multiplicity of formation routes that make 
HNE one of the major fragmentation products of lipid 
peroxidation. 

 The same mechanism(s) that lead to HNE formation 
should in principle lead to the formation of many 
other hydroxyalkenals. For instance, fragmentation of 
 ω -3 fatty acids like eicosapentaenoic acid and docosa-
hexaenoic acid, instead of  ω -6 fatty acids like LA 
and arachidonic acid, lead to formation of hydroxy-
hexanal, which has many of the same properties as 
HNE. Fragmentation of esterifi ed linolenic acid or ara-
chidonic acid by the same mechanisms as for HNE, but 
in the inverse direction relative to the acyl chain, will 
generate esterifi ed hydroxyalkenals. As discussed in the 
previous section, phospholipid esterifi ed hydroxyalke-
nals and their more oxidized acid analogs are ligands 
for CD36. 

 A great many bioactivities have been attributed to 
hydroxyalkenals, with low levels inducing cell prolifera-
tion and higher levels ( > 20  μ M) inducing cell death.  93   
Cell signaling activated by HNE includes activation of 
NRF2-EpRE signaling pathways,  94   protein kinase C,  95   
MAP kinase pathways,  96   tyrosine kinase receptors like 
EGF receptor,  97   and calcium signaling.  98   Cytotoxic con-
centrations of HNE and related hydroxyalkenals induce 
proteasome inhibition  99   and the mitochondrial perme-
ability transition pore.  100   

 In addition to hydroxyalkenals, the same fragmenta-
tion of LA that produces HNE will also produce  9-oxo-
nananic acid  ( ONA ). The two aldehydes differ in 
reactivity with cellular nucleophiles because the  α , β -
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active-site cysteines and potently induces cell death in 
a large number of cell types.  16     

  2.4     EPOXY FATTY ACIDS 

 One fi nal family of oxygenated lipid product that bears 
brief discussion are the epoxy fatty acids. Unlike the 
peroxidation reactions previously discussed that form 
through free radical (one-electron) mechanisms, simple 
epoxidation proceeds through two-electron mecha-
nisms and any unsaturated fatty acid can serve as a 
potential substrate. Both peroxy acids or hydroperoxy 
fatty acids can serve as the oxygen donor for these non-
enzymatic reactions (Fig.  2.10 ). In addition to nonenzy-
matic formation of epoxy fatty acids, various cytochrome 
P450 epoxygenases such as CYP 2J3 oxygenate arachi-
donic acid to form  epoxyeicosatrienoic acid s ( EET s).  112   
EETs have several bioactivities relevant to vascular 
function,  113   including being an endothelium-derived 
hyperpolarizing factor.  114   

    2.5     LIPID NITROSYLATION 

 Up to this point, we have focused on peroxidation reac-
tions with fatty acids. In addition to modifi cation by 
oxygen, lipid radicals can also undergo modifi cation by 

formation can be rationalized by two consecutive rounds 
of beta-scission-like fragmentations (Fig.  2.9 ). 

  Acrolein reacts with gluthatione approximately 150 
times faster than 4-hydroxynonenal, making it by far the 
strongest electrophile of all the  α , β -unsaturated alde-
hydes formed by lipid peroxidation.  16   Acrolein also 
reacts with similar rapidity to the cysteine residues of 
proteins. When acrolein reacts with protein thiols, the 
initial Michael adduct will also rapidly react with a 
second thiol to form a highly stable thiazolidine deriva-
tive, making acrolein a potent protein cross-linker. 
Reactions with amines proceed through Michael addi-
tion as well, but are slower.  107   Besides adducts to glu-
thathione and protein, acrolein adducts to DNA  108–110   
and aminophospholipid  111   have also been detected in 
biological systems. Given acrolein ’ s propensity to adduct 
to key macromolecules, it is not surprising to fi nd that 
it inhibits the activity of a number of proteins with 

  Figure 2.8         Potential mechanism of iron-mediated malondialdehyde formation from bicyclic endoperoxides. 
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  Figure 2.9         Potential mechanism of acrolein formation by 
peroxidation of PUFA. 
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  Figure 2.11         Formation of lipid-nitrating species from nitric 
oxide. 
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  Figure 2.12         Mechanisms of nitrated lipids formation. 
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reactive nitrogen species. Like peroxidation, nitrosylation 
of lipids also generates highly bioactive compounds. 

  2.5.1     Formation of Reactive Nitrogen Species 

 Nitric oxide ( • NO) is generated  in vivo  by the action of 
various nitric oxide synthetases and is a key regulator 
of vascular tone. Like oxygen,  • NO in its ground state is 
a free radical, and will readily undergo reactions with 
other radicals. In particular,  • NO reacts with the super-
oxide radical (O 2  • −  ) at near diffusion rates to form the 
potent nitrating agent peroxynitrite (ONOO  −  ) (Fig. 
 2.11 ). At neutral pH, ONOO  −   is protonated to ONOOH, 
which can undergo homolysis to form two highly reac-
tive radicals: the nitrogen dioxide radical ( • NO  2 ) and 
the hydroxyl radical ( • OH). ONOO  −   can also react with 
CO 2  to form ONOOCO 2   −  , which will also undergo 
homolysis to generate  • NO  2  as well as CO 3  • −  .  • NO 2  can 
also form directly by the two-electron oxidation of  • NO. 

    2.5.2     Lipid Nitration Reactions 

 Formation of  • NO 2  is a key event in lipid nitrosylation 
because  • NO 2  can directly attack the double bonds of 
alkene chains. For this reason, nitrosylation differs from 
peroxidation, because even fatty acids like OA that lack 
bis-allylic hydrogens can be nitrosylated. Attack of the 
 • NO 2  at either carbon of the double bond generates the 
nitrosyl lipid radical (Fig.  2.12 ). If  • NO 2  concentration 
are suffi ciently high, a second subsequent addition 
occurs to generate dinitro-fatty acids. In the presence of 
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often utilized to synthesize nitroalkene standards 
including NO 2 -LA  126   and its  13 C/ 15 N isotopes,  127   and 
nitroarachidonic acid.  128   Using these standards, a com-
pound with the mass of NO 2 -LA ( m/z  324) that co-eluted 
with the synthetic isotopic internal standards and whose 
fragmentation gave a product ion at  m/z  of 46 consistent 
with generation of a nitro group was shown to be present 
in plasma.  121   Levels of NO 2 -LA were higher in hyper-
lipidemic subjects than normolipidemic subjects. Subse-
quent analysis by Baker et al. confi rmed these results 
using both GC/MS and LC/MS/MS and demonstrated 
the presence in plasma of several regioisomers of both 
esterifi ed and unesterifi ed NO 2 -LA.  129   Nitration of the 
linoleate esterifi ed to cholesterol was subsequently 
detected in human plasma and lipoproteins.  130   NO 2 -OA 
and NO 2 -arachidonic acid have also been detected  in 
vivo .  131   

 The actual levels of nitrated lipid available  in vivo  is 
unclear. Initially, levels of free NO 2 -FA in plasma were 
stated to be in the 300–600 nM range. Subsequent analy-
sis suggested that free NO 2 -FA was actually present 
only at very low nM concentrations because most 
NO 2 -FA was adducted to cellular thiols, including pro-
teins and gluthatione, and only disassociated from the 
thiols during the assay.  115,132,133   The biological implica-
tions of the sequestered NO 2 -FA are currently being 
investigated. Exact quantitation of NO 2 -FA is also com-
plicated because oxidation and degradation of NO 2  –
 FAs occurs readily.  120   Therefore, comparing the NO 2 -FA 
levels for various conditions may be more accurate than 
estimating absolute levels.  

  2.5.4     Bioactivities of Nitrated Lipids 

 In general, the effects of NO 2  – FAs appear to be 
anti-infl ammatory and protective, in contrast to lipid 
peroxidation products which tend to be proinfl amma-
tory. Anti-infl ammatory effects include suppression 
of cytokine expression and platelet aggregation, and 
upregulation of anti-infl ammatory proteins such as 
hemeoxygenase-1.  134–138   Evidence suggests that NO 2  –
 FAs transduce their effects through multiple mechanisms, 
including modifying transcription factors, interacting with 
specifi c receptors, and releasing  • NO. For instance, NO 2  –
 FAs inhibition of LPS-induced pro-infl ammatory cyto-
kine release appears to be dependent on alkylation of 
transcription factor NF- κ B p65 as well as suppression 
of STAT.  136,137   NO 2 -LA alkylation of the cysteine resi-
dues of Keap1 appears to be responsible for nuclear 
translocation of the Nrf-2 transcription factor and 
subsequent gene expression in vascular smooth muscle 
cells produced by NO 2 -LA.  138   In addition to binding 
transcription factors, NO 2  – FAs are potent agonists 
of PPARs,  131,139   especially PPAR γ , and the binding of 

molecular oxygen, the dinitro-fatty acid can also undergo 
rearrangement to form nitro-nitrate compounds. The 
dinitro-fatty acid is somewhat unstable, and elimination 
of HNO 2  from either position generates nitrated fatty 
acid (NO 2 –FA) species, including  trans -nitroalkane,  cis -
nitroalkene, and  trans -nitroalkenes (Fig.  2.12 ). Elimina-
tion of HNO 2  coupled with addition of water gives rise 
to nitrohydroxy fatty acid species (NO 2 (OH)–FA). 

  The formation of nitroalkene NO 2  – FAs is of particu-
lar interest because these products are good electro-
philes that can reversibly react with cellular thiols via 
Michael addition.  115   The formation of nitroalkene fatty 
acids was verifi ed by synthesis of authentic standards 
using nitronium tetrafl uoroborate (NO 2 BF 4 ), which 
provides a reliable synthetic route to nitroalkene 
NO 2 –FA.  116–118   

 Other mechanisms for the formation of nitrated 
lipids beside those described above have been proposed 
as well. For instance,  • NO can react with lipid peroxyl 
radicals (LOO • ) to form an unstable lipid peroxynitrite 
(LOONO), followed by rapid rearrangements of the 
caged radicals to generate the alkyl nitrate (LONO 2 ).  117   
Another mechanism for PUFA with bis-allylic hydro-
gens is hydrogen abstraction by hydroxyl radical, fol-
lowed by addition of  • NO 2  to generate a NO 2 –FA with 
a  trans -,  cis -conjugated double bond (Fig.  2.12 ). 

 Because NO 2  – FAs form by radical reactions, multiple 
regio- and stereoisomers are generated, just as in the 
case of lipid peroxidation. With nitrosylation, an even 
greater number of regioisomers can form. For instance, 
with LA, peroxidation occurs at carbon 9 and 13, while 
nitrosylation can occur on carbons 9, 10, 12, and 13 
and while no peroxidation of OA occurs, nitrosylation 
occurs at carbons 9 and 10. Jain et al. explored the 
yield of various nitrated OA regioisomers under 
several experimental conditions.  119   They found that 
10-NO 2 -OA formed at about a 1.2 : 1 ratio to 9-NO 2 -OA 
and that 9,10-NO 2 (OH)-OA formed at 4 : 1 ratio with 
10,9-NO 2 (OH)-OA in normoxic conditions. Greater 
levels of all products were formed under hypoxic condi-
tions, but the same isomers remained dominant. Further 
studies may be useful to elucidate the mechanisms 
underlying the predominance of these species.  

  2.5.3     Detection of Lipid Nitration  In Vivo  

 The formation of NO 2  – FAs  in vivo  has been confi rmed 
by mass spectrometry analysis spectrometry tech-
niques.  120,121   The accurate detection and quantitation of 
various NO 2 -FA in biological tissues by mass spectrom-
etry requires appropriate internal standards and ade-
quate separation methods. Synthesis of nitrated lipid 
regioisomers has been undertaken by a variety of 
method.  116,122–124   Currently, a stereospecifi c route  125   is 
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NO 2 -LA to PPAR γ  is suffi ciently stable for X-ray analy-
sis of the crystal structure.  140   Finally, NO 2  – FAs release 
 • NO when metabolized by smooth muscle cells.  126,128   
Whether  • NO release from NO 2 -FA has an important 
physiological function is not clear, but  • NO release 
likely mediates some of the pharmacological effects of 
NO 2  – FAs. The physiology and mechanisms of action of 
nitrated lipids is likely to be a fruitful area of discovery 
for quite some time.   

  SUMMARY 

 Peroxidation and nitrosylation of lipids generates a 
wide range of biologically active molecules. The general 
mechanisms underlying the formation of these products 
have been worked out, although fresh insights into the 
details continue to be brought forward. Because peroxi-
dation and nitrosylation of lipids proceed through non-
enzymatic pathways, a great number of isomers and 
functionally related compounds are formed for each 
type of molecule. This multiplicity of compounds com-
plicates both quantitation and characterization of bio-
logical activity. Nevertheless, the bioactivities and  in 
vivo  levels of a large number of these compounds have 
been characterized. Based on these studies, both peroxi-
dized and nitrated lipids may make important contribu-
tions to physiology and pathophysiology.  
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   OVERVIEW 

 Proteins play central and essential roles in the vast 
majority of biological processes. Protein function (catal-
ysis, ligand binding, signaling, etc.) is transduced through 
molecular interactions involving amino acid side chains. 
These side chains present a wide variety of functional 
groups, spanning from simple hydrocarbons (e.g., 
alanine, valine, leucine) to thiols (cysteine), alcohols 
(serine, threonine), and amines (lysine). While some of 
these side chains are largely unaffected by oxidative 
stress, a subset of amino acids can be rapidly modifi ed 
by reactive oxygen and nitrogen species. Furthermore, 
oxidative stress leads to the formation of electrophilic 
molecules that can subsequently react with amino acids 
bearing nucleophilic side chains. Through these two 
pathways, oxidative stress can result in a variety of  post-
translational modifi cation s ( PTM s) that alter protein 
structure and function. 

 In this chapter, we focus on the protein modifi cations 
that occur due to reactive species generated during oxi-
dative stress. The reader should note that oxidative 
stress also leads to changes in the distribution of PTMs 
such as phosphorylation and acetylation as part of signal 
transduction and gene regulation pathways (discussed 
in Section  3.4  of this chapter); as these modifi cations are 
not directly caused (in a chemical sense) by reactive 
species arising from oxidative stress, they will not be 
covered herein. The goal of this chapter is to present an 
overview of the modifi cations that can occur at each 
amino acid due to oxidative stress and a survey of the 
methods currently in use to detect oxidative stress-
related PTMs.  

  3.1     OXIDATIVE STRESS-RELATED  PTM s: 
OXIDATION REACTIONS 

 In the presence of reactive oxygen and nitrogen species, 
a number of amino acid side chains participate in oxida-
tion reactions that often involve amino acid-centered 
radicals. The vast majority of oxidation chemistry 
observed to date occurs with the sulfur-containing 
amino acids cysteine and methionine, as the low oxida-
tion potential of sulfur renders these amino acids par-
ticularly susceptible to redox chemistry.  1   

  3.1.1     Cysteine 

 In the last decade, the roles of cysteine oxidation in 
controlling protein function and mediating cellular sig-
naling have become a topic of great interest. The central 
role of cysteine in cellular redox chemistry arises from 
its low oxidation potential and resulting low barriers for 
undergoing oxidation.  2,3   In light of their susceptibility to 
oxidation under biologically relevant conditions, cyste-
ine residues in many proteins are proposed to serve as 
members of a complex redox signaling network, or “cel-
lular thiolstat,” which regulates enzymatic and protein 
activity through reversible cysteine modifi cations.  4   

 Under oxidative stress conditions, cysteine can 
encounter both one-electron (e.g., O 2  • −  , HO • ,  • NO) 
and two-electron (e.g., H 2 O 2 ) oxidants. One-electron 
oxidation of the cysteine thiol leads to formation of 
the thiyl radical (RS • ), which can then undergo subse-
quent radical chemistry such as hydrogen abstraction or 
radical coupling (Fig.  3.1 a).  5   Alternatively, reaction with 
two-electron oxidants usually involves nucleophilic 
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side chain thiol to sulfenic acid (Fig.  3.2 ), which forms 
readily via either one-electron or two electron-oxidation 
reactions (Fig.  3.1 ). 

  Following one-electron oxidation, the resulting thiyl 
radical can couple with hydroxyl radicals to form 
sulfenic acids.  6   Formation of sulfenic acids through two-
electron oxidations involves peroxides, peroxynitrites, 
and other molecules containing an electrophilic oxygen 
center.  7–9   Once formed, sulfenic acids exhibit both elec-
trophilic and nucleophilic character and are considered 
highly reactive.  9,10   Sulfenic acids can react readily with 
other thiols to form disulfi des with release of water (see 

attack of the thiolate anion (RS  −  ) on the electrophilic 
center in the oxidant to yield a new covalent bond 
between the cysteine thiol sulfur atom and an atom with 
equal or higher electronegativity than sulfur (e.g., 
oxygen, nitrogen, sulfur) (Fig.  3.1 b). Following initial 
oxidation by these reactive species, oxidized cysteines 
can then participate in a variety of reactions as outlined 
below. 

   3.1.1.1     Formation of Sulfur–Oxygen Adducts: Sulfenic, 
Sulfi nic, and Sulfonic Acids     Exposure of cysteine to 
reactive oxygen species results in rapid oxidation of the 

  Figure 3.1         Cysteine oxidation pathways in the presence of reactive oxygen and nitrogen species. (a) One electron oxidation of 
cysteine thiol. The thiol hydrogen is abstracted by a radical, resulting in formation a sulfur-centered thiyl radical. The thiyl radical 
can then undergo radical coupling (reactions with hydroxyl and thiyl radicals shown), or abstract a hydrogen to reform a thiol. 
(b) Two electron oxidation of the cysteine thiol. The thiol side chain can deprotonate to form the thiolate anion, a strong nucleo-
phile that can attack the electrophilic centers of reactive species (disulfi de and hydrogen peroxide shown) resulting in cysteine 
oxidation. 

  Figure 3.2         Cysteine oxidation leading to cysteine-oxygen adducts. Oxidation of cysteine can result in formation of sulfenic, sul-
fi nic, and sulfonic acids. The fi rst two of these oxidation products, sulfenic and sulfi nic acid, can be enzymatically reduced back to 
cysteine under physiological conditions. 
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thiol to reactivate the enzyme, which occurs by disulfi de 
formation and subsequent reduction by thioredoxin 
(Trx) or other electron donors.  17–20   These enzymes 
exemplify the balancing act involved when cysteines 
participate in redox chemistry. For example, cysteine 
oxidation is an essential step in the peroxiredoxin cata-
lytic cycle while overoxidation of the same active-site 
cysteine leads to enzyme deactivation. 

  In the presence of strong oxidants, the sulfur atom in 
a sulfenic acid (-SOH) can be further oxidized to a sul-
fi nic (-SO 2 H) or sulfonic (-SO 3 H) acid (Fig.  3.2 ). These 
further oxidations have been historically considered 
irreversible modifi cations, as sulfi nic and sulfonic acids 
cannot be reduced by common cellular reductants such 
as Trx or glutathione. Recent studies have identifi ed an 
ATP-dependent enzyme  sulfi redoxin  ( Srx ) that reduces 
a sulfi nic acid at the active site of peroxiredoxin to cys-
teine,  21–24   but as yet, no general sulfi nic or sulfonic acid 
reductases have been identifi ed. Irreversible oxidation 
of cysteines can lead to protein conformation changes, 
aggregation, and degradation,  9   and the presence of sul-
fonic acid residues would indicate a severely oxidizing 
environment.  

  3.1.1.2     Formation of Sulfur–Nitrogen Adducts: 
S-Nitrosothiols and Sulfonamides     Cysteine thiols 
react with reactive nitrogen species such as  nitric oxide  
( NO ), nitrous acid (HNO 2 ), and peroxynitrous acid 
(ONOOH) to form  S -nitrosothiols (Fig.  3.4 ). 

  The predominant one-electron pathway for  S -
nitrosothiol formation involves NO, a free radical that 
is generated by  nitric oxide synthase s ( NOS s) from 
arginine, NADPH, and oxygen.  25   NO can react directly 
with a thiyl radical (RS • ) to form an  S -nitrosothiol 
through radical coupling. In addition to this one-electron 
pathway, oxidative mechanisms for  S -nitrosothiol 
formation include two-electron reactions of cysteine 
thiols with nitrous acid, NO, and peroxynitrite.  26–30   
Cysteine thiolates can also undergo  trans - S -nitrosyl-
ation through nucleophilic attack on either a S-
nitrosylated protein or a small molecule  S -nitrosothiol 
such as  S -nitrosoglutathione,  S -nitrosocysteine, and  S -
nitrosohomocysteine.  31–36   NO also forms metal–nitrosyl 
complexes and N 2 O 3  that can act as S-nitrosylating 
agents.  37,38   The reactivity of a cysteine side chain toward 
S-nitrosylation can be regulated by several factors, such 
as nearby amino acid sequences that increase the reac-
tivity of a target cysteine toward NO and the presence 
of adapter proteins near NOSs that aid in localizing 
target proteins near the site of NO production.  39,40   

 Once formed,  S -nitrosothiols can participate in a 
range of subsequent modifi cations. S-nitrosylation is 
reversible, with S-denitrosylation catalyzed by enzymes 
such as Trx,  protein disulfi de isomerase  ( PDI ), and 

below), with these thiols usually either cysteine side 
chains or small molecular thiols such as glutathione. 
Due to this reactivity, persistent (long-lived) sulfenic 
acids often require local environments that limit the 
access of other thiols. Sulfenic acids have been observed 
in crystal structures of multiple proteins, indicating that 
this modifi cation is stable within the context of certain 
protein environments (see Reference  11  and references 
therein). Sulfenic acids can also react with amide nitro-
gens to form cyclic sulfenamides, as observed in the 
crystal structures of protein tyrosine phosphatase 
(PTP1B) and receptor protein tyrosine phosphatase 
(RPTP- α ), described in detail later.  12,13   

 Sulfenic acid formation plays a key role in the mech-
anism of the peroxiredoxins, a class of antioxidant 
enzymes that control peroxide levels within the cell.  14,15   
There are three subgroups of peroxiredoxins (2-Cys, 
atypical 2-Cys, and 1-Cys), all of which contain an active-
site cysteine that is oxidized by the peroxide substrate 
to a sulfenic acid in the fi rst reaction step (Fig.  3.3 ).  16   
This oxidized cysteine must then be reduced back to a 

  Figure 3.3         Peroxiredoxin-catalyzed peroxidase activity 
involves reversible sulfenic acid formation at the catalytic cys-
teine residue. (a) Mechanism for 2-cysteine peroxiredoxins, 
with the catalytic cysteine cycling between thiol, sulfenic acid, 
and internal protein disulfi de in the catalytic cycle. (b) In 
1-cysteine peroxiredoxins, the sulfenic acid formed at the cata-
lytic cysteine residue is resolved by reduction involving small-
molecule thiol-based reducing agents such as glutathione. 
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  Figure 3.4         Formation of cysteine-nitrogen adducts under 
conditions of oxidative stress. (a) In the presence of RNS, 
cysteine can be directly nitrosylated through both one- and 
two-electron pathways to form nitrosothiol. (b) A thiolate 
anion can undergo  trans-S -nitrosylation by nucleophilic attack 
on small-molecule nitrosothiols such as  S -nitrosoglutahione. 
(c) Sulfenamide formation requires backbone amide nitrogen 
attack on a sulfenic acid side chain. 

chains from irreversible oxidation beyond the sulfenic 
acid state.  49    

  3.1.1.3     Formation of Sulfur–Sulfur Adducts: Disul-
fi des and S-Glutathionylation     Formation of disulfi de 
bonds involving cysteine side chains is perhaps the most 
commonly known oxidation reaction in protein bio-
chemistry. Following from the one-electron oxidation 
chemistry of the cysteine thiol group described above, 
disulfi des can form through radical coupling of two thiyl 
radicals (Fig.  3.1 a ) .  28,50   More commonly under condi-
tions of oxidative stress, however, the cysteine thiol ini-
tially forms an activated oxidized species such as sulfenic 
acid or  S -nitrosothiol which undergoes subsequent 
nucleophilic attack by another thiol to form a disulfi de 
(Fig.  3.5 a).  51–53   

  Intramolecular disulfi des can form when an oxidation-
activated cysteine side chain lies near another cysteine 
residue in the proper geometry to allow nucleophilic 
attack on the oxidized side chain. While internal protein 
disulfi des have traditionally been considered to provide 
stability and rigidity to protein structure, there is growing 
evidence that a second group of disulfi des exist that 
serve as redox-sensitive switches for controlling protein 
structure and function.  54,55   Oxidative-stress induced 
disulfi de formation could also contribute to protein mis-
folding, with PDIs serving as a redox-sensitive chaper-
one to aid in proper protein folding.  56   

 Oxidized cysteine thiols also form intermolecular 
disulfi des with small molecule thiols, in particular the 
tripeptide glutathione (glutathionylation). Glutathione 
is the predominant reducing agent available within 
mammalian cells, with cellular concentrations in the low 
millimolar range.  57   The vast majority of glutathione 
within cell exists in its reduced form (GSH) rather than 
the oxidized disulfi de-bonded dimer (GSSG).  58   The glu-
tathione thiol acts as a nucleophile at cysteine thiols that 
have been oxidized to sulfenic acids, nitrosothiols, or 
other activated species to yield a mixed protein–
glutathione disulfi de (Fig.  3.5 a). This disulfi de can be 
subsequently reduced by Trx or glutaredoxin, an enzyme 
with specifi city for gluthionyl disulfi des.  59–62   Given the 
reservoir of reduced glutathione available within cells, 
glutathionylation serves as a defense against irrevers-
ible cysteine oxidation by converting reactive interme-
diates to stable disulfi des (Fig.  3.5 b). 

 Glutathionylation can serve as a redox-sensitive reg-
ulator of protein function, with the ability to both inhibit 
and activate protein activity depending on the specifi c 
context.  63   For example, glutathionylation of actin 
through a sulfenic acid intermediate impairs actin 
polymerization.  64–66   Disulfi de formation modulates the 
activity of a large number of kinases, phosphatases, tran-
scription factors, and other proteins involved in cell sig-

 alcohol dehydrogenase  class III ( ADH ).  41–45   These 
enzymes operate by distinct mechanisms: Trx and PDI 
catalyze  trans- S-nitrosylation reactions to yield a cyste-
ine thiol on the substrate protein and an S-nitrosylated 
enzyme; ADH employs a more complex reductive 
mechanism involving NADH to yield a disulfi de and 
NH 3 .  S -nitrosothiols can also hydrolyze to form sulfenic 
acids or react with another cysteine to form disulfi des,  46   
mirroring the reactivity of sulfenic acids described 
earlier. 

 In addition to S-nitrosylation, cysteine thiols can 
form cyclic sulfenamides through reaction of a sulfenic 
acid with a backbone amide nitrogen when fi xed in close 
proximity (Fig.  3.4 ). This modifi cation was fi rst observed 
in PTP1B  13,47   and has since been detected in a number 
of other proteins such as the RPTP- α  and the peroxide 
sensor OhrR in  Bacillus   subtilis .  12,48   While in this context 
sulfenamide formation leads to loss of phosphatase 
activity in PTP1B, sulfenamide modifi cations are revers-
ible and may serve a role in protecting cysteine side 
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and require an external thiol reductant such as reduced 
glutathione to release the reduced protein. 

  The most signifi cant difference between Trx and 
Grx involves the reduction pathway leading to enzyme 
reactivation (Fig.  3.6 b).  62,71   Following reduction of a 
protein disulfi de by Trx, the resulting disulfi de within 
the Trx active site is reduced by Trx reductase using 
NADPH as a reducing cofactor. In contrast, Grx is 
reduced nonenzymatically by glutathione to yield the 
reactivated enzyme and oxidized glutathione (GSSG). 
The enzymes also differ in their substrate preferences, 
with Trx exhibiting broad reactivity with protein disul-
fi des and Grx showing selectivity for substrates con-
taining glutathionyl-mixed disulfi des leading to protein 
deglutathionylation.  72   In general, reactions catalyzed by 
Grx will involve glutathione at some point in the reac-
tion cycle. These differences in reduction mechanisms 
and substrate selectivity suggest the Trxs and Grxs play 
complementary roles in maintaining protein redox 
homeostasis in the presence of oxidative stress. 

 In addition to catalyzing deglutathionylation, Grx 
can also catalyze protein glutathionylation by using oxi-
dized glutathione as a substrate and a reduced protein 
as the reducing equivalent.  72–74   This reaction occurs pri-
marily under oxidizing conditions, where a low GSH/
GSSG ration exists. Grx has also been observed to scav-
enge glutathione radicals, suggesting the potential that 
it serves as a protein-based antioxidant.  73   By catalyzing 
both the forward and reverse steps in protein glutathio-
nylation, Grx aids in the regulation of protein activity 
by gluthiolylation-based redox signaling as described 

naling and gene expression.  49   Reversible signaling 
through protein glutathionylation and degluthiolation is 
also proposed to regulate processes such as apoptosis, 
mitochondrial redox state, and redox homeostasis in 
photosynthetic organisms.  67–69   Glutathionylation also 
plays a role in regulating peroxiredoxin activity and 
protecting the peroxiredoxin catalytic cysteines from 
overoxidation, thereby modulating the cell ’ s ability to 
react to increases in peroxides and other ROSs.  15,68    

  3.1.1.4     Redoxins: Enzymes Catalyzing Cysteine 
Reduction     In many cases, cysteine oxidation leads to 
either intramolecular disulfi de formation with another 
cysteine within the oxidized protein or intermolecular 
disulfi de formation with either a cysteine from another 
protein or the thiol group of reduced glutathione. There 
are two families of small proteins, the Trxs and  glutare-
doxins  ( Grxs ), whose major function is to reduce disul-
fi de bonds within proteins.  61,62,70   This reduction involves 
a two-step reaction in both enzymes (Fig.  3.6 ): (1) a 
catalytic cysteine residue within a CxxC motif in Trx or 
Grx attacks the disulfi de bond, leading to release of a 
free cysteine side chain and formation of a new disulfi de 
bond between the protein substrate and Trx/Grx; (2) a 
second cysteine within Trx/Grx attacks the newly formed 
disulfi de to release the protein substrate and form an 
intramolecular disulfi de within the enzyme. In addition 
to Trxs and Grxs with di-cysteine CxxC sequences, there 
are also Grx isoforms that contain a single catalytic 
cysteine in a CxxS sequence. These monocysteinic Grxs 
cannot catalyze complete reduction of the target protein 

  Figure 3.5         Disulfi de formation plays a key role in cellular cysteine redox chemistry. (a) Formation of protein disulfi des and 
glutationylation (protein-glutathione mixed disulfi de). While disulfi des can form by radical coupling between thiyl radicals, most 
protein disulfi des form by two-electron thiol/thiolate attack on a cysteine residue that has been previously activated by oxidation. 
(b) The cycle of cysteine oxidation and reduction within the cell, with oxidation by ROS and RNS followed by disulfi de formation 
and subsequent reduction to free thiols. 
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of the other amino acids. While not observed as fre-
quently as cysteine oxidation products, these other oxi-
dation reactions are also biologically relevant. After 
cysteine, methionine is the amino acid most susceptible 
to modifi cations caused by oxidative stress due to its 
easily oxidized thioether side chain (R-S – CH 3 ). The 
methionine thioether can react with ROS/RNS (e.g., 
HO • , NO • ) to produce a sulfoxide at the thioether sulfur 
atom, yielding methionine  S -oxide. Formation of methi-
onine  S -oxide is observed during times of increased 
oxidative stress,  76,77   with this modifi cation reversible 
through the action of  methionine sulfoxide reductases  
( Msrs ) as described later. Methionine can be further 

above. Changes in Grx expression or regulation of the 
cellular GSH/GSSG reservoir could alter protein glu-
thionylation affecting protein function and signaling; 
such changes may contribute to the progression and 
severity of diseases linked to oxidative stress.  75     

  3.1.2     Methionine 

 Cysteine is generally considered to be the amino acid 
most susceptible to chemical modifi cation by reactive 
oxygen and nitrogen species under conditions of oxida-
tive stress. However, the presence of these reactive 
species can also lead to oxidative modifi cation/damage 

  Figure 3.6         Thioredoxin and glutaredoxin catalyze disulfi de reduction. (a) Protein disulfi des can be reduced by either thioredoxin 
or glutaredoxin, with deglutathionylation primarily catalyzed by glutaredoxin. In both enzymes, substrate disulfi de reduction 
results in formation of a new disulfi de bond involving the catalytic cysteine leading to enzyme deactivation. (b) Thioredoxin is 
reactivated by thioredoxin reductase, which uses NADPH as an electron source to reduce the disulfi de involving the thioredoxin 
catalytic cysteine. In contrast, glutaredoxin is reactivated by reduction involving free glutathione. 
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of the methionine thioether is a prochiral center, with 
oxidation leading to two diastereomeric products, 
methionine- S -sulfoxide (Met –  S  – SO) and methionine-
 R -sulfoxide (Met- R -SO) (Fig.  3.7 ).  79–82   Different classes 
of Msrs have evolved to catalyze reactions with these 
diastereomers. Methionine sulfoxide reductase A 
(MsrA) catalyzes reduction of Met –  S  – SO in the con-
texts of both intact proteins and free amino acids, with 
methionine sulfoxide reductase B (MsrB) catalyzing 
Met- R -SO reduction in intact proteins while exhibiting 
signifi cantly reduced activity with free Met- R -SO.  79,81,83,84   
A third enzyme,  free methionine sulfoxide reductase  
( fMsr ), also catalyzes reduction of Met- R -SO but only 
as a free amino acid.  85   In contrast to MsrA and MsrB, 
fMsr is found only in single-celled organisms such as 
bacteria and lower eukaryotes. Due to its effi cient scav-
enging of free MetSO, fMsr is important for proper cell 
oxidative stress regulation in these organisms.  85   

 Both MsrA and MsrB are proposed to reduce 
 S -methionine  S -oxide to a thioether through a multistep 
catalytic mechanism involving a covalent enzyme inter-
mediate (Fig.  3.8 ).  79,84   In the fi rst step, the thiol side 
chain of a catalytic cysteine residue attacks the  S -oxide 
sulfur atom, followed by release of the sulfoxide oxygen 
atom as water and formation of an enzyme-substrate 

  Figure 3.7         Methionine oxidation creates a new chiral center. 
(a) Under biological conditions, methionine only undergoes a 
single oxidation to methionine sulfoxide. (b) Methionine oxi-
dation leads to a mixture of RS- and SS-methionine  S -oxide 
stereoisomers. 

  Figure 3.8         Reduction of methionine  S -oxides is catalyzed by methionine sulfoxide reductases (Msrs) with different stereoselec-
tivities. (a) Proposed mechanism for methionine  S -oxide reduction by MsrA and MsrB. (b and c) The stereoselectivities of MsrA 
for  S  S - methionine  S -oxide (panel B) and MsrB for  R  S -methionine  S -oxide (panel c) arise from distinct arrays of hydrogen bonding 
to the substrates within the MsrA and MsrB active sites.  Figure adapted from Reference  83 .  

oxidized to the sulfone, but sulfone oxidation is an irre-
versible modifi cation that requires nonbiologically rel-
evant oxidation conditions (Fig.  3.7 ).  76,78   

  In contrast to cysteine, oxidation of methionine 
involves the creation of a new stereocenter. The sulfur 
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radical (Fig.  3.9 ).  101,102   Coupling of tyrosinyl and hydroxyl 
radicals yields the neurotransmitter precursor   l -3,4 
dihydroxyphenylalanine  (  l -DOPA ), with this tyrosine 
derivative also produced in the absence of oxidative 
stress by the enzyme tyrosine hydroxylase.  99,103,104   Tyrosi-
nyl radical can react with nitrogen dioxide (NO 2 ) to 
form 3-nitrotyrosine (Fig.  3.9 )  105  ; alternatively, tyrosinyl 
radicals can also dimerize to form 3,3 ′ -dityrosine.  105,106   
As these modifi cations are considered biologically irre-
versible, tyrosine oxidation products are characterized 
as biomarkers for oxidative stress.  107   

  Tyrosine modifi cations, particularly formation of 
3-nitrotyrosine, can impact the regulation of protein 
structure and function by other PTMs. For example, 
protein phosphorylation frequently occurs on the 
phenol oxygen of tyrosine residues.  108,109   Tyrosine phos-
phorylation can induce changes in protein conformation 
and activity, such as in protein tyrosine kinase.  110   Tyro-
sine nitration can block subsequent phosphorylation, 
thereby eliminating an important signal transduction 
mechanism for controlling protein activity. In another 
enzyme,  glutamine synthetase  ( GS ), tyrosine residues 
are adenylylated to induce a conformational change 
which alters both enzyme structure and activity.  111,112   
During oxidative stress resulting from exposure to per-
oxynitrate, several tyrosine residues in glutamine syn-
thetase which are normally adenylylation sites are 
nitrated. While nitration alone led to the same changes 
in protein function that accompany adenylylation, sub-
sequent adenylylation of proteins bearing 3-nitrotyrosine 
residues completely abolished catalytic activity.  113   As 

mixed disulfi de. Methionine release follows water attack 
on the catalytic cysteine, which converts this cysteine to 
a sulfenic acid (S – OH). Following methionine release, a 
second active-site cysteine attacks the newly formed 
sulfenic acid to form an intramolecular disulfi de bond. 
Finally, the newly formed disulfi de bond is reduced by 
Trx to regenerate active enzyme. 

  The stereoselectivities of MsrA and MsrB for Met –
  S  – SO and Met- R -SO, respectively, arise from differ-
ences in active-site interactions that stabilize the 
sulfurane intermediate that forms following attack by 
the catalytic cysteine (Fig.  3.8 b–c).  79,83,86   In MsrA, this 
stabilization involves hydrogen bonding to two tyrosine 
residues and an aspartic acid whose geometry is comple-
mentary to the intermediate arising from Met –  S  – SO.  87   
The active site in MsrB differs in terms of both active-
site amino acids and active-site architecture, with the 
MsrB crystal structure revealing an array of several 
imidazole residues that provide hydrogen bond stabili-
zation to the Met- R -SO reduction intermediate. 

 Similar to cysteine, the ease of both methionine oxi-
dation and subsequent enzyme-catalyzed reduction 
allows methionine to serve as a buffer of oxidative stress 
within the cell. Through cycles of methionine oxidation 
and reduction, ROS and RNS are scavenged to protect 
other amino acids from irreversible oxidation by these 
reactive intermediates.  88   In studies that support the role 
of the methionine oxidation-reduction cycle in protect-
ing against oxidative stress, knocking out MsrA in mice, 
yeast, and bacteria leads to increased susceptibility of 
these organisms to oxidative stress.  89–93   In contrast, over-
expressing MsrA increases resistance to oxidative stress 
in mammalian cells.  94–96   

 In addition to serving a general protective role 
against oxidative stress, methionine oxidation can also 
directly impact protein function. For example, oxidation 
of several methionine residues within the voltage depen-
dent K  +   channel ShC/B increases channel activity.  97   
Methionine oxidation due to oxidative stress can also 
affect the actin cytoskeleton, with oxidation of several 
structurally important methionine residues shown to block 
actin polymerization and decrease actin stability.  98    

  3.1.3     Oxidation of Aromatic Amino Acids 

  3.1.3.1     Tyrosine     The side chain of tyrosine easily 
undergoes oxidative additions in the presence of ROS 
and RNS, with addition typically occurring at positions 
adjacent ( ortho ) to the phenol hydroxyl group.  99,100   In 
the presence of radicals derived from either ROS (e.g., 
hydrogen peroxide, H 2 O 2 ) or RNS (e.g., peroxynitrous 
acid, ONO 2 H) sources, a hydrogen atom can be 
abstracted from the tyrosine ring to form the tyrosinyl 

  Figure 3.9         Tyrosine oxidation leads to multiple products. In 
the presence of ROS and RNS, tyrosine undergoes a one-elec-
tron oxidation to the tyrosinyl radical, with radical coupling reac-
tions yielding 3-nitrotyrosine,  l -3,4-dihydroxylphenylalanine 
( l -DOPA), and 3,3 ′ -dityrosine. 



OXIDATIVE STRESS-RELATED PTMs: OXIDATION REACTIONS  79

tophan oxidation products have been studied  in vitro , 
nitrotryptophan and its derivatives have been observed 
 in vivo .  122,123   There are currently a limited number of 
known protein tryptophan nitration sites,  118   but this list 
is expected to grow with continuing studies. 

    3.1.3.3     Histidine     In the presence of ROS and RNS, 
histidine can react with hydroxyl radicals to yield 2-oxo-
histidine through radical addition followed by tautom-
erization (Fig.  3.10 b). This modifi cation has been 
observed in several proteins, such as Cu,Zn-superoxide 
dismutatase and the bacterial transcription factor 
PerR.  124,125   In PerR, metal-catalyzed oxidation of histi-
dines by hydrogen peroxide alters metal coordination 
within this protein. This allows PerR to serve as a sensor 
for detecting low levels of intracellular peroxide as an 
indicator of oxidative stress.  124    

  3.1.3.4     Phenylalanine     While not as reactive as 
tyrosine, the phenyl side chain of phenylalanine can 
also be oxidized in the presence of ROS/RNS. Exposure 
to hydroxide radicals leads to formation of  para -, 
 meta -, and  ortho -tyrosine (Fig.  3.10 c), and nitrophenyl-
alanine can form in the presence of RNS such as 
peroxynitrite.  99,126–128     

  3.1.4     Oxidation of Aliphatic Amino Acids 

 Amino acids with aliphatic side chains are also suscep-
tible to oxidative damage, but these modifi cations are 
relatively rare when compared to those of cysteine, 
methionine, and the aromatic amino acids. These modi-
fi cations are often metal- or enzyme-catalyzed reac-
tions, as opposed to the uncatalyzed reactions with ROS 
and RNS possible in the case of cysteine, methionine, 
and the aromatic amino acids. Refl ecting the more rig-
orous conditions required for oxidation of aliphatic 
amino acids, these modifi cations are largely irreversible 
under biologically relevant conditions and if observed 
could suggest the presence of high levels of oxidative 
stress. 

 In oxidative environments with metal-catalyzed ROS 
production, lysine can be oxidized to allysine, an alde-
hyde derivative of lysine (Fig.  3.11 ).  129   This reaction can 
also occur naturally in the production of collagen and 
elastin through the action of lysyl oxidase. Under similar 
oxidative conditions, proline and arginine form glutamic 
semialdehyde via a metal-catalyzed pathway involving 
hydroxyl radicals.  129,130   Proline can also be converted to 
2-pyrrolidone in the presence of ROS, leading to peptide 
backbone cleavage.  131   Similar reactions involving proline 
and asparagine side chains in the transcription factor 
HIF utilize hydroxylation of these amino acids as a 
sensor/readout for cellular oxygen levels.  132,133   

these examples illustrate, irreversible tyrosine nitration 
can alter or block signaling pathways used to control 
protein structure and function.  

  3.1.3.2     Tryptophan     The indole ring of tryptophan is 
susceptible to oxidation by both ROS and RNS (Fig. 
 3.10 a). Exposure to ROS results in tryptophan hydrox-
ylation at multiple ring positions and also fragmentation 
of the indole ring to form  N -formylkynurenine and 
kynurenine.  99,114–116   One of these oxidative products, 
5-hydroxytryptophan, is also formed by the enzyme 
tryptophan hydroxylase in the absence of oxidative 
stress.  117   Tryptophan can also be nitrated in the presence 
of RNS to form nitrotryptophan, with the nitro group 
potentially attached at multiple positions on the trypto-
phan side chain.  118–120   Tryptophan nitration can also 
impact protein activity, as formation of nitrotryptophan 
within human Cu,Zn-superoxide dismutase leads to a 
drop in catalytic activity.  121   While the majority of tryp-

  Figure 3.10         Aromatic amino acid oxidation. (a) The indole 
ring of tryptophan is easily oxidized to form multiple nitro-
tryptophans and hydroxytryptophans regioisomers, and indole 
ring fragmentation is also observed. (b) Histidine oxidation 
primarily yields 2-oxohistidine. (c) Similar to tryptophan, phe-
nylalanine yields multiple nitro- and hydroxyl-regioisomers 
upon oxidation by ROS and RNS. 
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  3.2     AMINO ACID MODIFICATION BY 
OXIDATION-PRODUCED ELECTROPHILES 

  3.2.1     Electrophiles Formed by Oxidative Stress 

 Under oxidative stress conditions, carbonyl groups 
(ketones and aldehydes) can be introduced into pro-
teins by side chain oxidation (e.g., allysine from lysine, 
2-amino-3-ketobutyric acid from threonine) or oxida-
tive backbone cleavage as described above. These car-
bonyls can serve as electrophiles in subsequent reactions. 
Reactive carbonyls can also be formed in carbohydrates 
and lipids in cells under high oxidative stress, as 
described in Chapter  2  and Chapter  4  of this book. 
These reactive electrophiles can then react with nucleo-
philic amino acid side chains, resulting in protein 
carbonylation. 

 Protein carbonylation reactions are generally consid-
ered biologically irreversible, although one recent 
review suggests a potential role for protein decarbonyl-
ation in cell signaling.  136   Protein carbonylation has been 
proposed as a biomarker for oxidative stress, as forma-
tion of protein carbonyls requires more severe oxidative 
conditions than cysteine or methionine oxidation.  137–140   
Many human diseases, such as Alzheimer ’ s disease, 
cystic fi brosis, and  chronic obstructive pulmonary 
disease  ( COPD ), are associated with protein carbonyl-
ation.  138   In some of these diseases, elevated levels of 
protein carbonylation correlate with disease severity 
and progression. For example, high levels of autoanti-
bodies to carbonylation products have been found in 
titers of patients with COPD, suggesting that high levels 
of protein carbonylation in cells involved in COPD may 
contribute to this disease.  141    

  3.2.2     Carbonylation Reactions with Amino Acids 

 Carbonylation of amino acids by small-molecule elec-
trophiles occurs by two distinct chemical mechanisms, 
depending on the nature of the carbonyl electrophile. 
Lipid peroxidation can lead to formation of  advanced 
lipidation end  products ( ALE ) containing  α , β -
unsaturated carbonyls such as 4-hydroxy-2-nonenal 
(NHE), malondialdehyde, and acrolein (see Chapter  2  
and references therein). These molecules are effi cient 
substrates for conjugate (Michael) additions by lysine, 
cysteine, and histidine side chains (Fig.  3.12 a).  142–145   
Lysine side chains also undergo glycation and glycoxi-
dation reactions with reducing sugars or their oxidation 
products ( advanced glycation end product s,  [AGE s]), 
respectively, to form imine linkages that subsequently 
convert to  α -amino ketones via Amadori rearrange-
ments (Fig.  3.12 b).  146–152   In both cases, these reactions 
result in the formation of protein adducts containing 
reactive carbonyl functional groups. 

  Several other amino acids are thought to be rarely 
oxidized under physiologically relevant oxidative stress, 
with evidence for the formation of oxidative products 
from these amino acids largely derived from  in vitro  
studies (Fig.  3.11 ). When free threonine is oxidized 
under biologically relevant conditions involving metal 
ion-catalyzed ROS production, the secondary alcohol of 
the threonine side chain is converted to a ketone, yield-
ing 2-amino-3-keto butyric acid.  134   Oxidation of aspara-
gine under physiologically relevant conditions can result 
in the formation of acrylamide, a known carcinogen.  135     

  Figure 3.11         Oxidation of aliphatic amino acids yields reac-
tive carbonyls and peptide backbone cleavage. Under strongly 
oxidizing conditions, the following amino acid oxidations have 
been observed: (a) Lysine oxidation to allysine. (b) Arginine 
and proline conversion to glutamic semialdehyde. (c) Oxida-
tion of proline to 2-pyrollidone, with cleavage of the peptide 
backbone. (d) Threonine side chain oxidation to yield 2-
amino-3-ketobutyric acid in the presence of metal-catalyzed 
hydroxide radical formation. (e) Asparagine conversion to 
acrylamide by H 2 O 2  under physiological conditions. 
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tions also play important roles in signaling pathways 
that read out the redox state of the cell, particularly the 
array of reversible modifi cations that occur at cysteine 
residues.  9,49,157   Understanding how these modifi cations 
lead to cell signaling requires fi rst identifying the pro-
teins, and the specifi c amino acids within those proteins, 
that undergo oxidative modifi cations. Identifying spe-
cifi c signaling pathways involving modifi cations arising 
from oxidative stress then requires determining how the 
distribution and extent of these modifi cations changes 
in response to changes in the cellular environment. 

 Among the array of methods that have been used to 
identify oxidative PTMs, mass spectrometry and che-
moselective modifi cations have proven to be the most 
robust and specifi c tools for identifying these modifi ca-
tions within the proteome. The following section pro-
vides a brief overview of the current state of both 
techniques, with more detailed descriptions available in 
the cited references. 

  3.3.1     Mass Spectrometry 

 Mass spectrometry is rapidly becoming the most power-
ful and widespread technology available for detecting 
protein PTMs. Changes in protein molecular weight 
can provide evidence for chemical modifi cations, with 
tandem mass spectrometry (MS-MS) techniques 
potentially leading to identifi cation of the specifi c modi-
fi cation sites; for reviews of mass spectrometry tech-
niques for posttranslational proteomics, please see 
references  158–161 . The mass changes that accompany 
oxidative modifi cations, ranging from a mass loss of 2 
daltons during disulfi de formation to addition of  > 100 
daltons for some protein carbonylation modifi cations, 
are easily detectable by modern mass spectrometers. In 
most applications, the protein of interest is digested into 
small peptides by one or more proteases (most com-
monly trypsin), and the resulting peptides are analyzed 
by either  matrix-assisted laser desorption ionization  
( MALDI ) or  electrospray ionization  ( ESI ) mass spec-
trometry.  158   This analysis can be performed on the com-
bined proteolytic digest in the case of simple samples 
or, alternatively, following peptide separation by liquid 
chromatography. 

 However, investigation of PTMs caused by oxidative 
stress using mass spectrometry presents three major 
challenges. The fi rst barrier is sensitivity, as these modi-
fi cations exist only on a small fraction of cellular pro-
teins, and only a subset of any given protein target. 
Therefore, the signal from a modifi ed protein isoform 
must be deconvoluted from the background arising 
from the parent protein. Identifying the nature of the 
modifi cation presents the second challenge, as many 
oxidative modifi cations lead to similar changes in 

  As protein carbonyls can be produced by both direct 
amino acid oxidation (see earlier discussion) and elec-
trophilic addition to amino acid side chains, the pres-
ence of protein carbonyls must be interpreted as a broad 
and nonspecifi c sign of oxidative stress. Given that for-
mation of protein carbonyls is common during oxidative 
stress and that this modifi cation generates a reactive 
carbonyl, signifi cant efforts have been invested in devel-
oping analytical and biochemical approaches for detect-
ing these modifi cations as a means of quantifying 
oxidative stress within biological samples.  153–156   More-
over, given the relative stability of protein carbonyls 
compared to other markers of oxidative stress such as 
the products of lipid peroxidation, protein carbonyl 
content is considered a reliable marker for protein oxi-
dation and the presence of oxidative stress.  138     

  3.3     DETECTION OF OXIDATIVE-STRESS 
RELATED  PTM  S  

 Oxidative PTMs can lead to protein damage and nega-
tively impact cellular health. However, these modifi ca-

  Figure 3.12         Electrophilic reactions leading to protein car-
bonylation. (a) Cysteine, lysine, and histidine side chain 
nucleophiles can perform Michael additions to  α , β -unsaturated 
carbonyls formed by lipid oxidation (e.g., 4-hydroxy-2-none-
nal). (b) Lysine carbonylation through glycation and glycox-
ylation reactions. 
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molecular weight—for example, formation of a sulfenic 
acid, 4-hydroxyleucine, and 2-oxohistidine all lead to a 
mass increase of 16 daltons. While MS-MS techniques 
coupled with computational data searching algorithms 
can theoretically identify the residue(s) that are modi-
fi ed, the large number of possible modifi cations and the 
potential heterogeneity of modifi cations within the 
protein of interest make this approach expensive in 
terms of both labor and time.  156   

 The last challenge in using mass spectrometry to 
identify oxidative stress-related PTMs arises from the 
chemical stability of the modifi cations themselves. Many 
oxidation modifi cations are not chemically reactive and 
are compatible with mass spectrometry, such as most 
aromatic and alkyl amino acid hydroxylations. Disulfi de 
bonds are also reasonably stable under nonreducing 
conditions, allowing for detection of both intramolecu-
lar protein disulfi de cross-linking and glutathionyl-
ation.  66,162,163   However, cysteine modifi cations such as 
sulfenic acid formation or S-nitrosylation are chemically 
reactive and can be lost during sample preparation or 
sample ionization. To aid in detection of these modifi ca-
tions, proteins can be treated with reagents that selec-
tively modify reactive oxidized amino acids to generate 
stable adducts for subsequent identifi cation by mass 
spectrometry (see later discussion).  

  3.3.2     Chemoselective Functionalization 

 Chemical labeling of oxidized amino acids is performed 
primarily for two reasons. First, in the case of unstable 
oxidation products such as sulfenic acids or nitrosothi-
ols, chemical functionalization converts these reactive 
species into a more stable functional group that can 
survive subsequent experimental manipulations. As 
most of these modifi cations only occur on a subset of 
potential amino acid sites at any one time, chemical 
“trapping” of reactive species can also aid in accumulat-
ing modifi ed proteins for subsequent identifi cation. 
Second, chemical labeling can lead to changes in protein 
properties (mass, fl uorescence/absorbance, chromato-
graphic retention time, etc.) that aid in identifi cation of 
proteins bearing oxidative PTMs. Finally, quantitative 
mapping of oxidation-related modifi cations can be 
achieved using isotopically labeled chemical probes, 
with protein samples modifi ed with reagents containing 
either “heavy” (usually  13 C or  2 H) or “light” ( 12 C or  1 H) 
isotopes allowing the proteins from the different samples 
to be distinguished by small changes in the mass of 
the label. This approach allows for quantitative pro-
teomics to potentially identify changes in oxidative 
PTMs upon protein or cellular exposure to oxidative 
stress.  156,158,164–166    

  3.3.3     Cysteine Modifi cations 

 As refl ected by the layout of this chapter, oxidative 
cysteine modifi cations constitute a large fraction of the 
known PTMs resulting from oxidative stress. The appre-
ciation of cysteine ’ s role in oxidative biology and redox 
signaling, coupled with the chemical reactivities pro-
vided by the various cysteine derivatives, has led to the 
development of a large range of chemical tools for iden-
tifying cysteines that have undergone oxidation. The 
following sections outline the most prevalent forms of 
chemoselective modifi cations used for detection of oxi-
dized cysteines; the reader is referred to References  167 
and 168  for a more comprehensive treatment. 

  3.3.3.1     Sulfenic Acids     As noted above, sulfenic 
acids are highly reactive molecules that exhibit both 
nucleophilic and electrophilic reactivity. This reactivity 
has been harnessed in the development of probes that 
utilize the chemoselective reaction of sulfenic acids with 
dimedone (5,5-dimethyl-1,3-cyclohexadione) and dim-
edone derivatives (Fig.  3.13 a).  169   While originally serving 
as a tag for identifying sulfenic acids through immunob-
lotting or mass spectrometry of cell lysates, these 
reagents have been expanded to allow fl uorescent or 
biotin labeling for sulfenic acid detection and protein 
labeling within intact cells.  170,171   Dimedone-based chem-
istry incorporating isotopic tags allows for quantitative 
proteomics analysis of sulfenic acid modifi cations within 
complex protein mixtures using peptide-based pro-
teomics tools.  164,165   

    3.3.3.2     Cysteine-Nitrosothiols     Chemical detection 
of protein S-nitrosylation is commonly accomplished 
using the biotin-switch method developed by Jaffrey 
and coworkers.  172   This three-step process results in 
attachment of a biotin tag at the nitrosylated cysteine. 
Free cysteine thiols are fi rst blocked as methyl disulfi des 
by treatment with methyl methanethiosulfonate while 
native protein disulfi des remained unchanged. The 
S – NO bond in the nitrosothiol is then reduced by treat-
ment with ascorbate to form a thiol, which is then is 
ligated to a thiol-reactive biotin conjugate (Fig.  3.13 b). 
Attachment of biotin allows for subsequent enrichment 
and recovery using streptavidin beads, followed by 
protein analysis using mass spectrometry and other 
methods.  173   Variations on this approach are being explored 
to enhance and expand detection of S-nitrosylated pro-
teins, with an increasing number of these proteins being 
identifi ed in multiple organisms.  174,175    

  3.3.3.3     Cysteine-Glutathionylation     Unlike S-nitrosylation, 
cysteine glutathionylation results in a mixed disulfi de that 



for chemoselectively labeling gluthiolated cysteine resi-
dues will also aid in determining glutathionylation sites 
using mass spectrometry.   

  3.3.4     Protein Carbonylation 

 Protein carbonylation can be detected by reacting pro-
teins with 2,4-dinitrophenylhydrazine (2,4-DNP), which 
forms a colored hydrazone derivative with reactive 
aldehydes and ketones (Fig.  3.14 ). These adducts can be 
subsequently detected either spectrophotometrically or 
with an anti-DNP antibody, and DNP functionalization 
can be combined with mass spectrometry to identify 
carbonylated proteins.  140,180   A related molecule, Girard ’ s 
Reagent P [1-(carboxymethyl)pyridinium chloride hydra-
zide], combines a carbonyl-reactive hydrazide group 
with a quaternary amine center that allows for isolation 
by cation exchange chromatography.  181   Isotopically 

will exhibit similar chemical reactivity to other disulfi de 
bonds (if any) within the protein of interest. However, 
protein-glutathione mixed disulfi des can be selectively 
reduced by glutaredoxins to liberate a free cysteine 
residue.  176   This selectivity lends itself to a multistep pro-
tocol for detecting protein gluthiolation similar to that 
used for nitrosothiols (Fig.  3.13 c): (1) block free cyste-
ines with a thiol-reactive alkylating reagent such as 
  N -ethylmaleimide  ( NEM ); (2) specifi c reduction of 
protein-glutathione disulfi des using glutaredoxin; and 
(3) labeling the newly reduced cysteine by a thiol-
selective probe. Several groups have used this approach 
to label glutathiolated proteins within cells with biotin 
for streptavidin-based detection.  176–178   Employing a 
thiol-reactive fl uorescent dye, Zhang and coworkers 
have demonstrated a high-sensitivity method for detect-
ing glutathiolated proteins using capillary gel electro-
phoresis with fl uorescence detection.  179   This approach 

  Figure 3.13         Chemoselective detection of oxidized cysteines within proteins. (a) Functionalization of sulfenic acids through reac-
tion with dimedone analogs. (b) “Biotin switch” method for detecting nitrosothiols. (c) Glutaredoxin-catalyzed approach for 
specifi cally tagging glutathionylated cysteines. Please see the text for a detailed description of the specifi c reaction steps in each 
method. 
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can vary over 10 7 -fold depending on the local environ-
ment, providing a mechanism for sensing the local oxi-
dation potential based on cysteine susceptibility to 
oxidation.  187   This system of redox-active cysteines, 
termed the “cellular thiolstat” by Jacob and coworkers, 
is proposed to serve as mechanism for the cell to sense 
and respond to changes in the intracellular redox 
environment.  4   

 Many enzymes involved in cell signaling, metabolism, 
and oxidative stress defense pathways contain cysteine 
residues whose oxidation can modulate catalytic activ-
ity. The simplest case of this control mechanism mani-
fests in enzymes that utilize cysteine side chains as part 
of their catalytic machinery. Oxidation of the active-site 
cysteine results in enzyme deactivation, linking enzyme 
activity to the cellular redox state. One example of such 
regulation are the peroxiredoxins (discussed above), 
which help sequester H 2 O 2  and organic peroxides. The 
peroxiredoxin active-site cysteine transits through a 
sulfenic acid intermediate during its catalytic cycle, 
which must be subsequently reduced to reactivate the 
enzyme. An excess of the peroxide substrate can lead to 
inactivation of some peroxiredoxins, suggesting that the 
sulfenic acid intermediate can serve as a redox-sensitive 
switch (reviewed in References  6, 58, and 188 ). In 
another example, PTPs use a catalytic cysteine as a 
nucleophile to attack a phosphorylated protein, result-
ing in formation of a phosphocysteine intermediate.  189   
Oxidation of this cysteine to a sulfenic acid by H 2 O 2  
results in enzyme inactivation, thereby modulating 
protein phosphorylation and dephosphorylation involved 
in signal transduction.  190–194   Cysteine oxidation outside 
the active site can also control enzyme activity, such as 

labeled carbonylation-reactive probes have also recently 
been developed to quantify carbonylated proteins in a 
variety of systems.  156,166   Recent studies have also dem-
onstrated fl uorescence labeling and HPLC analysis of 
protein-bound aldehyde groups using reductive amina-
tion with para-aminobenzoic acid, an approach that pro-
vides higher sensitivity than previous assays.  182   
Identifying the specifi c location and chemical nature of 
the modifi ed amino acid is challenging, but methods to 
accomplish this task are rapidly progressing in both 
utility and sensitivity.  183   

     3.4     ROLE OF  PTM s IN CELLULAR REDOX 
SIGNALING 

 Cells contain multiple signaling mechanisms based on 
protein PTMs, such as phosphorylation and dephos-
phorylation within signal cascades or the histone modi-
fi cations (e.g., acetylation, phosphorylation, methylation, 
ubiquitylation) that play roles in epigenetic control of 
gene expression. In recent years, the reversible oxida-
tion of sulfur containing amino acids—particularly 
cysteine—has been acknowledged as a mechanism for 
redox signaling within the cell (reviewed in References 
 4, 9, 157, 168, and 184–186 ). Cellular signaling through 
cysteine oxidation exhibits one key distinction from 
other biological signaling pathways in that cysteine oxi-
dation can occur spontaneously under oxidative stress 
without the need for enzymatic catalysis. In this way, 
redox signaling represents a direct functional linkage 
between the cellular environment and control of protein 
structure and function. Cysteine reactivity with oxidants 

  Figure 3.14         Detection of protein carbonylation through hydrazone formation. Protein carbonyls formed through amino acid 
oxidation or electrophilic conjugation to amino acid side chains (shown) can be chemoselectively labeled with hydrazine reagents 
such as 2,4-DNP or the Girard P reagent. 
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modifi cations can be divided into two broad classes, 
those that can be reversed/reduced under physiological 
conditions and those that are irreversible oxidations 
that persist for the lifetime of the modifi ed protein. 
Reversible oxidative modifi cations most often involve 
cysteine and methionine, utilizing the rich reduction and 
oxidation chemistry inherent to sulfur. These reversible 
modifi cations are proposed to play a central role in cell 
signaling, providing a mechanism for transducing the 
oxidation state of the cellular environment into changes 
in protein structure and function. In contrast, irrevers-
ible modifi cations resulting from an excess of oxidizing 
species may contribute to cell aging and disease pro-
gression. Sensing and maintaining the oxidative balance 
within the cell is essential to allow productive use of 
ROS and RNS signaling and metabolism while minimiz-
ing cellular damage caused by these highly reactive 
species. 

 With the chemistry underlying oxidative PTMs fi rmly 
established, the focus now shifts to identifying which 
proteins undergo oxidative modifi cation and character-
izing the impact of these modifi cations on protein struc-
ture and function. The continuing development of new 
chemical and analytical tools is essential to this endeavor, 
constituting the fi rst step toward connecting specifi c 
protein modifi cations to changes in cellular health and 
functions. Identifying the sites and effects of irreversible 
oxidative PTMs that are observed in diseases such as 
neurodegenerative disorders and cardiovascular disease 
will aid in developing a molecular-level understanding 
of the pathogenic processes that underlie these condi-
tions. The roles of oxidative PTMs in controlling cellular 
function are just now becoming well established, 
with studies in the near future holding great promise 
for further understanding of this form of biological 
signaling.  
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   OVERVIEW 

  Reactive oxygen species  ( ROS ) and the reactions that 
utilize it are essential for cellular growth and signaling.  1   
However, excess oxidative equivalents lead to disrup-
tion of cellular function via deleterious modifi cation of 
DNA, proteins, and other molecules.  2,3   Nucleic acid oxi-
dation has existed in the literature ever since the early 
part of the twentieth century when it was shown that 
virus particles (mainly composed of oligoribonucleo-
tides) could be inactivated via photooxidation.  4   Among 
the biomolecules, the oxidation of DNA plays a central 
role in oxidation-induced stress. Damage to DNA, 
which includes formation of DNA lesions, without 
repair, can lead directly to the inhibition of DNA repli-
cation.  5,6   Without the ability to replicate DNA, a cell will 
enter a variety of cell death pathways.  7   An additional 
and more problematic alternative is that many DNA 
oxidative lesions will induce mutagenesis.  8   Some of 
these mutations can lead to the genetic alterations asso-
ciated with cancers and several other disease states.  9–13   
It is important to note that cells possess several DNA 
repair pathways that combat the damage from oxidative 
stress.  14   

 This chapter will fi rst discuss DNA oxidation within 
the context of the cell. Then, several key oxidative 
adducts will be examined. The assessment of specifi c 
oxidative lesions will cover topics including their forma-
tion, repair, and their association with disease, as well as 
biologically relevant oxidants. This chapter will give a 
broad overview of these two topics so that a reader can 
gain an understanding of the role of DNA in oxidative 

stress. As the reader obtains this knowledge, each topic 
can then be explored in greater specifi c detail from the 
more focused reviews we will later discuss.  

  4.1     THE CONTEXT OF CELLULAR  DNA  
OXIDATION 

 DNA is a reactive molecule that can be modifi ed via 
various mechanisms, including alkylation, spontaneous 
degradation, reduction, and oxidation.  15,16   There are two 
ways to think about DNA oxidation chemistry. One 
view divides lesions based on the particular structure it 
forms. For example, one could determine the structure 
of a C8-guanine oxidation product, such as 8-oxo-7,8-
dihydro-2 ′ -deoxyguanosine, and in turn elucidate its 
impact. In this view, the effect of a specifi c lesion is 
analyzed.  8   An alternative view is to take a given oxidant 
or toxin and determine the spectrum of lesions formed. 
The variety of lesions reveals the impact of the oxidant 
or toxin.  17   Although both types are valid, this chapter 
uses the former. 

 DNA is a relatively poor substrate for oxidation in 
the context of an entire cell. As an example, the oxida-
tion potential required to oxidize 2 ′ -deoxyguanosine 
to a guanine radical is 1.3 V.  18,19   It has been shown 
that some of the guanine radical intermediates in the 
oxidative reactions can be quite stable, having a lifetime 
of up to several seconds.  20   The guanine radical under-
goes several divergent mechanistic pathways to produce 
the variety of lesions discussed in Section 4.2.  21   The 
remaining nucleotides are much harder to oxidize with 
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DNA has been incubated with oxidants and reactive 
species to investigate any damage that may happen.  29   
The goal of these experiments is to visualize what and 
where nucleotide oxidative modifi cation is occurring. 
Many DNA lesions do not arrest replication, and there-
fore, DNA is treated with an agent that induces a strand 
break at the site of damage to facilitate visualization. 
Induction of strand breaks is accomplished by alkaline 
or glycosylase treatment.  30   Because many oxidation 
products are not substrates for glycosylases, while other 
lesions are not broken by alkaline treatment, a recent 
study described the employment of an optimized 
mixture of the two.  31   A technique termed  ligation-
mediated polymerase chain reaction  ( LM-PCR ), which 
allows a precise sequence mapping of DNA lesions, is 
employed to elucidate damage in genomic DNA that is 
in low copy number.  32   Mitochondrial DNA can be 
directly visualized using primer extension.  33   An alterna-
tive approach is to hydrolyze the large, cellular oligo-
nucleotides into nucleosides.  34   There are several enzymes 
that can be used to accomplish this hydrolysis, the 
most common being phosphodiesterases. The nucleo-
tides are then treated with a phosphatase to generate 
an uncharged nucleoside that is amenable to high-
performance liquid chromatography (HPLC) separa-
tion and identifi cation by either mass spectrometry 
(MS) or electrochemistry.  35,36   For MS analysis, an isoto-
pic standard is used to give an absolute concentration 
of the oxidized nucleoside. The sequence dependence of 
any damage is lost. Thus, the total endogenous damage 
level is obtained. These two experiments, which give 
alternative but complementary results, have produced 
much data which have shown the specifi c sequences 
damaged on genomic and mitochondrial DNA.  37,38   

 Since guanine has the lowest oxidation potential, 
induction of oxidative stress has yielded selective modi-
fi cation of guanine residues.  33,39,40   Guanine-specifi c oxi-
dation of DNA has been observed with primer extension, 
using methylene blue photooxidation,  41   ribofl avin pho-
tooxidation,  42   and Fenton chemistry,  30   to name a few 
systems. Of note is the fact that guanine-specifi c oxida-
tion from toxic metals, like chromium and arsenic, are 
observed.  43,44   In fact, metal-based oxidative damage is 
more DNA sequence specifi c than metal specifi c.  45   

 Guanine oxidation and its products are generally dif-
ferentiated based on the mechanism of oxidation 
induced by different ROS. Recently, a means to concep-
tually rationalize guanine oxidation has been pub-
lished.  46   The mechanism of oxidation of a few ROS will 
be briefl y discussed. Hydroxyl radical, the most potent 
of the reactive oxygen forms, adds to double bonds at 
C8 or C5.  47   This leads to the formation of two types of 
radical species, with each having divergent properties 
and half-lives. The addition of hydroxyl radical at C5 

potentials of 1.4, 1.6, and 1.7 V for 2 ′ -deoxyadenosine, 
2 ′ -deoxycytidine, and 2 ′ -deoxythymidine.  19   Each of 
these adducts has its own unique chemistry. Proteins 
and amino acids are easier to oxidize. For instance, the 
one-electron oxidation of cysteine can be accomplished 
at as low as 0.7 V.  22   

 The vast difference in potential between oxidizing 
DNA and other biomolecules is further exacerbated by 
two key cellular realities. First, proteins comprise more 
than 50% of the nonwater biomaterial in a cell. In com-
parison, DNA comprises a relatively minor portion 
(approximately 10%) of the cell ’ s biomaterial.  23   This 
means that once a reactive species is generated, it is less 
likely to react with DNA than a protein. Second, DNA 
is sequestered and protected. DNA in a cell is located 
within the nucleus, and a small portion,  ∼ 1% of its total 
weight, is located in the mitochondrion. Transport into 
the nucleus is actively controlled and some small, 
charged, reactive molecules have problems passing 
through the membrane.  24   In contrast, mitochondrial 
DNA is located near the electron transport chain, a 
major producer of endogenous ROS. An additional 
defensive strategy is used in this case. Mitochondrial 
DNA is packaged into nucleoid particles by histone-like 
mitochondrial transcription factor A.  25   Interestingly, 
these mitochondrial nucleoid particles also contain 
identifi able antioxidant enzymes, such as superoxide 
dismutase and glutathione peroxidases. These antioxi-
dant enzymes likely serve to quench free radicals and 
oxidants that approach the DNA particle.  26   Nuclear 
DNA is highly packaged by histone proteins. A reactive 
species that succeeds in making it to the nuclear DNA 
would likely collide and react with these proteins that 
contain easy to oxidize amino acids. It has recently been 
shown that histones are posttranscriptionally modifi ed, 
in order to stop gene expression, in the presence of 
oxidized DNA.  27   These complex strategies demonstrate 
the lengths a cell will undergo to protect DNA and also 
underscore the importance of limiting DNA oxidation. 

 Given the diffi culty of oxidizing DNA and the many 
defense mechanisms involved, one may ask, “Why does 
DNA oxidation matter?” The answer is simple: any 
modifi cation that bypasses all of these fail-safes has the 
potential to be sustained in future cellular divisions or 
to directly induce cytotoxicity.  28   The importance of 
DNA oxidation is not in its abundance but rather in its 
permanence.  

  4.2     OXIDATION OF OLIGONUCLEOTIDES 

 Oxidation of oligonucleotides has been used to deter-
mine the effect of various oxidants on genomic DNA. 
Since the advent of primer extension via polymerases, 
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vivo .  60   Additionally, spiroiminodihydantoin has been 
identifi ed in bacteria lacking DNA repair that has been 
treated with chromium-based oxidants.  61   

 Though it had been previously proposed by several 
authors such as Simon and Van Vunakis  (1962)  that 
guanine oxidation is critical to disease, it was not until 
1986 when it was discovered that 8-oxo-7,8-dihydro-2 ′ -
deoxyguanosine is both formed and repaired in gamma-
irradiated mice.  62   In the early 1990s, many groups set 
out and are still working on detection of 8-oxo-7,8-
dihydro-2 ′ -deoxyguanosine as a diagnostic marker of 
disease states.  63,64   This fi eld of study has uncovered an 
important aspect of guanine oxidation: many of the oxi-
dation products are easier to oxidize than guanine. For 
example, the oxidation potential of 8-oxo-7,8-dihydro-
2 ′ -deoxyguanosine is 0.5 V more favorable compared to 
 deoxyguanosine  ( dG ), corresponding to a  Δ G of 
 − 13 kcals/mol.  65   In fact, bulk electrochemical oxidation 
experiments using dG concurrently lead to oxidation 
of 8-oxo-7,8-dihydro-2 ′ -deoxyguanosine to form hyper-
oxidation products.  66   Prior critical work by Burrows 
showed that the products formed via several oxidation 
mechanisms of 8O-dG include guanidinohydantoin 
and spiroiminodihydantoin bases.  67   The oxidation of 
8-oxo-7,8-dihydro-2 ′ -deoxyguanosine into the various 
products is an active area of research. One way to con-
ceptualize this oxidation of 8O-dG is similar to that 
proposed for guanine except that the C8 position is 
occupied, leaving only the C4–C5 double bond primed 
for reaction with oxidants.  46   These lesions have been 
found to occur with several oxidants, including the toxic 
metal arsenic, chromium, copper, iron, rose bengal, and 
ribofl avin.  43,68   

 Genome-wide studies on the formation of oxidative 
lesions show that G-content is a strong predictor of 
overall oxidative DNA damage.  69   It is also well known 
that the sequence context of a guanine modulates its 
oxidation propensity. The ability of sequences fl anking 
guanine to affect its oxidation has been examined (i.e., 
5 ′ -NGN).  70   The easiest to oxidize is 5 ′ -GGG. The order 
of the remaining sequences is 5 ′ -CGG, 5 ′ -AGG, 5 ′ -GGA, 
5 ′ -TGG, 5 ′ -GGT, 5 ′ -GGC, 5 ′ -CGA, 5 ′ -AGA, 5 ′ -TGA, 
5 ′ -CGT, 5 ′ -AGT, 5 ′ -CGC, 5 ′ -TGT, 5 ′ -AGC, 5 ′ -TGC. In 
this series, all the sequences containing GG are easier 
to oxidize than those that do not. Experiments have 
shown that the 5 ′ -guanine of the sequence GG is the 
most electron-donating site.  71   Thus, exposure of an 
oxidant generally leads to preferential damage at this 
sequence. This pattern of DNA oxidation has been veri-
fi ed not only from agents that abstract an electron from 
guanine but also Fenton reagents that produce hydroxyl 
radical.  42   These experiments used an innovative method 
to deconvolute hydroxyl radical reactions that occur 
with the ribose (see later discussion) and those that 

causes the loss of a net water equivalent and forms a 
guanine radical/radical cation. This guanine-based 
radical is prone to radical–radical combination. Hydroxyl 
radical addition at C8 can lead to 8-oxo-7,8-dihydro-2 ′ -
deoxyguanosine (8O-dG) via a series of steps. Singlet 
oxygen adds via cycloaddition.  48   The cycloaddition gen-
erates an endoperoxide (i.e., the two oxygen atoms are 
covalently bound to guanine) that rearranges into a 
C8-hydroperoxide (only one oxygen atom is connected 
to guanine at C8). The second mechanism of guanine 
oxidation is electron abstraction from the highest occu-
pied orbital. Many exogenous oxidants utilize this 
mechanism of electron abstraction to form guanine 
radical–radical cations.  49   Once an electron is abstracted, 
the guanine radical can react with superoxide or other 
radicals in ultrarapid radical–radical combination reac-
tions or lose a second electron and undergo attack by 
nucleophiles.  50,51   These observations are validated by 
experiments showing that superoxide dismutase coincu-
bation with transiently generated guanine radicals leads 
to an increased radical lifetime.  50   

 Many of the guanine oxidation mechanisms begin to 
coalesce at a later stage. The common intermediates 
form either –OH or –OOH addition products at either 
C5 or C8.  46   When –OH is added to C8, the molecule 
tautomerizes into 8-oxo-7,8-dihydro-2 ′ -deoxyguanosine. 
The C8 hydroperoxide is reduced to remove the termi-
nal oxygen of the hydroperoxyl group.  48   The reduction 
forms 8-oxo-7,8-dihydro-2 ′ -deoxyguanosine. It should 
be noted that the production of other lesions is possible 
by reduction. For example, after the addition of –OH to 
the C8 ring, an opening at the N9-C8 bond followed by 
reduction forms formamidopyrimidine derivatives that 
contain a C8-aldehyde.  6   The case for the remaining 
–OH and –OOH addition at C5 is much more complex. 
These intermediates eventually form imidazolone, spi-
roiminodihydantoin, and guanidinohydantoin based 
on specifi c conditions and the type of DNA being 
examined.  52–54   Spiroiminodihydantoin and guanidinohy-
dantoin exist in stereoisomers and various possible tau-
tomers.  55   Many of these derivatives further react to 
form a myriad of products. The key C5 and C8 interme-
diates in guanine oxidation are also precursors to other 
oxidation products. Replacement of the –OH in the key 
C8 and C5 guanine intermediates with the amine group 
of a protein ’ s lysine leads to the formation of a cross-
link.  56   This example of a cross-link can be isolated from 
several model systems.  57,58   Replacement of ROS with 
reactive nitrogen species leads to the formation of 
guanine-nitrogen derivatives like 8-nitroguanine.  59   At 
present, it is unclear which of the above adducts are 
occurring  in vivo  and in what relative yield. Of these 
lesions, 8-oxo-7,8-dihydro-2 ′ -deoxyguanosine and for-
mamidopyrimidine derivatives have been observed  in 
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that DNA-based holes can be transferred to bound pro-
teins. The proteins are then oxidized at thiols or iron–
sulfur clusters.  83,84   It is proposed that transfer of holes 
between two bound repair proteins through the DNA 
is used as a means to determine if a section of genome 
is damaged DNA. This is because the traveling holes 
cannot pass damaged DNA. 

 The oxidation of DNA is more complex than just 
selective oxidation of guanine and 8-oxo-7,8-dihydro-
2 ′ -deoxyguanosine. Though guanine is the easiest base 
to oxidize, other bases are also oxidized in the presence 
of biological oxidants. For example, highly reactive oxi-
dizing agents like the hydroxyl radical, E 0   ∼ 1.9 V,  85   are 
capable of reacting with the DNA backbone to initiate 
direct strand cleavage or oxidize other DNA bases.  86   
Historically, reactions of hydroxyl radical with the DNA 
backbone to initiate direct strand cleavage were used to 
elucidate site-specifi c protein contacts from DNA. The 
reaction pathway involves hydrogen atom abstraction 
to generate a ribose-based radical.  87   Common products 
from this type of process include 2 ′ -deoxyribonolactone, 
base propenal, base propenoate, 3-formyl phosphate, 
erythorose abasic site, 3 ′ -phosphoglycolate aldehyde, 
2-deoxypentos-4-ulose abasic site, and nucleoside-5 ′ -
aldehyde.  88,89   Alternatively, a net hydroxyl addition can 
occur. At the 4 ′ -carbon position, the additional hydroxyl 
leads to a hemiacetal that epimerizes to change the 
stereo confi guration of the ribose.  90   Oxyradicals can also 
react with the nucleobase and form lesions that lead to 
strand cleavage.  91   Backbone reactivity has limited 
sequence specifi city, but it is a common product. Another 
biologically important oxidative process is gamma irra-
diation. Gamma irradiation can lead to pyrimidine 
dimers, though these reactions tend to occur via cyclo-
addition.  92   Adenine oxidation is observed upon gamma 
irradiation.  93   The major adenine oxidation products 
observed are 8-oxo-7,8-dihydro-2 ′ -deoxyadenosine and 
2-hydroxy-2 ′ -deoxyadenosine.  94    

  4.3     EXAMINATION OF SPECIFIC OXIDATIVE 
LESIONS 

  4.3.1     8-Oxo-7,8-Dihydro-2 ′ -Deoxyguanosine 

 For decades, considerable effort has been devoted to 
study the formation and properties of guanine oxidation 
products (Fig.  4.1 ). This section will focus specifi cally on 
8-oxo-7,8-dihydro-2 ′ -deoxyguanosine, or 8O-dG, one of 
the most well-studied DNA lesions. The structure of 
each specifi c lesion in this chapter section is listed in 
Figure  4.2 . The discovery of the lesion, mechanism of its 
formation, repair potential, and the associations of this 
lesion with a variety of pathological events will be dis-
cussed. Lastly, this review will present a brief example 

damage at guanine. Oxidized DNA was pretreated with 
the enzyme ExoII to remove ribose-based strand break 
products. Experiments on cellular DNA also show this 
trend in guanine oxidation.  30   Human cells treated with 
an oxidant led to damage at guanine repeats. One report, 
however, has shown the opposite tendency in guanine 
mutation, indicating that damage on genomic DNA may 
be more complex than previously thought.  72   

 The damage at guanine repeats is caused by a phe-
nomenon known as DNA-mediated charge transport, 
which occurs because the bases on DNA are stacked 
like an array of coins.  73,74   Holes, guanine radicals formed 
via electron abstraction on the DNA, are produced via 
oxidative events. These holes migrate extremely rapidly 
to other guanines in the oligonucleotide. This is com-
pared to the slower quenching of these radicals that 
leads to the formation of oxidized lesions.  75   In this same 
manner, adjacent DNA bases can stabilize hole forma-
tion, giving rise to the aforementioned pattern of 
damage. Therefore, hole migration equilibrates with 
greater occupancy at the most stable sites, causing more 
oxidative lesions at these DNA sequences, making them 
prone to damage. The phenomenon is termed funnel-
ing.  76   It has been hypothesized that this funneling is a 
means through which the cell preserves DNA. It has 
been shown, via computational methods, that the DNA 
sequences 5 ′ -GG and 5 ′ -GGG are localized to non-
protein-coding sequences in DNA.  77   In fact, these com-
putational methods show that non-protein-coding 
regions are 50-fold more likely to be oxidized than 
DNA in coding regions within the human genome. It is 
theorized that when a hole is made, the hole migrates 
out of coding regions to preserve the integrity of these 
sequences. Experiments support this hypothesis by 
demonstrating that charge transport is able to occur 
over 34 nanometers.  78   

 Many biologically important DNA sequences also 
contain oxidation prone regions. The ends of noncircu-
lar genomic DNA contain repeats, known as telomeres, 
that differentiate it from damaged DNA.  79   Once the 
repeats are removed, senescence follows. The telomeres 
are maintained by telomerase. Human telomeres possess 
the sequence 5 ′ -TTAGGG and are selectively oxidized 
in the context of large DNAs.  80   Another important 
guanine-rich sequence is a critical mitochondrial repli-
cation element termed a conserved sequence block.  81   
The sequence of the conserved block, which is 
5 ′ -GGGGGGGTGGGGG, is clearly oxidation prone. 
When functioning mitochondria are placed under oxi-
dative stress, this sequence is selectively damaged and 
mutated.  38,82   These experiments also showed that the 
oxidation of DNA led to the cross-linking of proteins in 
the mitochondria. It was suggested that funneling could 
be used biologically as a means to ensure replication of 
undamaged mitochondrial DNA. Several reports show 
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  Figure 4.1         Repair of DNA base damage. Reactive oxygen 
species can modify the easy-to-oxidize DNA nucleobases. The 
most commonly oxidized nucleobase is guanine. Reactive 
oxygen-induced nucleobase damage can be repaired by two 
pathways. First, many lesions are specifi cally corrected by the 
base excision repair pathway. An example lesion is 1 8-Oxo-
7,8-Dihydro-2 ′ -deoxyguanosine. Some lesions are helix dis-
torting, like a cyclobutane dT–dT dimer. These types of lesions 
are corrected by the nucleotide excision repair pathway. 

  Figure 4.2         List of modifi ed nucleosides discussed. 
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of several pathogenic and disease states related to such 
lesions in the recent literature. Since the discovery of 
8O-dG, numerous papers in the scientifi c literature have 
examined this lesion. A Pubmed search for 8-oxo-7,8-
dihydro-2 ′ -deoxyguanosine, as well as its common, 
however, incorrect names, 8-hydroxydeoxyguanosine 
and 8-oxo-2 ′ -deoxyguanosine, yields a total of 4746 
results. 

   The formation of 8O-dG in DNA was fi rst reported 
at the Cancer Research Institute of Tokyo in 1984.  95   
Kasai and Nishimura discovered 8O-dG in DNA while 
isolating new mutagens present in broiled foods.  96   The 
8O-dG lesion was fi rst detected by HPLC. In 1986, 
Floyd et al. showed a sensitive analytical detection 
method for 8O-dG in cellular DNA by electrochemical 
detection following HPLC.  97   However, the analysis of 
8O-dG as a major and ubiquitous oxidation product of 
DNA in the urine of experimental animals was per-
formed in 1989.  98   This was done by examining urine 
samples of mice for 8O-dG. The adduct was separated 
by solid phase extraction for concentration.  98   Next, the 
separated 8O-dG was purifi ed and analyzed by gradient 
reverse phase HPLC combined with an electrochemical 
detection system.  98   Using this technique, the urine 
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unreliable.  120,121   The basis for this roadblock is rooted in 
the chemistry of 8O-dG. 

 Several research teams have determined the forma-
tion of 8O-dG under various conditions.  114   Although 
8O-dG is a stable lesion, it has been found that its for-
mation is highly infl uenced by pH. Studies by Tsou 
et al. focused on 8O-dG formation in calf thymus DNA 
treated with a chromium-based oxidant. Their fi ndings 
indicated that the highest level of 8O-dG was observed 
at pH 7–8, and development of the lesion was unfavor-
able at pH  < 6.  122   An additional issue to consider with 
8O-dG is its ease of oxidation.  67   Artifactual oxidation of 
8O-dG was examined by sending authentic samples to 
several labs.  123   Results indicated problems with quanti-
fi cation that have since been reversed by the addition 
of antioxidants to solutions used to collect DNA. It has 
been established that 8O-dG is easy to oxidize with a 
potential of  ∼ 0.8 V. It should be noted that this potential 
is slightly more favorable than the oxidation of tyrosine 
and close to the oxidation of a –SH to a disulfi de.  22   The 
ease of oxidation becomes important when DNA is col-
lected. The fi rst step is lysis, which releases several oxi-
dants, like iron (II) and copper (II) Fenton reagents. 
Recall that a few thousand 8O-dG lesions are in a cell 
at any given time, but the amount of iron (II) and copper 
(II) is much greater on a molar basis. Release of these 
oxidants can result in an overestimation of 8O-dG levels 
due to guanine oxidation from these agents during lysis. 
Alternatively, an underestimation due to the loss of 
8O-dG by further oxidation may be possible. Oxidation 
of 8O-dG leads to the formation of a variety of lesions, 
including guanidinohydantoin, spiroiminodihydantoin, 
oxazolone, and several others.  54,67,124   

 Once formed, 8O-dG is a strong mutagen. 8O-dG can 
form Hoogsteen-type base pairing with adenine.  125   Base 
pairing is accomplished through the syn ribose confor-
mation that allows the protonated N7 and O6 to alter-
natively hydrogen bond to adenine.  126   Miscoding results 
in a G:C → T:A transversion mutation.  127   The potential 
deleterious effects of this lesion are curtailed by base 
excision repair and mismatch repair of the transversion 
mutation.  128   In general, base excision repair is character-
ized by the excision of a base residue via hydrolysis of 
the  N -glycosyl bond. This function is termed glycosylase 
activity. Some members of the glycosylase family also 
contain lyase activity which nicks the DNA backbone 
to give a strand break that is almost ready for DNA 
replication. The nicked DNA then requires the removal 
of 5 ′ -terminal deoxyribose-phosphate residue, repair of 
the DNA strand by a polymerase, and ligation. In 
humans, there are several of these glycosylases, includ-
ing 8-oxo-guanine glycosylase, hNEIL1-3, and several 
families dealing with DNA methylation or pyrimidine 
damage.  129   The reader should note that the names for 

sample obtained from a mouse provides  in vivo  mea-
surements of global oxidative damage to DNA. Later, 
several teams used different analytical techniques to 
quantify 8O-dG in response to ionizing radiation, patho-
genic states, and other stressors. 8O-dG has been 
detected and analyzed with high sensitivity by  gas-
chromatography–mass spectrometry  ( GC-MS ),  99,100   
 liquid chromatography/tandem mass  spectrometry ( LC/
MS ),  101,102   and  enzyme-linked immunosorbent assay  
( ELISA ).  103,104   Additionally, several indirect measure-
ments to quantify 8O-dG are possible. For example, 
single cell gel electrophoresis of DNA, treated with gly-
cosylases that recognize specifi c oxidized lesions, is pos-
sible.  105   In addition to these analytical methods, novel, 
sensitive, reliable, and low-cost analytical methods are 
being developed for the fi rst time.  106   One new method 
uses capillary electrophoresis with amperometric detec-
tion to quantify the level of 8O-dG in urine.  107   These 
methods are currently important for the determination 
and analysis of 8O-dG, both in tissues and other biologi-
cal fl uids such as serum.  108,109   8O-dG is a critical bio-
marker of aging and diseases.  110,111   The accurate 
determination of 8O-dG in these cases is limited by 
problematic 8O-dG chemistry, with each method of 
detection yielding divergent concentrations, and, in 
some methods, high deviations causing poor precision.  34   
Many analytical chemists are currently seeking to reach 
a consensus.  112   The basal 8O-dG level is  ∼ 1–10 modifi ed 
DNA base per million base pairs.  35   This level of adduct 
corresponds to several thousand 8O-dG molecules per 
cell at any given time. 

 The chemistry of 8O-dG is such that it is easy to 
oxidize, moderately stable, and makes thermodynami-
cally favorable interactions with bases in a DNA 
duplex.  113   The oxidation potential of 8O-dG is 0.5 V 
more favorable than that of guanine base.  65,74   8O-dG is 
observed to increase in concentration by Fenton-type 
reagents, cigarette smoke, tar, asbestos, gamma rays, and 
under many other conditions.  114–117   For example, reac-
tion of hydroxyl radical with guanine leads to addition 
at C8 to generate a C4 radical.  47   This radical can then 
lose an electron and a proton to form 8O-dG, or it can 
rearrange to form a derivative known as formamidopy-
rimidine. An alternative pathway is the addition of 
superoxide, a radical, to an already formed guanine 
radical or guanine radical cation.  46   In aerobic cells, 
superoxide is continuously formed as a part of oxidative 
phosphorylation.  118   Because 8O-dG formation occurs in 
various oxidative conditions, it is used as a general 
marker of oxidative stress.  119   In the 1990s, the analysis 
of 8O-dG was advanced as an attractive diagnostic 
marker for several disease states in multiple cells. 
However, the researchers ran into a signifi cant road-
block: quantifi cation of 8O-dG was diffi cult and often 
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 Because of 8O-dG ’ s central role in DNA oxidation, 
it is strongly correlated with several pathogenic and 
diseased states. Cell genomes are under continuous 
assault by agents that increase the concentration of 
8O-dG.  138   8O-dG has been found to increase in concen-
tration in a variety of diseases, including several types 
of cancers  114   and other chronic diseases such as diabe-
tes,  139   heart disease,  140   and neurodegenerative diseases.  141   
One consequence of elevated reactive oxygen and 
increase in 8O-dG level is the initiation, promotion, and 
malignant conversion stages of carcinogenesis.  142   Several 
studies have examined elevated levels of 8O-dG in 
various types of cancer such as leukemia,  143   lung,  144   and 
breast  145   cancer. Yang et al. demonstrated that the pre-
therapy levels of urinary 8O-dG were found to be higher 
in patients with lymphoma, acute leukemia, and myelo-
dysplastic syndrome than in normal controls.  146     Recent 
studies also highlight the correlation between type 2 
diabetic patients and 8O-dG. Diabetic patients have sig-
nifi cantly higher concentration of 8O-dG in their 
urine,  147   serum,  139     blood cells,  148     pancreas,  149     muscles,  150   
and kidneys.  151   Al-Aubaidy et al. also confi rmed that 
serum 8O-dG levels were signifi cantly higher in both 
obese and diabetic patients compared with controls.  146   
Similar studies of patients with heart failure show an 
analogous correlation compared to control subjects.  152   
The presence of 8O-dG lesion plays a critical role in the 
pathogenesis of neurodegenerative disorders, including 
Alzheimer ’ s, Parkinson ’ s, and Huntington ’ s disease.  153,154   
Recent work has shown the formation of 8O-dG in 
trinucleotide repeats alters structure and may be impor-
tant in Huntington ’ s disease.  155    

  4.3.2     Lesions on Ribose Bases Including Apurinic or 
Apyrimidinic Sites 

 Although multiple lesions taking place on bases have 
been identifi ed, damage at the  2 ′ -deoxyribose  ( dR ) 
ring is also a common occurrence (Fig.  4.3 ).  156   Addition-
ally, several oxidative base lesions possess weakened 
glycosidic bonds that cause formation of  apurinic/
apyrimidininc  ( AP ) sites after hydrolytic cleavage.  157   
These AP sites are processed by endonucleases generat-
ing “unblocked” single-strand breaks (SSBs), that is, 
those which possess no modifi cations. Conversely, oxi-
dation at dR can lead to fragmentation and the forma-
tion of “blocked” lesions that require further processing 
in order for repair to occur.  158   Production of both dR 
lesions and AP sites is quantifi able in human cells.  159    

 Quantifi cation and detection of AP and dR oxidation 
products is accomplished by many analytical techniques, 
including MALDI-TOF-MS and assays similar to 
ELISA.  160   One method for the detection of dR oxida-
tion in DNA and cells was developed by Chan et al. in 

glycosylases are different depending on the specifi c 
organism. 8O-dG is specifi cally recognized by 
8-oxoguanine glycosylases termed hOOG in humans. 
The base excision repair system has overlapping sub-
strate specifi city and redundancy with hNEIL1 showing 
anti-8O-dG activity.  130   Recently, though controversial, it 
was reported that the loss of 8-oxoguanine glycosylases 
function correlates with aggressive forms of breast 
cancer.  131   Castaing et al. and Michael et al. showed that 
bacterial 8-Oxoguanine glycosylases remove 8O-dG 
from 8O-dG:X containing duplex with the following 
relative preference: X  =  C  >  T  >  G  >  >  A.  132,133   Glycosyl-
ases must fl ip the nucleotide out of the DNA stack into 
the active site of the protein. This would suggest 
thermodynamic stability and a role in recognition. 
The conformation, the melting behavior, and the 
thermal stability of DNA duplexes containing 8O-dG 
have been determined by means of spectroscopic and 
calorimetric methods.  134   It was found that a single 
8O-dG does not alter the global DNA duplex confor-
mation, and the thermal properties depend rather on 
the base opposite the lesion. For example, an oligonu-
cleotide that had a single 8O-dG:C base pair is 3.2°C 
less thermally stable than a duplex with a G:C complex. 
When dA is opposite 8O-dG, the thermal stability actu-
ally increases. Therefore, the presence of 8O-dG within 
the base stack has only a minor thermodynamic effect 
in DNA structure. 

 Kinetic changes to a DNA duplex are caused by 
8O-dG. Recent NMR analysis has begun to further elu-
cidate the dynamic nature of 8O-dG in oligonucle-
otides.  135   Double-stranded DNA with a single 8O-dG 
was compared to that of the perfect duplex. Temperature-
dependent NMRs show that despite the largely similar 
global thermodynamic details, there are profound local 
differences between the two duplexes. This study 
revealed that 8O-dG changes the local hydrophilicity 
and the ability of the major groove to bind cations. 
These differences are proposed to be essential identifi -
cation and repair of these lesions since an 8O-dG 
reduces the penalty for the lesion to be extrahelical. 

 There are two other lines of defense against 8O-dG. 
The human protein MTH1 prevents incorporation of 
8O-dG-5 ′ -triphosphate into DNA by hydrolyzing the 
nucleotide to 8O-dG-5 ′ -monophosphate.  136,137   The hydro-
lysis removes the damaged nucleotide from the nucleo-
tide pool so that it cannot be incorporated into DNA 
by polymerases. Haghdoost et al. added interfering 
RNAs that target and remove the  MutY  mRNA tran-
script. This study revealed that the nucleotide pool is a 
signifi cant mode of incorporation for 8O-dG in DNA. 
The DNA glycosylase MUTY provides a second line of 
defense by removing the inappropriate adenine from 
8-OxoG:A base pair.  129   
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for hydrogen abstractions is as follows in descending 
order: 5 ′ -hydrogen, 4 ′ -hydrogen, 2 ′ -hydrogen 3 ′ -hydro-
gen, and 1 ′ -hydrogen with the exception of 2 ′ -hydrogen 
and 3 ′ -hydrogen being equal.  166   The 1 ′ -hydrogen is 
buried in the minor groove of DNA and, therefore, is 
solvent inaccessible. This position can be oxidized by 
oxidants that override the normal H-abstraction prefer-
ence. For example, oxidation by phenanthroline copper 
(I) complexes is shown to produce a 2 ′ -deoxyribonolac-
tone product that corresponds to the diffi cult C1 ′ - hydro-
gen abstraction.  88     This leads to an unfavorable hydrogen 
abstraction.  167   The C2 ′ -position of 2-deoxyribose leads 
to the formation of the 2-phosphoglycolaldehyde 
residue by an indirect oxidation mechanism involving 
an erythrose intermediate. However, the 3 ′ -hydrogen 
abstraction leads to the formation of a phosphoglycol-
aldehye residue directly from the oxidation.  168   Thus, the 
DNA strand is cleaved, resulting in an SSB.  89     These 
lesions are known to form photooxidants, including 
rhodium (III) complexes.  169     The high solvent accessibil-
ity and low bond dissociation energy make the 4 ′ -hydro-
gen a major target for abstraction.  170     Additionally, the 
anticancer natural product, bleomycin, exerts its cyto-
toxic activity by means of 4 ′ -hydrogen atom abstrac-
tion.  171   The chemistry of 4 ′ -oxidation can follow several 
pathways, depending on the experimental conditions. 
For example, Levin et al. showed that treating cells with 
bleomycin leads to the formation of a 2 ′ -deoxy-pentos-
4-ulose dR modifi cation and a free base.  171     Another path 
accessed by chemical oxidation or ionizing radiation of 
dR C4 leads to strand breaks terminated by base pro-
penal, 5 ′ -phosphate, and 3 ′ -phosphoglycolate moieties.  171    

 The two 5 ′ -hydrogens are highly solvent accessible.  89    

 After abstraction, the 5 ′ -radical reacts with purine bases 
to form 5 ′ ,8-cyclopurines. The products are 5 ′ -8-cyclo-
2 ′ -deoxyadenosine and 5 ′ -8-cyclo-2 ′ -deoxyguanosine.  172   
Notably, several important enediyne antibiotics, such as 
calicheamicin and neocarzinostatin, form diradicals that 
are capable of abstracting a 5 ′ -hydrogen.  173     The abstrac-
tion generates highly cytotoxic strand breaks. A common 
means to examine single dR oxidation products is to 
synthesize nucleosides and oligonucleosides with pho-
tooxidation or oxidation-sensitive groups that lead to 
selective formation of the dR radical. This is due to the 
mixture of dR radicals formed by common oxidants. For 
example, a recent study examines the formation of a 
3 ′ -dR radical via photodegradation of a 3 ′ -phenyl sele-
nide.  174   Hydrogen abstractions can also form complex 
lesions such as tandem damage sites or cross-links 
(reviewed in Section 4.3.3). Two dR hydrogen abstrac-
tion events occurring nearby, however, on opposite 
strands, lead to  double-strand break s ( DSB s).  175   Such 
DNA DSBs are considered the most cytotoxic and del-
eterious type of DNA lesions produced in human cells.  176    

which a chemically sensitive isotope-dilution GC-MS 
was utilized.  161   Once an AP residue has formed, the 
1 ′ -position has the same oxidation state as an aldehyde. 
Therefore, the AP site is capable of reacting with amines 
and hydrazines to form Schiff base products.  162   Recent 
studies by Greenberg et al. and Atamna et al. show that 
biotin containing probes and aldehyde reactive probes, 
respectively, are capable of detecting abasic sites.  163   In 
this review, the chemistry and detection of dR 
H-abstraction is explored. An overview of the blocked 
repair is also described. 

  Oxidation of dR occurs through hydrogen atom 
abstraction.  161,164   The abstraction forms a sugar-based 
radical, and each has a unique degradation product with 
either an aldehyde, ketone, or sugar-ring fragmenta-
tion.  88,89   The seven dR hydrogen atoms are reactive 
toward oxidants, each having different probabilities of 
being abstracted from duplex DNA.  89   The differential 
abstraction propensity is governed by both proximity to 
oxygen atoms and the accessibility of each hydrogen.  89    

 Computational models from Aydogan et al. show that 
highly reactive hydroxyl radicals abstract hydrogens 
based on their solvent accessibility.  165     The preference 

  Figure 4.3         Repair of 2 ′ -deoxyribose damage. Reactive 
oxygen species can abstract hydrogens from 2 ′ -deoxyribose to 
form many lesions. In addition, some modifi ed bases lose the 
nucleobase to form an abasic site. Modifi ed 2 ′ -deoxyribose 
adducts are grouped into two classes. First, some lesions are 
unblocked. These lesions can be directly repaired. Some 
lesions are blocked ends. An example blocked end is shown 
by the modifi ed phosphoglyolaldehyde. These adducts require 
conversion of the DNA strand to an unblocked site by endo-
nucleases. Once an unblocked site is generated, the DNA 
strand can be repaired. 
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methoxyamine.  184     Other dR lesions like 2-phosphoryl-
1,4-dioxobutane are benzylhydroxylamine reactive. 
Robert et al. developed a method based on MS detec-
tion of abasic sites that have been prelabeled with O-4-
nitrobenzylhydroxylamine, followed by isolation and 
detection with HPLC-ESI-MS-MS.  185     Collins et al. 
reported a method for the quantifi cation of a 3 ′ -phos-
phoglycoaldehyde in cells with pentafl uorobenzylhy-
droxylamine followed by GC-MS.  164   Consequently, 
many of the known dR lesions can be reliably quantifi ed 
in cells. Burrows et al. recently quantifi ed the number 
of lesions that occurred on oligonucleotides and from 
nucleosides that arise from different oxidation systems. 
The number and type of damage was attenuated by the 
type of oxidation system.  186    

  4.3.3     Novel Types of Ribose and Guanine Oxidative 
Lesions and Future Outlook 

  4.3.3.1     Tandem Lesions     ROS can induce the forma-
tion of not only single-nucleobase lesions, but also 
lesions in close proximity. There are two types of close 
proximity lesions, tandem and clustered lesions. Tandem 
lesions are two, adjacent, oxidized DNA residues.  187    

 Clustered lesions are formed when two or more 
damaged bases are positioned within 20 base pairs of 
each other.  188     Importantly, an early study by Sutherland 
et al. demonstrated that, upon ionizing radiation, up to 
20% of DNA damage was in the form of DSBs.  189     These 
data pose strong evidence in support of clustered and 
tandem lesions (Fig.  4.4 ). This is due to the fact that the 
large size of genomic DNA makes it statistically unlikely 
that lesions would form within 20 base pairs of each 

 In addition, dR-based radicals can react with the same 
or opposite strand to generate an oxidative DNA–DNA 
cross-link.  177   

 Lesions of dR are repaired effectively through a 
variety of DNA repair pathways. Many of the SSBs 
discussed previously leave unnatural fragments and are 
considered blocked ends. The blocked SSBs, if not 
repaired, can be converted into highly cytotoxic double-
stranded break by DNA replication. The blocked ends 
must be processed into an unblocked end. The damaged 
DNA strand is cleaved by specifi c endonucleases which 
generate an unblocked end with a gap in the DNA helix, 
ready for polymerization.  178   One pathway, nucleotide 
excision repair, is responsible for the clearance of a 
large variety of DNA lesions that are bulky, helix-
distorting, or blocking RNA transcription, which 
includes dR modifi cations.  179     The mechanism of nucleo-
tide excision repair begins with the recognition of a 
DNA lesion by XPC complexes.   Next, the excision of a 
lesion is accomplished by XPG and XPF associated with 
ERCC1. The resulting gap is then fi lled, and the nick is 
sealed.   Several products, including cycloaddition adducts, 
large 3 ′ -blocks, and cross-links, are considered bulky 
lesions. Thus, nucleotide excision repair is vital to the 
processing of these lesions.  180     Results from the Fisher 
group indicate that the function of the XPF–ERCC1 
complex in the repair of oxidative damage is to trim a 
3 ′ -blocked terminus. Such activity leads to the genera-
tion of a 3 ′ -hydroxyl end, allowing for completion of 
SSB repair or DSB repair.  180   Additionally, it has recently 
been shown that, as a last resort, translesion polymer-
ases can add nucleotides past AP sites.  181   There are spe-
cialized translesion polymerases that replace arrested 
replicative polymerases at the lesion to allow bypass. 
The purpose of this polymerase is to seal gaps contain-
ing lesions and process closely spaced lesions on oppo-
site DNA strands.  181   

 Several methods and procedures have been devel-
oped to quantify major products of abasic and dR 
oxidation. Dedon et al. developed a technique to 
quantify the 1 ′ -hydrogen abstraction product, 2-
deoxyribonolactone, and the 5 ′ -hydrogen abstraction 
product, nucleoside 5 ′ -aldehyde, by GC-MS with isoto-
pomeric internal standards.  161   Thus, both the least and 
the most common abstraction positions can be probed 
under biological conditions. As a positive control for 
5 ′ -abstraction products, the enediyne calicheamicin 
was used, producing nucleoside-5 ′ -aldehydes at a 
rate of  ∼ 564 lesions per 10 6   μ M nucleotides. The 2-
deoxyribonolactone adduct occurred at only 10 lesions 
per 10 6   μ M nucleotides. Methods for measuring AP sites 
in cells include aldehyde-reactive probes,   accelerator 
MS,  32 P-postlabeling assays, and plasmid nicking 
assays.  164,182,183     AP sites can be measured using  14 C-labeled 

  Figure 4.4         Tandem and clustered lesions. Oxidation of DNA 
at base #1 in the presence of oxygen forms a DNA-bound 
radical capable of abstracting a nearby electron at base #2. 
This abstraction leads to an endoperoxide at base #1 and a 
guanine radical cation at base #2. Both these lesions are con-
verted into oxidized DNA lesions. Problematically, if repaired 
simultaneously or spontaneous formation of an abasic site 
occurs, a weak helix is formed. The weak helix can break apart, 
giving rise to highly cytotoxic double-strand breaks. The mech-
anism of tandem lesion formation is shown in Reference  194 . 



102  DNA OXIDATION

formation that allows for dATP to be inserted opposite 
the oxidized base.  203   In addition, a single substitution to 
a phenylalanine from a tyrosine leads to misincorpora-
tion of guanidinohydantoin-ribose triphosphates by a 
polymerase.  204   Mutations occurring as spiroiminodihy-
dantoin and guanidinohydantoin lesions are recognized 
by  Escherichia coli  base excision repair enzymes like 
FPG, NEI, NTH.  205,206     The eukaryotic repair enzyme 
NEIL1 can excise spiroiminodihydantoin and guanidi-
nohydantoin lesions.  207     In addition, a study by Liu et al. 
illustrates that NEIL3 glycosylase can recognize spi-
roiminodihydantoin  in vitro  and  in vivo . Current 
research aims to elucidate which hyperoxidized gua-
nines occur in cells at detectable levels. 

other. DSBs are formed during repair when a gap on 
each strand in close proximity is generated. Thus, the 
two strands can be easily melted, forming a DSB.  190    

 Several forms of insults produce these lesions.  175,191     The 
reason for high levels of clustered and tandem lesions 
is based on chemical mechanism. For example, forma-
tion of the C8-OOH intermediate (see Section  4.2 ) 
requires reduction. The terminal oxygen atom can either 
attack a nearby DNA base or abstract an electron to 
produce a radical at an adjacent DNA site.  191   

  Both  in vitro  and  in vivo  results support that tandem 
and clustered lesions cause mutations.  192   These lesions are 
strong replication blocks and are more diffi cult to repair  

 than when they are present alone.  193     Although repair by 
the base excision repair mechanisms is diffi cult, tandem 
lesions are effi ciently recognized by nucleotide excision 
repair and translesion synthesis enzymes.  194   Since most 
tandem lesions are alkaline-labile, treatment with 
NaOH results in strand scission and enhances cleavage 
at the radical sites of DNA.  195     Quantitative measure-
ment of the effi cient formation of tandem lesions in 
DNA can be performed by several analytical techniques. 
These techniques include liquid chromatography 
coupled to ESI-MS-MS and   MALDI-TOF-MS.  196    

  4.3.3.2     Hyperoxidized Guanine     Guanine oxidation 
results predominantly in the formation of 8O-dG as well 
as a variety of other products.  46   A diverse array of 
8O-dG oxidation products, including cyanuric acid, 
oxaluric acid, and 2,5-diaminoimidazalone, have been 
characterized due to the ease of 8O-dG oxidation (Fig. 
 4.5 ).  197     Importantly, each of these novel lesions, if they 
occur in cells, will impart a distinct mutational and cyto-
toxicity profi le. Two lesion structures, spiroiminodihy-
dantoin and guanidinohydantoin, have recently been 
under investigation. It should be noted that each of 
these two adducts possesses a novel stereocenter that 
leads to the formation of several isomers.  55   Spiroimi-
nodihydantoin lesions are observed at neutral pH on 
nucleotides, while guanidinohydantoin lesions predomi-
nate at low pH and in oligonucleotides.  198–200     The struc-
ture of spiroiminodihydantoin was determined by 
HPLC, UV-vis spectroscopy, ESI-MS-MS,   and  13 C NMR 
analysis.  201     Melting temperature analysis indicates that 
duplexes containing both spiroiminodihydantoin and 
guanidinohydantoin are destabilized relative to 
guanine.  199     Sugden et al.   detected spiroiminodihydan-
toin lesions  in vivo  for the fi rst time in bacteria lacking 
DNA repair. This fi nding indicates that these lesions are 
likely occurring in cells.  61     Both spiroiminodihydantoin 
and guanidinohydantoin lesions possess high mutation 
frequency. .   202   In fact, this study found essentially 100% 
mutation formation. For example, a recent crystal struc-
ture showed that guanidinohydantoin adopts a syn con-

  Figure 4.5         Representative cross-link adducts. Representa-
tive oxidatively induced DNA–protein adducts. Eleven pos-
sible cross-link structures are shown (single isomer). 
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right panel shows dT-based cross-links that are hydroxyl 
radical specifi c. Dizdaroglu et al. identifi ed a dT-aromatic 
cross-link in 1985.  223   Thymidine cross-links have also 
been observed to tryptophan, to histone, and to 
phenylalanine.  224–226   Mechanistically, electrons are 
abstracted from both the amino acid and the thymidine. 
The two radicals then combine to form the cross-link. 
Not shown are reactive nitrogen-based cross-links and 
metal-bound cross-links.  227–229   We were able to form a 
cross-link between the model protein, Ribonuclease A, 
and a guanine-rich DNA sequence designed to predom-
inantly form cross-links in the presence of various oxi-
dants, including rose bengal, ribofl avin, Cu(II), and 
Fe(II).  57,68,230   Moreover, the group showed how the 
guanine oxidation product forms a cross-link with the 
side chain of amino acids such as lysine and tyrosine. 
The major forms of these lesions are detected by gel 
electrophoresis   and MS.  231   Clearly, cross-links are a 
large and complex subset of DNA lesions. Their exami-
nation is ongoing.    

  FUTURE OUTLOOK OF  DNA  OXIDATIVE 
LESIONS 

 In the 100 years since DNA oxidation has been known, 
much progress has been made. Today, most lesions have 
known structures, biochemistry, and cellular effects. In 
this last section, a fl avor for the direction of the reactive 
oxygen DNA damage fi eld is illustrated. Though this is 
only a small sampling of research that goes on, some 
important observations can be made. Importantly, 
research is moving into the cell to determine which 
lesions are detectable and most important as far as reac-
tive oxygen. The reader is reminded that the cell is a 
complex environment with many compounds that can 
alter the mechanism of lesion formation. Inside a cell, 
the concentrations of DNA and protein are extremely 
high, while the cell is not a dilute aqueous solution with 
freely diffusing molecules. In this complex cellular envi-
ronment, tandem lesions seem to be strongly favored, 
and proteins may be able to participate in cross-link 
formation. Highly accurate, precise, and technically 
simple detection of DNA lesion formation in a cells may 
pave the way for new diagnostic markers for many 
disease states.  95    
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   OVERVIEW 

 Aerobic organisms are constantly exposed to  reactive 
oxygen species  ( ROS ) and other related reactive species. 
These reactive species are able to cause oxidative 
damage to biomolecules, leading to cell and tissue injury. 
Therefore, a number of endogenous antioxidants and 
phase 2 proteins have been evolved to counteract the 
detrimental effects of ROS and related reactive species. 
A balance between ROS generation and their detoxifi -
cation by antioxidants and phase 2 proteins is main-
tained under normal physiological conditions. However, 
disruption of this balance by increased ROS production 
can lead to oxidative stress and tissue injury. Similarly, 
downregulation of antioxidants and phase 2 proteins by 
chemical agents may also contribute to oxidative stress 
and tissue injury under certain conditions. This chapter 
begins with a brief description of how antioxidants and 
phase 2 proteins are defi ned, followed by a survey of the 
major cellular antioxidants and phase 2 proteins, their 
role in protecting against ROS, as well as their molecu-
lar regulation. A discussion of the chemical agents 
capable of inhibiting or downregulating endogenous 
antioxidants and phase 2 proteins is then presented, 
followed by conclusions and perspectives.  

  5.1     DEFINITIONS OF ANTIOXIDANTS AND 
PHASE 2 PROTEINS 

  5.1.1     Antioxidants 

 The term antioxidant has been defi ned in various ways 
in the literature. One way to defi ne it is that antioxidant 
is any substance that can prevent, reduce, or repair the 
ROS-induced damage of a target biomolecule.  1   Antioxi-
dants protect ROS and other related reactive species-
induced damage by three general mechanisms, as listed 
below:

   •    Inhibition of ROS generation 
  •    Scavenging of ROS already formed 
  •    Repair of ROS-induced damage.    

  5.1.2     Phase 2 Proteins 

 Phase 1 and phase 2 reactions are related to biotransfor-
mation of xenobiotics. Phase 1 biotransformation reactions 
include oxidation, reduction, and hydrolysis. Phase 
2 biotransformation involves primarily conjugation 
reactions, such as conjugation with endogenous cellular 
ligands glutathione (GSH) and glucuronic acid. Glutathione 
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dase activity of catalase in converting alcohol (AH 2 ) to 
aldehyde (A):

    2 2 2 2 2H O H O OCAT⎯ →⎯⎯ +     (5.2)  

    H O AH A H OCAT
2 2 2 22+ ⎯ →⎯⎯ +     (5.3)   

 The role of catalase in antioxidant defense is dependent 
on the types of tissues and the models of oxidative tissue 
injury. In general, animals defi cient in catalase are more 
susceptible to oxidative stress-mediated tissue injury. 
Conversely, genetic overexpression of catalase in mice 
renders these animals ’  increased resistance to various 
pathophysiological processes involving oxidative stress, 
such as aging, atherosclerosis, cardiomyopathy, and 
tissue ischemia-reperfusion injury.  5–7    

  5.2.3      GSH  and  GSH -Related Enzymes 

  5.2.3.1      GSH        GSH is a tripeptide ( γ -glutamylcyste-
inylglycine) synthesized from three amino acids via two 
successive enzymatic reactions in cytoplasm.  8   The fi rst 
step involves a combination of cysteine and glutamate 
to produce  γ -glutamylcysteine. This reaction is catalyzed 
by GCL, also known as  γ -glutamylcysteine synthetase 
(Eq.  5.4 ). The next step involves the enzyme  glutathione 
synthetase  ( GS ), which catalyzes the addition of gly-
cine to the dipeptide to form   γ -glutamylcysteinylglycine  
( GSH ) (Eq.  5.5 ). Both steps require coupled ATP hy-
drolysis:

    
Cysteine Glutamate ATP

-Glutamylcysteine ADP PiGCL

+ +

⎯ →⎯⎯ + +γ
    (5.4)  

    
γ

γ

-Glutamylcysteine Glycine ATP

-GlutamylcysteinylglycGS

+ +

⎯ →⎯ iine ADP Pi+ +
  

  (5.5)   

 GCL is the rate-limiting enzyme of GSH biosynthesis. 
This enzyme consists of two subunits, the heavy catalytic 
subunit designated as GCLC and the light modifi er 
subunit designated as GCLM. As the name indicates, 
GCLM modulates the activity of GCL and affects the 
steady-state levels of GSH in mammalian cells. 

 In mammalian cells and tissues, GSH is mainly 
involved in four types of biochemical reactions: (1) reac-
tion with ROS, (2) reaction with electrophiles, (3) reac-
tion with other nonenzymatic antioxidants, and (4) 
protein deglutathionylation.  9   These chemical properties 
largely contribute to the benefi cial effects of GSH 
observed in various disease conditions. 

 The biological activities of GSH have been investi-
gated by modulating its levels in cells or tissues. Increas-
ing cellular or tissue GSH affords protection against 
ROS- and electrophile-elicited injury in various disease 
models. Elevation of tissue GSH levels also leads to 

 S -transferase (GST) and uridine diphosphate (UDP)-
glucuronosyltransferase catalyze conjugation with GSH 
and glucuronic acid, respectively. These enzymes, along 
with many others involved in phase 2 biotransformation 
reactions of xenobiotics, are classically referred to as 
phase 2 proteins or enzymes. 

 Recently, the term phase 2 proteins is expanded to 
include not only the above conjugation enzymes but 
also NAD(P)H:quinone oxidoreductase (NQO), epoxide 
hydrolase, dihydrodiol dehydrogenase,  γ -glutamylcysteine 
ligase (GCL), heme oxygenase-1, leukotriene B4 dehy-
drogenase, afl atoxin B1 dehydrogenase, and ferritin.  2   
Some of the above phase 2 proteins, such as GCL, heme 
oxygenase-1, and ferritin are typically classifi ed as anti-
oxidants. Thus, the compound term antioxidative/phase 
2 proteins is frequently encountered in the literature.   

  5.2     ROLES IN OXIDATIVE STRESS 

  5.2.1     Superoxide Dismutase 

 There are three isoforms of  superoxide dismutase  
( SOD ) in mammals: (1) copper, zinc superoxide dis-
mutase (Cu,ZnSOD or SOD1), (2) manganese superox-
ide dismutase (MnSOD or SOD2), and (3)  extracellular 
superoxide dismutase  ( ECSOD  or SOD3). Cu,ZnSOD 
is present mainly in cytosol. MnSOD exists in mitochon-
drial matrix. ECSOD is associated with plasma mem-
brane or present in extracellular space. All three 
isoforms of SODs catalyze dismutation of superoxide 
(O 2   −  ) to form hydrogen peroxide (H 2 O 2 ) and molecular 
oxygen with a similar reaction rate constant (Eq.  5.1 ):

    2 22 2 2 2O H H O OSOD•− ++ ⎯ →⎯⎯ +     (5.1)   

 The role of SODs has been demonstrated in genetically 
manipulated animals. Targeted disruption of SODs 
results in oxidative tissue degeneration in various animal 
models. On the other hand, transgenic overexpression 
of each of the three isozymes of SODs in animal models 
leads to protection against various pathophysiological 
processes associated with oxidative stress. For example, 
overexpression of Cu,ZnSOD, MnSOD, or ECSOD in 
mice protects against tissue ischemia-reperfusion injury 
and hyperoxia-induced lung injury.  3    

  5.2.2     Catalase 

  Catalase  ( CAT ) is a heme-containing enzyme primarily 
present in peroxisomes. It is best known for its ability 
to catalyze the decomposition of H 2 O 2 , a product of 
SOD enzymatic activity, to form water and molecular 
oxygen (Eq.  5.2 ). Catalase also possesses peroxidase 
and oxidase activities toward a number of substrates, 
including alcohols.  4   Equation  5.3  illustrates the peroxi-
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(Eq.  5.8 ) and is critical for maintaining the high ratios 
of intracellular GSH to GSSG  17  :

   GSSG NADPH H GSH NADPGR+ + ⎯ →⎯ ++ +2     (5.8)   

 By maintaining the high ratios of GSH to GSSG, GR 
plays an important role in detoxifi cation of ROS as well 
as in the regulation of cellular redox homeostasis. 
GR-defi cient mice are shown to be more susceptible to 
ROS-induced tissue injury. Inhibition of GR activity in 
animals or cultured cells by chemical inhibitors or small 
interfering RNA techniques results in increased sensi-
tivity to oxidative injury. On the other hand, transgenic 
overexpression of GR in animal models is reported to 
extend survival under hyperoxic conditions.  18   Increased 
expression of GR in macrophages also decreases ath-
erosclerotic lesion formation and vascular oxidative 
stress in low-density lipoprotein receptor-defi cient 
mice.  19    

  5.2.3.4      GST      GST is a general term for a superfamily 
of enzymes that catalyze the conjugation of GSH to a 
wide variety of xenobiotics.  20   Some GST isozymes also 
regulate a number of cellular processes via nonenzy-
matic reactions. This superfamily of enzymes consists of 
three major families widely distributed in mammalian 
tissues: (1) cytosolic GSTs, (2) mitochondrial GSTs, and 
(3) microsomal GSTs, which are now referred to as 
 membrane-associated proteins in eicosanoid and gluta-
thione  ( MAPEG ) metabolism. Among these families, 
cytosolic GSTs are the most extensively studied enzymes 
involved in detoxifi cation of xenobiotics and ROS, and 
play important roles in protecting mammalian cells and 
tissues from electrophilic and oxidative stress.  20   These 
enzymes catalyze the conjugation reactions of GSH 
with various electrophilic xenobiotics, including reactive 
aldehydes and quinone compounds to form less reactive 
conjugates (xenobiotic-GS) (Eq.  5.9 ). Some GST iso-
zymes also exhibit GPx activity, catalyzing reduction 
of organic hydroperoxide (LOOH) to form alcohol 
(LOH) (Eq.  5.10 ):

    Xenobiotic GSH Xenobiotic-GSGST+ ⎯ →⎯⎯     (5.9)  

    LOOH GSH LOH GSSG H OGST+ ⎯ →⎯⎯ + +2 2     (5.10)   

 The biological activities of GST isozymes can be sum-
marized into the following three categories: (1) protec-
tion against toxicity of electrophilic xenobiotics and 
ROS via enzymatic reactions, (2) protection against 
chemical carcinogenesis through detoxifi cation of elec-
trophilic carcinogens, and (3) regulation of cellular 
processes such as cell signaling and apoptosis via non-
enzymatic reactions.  21     

protection against experimental carcinogenesis. In con-
trast, depletion of cellular or tissue GSH sensitizes 
animals to various pathophysiological processes involv-
ing oxidative and electrophilic stress.  10   These include 
neurodegeneration, tissue ischemia-reperfusion injury, 
and xenobiotic/drug-induced toxicity.  

  5.2.3.2     Glutathione Peroxidase      Glutathione perox-
idase  ( GPx ) refers to a family of multiple isozymes. In 
mammalian tissues, there are six GPx isozymes, namely, 
GPx1, 2, 3, 4, 5, and 6.  11   GPx1, 2, 3, and 4 are selenopro-
teins. All of the GPx isozymes are able to catalyze the 
reduction of H 2 O 2  or organic hydroperoxides (LOOH) 
to water or corresponding alcohols (LOH) using GSH 
as an electron donor (Eq.  5.6  and Eq.  5.7 ). During the 
reactions, GSH is oxidized to glutathione disulfi de 
(GSSG):

    H O GSH H O GSSGGPx
2 2 22 2+ ⎯ →⎯⎯ +     (5.6)  

    LOOH GSH LOH GSSG H OGPx+ ⎯ →⎯⎯ + +2 2     (5.7)   

 The biological activities of individual GPx isozymes 
have been studied in transgenic overexpression and 
gene knockout animal models. For example, GPx1 
knockout (GPx1  − / −  ) mice are more sensitive to tissue 
injury induced by redox cycling chemicals, including 
paraquat and doxorubicin. Knockout of GPx1 gene 
also sensitizes the mice to tissue ischemia-reperfusion 
injury, angiotensin II-induced vascular oxidative stress, 
and development of atherosclerosis.  12–14   Mice with 
overexpression of GPx1 are more resistant to oxidative 
tissue injury induced by redox cycling chemicals. 
GPx3 may act as one of the major scavenger of ROS 
in plasma. Mice overexpressing GPx3 are resistant to 
lipopolysaccharide-induced endotoxemia, infl amma-
tion, and oxidative stress.  15   The GPx3-overexpressing 
mice manifest better control of ROS levels under high 
body temperatures when compared with wild-type mice. 
In addition, GPx3 plays a role in regulating the bioavail-
ability of vascular nitric oxide, a critical antioxidative 
and anti-infl ammatory molecule in the cardiovascular 
system.  16   Taken together, extensive experimental evi-
dence demonstrates an important role for GPx isozymes 
in protecting tissues from oxidative stress injury.  

  5.2.3.3     Glutathione Reductase     As noted above, 
GSH, upon reaction with ROS, is oxidized to GSSG. In 
mammalian cells, the ratios of intracellular GSH to 
GSSG are high, usually in the range of 10 : 1 to 100 : 1. 
Maintenance of such high ratios of intracellular GSH 
to GSSG is essential for normal cellular activities, 
including redox signaling.  Glutathione reductase  ( GR ) 
reduces GSSG to GSH by using NADPH as a cofactor 
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available, form. The assembled ferritin molecule, often 
referred to as a nanocage, can store up to 4500 atoms of 
iron. Iron in the ferritin nanocage is insoluble and is 
most likely redox inactive. Ferritin has a central role in 
the control of cellular iron homeostasis. Sequestration 
of iron ions by ferritin is also an important mechanism 
for controlling iron-mediated oxidative damage.  25    

  5.2.7      UDP -Glucuronosyltransferase 

  UDP-glucuronosyltransferase  ( UGT ) is a superfamily 
of phase 2 biotransformation enzymes which include 
UGT1 and UGT2 subfamilies.  26   These enzymes are 
predominately located in the endoplastic reticulum of 
liver and other tissues, such as kidney, gastrointestinal 
tract, lungs, skin, and brain. UGTs catalyze the conjuga-
tion of glucuronyl group from  uridine 5 ′ -diphosphogluc-
uronic acid  ( UDP-GA ) with endogenous and exogenous 
substrates, generating glucuronide products that are 
more water soluble, less toxic, and more readily excreted. 
Glucuronidation is responsible for the elimination of a 
diverse range of compounds such as steroids, drugs, and 
environmental toxicants, and is thus generally consid-
ered as a major detoxifi cation mechanism.   

  5.3     MOLECULAR REGULATION 

  5.3.1     General Consideration 

 The critical involvement of ROS in both physiology and 
pathophysiology makes it necessary to regulate endog-
enous antioxidants and phase 2 proteins so as to control 
the undesired effects of these reactive species while 
permitting their physiological functions. There are mul-
tiple mechanisms involved in the regulation of mam-
malian antioxidant and phase 2 genes. Among them, the 
nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) 
appears to play the most important role in the regula-
tion of a wide variety of antioxidant and phase 2 genes 
as well as other novel cytoprotective factors in mammals, 
including humans.  27    

  5.3.2      N rf2 Signaling 

 Nrf2 is a member of the vertebrate  Cap“n”Collar  
( CNC ) transcription factor subfamily of  basic leucine 
zipper  ( bZip ) transcription factors. Other members of 
the CNC subfamily of transcription factors include Nrf1, 
Nrf3, and p45 NF-E2. It has become established that 
Nrf2 plays a central role in regulating both the constitu-
tive and inducible expression of a wide variety of mam-
malian antioxidant and phase 2 genes. Nrf2 activation 
occurs under a variety of stress conditions, including 
exposure to mild oxidative or electrophilic stress. 
Various classes of chemical inducers are known to 

  5.2.4      NAD(P)H :Quinone Oxidoreductase 

  NAD(P)H:quinone oxidoreductase  ( NQO ) refers to a 
family of fl avoproteins that include two members, NQO1 
and NQO2 in mammals.  22   NQO1 and NQO2 stand for 
NAD(P)H:quinone oxidoreductase 1 and NRH:quinone 
oxidoreductase 2, respectively. NQO2 uses dihydronico-
tinamide riboside (NRH) rather than NAD(P)H as an 
electron donor. NQO1 has received much more exten-
sive studies than does NQO2 in mammalian systems. 

 The biological functions of NQO1 include  23   (1) two 
electron reductions and detoxifi cation of reactive 
quinone compounds and derivatives, (2) maintenance of 
the endogenous lipid-soluble antioxidants  α -tocopherol 
and ubiquinone in their reduced and active forms, (3) 
direct scavenging of superoxide, and (4) stabilization of 
the tumor suppressor p53 protein.  

  5.2.5     Heme Oxygenase 

  Heme oxygenase  ( HO ) is the rate-limiting enzyme in 
heme catabolism. In mammals, two major isoforms of HO 
exist: the inducible form HO-1 and the constitutively 
expressed form HO-2.  24   HO-1 is expressed at low levels 
in most tissues under physiological conditions, with the 
exception of the spleen. HO-2 is constitutively expressed 
in mammalian tissues under physiological conditions. 

 Both HO-1 and HO-2 catalyze the degradation of 
heme to biliverdin with concurrent release of iron (Fe 2 +  ) 
and  carbon monoxide  ( CO ). This reaction requires 
molecular oxygen as well as reducing equivalents from 
NADPH cytochrome P450 reductase. The biliverdin 
generated in the HO reaction is reduced to bilirubin by 
biliverdin reductase. 

 Since heme is a pro-oxidant, its degradation by HO 
minimizes the oxidative stress induced by excess heme. 
Both biliverdin and bilirubin possess antioxidant activi-
ties as well as other cytoprotective functions, such as 
anti-infl ammation and antiproliferation. Carbon mon-
oxide is also known to exert anti-infl ammatory, antip-
roliferative, and vasodilatory activities.  24   Due to the 
pro-oxidant activity of iron (e.g., participation in Fenton 
reaction, leading to the formation of hydroxyl radical), 
the iron released from HO-catalyzed reaction would 
seem to lead to detrimental effects. However, induction 
of HO activity and release of iron are usually associ-
ated with concurrent induction of ferritin, an iron-
chelating protein. Induction of ferritin thus minimizes 
the pro-oxidant potential of the released iron. Exten-
sive studies have established HO enzymes as critical 
antioxidant defenses in mammalian systems.  

  5.2.6     Ferritin 

 Ferritin is a 24-subunit protein whose principal role in 
mammals is the storage of iron in a nontoxic, but bio-
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pounds, (2) dithiolethiones, (3) isothiocyanates, and (4) 
triperpenoids.  28    

  5.4.2     Chemoprotection 

 The chemical agents listed above in Section  5.1  have 
been demonstrated to provide chemoprotective effects 
in various animal models, including oxidative and elec-
trophilic tissue injury, infl ammatory disorders, and 
chemical carcinogenesis.  28,29   Studies in Nrf2  − / −   mouse 
models show that the above chemoprotective effects 
occur primarily via activation of Nrf2 and the subse-
quent induction of the Nrf2-regulated antioxidants and 
phase 2 proteins. It is worth to note that the coordinated 
actions of various antioxidants and phase 2 proteins are 
essential for effective detoxifi cation of ROS and other 
related reactive species that participate in tissue injury. 
Hence, the coordinated induction of Nrf2-regulated 
antioxidant and phase 2 defenses by chemoprotective 
agents may represent an effective strategy for interven-
tion of disease conditions involving an oxidative stress 
component. Such a strategy would be particularly useful 
when tissue antioxidants and phase 2 proteins are down-
regulated or compromised due to pathophysiological 
conditions.   

  5.5     DOWNREGULATION 

 As stated above, cellular antioxidants and phase 2 pro-
teins can be upregulated by chemical inducers. They can 
also be downregulated or inactivated by chemical 
agents, including drugs and environmental toxicants. 
Downregulation or inhibition of cellular antioxidants 
and phase 2 proteins may also cause oxidative stress, 
contributing to tissue injury and disease pathophysiology. 

  5.5.1     Selective Chemical Inhibitors 

 A number of chemical agents have been shown to selec-
tively inhibit antioxidant enzymes and phase 2 proteins, 
and as such, many of them are frequently used as chemi-
cal tools for studying the biological activities of antioxi-
dants and phase 2 proteins. These include the SOD 
inhibitor  N , N -diethyldithiocarbamate, catalase inhibi-
tor 3-amino-1,2,4-triazole, GSH synthesis inhibitor 
buthionine sulfoximine (BSO), GPx inhibitor mercap-
tosuccinate, GST inhibitor sulfasalazine, NQO1 inhibi-
tor dicumarol, and HO inhibitors metalloporphyrins. 
There have been a number of studies showing that some 
of the above inhibitors may be able to induce oxidative 
stress in biological systems at least partially via their 
inhibition of the respective antioxidants and phase 2 
proteins. 

upregulate endogenous antioxidants and phase 2 pro-
teins via activating Nrf2 both  in vitro  and  in vivo .  28   

 Nrf2 normally resides in the cytosolic compartment 
through association with a cytosolic actin-binding 
protein, Keap1 (Kelch-like ECH-associated protein 1), 
which is also known as INrf2 (inhibitor of Nrf2). Keap1 
plays a central role in the regulation of Nrf2 activity. 
Keap1 exists as dimers inside the cells and functions as 
a substrate linker protein for interaction of Cul3/Rbx1-
based E3-ubiquitin ligase complex with Nrf2, leading to 
continuous ubiquitination of Nrf2 and its proteasomal 
degradation. Hence, the continuous degradation of Nrf2 
under basal conditions keeps the Nrf2 level low and 
thereby the low basal levels of Nrf2-regulated antioxi-
dant and phase 2 genes. When the cells encounter the 
stress, such as exposure to oxidants or chemical induc-
ers, Nrf2 dissociates from Keap1, becomes stabilized, 
and translocates into the nuclei. Inside the nuclei, Nrf2 
interacts with other protein factors, including  small Maf  
( sMaf ), and binds to the antioxidant response element, 
leading to increased transcription of antioxidant and 
phase 2 genes.  29   Several potential mechanisms have 
been proposed to explain the dissociation of Nrf2 from 
Keap1 under stress conditions. These include modifi ca-
tions of cysteine residues of Keap1 and phosphorylation 
of Nrf2.  29    

  5.3.3     Other Regulators 

 In addition to Nrf2, several other transcription factors 
and signaling pathways are also found to regulate anti-
oxidant and phase 2 gene expression under certain con-
ditions. These include Nrf1, Nrf3, NF- κ B, AP-1, AhR, 
p53, and cAMP-response element-binding protein. In 
general, as compared with Nrf2 these transcription 
factors and signaling molecules have limited roles in 
regulating mammalian antioxidant and phase 2 genes. 
They usually participate in the regulation of certain 
genes under particular conditions or in specifi c types 
of cells.   

  5.4     INDUCTION IN CHEMOPREVENTION 

  5.4.1     Chemical Inducers 

 It is established that Nrf2 plays a major role in mediat-
ing the upregulation of cellular antioxidants and phase 
2 proteins by various chemical inducers. In the fi eld of 
chemoprotection or chemoprevention, several classes of 
chemicals are commonly used for induction of cellular 
antioxidants and phase 2 proteins to protect against 
disease conditions associated with oxidative and elec-
trophilic stress. These chemoprotective agents include 
the following four chemical classes: (1) phenolic com-
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activity and cause oxidative damage  41,42  ; however, the 
causal role of GST inhibition in the elicited oxidative 
tissue injury was not clear. In this regard, treatment of 
animals with sulfasalazine also resulted in decreased 
levels/activities of other antioxidants, including SOD 
and GSH.  42   Inhibition of these antioxidants might also 
contribute to the oxidative stress induced by sulfasala-
zine in various animal models.  

  5.5.1.5     Dicumarol     Dicumarol is a selective inhibi-
tor of NQO1 though it may also affect other enzymes 
such as mitochondrial electron transport enzyme com-
plexes at high concentrations. As discussed earlier, 
NQO1 is an important antioxidant enzyme with multi-
ple activities against oxidative stress. For example, 
NQO1 is able to maintain  α -tocopherol and ubiquinone 
in their reduced forms which are effective antioxidants. 
Inhibition of NQO1 by dicumarol in cultured cells was 
shown to diminish the antioxidant activity of ubiqui-
none and sensitize the cells to ROS-induced cytotoxic-
ity.  43,44   In cancer cells, inhibition of NQO1 by dicumarol 
also led to increased formation of superoxide and induc-
tion of cytotoxicity.  45,46   These observations suggested 
that inhibition of NQO1 could provoke oxidative stress 
in cells.   

  5.5.2     Drugs and Environmental Toxic Agents 

 In addition to the selective inhibitors of antioxidants 
and phase 2 proteins, a number of other chemical agents, 
including drugs and environmental toxicants, have also 
been shown to induce oxidative stress possibly via inhi-
bition of endogenous antioxidant and phase 2 defenses. 
For example, administration of therapeutic doses of 
doxorubicin to mice resulted in decreased levels/
activities of myocardial antioxidants, including GSH, 
GR, and GPx.  47   Such deceased antioxidant defenses 
were thought to contribute to oxidative cardiomyopa-
thy associated with doxorubicin treatment. However, it 
remains unclear how doxorubicin treatment causes 
decreased levels/activities of the aforementioned anti-
oxidants in myocardium. Another example of drug-
mediated downregulation of antioxidants and phase 2 
proteins is butulinic acid. This compound is purifi ed 
from  Pulsatilla chinensis , and has been found to have 
selective inhibitory effects on hepatitis B virus. It was 
recently reported that butulinic acid inhibited hepatitis 
B virus replication in hepatocytes by downregulation of 
MnSOD expression with subsequent ROS generation 
and mitochondrial damage in the infected cells.  48   It was 
further shown that MnSOD expression was suppressed 
by butulinic acid-induced cAMP-response element-
binding protein dephosphorylation at Ser133, which 
subsequently prevented MnSOD transcription.  48   

  5.5.1.1       N  ,  N  -Diethyldithiocarbamate     Dithiocarba-
mates are an important class of compounds that possess 
a diverse set of chemical properties and biological 
activities that are utilized in pesticidal, industrial, and 
therapeutic applications. Among dithiocarbamates, 
 N , N -diethyldithiocarbamate has been extensively 
studied with respect to its inhibition of SOD.  N , N -
diethyldithiocarbamate chelates copper ion and as such 
inactivates Cu,ZnSOD both  in vitro  and  in vivo . Mul-
tiple studies demonstrated that inhibition of Cu,ZnSOD 
by  N , N -diethyldithiocarbamate led to oxidative stress 
and tissue injury.  30,31   It should be noted that  N , N -
diethyldithiocarbamate may also affect other enzymes 
and cause oxidative stress via different mechanisms. 
Indeed, treatment with  N , N -diethyldithiocarbamate was 
shown to induce cellular copper ion accumulation, leading 
to copper-dependent oxygen radical generation.  32,33    

  5.5.1.2     3-Amino-1,2,4-Triazole     Although azide, 
cyanide, peroxynitrite, and hypochlorious acid all inhibit 
catalase, they are nonselective. In contrast, 3-amino-
1,2,4-triazole has been characterized as a highly selec-
tive inhibitor of catalase in both cultured cells and 
animal models. Treatment of both cell cultures and 
experimental animals with this compound has been 
shown to selectively inhibit catalase activity leading to 
oxidative stress, as revealed by increased levels of H 2 O 2  
and oxidative damage of biomolecules.  34,35   Inhibition of 
cellular catalase by 3-amino-1,2,4-triazole was also 
found to sensitize the cells to exogenous ROS-induced 
cytotoxicity.  36,37    

  5.5.1.3      BSO      BSO is a highly selective inhibitor 
of GCL, the key enzyme in GSH biosynthesis (Section  
5.2.3.1). Treatment of both cell cultures and animals 
with BSO has been conclusively shown to deplete cel-
lular or tissue GSH. Depletion of cellular GSH by BSO 
was found to increase ROS levels and induce oxidative 
damage, including apoptosis in various types of cells, 
supporting the notion that GSH is an important endog-
enous antioxidant defense under basal conditions. 
Administration of BSO to animals could also cause oxi-
dative stress and tissue degeneration under basal condi-
tions, and sensitize the animals to a wide variety of 
pathophysiological conditions, such as tissue ischemia-
reperfusion injury and chemically induced oxidative 
tissue degeneration.  38,39    

  5.5.1.4     Sulfasalazine     Sulfasalazine is a commonly 
used mesalamine analog for the treatment of infl amma-
tory bowel disease. Sulfasalazine was reported to inhibit 
GST activity in cancer cells and sensitize these cells to 
anticancer drug-induced cytotoxicity.  40   Administration 
of sulfasalazine to animals was shown to inhibit GST 
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     CONCLUSIONS AND PERSPECTIVES 

 Under physiological conditions, production of ROS and 
the functionality of endogenous antioxidants and phase 
2 proteins are balanced, and thus, no obvious oxidative 
damage occurs. However, this balance could be dis-
turbed, leading to overt ROS accumulation by either 
stimulation of ROS production or inhibition/
downregulation of antioxidants and phase 2 proteins. 
While increased ROS generation is a well-recognized 
mechanism of oxidative stress, inhibition or downregu-
lation of antioxidants and phase 2 proteins as a mecha-
nism leading to oxidative stress has not been extensively 
investigated. Several classes of chemicals have been 
found to either inhibit or downregulate endogenous 
antioxidants and phase 2 proteins, resulting in oxidative 
stress and tissue/cell injury. However, the molecular 
pathways leading to inactivation or downregulation 
of the above endogenous defenses remain largely 
unknown. Future studies should focus on identifi cation 
of additional chemical agents capable of inhibiting or 
downregulating antioxidants and phase 2 enzymes, the 
underlying molecular mechanisms, and the causal 
involvement in oxidative stress and tissue injury. In 
addition, future studies should also focus on identifi ca-
tion of nonchemical agents that may cause downregula-
tion of antioxidants and phase 2 proteins and subsequent 
oxidative stress. In this context, it was reported that the 
antioxidants MnSOD and HO-1 could be downregu-
lated by viral infections, which might explain the 
increased susceptibility of the infected cells to oxidative 
stress injury.  54,55   Together, these studies would provide 
important insight into the molecular mechanisms of 
oxidative stress in human disease conditions, and con-
tribute to the development of mechanistically based 
strategies for disease intervention.  
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OVERVIEW

Mitochondria are the powerhouses of the living cell, 
producing most of the cell’s energy by oxidative phos-
phorylation. The process of energy transduction requires 
the orchestrated action of four major respiratory enzyme 
complexes and ATP synthase (ATPase). High-resolution 
structure is now available for the hydrophilic domain 
and part of hydrophobic domain from complex I, com-
plete structures of complexes II–IV, and F1-ATPase. In 
addition, mitochondria play a central role in the regula-
tion of programmed cell death. Mitochondria trigger 
apoptosis by rupture of electron transport and energy 
metabolism, by releasing (cytochrome c) and activating 
(caspase) proteins that mediate apoptosis, and by alter-
ing cellular redox potential via reactive oxygen species 
(ROS) production. The abovementioned mechanism 
can help to explain a variety of disease pathogenesis 
caused by mitochondrial defects or mitochondrial dys-
function. In this chapter we focus on the mechanism of 
oxygen free radical(s) production by mitochondrial 
electron transport chain (ETC), redox alterations, and 
how these mechanisms control disease process.

6.1 MITOCHONDRIA AND 
SUBMITOCHONDRIAL PARTICLES

The classical mitochondrial cross-section is obtained 
from thin sections viewed under the electron micro-
scope.1 Their shape is not fixed but can change continu-
ously in the cell, and the appearance and density of 

cristae can be quite different in mitochondria isolated 
from different tissues. Thus, heart mitochondria tend to 
have a greater surface area of cristae than liver and 
others due to required periods of high respiratory 
activity.

The outer mitochondrial membrane possesses pro-
teins, termed porins, which act as nonspecific pores for 
solutes of molecular weight less than 10 kDa, and is 
therefore freely permeable to ions and most metabo-
lites (Fig. 6.1). The mitochondrial porin is also called 
voltage-dependent anion channel (VDAC). It should be 
emphasized that there is no potential gradient across the 
permeable outer membrane, and the voltage dependency 
is only seen in synthetic reconstitution experiments.

The inner membrane hosts the ETC and ATP  
synthase, which is energy transducing. When mitochon-
drial preparations are negatively stained with phospho-
tungstate, the component of ATPase where adenine 
nucleotide and phosphate bind can been seen as knobs 
on the matrix face (N-side or the negative compartment; 
Fig. 6.1).

The enzymes of the citric acid cycle are in the matrix, 
except for succinate dehydrogenase, which is bound to 
the N face of inner membrane. The protein concentra-
tion in the matrix can approach 500 mg mL−1; thus, the 
consistency of the inner mitochondrial compartment is 
more gel-like rather than a dilute medium. NAD+ and 
NADP+ of the matrix pools are separate from those in 
the cytosol, while matrix ADP and ATP communicate 
with the cytoplasm through the adenine nucleotide 
translocator (ANT) of inner membrane (Fig. 6.2 and 
Fig. 6.7).
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Mitochondria are usually prepared by gentle homog-
enization of the tissue in isotonic sucrose (for osmotic 
support and to minimize aggregation) followed by dif-
ferential centrifugation to separate mitochondria from 
nuclei, cell debris, and microsome (fragmented endo-
plasmic reticulum [ER]). This method is effective with 
fragile tissues such as liver and brain. Preparation of 
mitochondria from tougher tissue such as heart must 
either first be incubated with the protease nagarse or 
briefly exposed to a blender to break the muscle fibers. 
yeast mitochondria are isolated following digestion of 
the cell wall with snail-gut enzyme.

ultrasonic disintegration or mechanical pressing 
(such as French Press) of mitochondria produces 
inverted submitochondrial particles (SMPs) (inside-out 
vesicle, Fig. 6.1). Because these have the substrate 
binding sites for both the respiratory chain and the F1-
ATPase on the outside, they have been much exploited 

Figure 6.1 Schematic representation of a typical mitochon-
dria and submitochondrial particle (SMP). P and N refer to 
the positive and negative compartments. SMP is inverted and 
inside out.

Figure 6.2 Schematic representation illustrating the relationship of oxidative phosphorylation, production of reactive oxygen 
species, and initiation of programmed cell death or apoptosis. (Adapted with permission from Science 1999, 283, 1482–1488. Copy-
right 1999 AAAS.) See color insert.
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by-products of respiration (Fig. 6.2). The one-electron 
reduction of O2 yields O2

•−. Therefore, O2
•− generation 

by mitochondria is mainly derived from the electron 
leakage from ETC. For example, under the physiologi-
cal conditions of state 4 respiration, the oxygen tension 
in mitochondria is low; oxygen consumption by ETC 
does not meet the needs of oxidative phosphorylation. 
A decrease in the rate of mitochondrial phosphoryla-
tion can increase the electron leakage from the ETC 
and subsequent production of O2

•−. Superoxide anion 
radical is converted or detoxified to hydrogen peroxide 
(H2O2) by the mitochondrial Mn superoxide dismutase 
(MnSOD or SOD2 isoform), and H2O2 is further con-
verted to H2O by glutathione peroxidase (GPx) in the 
presence of a reductant (Eq. 6.1 and Eq. 6.2). In mito-
chondria, the reductant is glutathione (GSH), and the 
produced oxidized glutathione (GSSG) is recycled to 
GSH by glutathione reductase in an NADPH-dependent 
catalysis. Normally, mitochondria produce 0.6–1.0 nmol 
of H2O2 min−1 mg−1 protein, accounting for 2% oxygen 
uptake, under the conditions of state 4 respiration.4 
The produced H2O2 may modestly induce mitochon-
drial oxidative stress, or diffuse to cytosol, acting as a 
signaling molecule to trigger important physiological 
response, such as vessel dilation:

 O O H O O2 2 2 2 2
•− •−+ → +  (6.1)

 H O GSH H O GSSG2 2 22 2+ → +  (6.2)

 H O Fe Fe HO HO2 2
2 3+ → + ++ + − •  (6.3)

 H O O O HO HO2 2 2 2+ → + +•− − •  (6.4)

The proteins of mitochondrial ETC are rich in metal 
cofactors such as heme (complexes II, III, and IV) and 
iron–sulfur (Fe–S) clusters (complexes I, II, and III). 
Oxidative stress in mitochondria can be greatly enhanced 
in the presence of reduced transition metal because 
H2O2 can be converted to the highly reactive hydroxyl 
radical via the Fe2+-dependent Fenton reaction (Eq. 6.3). 
Alternatively, hydroxyl radical also can be produced via 
the mechanism of Fe3+-catalyzed Haber–Weiss mecha-
nism (Eq. 6.4). under patho-physiological conditions of 
certain diseases, decreasing the function of ETC and 
oxidative phosphorylation can increase mitochondrial 
ROS production. Acute ROS exposure can inactivate 
the iron–sulfur centers of complexes I, II, and III, and 
tricarboxylic acid (TCA) cycle aconitase, resulting in a 
shutdown of mitochondrial energy production, and 
chronic ROS exposure can result in oxidative damage 
to mitochondrial and cellular proteins, lipids, and nucleic 
acids. Therefore, oxidative stress induced by mitochon-
drial ROS overproduction is closely linked to disease 
pathogenesis.

for investigation into the mechanism of energy trans-
duction and oxygen free radical generation.

6.2 ENERGY TRANSDUCTION

Mitochondrial oxidative phosphorylation plays a major 
role in three important physiological or pathophysiolog-
ical aspects: (1) energy transduction, (2) production of 
reactive oxygen species, and (3) regulation of cellular 
apoptosis.2,3 Mitochondrial energy transduction for ATP 
synthesis is driven by reoxidation of NADH and FADH2, 
which is carried out by the ETC located within the inner 
membrane. ETC mediates a stepwise electron flow from 
NADH or succinate to molecular oxygen through a 
series of electron carriers, including complex I, II, ubi-
quinone, complex III, cytochrome c, and complex IV. 
Electron flow mediated by ETC can drive proton trans-
location from the matrix side to the cytoplasmic side. 
ATP synthesis is then catalyzed by F1,F0-ATPase driven 
by the flow of protons back across the membrane. This 
process is called oxidative phosphorylation (Fig. 6.2).

When the Clark oxygen electrode was first being 
applied to mitochondrial studies, Chance and Williams 
proposed a convention following the typical order of 
addition of agents during an experiment, which allows 
to define so-called respiratory “states” and determine 
the P/O ratios. In this experiment, mitochondria were 
added to an oxygen electrode chamber, followed by a 
mixture of glutamate and malate or succinate as sub-
strate. Respiration is slow (state 2 respiration) due to 
low amount of ADP and that proton circuit is not com-
pleted by H+ re-entry through ATPase. A limited amount 
of ADP is added, allowing ATPase to synthesize ATP 
coupled to proton reentry across the membrane, which 
is defined as “state 3 respiration.” Oxygen uptake is 
accelerated during state 3 respiration, and the total 
oxygen uptake is effectively used for ATP synthesis. When 
ADP is exhausted, respiration slows down and finally, 
anoxia is attained, which is state 4 respiration. State 4 
respiration is not ADP-dependent, and technically can 
be attained by the ATPase inhibitor, oligomycin.

6.3 MITOCHONDRIAL STRESS

under most physiological conditions, electron transport 
is tightly coupled to oxidative phosphorylation (Fig. 
6.2).2,3 In other words, electrons do not usually flow 
through the ETC to O2 unless ADP is simultaneously 
phosphorylated to ATP. Oxidative phosphorylation is 
the major endogenous source of reactive oxygen species 
such as O2

•− (superoxide anion radical), H2O2 (hydrogen 
peroxide), and HO• (hydroxyl radical), which are toxic 
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dria. Studies using isolated mitochondria indicate O2
•− 

and H2O2 production by complex I is mainly controlled 
by NADH/NAD+ redox coupling and succinate-induced 
reverse electron transfer. Two segments of complex I 
are widely recognized to be responsible for enzyme-
mediated O2

•− generation: one is involved in the cofac-
tor of FMN and FMN-binding moiety at the 51 kDa 
polypeptide (FMN-binding subunit), and the other is 
located on the ubiquinone-binding site that mediates 
ubiquinone reduction.

6.4.1.1 The Role of FMN Moiety The mechanism of 
O2

•− generation is likely derived from direct reaction of 
reduced FMN (FMNH2) or reduced FMN semiquinone 
radical (FMNH•−) with molecular oxygen.14,15 Based on 
investigations using the models of intact complex I and 
its Fp subcomplex (NDH) with EPR spin-trapping tech-
nique, enzyme-mediated O2

•− generation by intact 
complex I or NDH can be inhibited by a general inhibi-
tor of flavoprotein, diphenyleneiodonium chloride 
(DPI). Addition of free FMN can increase enzyme-
mediated O2

•− generation by intact complex I or NDH. 
However, FMN addition could not reverse the inhibi-
tion by either DPI treatment or heat denaturation of 
either intact complex I or NDH. These results support 
the involvement of FMN and FMN-binding protein 
moiety in the mediation of O2

•− generation by the Fp of 
complex I. Further evidence has been provided by redox 
titration of mitochondrial O2

•− generation using mito-
chondrial inner membrane (SMP). The redox potential 
of O2

•− production at the site of complex I was deter-
mined to be ∼ −295 mV. The midpoint potential of the 
superoxide-producing site at complex I clearly differs 
from the values of iron–sulfur clusters but resembles the 
value of FMN (∼ −310 mV), also supporting the FMN 
moiety as a potential site of superoxide generation.

6.4.1.2 The Role of Ubiquinone-Binding Domain 
The second site associated with complex I-mediated 
O2

•− generation has been proposed to be the site of 
ubiquinone reduction, presumably due to the formation 
of an unstable ubisemiquinone radical (SQ) that is the 
source of O2

•−.16,17 The ubisemiquinone radical is formed 
via incomplete reduction of ubiquinone under the con-
ditions of enzyme turnover. Evidence of SQ involve-
ment has been investigated using EPR detection of 
enzymatic system in the presence or absence of spin 
trap. SQ can be categorized as a stable ubisemiquinone 
radical that is EPR detectable, and as an unstable 
ubisemiquinone radical that is not detected by EPR due 
to a short life at room temperature. unstable ubisemi-
quinone radical is thus a source of O2

•− under physio-
logical conditions. A nitrone spin trap such as DEPMPO 
or DMPO normally does not trap unstable SQ due to a 

6.4 SUPEROXIDE RADICAL ANION 
GENERATION AS MEDIATED BY ETC AND 
DISEASE PATHOGENESIS

under these conditions, a decrease in the rate of mito-
chondrial oxidative phosphorylation can increase the 
oxygen free radicals, in the form of O2

•−, from the early 
stages of ETC.2–8 Two segments of the ETC have been 
widely hypothesized to be responsible for O2

•− genera-
tion. One, on the NADH dehydrogenase (NDH) (or 
flavin subcomplex) of complex I, operates via electron 
leakage from the reduced flavin mononucleotide (FMN). 
The other, on complex III, mediates O2

•− production 
through Q-cycle mechanism, in which electron leakage 
presumably results from auto-oxidation of ubisemiqui-
none and reduced cytochrome b. Furthermore, there is 
an increasing body of evidence that links overproduc-
tion of O2

•− with a defect in complex II. under ischemic 
conditions, phosphorylation of complex IV may also 
increase electron leakage and O2

•− production. There-
fore, mediation of O2

•− production by complex II or 
complex IV is highly relevant in disease conditions.

6.4.1 Mediation of O2
•− Generation by Complex I

Mitochondrial complex I (EC 1.6.5.3. NADH: ubiqui-
none oxidoreductase [NQR]) is the first energy-
conserving segment of the ETC.9–15 There are two 
reasons why complex I is the least well-understood com-
ponent of the mammalian mitochondrial ETC. First, it 
is very large, about the same size as the large subunit of 
a ribosome. Purified bovine heart complex I contains up 
to 45 different polypeptides with a total molecular mass 
approaching 980 kDa. With the use of chaotropic anions 
such as perchlorate, complex I can be resolved into 
three fractions (or three subcomplexes): a flavoprotein 
fraction (Fp), an iron-sulfur protein fraction (Ip), and a 
hydrophobic fraction (Hp). The Fp contains the cata-
lytic activity of NDH. Second, the redox centers, apart 
from the FMN, are iron–sulfur centers, which cannot be 
studied by optical spectroscopy but instead require the 
more difficult technique of low-temperature electron 
paramagnetic resonance (EPR).13 The complex I cata-
lyzes the transfer of two electrons from NADH to ubiqui-
none in a reaction that is coupled with the translocation 
of four protons across the membrane, and that is inhib-
ited by rotenone and piericidin A. The redox centers of 
complex I that are involved in mediation of two-electron 
transfer include a noncovalent FMN, eight iron–sulfur 
clusters, and ubiquinone. Current evidence suggests that 
the proton translocation stoichiometry is 4H+/2e−.

In addition to its functions of electron-transfer and 
energy transduction, the catalysis of complex I provides 
the major source of oxygen free radicals in mitochon-
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N1a may act as an antioxidant to protect the enzyme 
from oxidative damage. The iron–sulfur clusters in 
complex I should play a secondary role in the formation 
of O2

•− by complex I. Studies using intact mitochondria 
from rat brain indicates rotenone-insensitive O2

•− gen-
eration by complex I is far less sensitive to CMB 
(p-chloromercuriobenzoate, iron–sulfur cluster blocker) 
treatment than DPI treatment.14 However, several 
research groups have proposed that in intact mitochon-
dria and SMP, most of the O2

•− may be generated around 
the N2/ubiquinone site, suggesting that electron leakage 
at the N2 center is coupled to incomplete reduction of 
ubiquinone.

The 75-kDa subunit hosts three iron–sulfur clusters 
(N1b, N4, N5) of mammalian complex I. Residues 77–97 
of the 75-kDa mature protein, 100WNILTNSEKTK-
KAREGVMEFL120 (p75), may exhibit a β-sheet-α-
turn-helix (blue region in the homolog model of 75-kDa 
subunit in Fig. 6.3A). A similar structure (91MVVDTLS-
DVVREAQAGMVEFT111 in the Nqo3 of 2FuG) is 
observed in T. thermophilus. The nearest distances 
between the major α-helix of p75 and the iron–sulfur 
clusters are about 11.2 Å (from M117 (Cα) to N5), 11.6 Å 
(to N1b), and 14.3 Å (to N4) based on the homolog 
model (Fig. 6.3A). The peptide of p75 can be designed 
as a B cell epitope. The polyclonal antibody generated 
against p75 is named Ab75. Binding of Ab75 antibody 
to complex I resulted in the inhibition of O2

•− genera-
tion by 35% as assayed by EPR spin-trapping with 
DEPMPO.

6.4.1.4 The Role of Cysteinyl Redox Domains In 
mitochondria, the generation of O2

•− and the oxidants 
derived from it can act as a redox signal in triggering 
cellular events such apoptosis, proliferation, and senes-
cence.17,19–24 The mitochondrial redox pool is enriched in 
GSH with a high physiological concentration (in milli-
molar range). Overproduction of O2

•− and O2
•−-derived 

oxidants increases the ratio of GSSG to GSH. More-
over, the proteins of the mitochondrial ETC are rich in 
protein thiols. Complex I is the major component of the 
ETC to host protein thiols, which comprise structural 
thiols involved in the ligands of iron–sulfur clusters and 
the reactive/regulatory thiols that are thought to func-
tion in antioxidant defense and redox signaling. Physi-
ologically, the complex I-derived regulatory thiols have 
been implicated in the regulation of respiration, nitric 
oxide utilization, and redox status of mitochondria. It 
has been well documented that the 51-kDa and 75-kDa 
subunits of the complex I hydrophilic domain are two 
of the major polypeptides that host regulatory thiols.

The C206 (Cys206) moiety of the 51-kDa subunit plays 
a unique role as a reactive thiol in oxidative damage to 
complex I. The C206 of the 51-kDa subunit is also involved 

less reactive nature of SQ. It is thus anticipated that 
O2

•− generated from unstable SQ can be trapped by 
DMPO or DEPMPO and ready for EPR detection. 
Studies using isolated complex I and EPR spin trapping 
indicates that enzyme-mediated O2

•− generation driven 
by NADH was enhanced twofold in the presence of 
ubiquinone-1 (Q1) compared with that in the absence of 
Q1. More than 80% of the enhanced O2

•− generation can 
be inhibited by rotenone, thus supporting (but not nec-
essarily proving) a O2

•− generation mechanism involving 
the reduction of ubiquinone to an unstable semiquinone 
radical. The formation of an unstable semiquinone 
radical under enzyme turnover conditions is likely 
mediated through the ubiquinone-binding site of the 
Hp subcomplex in complex I.

The formation of a stable ubisemiquinone-1 (SQ1) 
has been detected by direct EPR under enzyme turn-
over conditions (or steady state) in the presence of 
intact complex I, NADH, and Q1. The signal of formed 
SQ1 can be enhanced by rotenone or piericidin A. Pre-
sumably, binding of rotenone or piericidin A to the 
ubiquinone-binding site of complex I decreases the for-
mation of unstable SQ1 and subsequently increases 
stable SQ1 at steady state, thus reducing O2

•− generation 
mediated by ubiquinone-binding domain.

Ohnishi et al.16 have reported the presence of two 
distinct semiquinone species with different spin relax-
ation times in complex I in situ based on a study using 
rat heart SMP. They are SQNf (semiquinone with fast 
relaxing time) and SQNs (semiquinone with slow relax-
ing time). The SQ1 detected during steady state at room 
temperature can be logically assigned to be SQNs, 
because the signal is not quenched by rotenone or pieri-
cidin A. The unstable semiquinone as a source of O2

•− is 
likely to be SQNf, which is highly sensitive to rotenone 
or piericidin A.

6.4.1.3 The Role of Iron–Sulfur Clusters Mamma-
lian complex I hosts as many as eight iron–sulfur clus-
ters, which are essential redox centers controlling the 
electron transfer during enzyme turnover.12,13,17,18 Iron–
sulfur clusters identified with the use of EPR include 
the binuclear clusters N1a and N1b and the tetranuclear 
clusters N2, N3, N4, and N5. Sequence comparisons 
suggest that complex I contains two more tetranuclear 
clusters, N6a and N6b, in subunit TyKy. Based on the 
x-ray structure of the hydrophilic domain of bacterial 
respiratory complex I from Thermus thermophilus, the 
organization of iron–sulfur clusters in complex I has 
been elucidated. The main route for electron transfer 
within the enzyme is likely to be NADH→FMN→N3→
N1b→N4→N5→N6a→N6b→N2→ubiquinone. N1a (2Fe-
2S center) of the 24 kDa subunit is not reduced by NADH 
and has the lowest midpoint potential (∼ −370 mV). 
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75-kDa subunits affects the O2
•− generation activity of 

complex I by marginally decreasing electron leakage 
and increasing electron transfer efficiency. High dosage 
of GSSG or diamide-induced glutathionylation tends to 
decrease the catalytic function of complex I and increase 
enzyme-mediated O2

•− generation. Binding of antibod-
ies against the peptide of 200GAGAyIC206GEETALIES
IEGK219(pGSCA206 in Fig. 6.3B) decreases complex 
I-mediated O2

•− generation by 37%. Since FMN serves 
as a source of O2

•−, binding of antibodies may prevent 
molecular oxygen from accessing FMN, resulting in a 
subsequent decrease in O2

•− production. In addition, 
binding of the antibodies against the peptide of 361VDS-
DTLC367TEEVFPTAGAGTDLR382 (pGSCB367 in Fig. 
6.3A) inhibits O2

•− production by complex I by 57%. 
The distance of pGSCB367 to iron–sulfur clusters is 
relatively long; thus, binding of antibodies to the 75-kDa 
subunit of complex I likely triggers long range confor-
mational changes in the 75-kDa polypeptide to reduce 
O2 interactions. Binding of either antibody does not 
affect the electron transfer activity of complex I. There-
fore, the redox domains involved in the glutathionyl-
ation are responsible for modulating electron leakage 
for O2

•− production by complex I.
Other types of complex I-derived redox modifica-

tions, such as protein tyrosine nitration, have been 
detected in the postischemic myocardium and aging 
process. Several redox domains targeted by tyrosine 
nitration have been identified, but their roles in the 

in site-specific S-glutathionylation (via binding of gluta-
thione). The peptide identified to form protein thiyl 
radical and GS-binding is 200GAGAyIC206GEET-
ALIESIEGK219, which is highly conserved in the bacte-
rial, fungal, and mammalian enzymes (90% sequence 
identity to the bacterial enzyme). An x-ray crystal 
structure of the hydrophilic domain of respiratory 
complex I from T. thermophilus indicates that this con-
served cysteine (Cys182 in T. thermophilus) is only 6 Å 
from the FMN, which is consistent with the role of C206 
as a redox-sensitive thiol and FMN’s serving as a source 
of O2

•−.12

The polypeptide of 75 kDa is the other subunit of 
complex I to be involved in redox modification via S- 
glutathionylation. Based on the liquid chromatography–
tandem mass spectrometry (LC-MS-MS) analysis, 
S-glutathionylation of C367 can be induced by oxidized 
GSSG through protein thiol disulfide exchange. C554 and 
C727 were S-glutathionylated when the complex I of 
bovine heart mitochondria was oxidatively stressed by 
diamide. The GS-binding peptides identified include 
361VDSDTLC367TEEVFPTAGAGTDLR382, 544MLFLL-
GADGGC554ITR557, and 713AVTEGAHAVEEPSIC727. 
Although the identified GS-binding domains are not 
conserved in the bacterial and fungal enzymes (only 
27.3% sequence identity in the bacterial enzyme), they 
are highly conserved in the mammalian enzymes.

Based on an EPR spin-trapping study, GSSG-induced 
glutathionylation of complex I at the 51-kDa and the 

Figure 6.3 (A) Homology model of the 75-kDa subunit using the crystal structure of T. thermophilus (2FuG) as a template. 
Arrows show the domains of pGSCB367 and p75, denoted by red and blue ribbons. (B) Homology model of the 51-kDa subunit. 
Arrows show the domains of pGSCA206 and p51, denoted by red and blue ribbons. (Adapted with permission from J. Pept. Sci. 
2011, 96, 207–221. Copyright 2011 John Wiley & Sons.) See color insert.
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6.4.2.1 The Role of FAD Moiety The generation of 
O2

•− by the FAD moiety of complex II may arise from 
FADH2 auto-oxidation or FADH•− auto-oxidation.27,31,32 
Evidence has been documented in the mammalian  
and bacterial enzyme via use of the inhibitor, 
2-thenoyltrifluoroacetone (TTFA). However, until now 
there has been no direct evidence supported by EPR. 
TTFA is a classical inhibitor for the ubiquinone reduc-
tion of complex II by occupying its ubiquinone-binding 
sites. Therefore, binding of TTFA to the enzyme induces 
electron accumulation at the early stage of complex II. 
Based on the EPR spin-trapping study using isolated 
complex II and a supercomplex (SCR) hosting complex 
II and complex III, the inhibitory effect of TTFA on the 
O2

•− generation by complex II or SCR indicates that 
FADH2 auto-oxidation mediated by FAD-binding 
moiety partially contributes to the O2

•− production. The 
production of O2

•− by complex II or SCR is minimized 
under the conditions of enzyme turnover in the pres-
ence of Q2 or cyt c.

6.4.2.2 The Role of Ubiquinone-Binding Site Mam-
malian complex II contains at least two ubiquinone-
binding sites (namely, Qp and Qd).28–30 Qp is on the 
matrix side, and Qd is near the intermembrane space 
site. Because the ubiquinone-binding site in complex  
II is close to the TTFA-binding site, EPR signal  
derived from ubisemiquinone of complex II is sensitive 
to TTFA. The location of Qp site and its quinone-
binding pocket can be revealed by comparison of mam-
malian complex II (pdb 1ZOy) structure with the 
superimposed Escherichia coli SQR structure (pdb 
1NEK). The quinone-binding pocket at the Qp site is 
formed by second helix of cybL, second helix of cybS, 
and the [3Fe-4S] ligating region. The residues in the 
quinone-binding site, His B216, Pro B169, Trp B172, Trp 
B173, Ile B218, Ser C42, Ile C43, Arg C46, Tyr D91, and 
Asp D90, are strictly conserved among mammalian 
complex II and E. coli SQR (His B207, Pro B160, Trp 
B163, Trp B164, Ile B209, Ser C27, Ile C28, Arg C31, Tyr 
D83, and Asp D82 in Fig. 6.4). These conserved residues 
form the quinone-binding environment (Fig. 6.4). under 
physiological conditions, ubiquinone reduction medi-
ated by complex II is well controlled via quinone-
binding environment. Alteration(s) of quinone-binding 
environment results in incomplete reduction of ubiqui-
none, leading to increasing ROS production.

6.4.2.3 Mutations of Complex II Are Related with 
Mitochondrial Diseases Mutations of complex II 
cause electron leakage from the prosthetic groups in the 
electron transfer chain, producing ROS and leading to 
tumor formation and neurodegeneration.29,30,33–36 Elec-
trons could leak from the FAD group and the Qp site. 

regulation of O2
•− production remain unclear and have 

yet to be defined.

6.4.1.5 Complex I, Free Radicals, and Parkinsonism 
Two important complex I inhibitors, 1-methyl-4-
phenylpyridinium (MPP+) and rotenone, have been used 
to induce permanent symptoms of Parkinson’s disease 
by destroying neurons in the substantia nigra.25,26 They 
have been used in the study of animal disease model. 
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 
is the precursor of MPP+ and a potential neurotoxin. 
Injection of MPTP causes a rapid onset of Parkinson-
ism. MPTP is not toxic. However, MPTP is a lipophilic 
compound that can cross the blood–brain barrier. Once 
inside the brain, MPTP is metabolized to toxic anion 
MPP+ by monoamine oxidase-B of glial cells. MPP+ pri-
marily kills dopamine-producing neurons of the sub-
stantia nigra. MPP+ inhibits complex I of the ETC and 
leads to overproduction of oxygen free radicals and 
other free radicals that contribute to neuronal death in 
dopaminergic cells. Like MPP+, rotenone also interferes 
with complex I and induces the buildup of free radicals, 
causing cell death.

6.4.2 Mediation of O2
•− Generation by Complex II

Mitochondrial complex II (EC 1.3.5.1. succinate : ubi-
quinone oxidoreductase) is a key membrane complex in 
the TCA cycle that catalyzes the oxidation of succinate 
to fumarate in the mitochondrial matrix.27–32 Succinate 
oxidation is coupled to reduction of ubiquinone at the 
mitochondrial inner membrane as one part of the respi-
ratory ETC. Complex II mediates electron transfer 
from succinate to ubiquinone through the prosthetic 
groups of flavin adenine nucleotide (FAD); [2Fe-2S] 
(S1), [4Fe-4S] (S2), and [3Fe-4S] (S3); and heme b. The 
enzyme is composed of two parts: a soluble succinate 
dehydrogenase (SDH) and a membrane-anchoring 
protein fraction. SDH contains two protein subunits, a 
70-kDa protein with a covalently bound FAD, and a 
30-kDa iron–sulfur protein hosting S1, S2, and S3 iron–
sulfur clusters. The membrane-anchoring protein frac-
tion contains two hydrophobic polypeptides (14 kDa 
and 9 kDa) with heme b binding.

The catalysis of complex II is believed to contribute 
to superoxide generation in mitochondria. Two regions 
of the enzyme complex are hypothesized to be respon-
sible for generating the O2

•−. One is located on the FAD 
cofactor and is modulated by FADH• semiquinone, 
while the other is likely located on the ubiquinone-
binding site which acts in the mediation of ubiquinone 
reduction. Defects in the complex II leading to O2

•− 
overproduction have been linked with the pathogenesis 
of certain diseases.
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ischemia and reperfusion injury, oxidative impairment 
of the electron transfer activity of complex II is marked 
in the region of myocardial infarction.32,37,38 The injury 
of complex II is closely related to the mitochondrial 
dysfunction or loss of FAD-linked oxygen consumption 
in the postischemic heart. Further evaluation of the 
redox biochemistry of complex II indicated alternations 
of oxidative posttranslational modification are marked 
in the postischemic myocardium, including deglutathio-
nylation of 70-kDa FAD-binding subunit (loss of GSH 
binding) and an increase in the level of protein tyrosine 
nitration of the 70 kDa subunit. Therefore, oxidative 
inactivation and the consequence of redox modifica-
tions may be served as the disease marker of myocardial 
infarction.

6.4.3 Mediation of O2
•− Generation by Complex III

6.4.3.1 The Q-Cycle Mediated by Complex III Mito-
chondrial complex III catalyzes the electron transfer 
from ubiquinol (QH2) to ferricytochrome c, which is 
coupled to proton translocation for ATP synthesis.31,39–43 
The redox centers of complex III consist of QH2, cyto-
chrome bL (low potential b or b566), bH (high potential b 
or b562), and c1, and the Rieske iron–sulfur cluster 
(RISP). The electron transfer from QH2 to cytochrome 
c follows the Q-cycle mechanism.

In the Q-cycle mechanism, there are two semiqui-
nones formed in different parts of the cycle (Fig. 6.5A). 
An unstable semiquinone (Qo

•−) is formed near the 
cytoplasmic site. The other semiquinone (Qi

•−), formed 
near the matrix side (negative site or inner site), is a 
stable semiquinone and EPR detectable. During the 

However, mutations at the residue around the iron–
sulfur clusters or heme b environment may also cause 
electron leakage for ROS production. For example, (1) 
mutation of Cys to Tyr at position B73 expands [2Fe-2S] 
(S1 center) ligating pocket and destroys its ligation. In 
this instance, electrons cannot be transferred from FAD 
to [4Fe-4S] (S2 center) but can leak into the matrix, thus 
producing ROS and resulting in pheochromocytoma 
symptom.36 (2) Mutation of His to Leu at D79 destroys 
the ligation of heme b, thus abolishing ubiquinone 
reduction at Qp site.33 Consequently, electron is accu-
mulated at [3Fe-4S] (S3 center), resulting in leakage 
into the membrane and ROS production, which mani-
fests itself as head-and-neck paraganglioma. (3) Muta-
tion of Pro B169 (Pro B160 in the E. coli SQR, Fig. 6.4) 
to Arg alters the quinone-binding environment via 
change of [3Fe-4S] ligation conformation and destruc-
tion of Qp site, increasing ROS production and causing 
hereditary paraganglioma in humans.34 (4) Mutation of 
Tyr D91 (Tyr D83 in the E. coli SQR, Fig. 6.4) to Cys 
alters the quinone-binding environment via destruction 
of binding of ubiquinone at the Qp site, resulting in 
ROS production and leading to head-and-neck para-
ganglioma in humans.35 (5) In Caenorhabditis elegans 
(mev-1), mutation of the SDHC (equivalent to CybL of 
human complex II) or the residue equivalent to Ile C28 
confers hypersensitivity to hyperoxia and to oxidative 
stress.29 The mutation affects the Qp site, leads to ROS 
overproduction, the accumulation of aging markers, and 
a shortened life span.

6.4.2.4 Mitochondrial Complex II in Myocardial 
Infarction In the animal disease model of myocardial 

Figure 6.4 (A) Hydrophobic residues in the ubiquinone-binding site of E. coli SQR. (B) Polar interactions in the ubiquinone-
binding site of E. coli SQR. (Adapted with permission from Science 2003, 299, 700–704. Copyright 2003 AAAS.) See color insert.
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Figure 6.5 (A) Superoxide generation mediated by the Q-cycle mechanism in the complex III. The scheme is adapted from 
Reference 31 with modification. Gray areas symbolize the reactions involved in O2

•− production. P, O, and C represent positive, 
outside, and cytoplasmic side, respectively. N, I, and M stands for negative, inside, and matrix side, respectively. (B) x-ray structure 
(pdb 1PPJ) of complex III shows Qo site (occupied by Qo site inhibitor, stigmatellin in green color) is located immediately next 
to the intermembrane space. Structure also shows the Qi site (occupied by Qi site inhibitor, antimycin A in blue color) is located 
next to the matrix site. The subunits of cytochrome b, cytochrome c1, and Rieske iron–sulfur protein (RISP) are denoted by cyan, 
pale green, and yellow ribbons, respectively. See color insert.
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enzyme turnover of complex III, one electron from QH2 
is sequentially transferred to RISP, then cyt c1, and then 
ferricytochrome c. QH2 contains two electrons, but cyt 
c only accepts one electron. This leaves an unstable 
semiquinone formed at the cytoplamic site (Qo

•−). One 
electron from unstable semiquinone is transferred to 
low-potential heme b (bL), and then transferred to high-
potential heme b (bH). One electron from bH is then 

transferred to ubiquinone (Q) to form a stable semiqui-
none at the matrix side. The stable semiquinone can 
accept one electron from a second single turnover to 
complete the cycle, forming QH2.

6.4.3.2 Role of Q Cycle in O2
•− Generation The 

Q-cycle mechanism provides an important theoretical 
basis to explain why complex III is an endogenous 
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6.4.4 Complex IV

Mitochondrial complex IV is cytochrome c oxidase 
(CcO) that catalyzes the sequential transfer of four elec-
trons from the reduced cytochrome c (or ferrocyto-
chrome c) to O2 forming 2H2O.45–48 The reduction of O2 
to H2O provides the driving force for protein transloca-
tion and ATP synthesis. High-resolution structure of the 
bovine heart complex IV, in both fully oxidized and fully 
reduced states, has been obtained. The catalytic function 
of complex IV is mainly controlled by subunit I and 
subunit II in which both subunits are encoded by mito-
chondria DNA (Fig. 6.6). The redox centers of complex 
IV includes two CuA (in a cluster with sulfur atoms in 
subunit II), two a-type heme (heme a and heme a3 are 
located in subunit I), and CuB (in subunit I). The subunit 
II, in addition to two transmembrane helices, has a glob-
ular domain, folded as a β-barrel, which projects into 
the intermembrane space. This is the location of two 
CuA that undergoes a one-electron oxidation–reduction 
reaction. Binuclear CuA center receives electrons, one 
at a time, from ferrocytochrome c.

Heme a and heme a3 of complex IV, located approxi-
mately 15 Å below the P-surface of the membrane 
bilayer, are sandwiched between some of the 12 trans-
membrane α-helices of subunit I. Heme a, slightly closer 
to the CuA center, is the electron acceptor from CuA. 
Heme a3 is within a few angstroms of heme a. One axial 
coordination position to the iron of heme a3 is not occu-
pied by amino acid chain. This is the position where 

Figure 6.6 Schematic representation of subunits I and II of 
complex IV. Copper atoms are represented by green spheres, 
and the iron atoms of the heme a and heme a3 are represented 
by brown spheres.

source of ROS in mitochondria.31,40,43 The semiquinone 
formed near the cytoplasmic space (or outer site, or 
positive site in Figure 6.5A) is an unstable semiquinone 
radical, namely Qo

•−. Qo
•− is a source of O2

•− due to its 
poor stability. Antimycin, myxothiazol, and stigmatellin 
are inhibitors of complex III. Antimycin acts on Qi site, 
preventing the formation of the relatively stable Qi

•−. In 
the presence of this inhibitor, a reduction of cytochrome 
b occurs by accepting an electron from the Qo as the 
other electron from QH2 passes to the RISP and onward 
to cytochromes c1 and c. Therefore, antimycin inhibition 
increases the formation of Qo

•− and subsequent O2
•− 

production. Myxothiazol blocks the formation of Qo
•−, 

while stigmatellin inhibits electron transfer to the cyto-
chrome c1, thus decreasing the formation of Qo

•− and 
subsequent O2

•− production (Figure 6.5A).

6.4.3.3 The Role of Cytochrome bL in O2
•− Genera-

tion As indicated in Figure 6.5A of Q-cycle mecha-
nism, low potential heme b (cytochrome bL or b566) 
accepts one electron from unstable semiquinone.31,44 
The midpoint potential of bL is −50 mV that tends to 
give away the electron. In vitro evidence has supported 
the notion of ferrocytochrome bL to be a source of O2

•−. 
Evidence has shown the involvement of O2

•− generation 
during intramolecular electron transfer from ferrocyto-
chrome b to ferricytochrome c1.

6.4.3.4 Bidirectionality of Superoxide Release as 
Mediated by Complex III Since the anionic form of 
O2

•− is too strongly negatively charged to readily pass 
the inner membrane, O2

•− production mediated by 
complex III can exhibit a distinct membrane sidedness 
or “topology.”41 The Qo site, one of the sources of O2

•−, 
is located near the intermembrane space (Fig. 6.5B). The 
close proximity of the Qo site to the intermembrane 
space can result in invariable release of a fraction of 
complex III-derived O2

•− to the cytoplasmic side of the 
inner membrane. Experimental evidence has supported 
that ∼50% of total electron leak in mitochondria lacking 
CuZnSOD accounts for extramitochondrial superoxide 
release. The remaining ∼50% of electron leak is due to 
superoxide released to the matrix. Hydrogen peroxide 
derived from dismutation of O2

•− in the mitochondrial 
matrix can induce aconitase inhibition. The inhibition of 
aconitase by H2O2 in the matrix can be relieved by the 
Qo site inhibitor stigmatellin. These results indicate that 
superoxide is released to both sides of the inner mito-
chondrial membrane by the semiquinone at the Qo site 
of complex III. In contrast, complex I-mediated super-
oxide is exclusively released into the matrix and that no 
detectable levels escape from intact mitochondria, indi-
cating the hydrophilic domain as the major site of elec-
tron leak.
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enhancing phosphorylation of complex IV, vastly 
increasing reactive oxygen species production by 
complex IV, and augmenting ischemic and subsequent 
reperfusion injuries. Therefore, specific inhibitors of 
PKA have been proposed to render cardiac protection 
against ischemia/reperfusion injury via scavenging the 
pro-oxidant activity of complex IV.

SUMMARY

Mitochondrial superoxide anion radical is generated at 
complex III and complex I. The former site likely 
releases O2

•− into the intermembrane space, while O2
•− 

from complex I may be released into the matrix (Fig. 
6.7). In addition, O2

•− may be membrane permeable in 
its protonated form HO2. under the pathological condi-
tions of certain diseases, overproduction of O2

•− can be 
mediated by complex II (pheochromocytoma symptom, 
head-and-neck paraganglioma, ischemia/reperfusion 
injury) and complex IV (ischemia and ischemia/
reperfusion injury). O2

•− mediated by the ETC is mainly 
controlled by the moieties of flavin-binding (complexes 
I and II), ubiquinone-binding (complexes I, II, and III), 
cytochrome bL (complex III), and possible iron–surfur 
clusters (complex I).

Mitochondria have developed antioxidant defense to 
detoxify O2

•− and O2
•−-derived oxidant. Superoxide dis-

mutase 2 (SOD2) and glutathione couple play the criti-
cal role in scavenging the reactive oxygen species 
produced in mitochondria (Fig. 6.7). using glutathione 

oxygen binds before its reduction to water. Heme a3 is 
also the site of binding of several inhibitors, including 
cyanide, azide, NO, and CO. CuB, the third copper, is 
immediately adjacent to heme a3; it has three histidine 
ligands, suggesting a fourth coordination position may 
be occupied by a reaction product during a specific stage 
of oxygen reduction reaction. One of three ligands, 
histidine-240 (H240 in bovine complex IV), is cross-
linked to a nearby specific tyrosine residue (y244 in 
bovine complex IV) through a covalent bond.47 This 
specific tyrosine is proved in participation to the forma-
tion of protein-tyrosyl radical intermediate during 
enzyme turnover or under oxidant stress induced by 
H2O2. CuB and nearby heme a3 form the so-called binu-
clear center which tightly controls oxygen binding, the 
formation of intermediates (oxy, compound P, and com-
pound F), and reduction of oxygen to H2O. Electron 
leakage for O2

•− generation is not likely occurring during 
the enzyme turnover of complex IV or under normal 
physiological conditions. However, O2

•− production can 
be mediated by complex IV under certain pathophysi-
ological conditions. The activity of complex IV is modu-
lated in response to O2 tension. Submitochondrial 
particle exposed to hypoxic conditions in vitro show 
reduced complex IV activity. Hypoxia exposure of 
murine monocyte macrophage results in cAMP-
mediated inhibition of complex IV activity. The inhibi-
tion of complex IV is accompanied by phosphorylation 
mediated by protein kinase A (PKA) and markedly 
increased O2

•− generation by complex IV. Conditions of 
myocardial ischemia also activate mitochondrial PKA, 

Figure 6.7 Generation of superoxide in mitochondria and interactions among GSH/GSSG couple, NADPH/NADP+ couple, 
NADH/NAD+ couple, and reactive oxygen species.
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M.P. Interactions of mitochondrial thiols with nitric oxide. 
Antioxid. Redox Signal. 2003, 5(3), 291–305.
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of mitochondrial NADH ubiquinone reductase. Biochem-
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tal toxins and Parkinson’s disease: What have we learned 
from pesticide-induced animal models? Trends Pharma-
col. Sci. 2009, 30(9), 475–483.

peroxidase, GSH detoxifies H2O2 generated by SOD2, 
and other pro-oxidants such as tert-butylhydroperoxide 
or lipid hydroperoxide.

NADPH/NADP+ and NADH/NAD+ are two other 
important redox couples. The ratio of NADPH/NADP+ 
is much higher than NADH/NAD+ in the mitochondrial 
matrix. This disequilibrium with highly reduced NADP 
pool is maintained by transhydrogenase and NADP-
linked cytosolic isocitrate dehydrogenase (Fig. 6.7). 
NADPH reduces GSSG to GSH via glutathione reduc-
tase and reduces the oxidized thioredoxin 2 via thiore-
doxin reductase. GSH and reduced thioredoxin 2 
maintain protein thiols in reduced state.49,50
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OVERVIEW

NADPH oxidases are transmembrane, multiprotein 
enzyme complexes that catalyze the formation of  
reactive oxygen species (ROS). Although originally 
identified in phagocytic cells, NADPH oxidases have 
subsequently been shown to be present in a wide variety 
of tissues and contribute to a multitude of cellular pro-
cesses. In this chapter, key structural and functional fea-
tures of the phagocyte and nonphagocyte NADPH 
oxidases are described, including a consideration of 
their roles in physiological and pathophysiological 
events.

7.1 INTRODUCTION

The NADPH oxidases are a family of multi-subunit 
enzymes that catalyze the formation of ROS, such as 
superoxide anion (O2

•−) and hydrogen peroxide (H2O2). 
The classical NADPH oxidase was first characterized in 
phagocytic leukocytes, such as macrophages and neutro-
phils, and it was originally thought that the enzyme was 
restricted to leukocytes and for use in host defense.1 
However, more recent studies have demonstrated that 
similar NADPH oxidases are present in a wide variety 
of nonphagocytic cells and tissues (reviewed in Refer-
ences 2 and 3). While these enzymes are distinct from 
the phagocyte NADPH oxidase and serve in functional 
roles other than host defense, their structural features 
are often similar to those of their phagocyte counter-

part. Understanding the physiological functions of these 
enzymes and their potential roles in pathophysiological 
events is currently an area of great interest. This chapter 
provides an overview of the structural and functional 
features of the phagocyte and nonphagocyte NADPH 
oxidases.

7.2 PHAGOCYTE NADPH OXIDASE 
STRUCTURE

Over time since their discovery, the names given to the 
various phagocyte NADPH oxidase components has 
been revised; however, the currently accepted nomen-
clature for the phagocyte oxidase-specific components 
includes the suffix phox, which refers to phagocyte 
oxidase.4 The one exception is gp91phox, which was more 
recently renamed NOX2.5 Thus, the core NADPH 
oxidase enzyme is composed of a flavocytochrome b 
(heterodimer of p22phox and NOX2), two oxidase-specific 
cytosolic proteins (p47phox and p67phox), and a low-
molecular-weight GTPase (Rac1/2). An additional 
oxidase-specific cytosolic protein (p40phox) and a second 
low-molecular-weight GTPase (Rap1A) have also been 
shown to play roles in regulating oxidase activity; 
however, their specific functions are still being defined. 
Overall, the phox proteins have been highly conserved 
among the various species studied to date, confirming 
the extreme importance of this system in mammalian 
host defense.6,7 Details of each of the individual compo-
nents are summarized as follows.
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system.22 Finally, the more recent discovery of NOX2 
homologs demonstrated conservation of the general 
structure proposed for NOX2, including conservation of 
transmembrane domains and location of the hemes 
within these NOX homologs (see further details later).

As discussed above, early studies suggested that the 
NADPH oxidase included a separate flavoprotein, and 
a number of candidates were proposed (reviewed in 
Reference 23). However, discrepancies in these studies 
with what was known about cytochrome b led to the 
proposal that the flavin adenine dinucleotide (FAD)-
binding site might actually be present within cytochrome 
b, and three groups concurrently provided data demon-

7.2.1 Flavocytochrome b

The first NADPH oxidase component to be identified 
was a nonmitochondrial cytochrome b,8 and it was origi-
nally proposed that this cytochrome b and a flavopro-
tein formed the phagocyte NADPH oxidase.9 Subsequent 
studies demonstrated that neutrophil cytochrome b was 
actually a heterodimer of a 22-kDa nonglycosylated 
protein (α-chain, later named p22phox) and a 91-kDa 
glycoprotein (β-chain, later named gp91phox and then 
NOX2).10–12 Based on the experimentally determined 
heme content of purified cytochrome b, Parkos et al.13 
proposed that more than one heme was present per 
cytochrome b molecule, and additional biochemical 
studies by a number of groups demonstrated that neu-
trophil cytochrome b was a bihistidinyl, multi-heme 
cytochrome with closely spaced hemes.14–16 This model 
was refined even further by cross et al.17 who reported 
that neutrophil cytochrome b contained two nonidenti-
cal hemes with midpoint redox potentials of −225 and 
−265 mV, respectively. Hydropathy analyses of p22phox 
and gp91phox indicated the presence of two to three and 
four to six transmembrane regions in these proteins, 
respectively,13,18 and it is now generally thought that 
p22phox contains two transmembrane domains, while 
gp91phox/NOX2 contains six transmembrane domains 
(reviewed in Reference 19) (Fig. 7.1). In both proteins, 
the c-terminus and N-terminus appear to be located 
inside the cytoplasm.

The presence of two nonidentical hemes fits with the 
proposed function of cytochrome b, which is to trans-
port electrons across the membrane, either extracellu-
larly or into the phagosome, and the location of these 
hemes has been a major topic of investigation in the 
field. currently, the general consensus is that both hemes 
are coordinated by gp91phox/NOX2. This model was 
originally based on sequence similarities between 
gp91phox/NOX2 and yeast iron reductase Fre1, and it was 
proposed20 that both hemes are stacked within gp91phox/
NOX2, between transmembrane helices III and V, and 
coordinated by histidines 101, 115, 209, and 222 (Fig. 
7.1). Additional support for this model came from muta-
genesis studies showing that replacement of these histi-
dines with leucine or arginine resulted in lost or 
significantly decreased heme spectrum and from data 
showing that missense mutations in any of these resi-
dues resulted in the X-linked form of a rare genetic 
disorder known as chronic granulomatous disease 
(cGD), which is characterized by defective NADPH 
oxidase activity.21 Furthermore, p22phox contains only 
one invariant histidine (His94), and mutagenesis of this 
residue showed that a histidine at this position was not 
required for cytochrome b function, further suggesting 
that heme was not shared between subunits in this 

Figure 7.1 Model of phagocyte flavocytochrome b and pro-
posed electron flow. Panel A. Flavocytochrome b is a heterodi-
mer of gp91phox/NOX2 and p22phox. The proposed sites of 
NOX2 glycosylation (Y) and general location of binding 
domains for other redox components (FAD, NADPH) are 
indicated. Panel B. Flavocytochrome b transfers electrons 
across the plasma membrane or phagosomal membrane. 
Redox components involved in this process. Flavocytochrome 
b hemes (H1 are H2) are coordinated by NOX2 transmem-
brane helices (TM-III and TM-V), resulting in a pathway for 
electron transfer across the membrane. The redox midpoint 
potentials at pH 7.0 (Em) shown for each step in the pathway 
indicate that the transfer electrons from NADPH to O2 is 
energetically favorable. See color insert.
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Figure 7.2 Structural models of the NADPH oxidase cyto-
solic cofactors. Major functional domains are indicated on 
these scale models of the phagocyte NADPH oxidase cyto-
solic proteins (Panel A) and the nonphagocyte homologs iden-
tified (Panel B). Src homology 3 (SH3) domains are present 
in all cytosolic cofactors and play a role in protein–protein 
binding interactions by binding to proline-rich domains within 
and between proteins. The N-terminal phox homology (PX) 
domains present in p47phox, p40phox, and NOXO1 participate in 
phosphoinositide binding interactions involved in targeting to 
cellular locaction. The p47phox auto-inhibitory region (AIR) 
mediates an intramolecular interaction to sequester the 
tandem SH3 domains, which become exposed during activa-
tion. In addition, phosphorylation of p47phox releases an intra-
molecular autoinhibitory interaction between the PX domain 
and second SH3 domain. In p67phox and NOXA1, the N-termi-
nal tetratricopeptide repeat (TPR) motifs mediate Rac 
GTPase binding, whereas the activation domains in these pro-
teins participate in the regulation of electron flow from 
NADPH to FAD. The p67phox Phox and Bem (PB1) domain 
plays a role in binding to the p40phox N-terminal Phox and cdc 
(Pc) domain, whereas the role of the NOXA1 PB1 domain is 
undefined. See text for additional details. See color insert.

strating that cytochrome b was indeed a flavocyto-
chrome b (aka flavocytochrome b558).24–26 Likewise, 
these groups also suggested that in addition to binding 
FAD, flavocytochrome b might also contain an NADPH-
binding domain.24–26 Indeed, subsequent studies by 
Koshkin and Pick27 showed that relipidated flavocyto-
chrome b alone could generate O2

•−, indicating that fla-
vocytochrome b was able to functionally bind both FAD 
and NADPH. Thus, NOX2 contains a membrane domain 
that consists of six transmembrane domains that coor-
dinate two nonidentical hemes and a cytosolic dehydro-
genase domain that contains binding sites for FAD and 
NADPH (Fig. 7.1).

It is widely agreed that flavocytochrome b is the only 
catalytic component of the oxidase and functions to 
transfer electrons from NADPH via FAD and two 
hemes to ultimately reduce O2 (Fig. 7.1). On the other 
hand, flavocytochrome b cannot function independently 
in the cell and requires assembly of several cytosolic 
proteins for enzymatic activity, including p47phox, p67phox, 
and Rac GTPase (see below). This compartmentaliza-
tion of NADPH oxidase components in different cel-
lular locations is essential for maintaining the enzyme 
in an inactive state in resting cells. When cells are acti-
vated, the cytosolic components required for NADPH 
activity translocate very rapidly to the plasma mem-
brane or phagosomal membranes where they assemble 
with flavocytochrome b558 to form the active enzyme. 
This process that is tightly regulated by a number of 
protein–protein interactions and phosphorylation 
events are described as follows.

7.2.2 p47phox

The existence of additional proteins required for 
NADPH oxidase activity in addition to flavocytochrome 
b was first noticed in neutrophils from individuals with 
cGD (reviewed in Reference 28). For example, Segal et 
al.29 reported that neutrophils from patients with auto-
somal recessive cGD failed to phosphorylate a 44-kDa 
protein and suggested this protein could be one of these 
oxidase-related proteins. Through genetic analyses, 
complementation experiments, and cell-free assays, two 
groups concurrently identified this protein (now known 
as p47phox), which was previously named neutrophil 
cytosolic factor 1 (NcF1).30,31 p47phox is a highly basic 
protein and contains a number of potential phosphory-
lation sites, tandem Src homology 3 (SH3) domains, a 
c-terminal proline-rich domain, and an N-terminal 
phox homology (PX) domain that plays a role in phos-
phoinositide binding32–34 (Fig. 7.2).

In resting neutrophils, p47phox is located in the cytosol, 
either in a free form or in a large complex consisting of 
p47phox and other cytosolic oxidase proteins.35–37 Follow-

ing neutrophil activation, p47phox translocates, either 
alone or complexed with other oxidase cofactors, to the 
membrane and associates with the nascent NADPH 
oxidase complex.35,36,38 p47phox seems to be the first cyto-
solic component to interact with flavocytochrome b 
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has been proposed that the combination of kinases 
involved and the specific p47phox phophorylation events 
occurring in the cell are dependent on the nature of the 
agonist encountered (reviewed in Reference 42).

7.2.3 p67phox

As with p47phox, p67phox was also first identified as a cyto-
solic factor missing in neutrophils from patients with 
autosomal recessive cGD and was named neutrophil 
cytosolic factor 2 (NcF2).30,31,68 Subsequent cloning and 
characterization of p67phox showed that it contained two 
SH3 domains, a proline-rich region, four N-terminal tet-
ratricopeptide repeat (TPR) motifs, and a novel modular 
domain called the Phox and Bem (PB1) domain because 
of its presence in p67phox and Bem1p, a yeast scaffold 
protein involved in cell polarity68–70 (Fig. 7.2). p67phox 
plays an essential role in NADPH oxidase activation, 
and results from complementation studies using cytosol 
from cGD neutrophils indicated that p67phox is the 
rate-limiting NADPH oxidase cofactor in neutrophil 
cytosol.71

It is generally thought that translocation of p67phox is 
dependent on cotranslocation of p47phox to the plasma 
membrane and prior interaction of p47phox with flavocy-
tochrome b.39–41 Indeed, atomic force microscopy was 
used to directly demonstrate that p47phox preceded 
p67phox binding and actually enhanced affinity of the 
p67phox-flavocytochrome b association during NADPH 
oxidase assembly.72 While it is clear that the presence of 
p47phox enhances binding to flavocytochrome b, p67phox 
is able to bind directly to flavocytochrome b, and this 
binding is enhanced by the presence of Rac GTPase.73 
Indeed, NADPH oxidase activity can be reconstituted 
in vitro in the absence of p47phox when flavocytochrome 
b is combined with high concentrations of p67phox and 
Rac GTPase74,75 or with a chimeric protein containing 
truncated p67phox fused to Rac GTPase,76,77 indicating 
that p67phox plays a more direct role in NADPH oxidase 
activation.

The interaction between p67phox and Rac GTPase has 
been shown to be essential for NADPH oxidase activa-
tion and appears to be mediated primarily by binding of 
Rac to the N-terminal TPR motifs of p67phox70,78–80 (Fig. 
7.2). The p67phox N-terminus also contains an activation 
domain that is required for NADPH oxidase activa-
tion,81,82 and this domain appears to be important for 
regulating electron flow from NADPH to FAD in flavo-
cytochrome b83 (see Fig. 7.1). The role of p67phox phos-
phorylation in NADPH oxidase activation is not well 
understood. It is clear that p67phox is phosphorylated in 
activated neutrophils,84 and the actual phosphorylation 
site has been mapped to a consensus MAPK substrate 
sequence in the c-terminal region of the protein.85 
p67phox can also be phosphorylated by ERK2, with the 

during oxidase assembly,39,40 and its association with fla-
vocytochrome b is a prerequisite for translocation of the 
other cytosolic cofactors (p67phox and/or p40phox), which 
are described later.39–41 Indeed, p47phox appears to func-
tion as an organizing cofactor during oxidase activation, 
resulting in correct orientation and assembly of the 
cofactors.42 It has also been suggested that binding of 
p47phox functions to facilitate electron transfer from 
FAD to the proximal heme of flavocytochrome b.43

Because p47phox association with flavocytochrome b 
seems to be one of the key oxidase-activating events, a 
significant amount of research has focused on under-
standing why this interaction is absent in resting cells. 
This research has shown that the tandem p47phox 
SH3 domains bind intramolecularly to a proline-rich c- 
terminal region of the resting, nonphosphorylated 
protein to keep the protein in an “autoinhibited” state, 
resulting in the designation of this c-terminal region of 
p47phox as the autoinhibitory region (AIR)44–46 (Fig. 7.2). 
During oxidase activation, phosphorylation of p47phox 
results in the release of AIR interaction, resulting in 
exposure of the tandem SH3 domains and allowing its 
binding to a proline-rich domain in the cytosolic tail of 
p22phox.44,47,48 In addition to the release of AIR interac-
tion, phosphorylation of p47phox also releases a second 
intramolecular autoinhibitory interaction that prevents 
the PX domain from binding to membrane phosphoinosit-
ides, such as phosphatidylinositol 3,4-bisphosphate and 
phosphatidic acid.49–51 It is thought that this PX domain 
plays a role in targeting p47phox to membranes,50,52,53 and 
analysis of the crystallized p47phox PX domain showed 
that it actually contained two binding pockets, one for 
phosphatidylinositol 3,4-bisphosphate and the other for 
anionic phospholipids, such as phosphatidic acid or 
phosphatidylserine.51 Recently, Li et al.54 showed that 
the p47phox PX domain was important for NADPH 
oxidase activation on the plasma membrane but did  
not seem to be involved in oxidase activation in phago-
somal membranes. Thus, they proposed that the role  
of the p47phox PX domain is differentially dependent 
on the membrane compartment involved and the 
stimulus.54

As discussed above, phosphorylation of p47phox is 
necessary for NADPH oxidase activation, and a number 
of phosphorylation sites are present in this protein 
(reviewed in Reference 42). A wide variety of protein 
kinases have been shown to phosphorylate p47phox, 
including protein kinase c (PKc),55,56 mitogen-activated 
protein kinases (p38 MAPKs and extracellular signal-
regulated kinase [ERK1/2]),56–58 p21-activated kinase 
(PAK),59 Akt,60 IRAK-4,61 casein kinase 2 (cK2),62 src 
kinase,63 and a phosphatidic acid-activated kinase.64 
While it is clear that PKc plays a dominant role in 
p47phox activation,65–67 participation of the aforemen-
tioned protein kinases is not as well understood, and it 
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and showed that these mutations resulted in defective 
NADPH oxidase activity. These studies also confirmed 
that the p40phox PX domain is essential for phagocytosis-
induced oxidant production in human neutrophils.

The p40phox PX domain has also been shown to bind 
to the actin cytoskeleton, and chen et al.103 proposed 
that interaction of the PX domain with the actin cyto-
skeleton may stabilize NADPH oxidase proteins in 
resting cells, while its binding to phosphatidylinositol 
3-phosphate potentiates O2

•− production upon agonist 
stimulation. This finding was recently confirmed by 
Shao et al.,104 who also proposed that the p40phox PX 
domain is a dual F-actin/lipid-binding module and that 
interactions with actin dictate at least in part the intra-
cellular trafficking of p40phox.

Investigation of the interaction between p40phox and 
p67phox resulted in the identification of a novel protein–
protein binding motif called the Pc motif because it is 
present in p40phox and cdc24p (a guanine nucleotide 
exchange factor in yeast).69 The Pc motif target is the 
p67phox PB1 domain (Fig. 7.2). PB1 domains exist in a 
variety of proteins and appear to provide a scaffold for 
Pc motif binding, facilitating protein–protein interac-
tions in a variety of biological processes, and appear to 
mediate the strong interaction between the p40phox and 
p67phox (reviewed in Reference 105).

7.2.5 Rac1/2

Early studies of the NADPH oxidase suggested the par-
ticipation of a cytosolic guanosine triphosphate (GTP)-
binding factor, and this factor was concurrently identified 
by two groups as the small GTP-binding protein Rac 
(Rac1 or Rac2, depending on the cell type and species) 
(reviewed in Reference 106). Subsequent analysis of 
Rac-deficient mice showed that neutrophils from these 
mice had diminished NADPH oxidase activity107 and 
that Rac2 was essential when cells were activated with 
physiologically relevant agents, such as fMLF or IgG-
opsonized particles.108 Although both Rac1 and Rac2 
are capable of reconstituting oxidase activity in in vitro 
assays, Rac1 cannot substitute completely for Rac2 in 
vivo.109,110 For example, NADPH oxidase activity is 
normal in Rac1-deficient cells but is markedly dimin-
ished in Rac2-deficient cells, indicating that Rac2 is 
essential for oxidase activation under physiological situ-
ations.109,110 Further confirmation of the importance of 
Rac2 in human neutrophil NADPH oxidase function was 
provided by clinical studies showing that a patient with 
decreased neutrophil NADPH oxidase activity and 
other neutrophil functional defects had an inhibitory 
(dominant-negative) mutation in Rac2.111,112

When neutrophils are activated, Rac2 translocates to 
the membrane with similar kinetics as the translocation 
of p47phox and p67phox,113,114 although Rac translocation is 

primary ERK2 target localized to the N-terminus of 
p67phox.86 The role of these phosphorylation events has 
not yet been defined.

7.2.4 p40phox

compared to the other oxidase proteins, less is known 
about the function of p40phox. Initially, p40phox was found 
as a protein that co-immunoprecipitated with p47phox 
and p67phox from neutrophil cytosol.87 This protein con-
tains a single SH3 domain,87 an N-terminal PX domain,88 
and a c-terminal Phox and cdc (Pc) motif69 (Fig. 7.2). 
p40phox is present in the cytosolic complex of phox pro-
teins87 and seems to preferentially bind to p67phox.89 
Indeed, p40phox has been proposed to play a role in sta-
bilization of the cytosolic protein complex and cotrans-
locates to the membrane during neutrophil activation.87 
As with the other cytosolic phox proteins, p40phox is 
phosphorylated during NADPH oxidase activation.90

Although the role of p40phox in NADPH oxidase 
function is still being defined, recent research suggests 
it plays a more important role than previously appreci-
ated. Early studies suggested that p40phox was either a 
positive91 or a negative92 regulator of NADPH oxidase 
activity. However, subsequent research indicates that 
p40phox is most likely a positive regulator of the NADPH 
oxidase. For example, studies have shown that p40phox 
promotes oxidase activation by increasing the affinity of 
p47phox for flavocytochrome b93 and enhances transloca-
tion of both p47phox and p67phox in stimulated cells.94 
Based on in vitro studies, Tamura et al.95 proposed that 
p40phox could interact with p22phox and substitute for 
p47phox as an organizer of NADPH oxidase activation; 
however, the physiological relevance of this observation 
is not clear, as the presence of p40phox does not appear 
to overcome the absence of p47phox in individuals with 
cGD.

The p40phox PX domain preferentially binds phospha-
tidylinositol 3-phosphate, suggesting differential mem-
brane targeting of p40phox compared to p47phox, which 
prefers phosphatidylinositol 3,4-bisphosphate.49,50,96 
Thus, the p40phox PX domain appears to participate in 
intracellular targeting to membranes that become 
enriched in phosphatidylinositol 3-phosphate.97,98 For 
example, it has been proposed that accumulation of 
phosphatidylinositol 3-phosphate in the phagosomal 
membrane facilitates NADPH oxidase assembly by 
recruiting p40phox and associated components (i.e., 
p67phox and p67phox) to the assembling oxidase in this 
area of the cell.99 Indeed, mice deficient in p40phox or 
expressing p40phox with a PX domain mutation have 
reduced oxidase activity and impaired killing of phago-
cytosed Staphylococcus aureus.100,101 Recently, Matute 
et al.102 identified a new genetic subgroup of cGD with 
autosomal recessive mutations in the p40phox PX domain 
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 NADPH O NADP O H+ → + ++ •− +2 22 2  (7.1)

As such, activation of the phagocyte NADPH oxidase 
results in a rapid and substantial increase in neutrophil 
O2 consumption, which is known as the respiratory 
burst.123,124 While significant amounts of O2

•− are gener-
ated by the phagocyte respiratory burst, it is relatively 
unstable at physiological pH, has limited reactivity 
toward biological molecules, and exhibits minimal anti-
bacterial activity.125,126 On the other hand, high concen-
trations of O2

•− (∼5–10 mM s−1) can accumulate in 

independent of the other cytosolic oxidase compo-
nents.115,116 Thus, Rac2 does not directly mediate trans-
location of p47phox and p67phox but may enhance NADPH 
oxidase assembly through an indirect mechanism involv-
ing activation of PAK-mediated phosphorylation of 
p47phox.59 Rac has been shown to interact with p67phox,78 
as well as with flavocytochrome b.115 Recently, Kao 
et al.117 identified a Rac2 binding site in the c-terminus 
of NOX2 and showed that this region was required for 
Rac2 binding and was independent of cytosolic oxidase 
factors. Furthermore, mutational analysis indicated that 
the specific residues required for Rac-dependent 
NADPH oxidase activity were conserved in other Rac-
regulated NOX enzymes. Thus, this research demon-
strated a direct regulatory interaction of Rac2 with 
NOX2 to promote NADPH oxidase activation.

7.2.6 Rap1A

Early studies on the identity of the NADPH oxidase-
associated GTPase suggested that Rap1A might be 
involved because of its association with flavocytochrome 
b.118,119 However, subsequent studies described earlier 
indicated that the GTPase required for NADPH oxidase 
activity was Rac2. Nevertheless, a number of observa-
tions suggest that Rap1A may still play a role in NADPH 
oxidase regulation. For example, cells transfected with 
a dominant inhibitory (17N) mutant of Rap1A had sig-
nificantly reduced NADPH oxidase activity compared 
to control cells, supporting a regulatory role for 
Rap1A.120,121 More recently, Li et al.122 generated Rap1A-
deficient mice and reported that neutrophils from these 
mice had reduced formyl peptide-stimulated O2

•− pro-
duction as well as a weaker initial response to phorbol 
ester. They concluded that because only the transient 
formyl peptide response and the early stages of the 
phorbol ester response were attenuated, Rap1A may 
serve a function in enhancing complex assembly. Nev-
ertheless, further studies are necessary to define the 
exact role of Rap1A in this complex system.

7.3 PHAGOCYTE ROS PRODUCTION

Activation of the phagocyte NADPH oxidase results in 
the generation of O2

•−; however, subsequent biochemi-
cal events can convert this radical into a much more 
potent microbicidal oxidant species, as described below.

7.3.1 Superoxide Anion (O2
•−)

The phagocyte NADPH oxidase catalyzes oxidation of 
NADPH and the univalent reduction of O2, resulting in 
the formation of O2

•−,1 as shown in Equation 7.1 (Fig. 7.3):

Figure 7.3 Production of reactive oxygen species by phago-
cytes and potential reaction with reactive nitrogen species. As 
shown on the left, the initial product of the phagocyte NADPH 
oxidase is superoxide anion (O2

•−), which can be converted to 
other reactive oxygen species. Superoxide dismutase (SOD) 
dismutates O2

•− into hydrogen peroxide (H2O2), which can be 
utilized by myeloperoxidase to form hypochlorous acid 
(HOcl) or can be reduced by O2

•− in the iron-catalyzed 
Haber–Weiss reaction to produce hydroxyl radical (HO•). 
HO• can also be formed by the reduction of HOcl with O2

•− 
(not shown). As shown on the right, nitric oxide (•NO) is 
produced by the activity of nitric oxide synthase (NOS) and 
can lead to additional reactive nitrogen species (RNS). •NO 
can react with NO2

• to form dinitrogen trioxide (N2O3), which 
can react with cysteine sulfydryls, resulting in S-nitrosylation 
(RSNO), or with water to form nitrite (NO2

−). NO2
− can be 

oxidized by H2O2 in a reaction catalyzed by MPO to produce 
nitrogen dioxide NO2

• radicals (not shown). As shown in the 
center, the simultaneous presence of •NO and O2

•− leads to a 
rapid reaction, resulting in the formation of peroxynitrite 
(ONOO−). At physiological pH, ONOO− exists in equilibrium 
with peroxynitrous acid (ONOOH), which can spontaneously 
decompose to form HO• and nitrogen dioxide (NO2

•). NO2
• 

can nitrate tyrosine residues on proteins, resulting in nitroty-
rosine. In addition, NO2

− and nitrate (NO3
−) can be formed by 

the decomposition of NO2
•.
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Although MPO can also utilize other halide ions 
besides cl−, it is generally accepted that cl− is the most 
physiologically relevant ion in vivo.135 Furthermore, it is 
clear that the H2O2 utilized by MPO to produce HOcl 
is derived from NADPH oxidase-generated O2

•−, as 
MPO is unable to contribute to the host defense in the 
absence of NADPH oxidase activity.136

HOcl is a potent oxidant and is cytotoxic to a wide 
spectrum of pathogens, including bacteria, viruses, and 
fungi.131,137 Indeed, the MPO–H2O2–halide system seems 
to be the most efficient oxygen-dependent microbicidal 
mechanism in neutrophils, and much of the H2O2 gener-
ated by activated neutrophils participates in HOcl for-
mation.138 HOcl can enter microorganisms and is 
involved in a variety of oxidation and chlorination reac-
tions, resulting in pathogen killing.137 For example, 
HOcl can oxidize α-amino acids to form reactive alde-
hydes and tyrosyl radicals that can attack important 
biomolecules.139,140 HOcl can also oxidize heme groups 
and iron–sulfur centers.141 The primary targets for 
HOcl-mediated chlorination are primary amines, 
resulting in the formation of chloramines. Other HOcl 
targets include pyridine nucleotides, unsaturated lipids, 
and cholesterol.137,142 chloramines have been reported 
to play an important role in regulating the inflammatory 
response and, therefore, may represent a critical product 
of this pathway.143

Note, however, that while HOcl is an efficient micro-
bicidal agent, it is not absolutely required for host 
defense. MPO deficiencies are relatively common, and 
individuals with MPO deficiency generally do not seem 
to have an increased incidence of infection, even though 
they cannot generate HOcl.144 Indeed, MPO-deficient 
neutrophils appear to utilize compensatory MPO-
independent, but oxygen-dependent antimicrobial 
systems.131

7.3.4 Hydroxyl Radical (HO•)

HO• can be formed by the metal-catalyzed reduction of 
H2O2 by O2

•−, which is commonly known as the Haber–
Weiss reaction or O2

•−-assisted Fenton reaction,128 as 
shown in Equation 7.6, Equation 7.7, and Equation 7.8 
(Fig. 7.3):

 O Fe O Fe2
3

2
2•− + ++ → +  (7.6)

 H O Fe HO OH Fe2 2
2 3+ → + ++ • +–  (7.7)

 O H O HO OH O2 2 2 2
•− •+ → + +–  (7.8)

This reaction requires the presence of redox-active tran-
sition metals, such as iron or copper. Here, NADPH 
oxidase-derived O2

•− is required both as a source of 

phagosomes, where the pH is low, and in this environ-
ment, O2

•− has been suggested to be directly toxic to 
some pathogens by virtue of its ability to oxidize  
iron–sulfur clusters required by important bacterial 
enzymes.127 More generally, however, O2

•− represents 
the precursor to more potent microbicidal oxidants, 
which appear to play important roles in host defense.128

7.3.2 Hydrogen Peroxide (H2O2)

At physiological pH, O2
•− is rapidly converted to H2O2 

by spontaneous or enzymatic dismutation,129 as shown 
in Equation 7.2 (Fig. 7.3):

 2 22 2 2 2O H H O O•− ++ → +  (7.2)

Enzymatic dismutation of O2
•− is catalyzed by superox-

ide dismutase (SOD).126 This abundant antioxidant 
enzyme is extremely efficient and plays an important 
role in protecting cells and tissues from ROS.130 Addi-
tional antioxidant enzymes are also present to detoxify 
H2O2. For example, catalase catalyzes the dismutation 
of H2O2, resulting in the formation of H2O (Eq. 7.3):

 2 22 2 2 2H O H O O−− → +catalase  (7.3)

Likewise, H2O2 can be detoxified through a multistep 
reduction reaction catalyzed by glutathione (GSH)  
peroxidase, resulting in oxidized glutathione (GSSG) 
(Eq. 7.4):

 H O GSH H O GSSG2 2 22 2+ −− → +GSH peroxidase  
(7.4)

7.3.3 Hypochlorous Acid (HOCl)

Phagocyte activation not only results in the production 
of ROS, but it also leads to the release of cytoplasmic 
granule contents into the phagosome or into the extra-
cellular space. Fusion of neutrophil azurophil granules 
results in the release of high concentrations of myelo-
peroxidase (MPO), which comprises up to 5% of the 
proteins present in neutrophils.131 MPO is also found in 
monocytes, but its expression is normally lost when 
monocytes mature into tissue macrophages.131 Note that 
there are some exceptions to this pattern, and MPO 
expression has been reported in macrophages from ath-
erosclerotic lesions132 and in microglia from individuals 
with multiple sclerosis133 and Alzheimer’s disease.134

MPO utilizes H2O2 and cl− ions to form hypochlo-
rous acid (HOcl), as described in Equation 7.5 (Fig. 
7.3):

 Cl H O H HOCl H O– + + → ++
2 2 2  (7.5)
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the formation of additional secondary metabolites. An 
additional metabolite formed by HOcl-mediated oxi-
dation of H2O2 is 1O2

*,155 as shown in Equation 7.11:

 HOCl H O O HCl H O+ → + +2 2
1

2 2
*  (7.11)

1O2
* is a highly reactive and relatively long-lived ROS 

and has been implicated as a bactericidal oxidant in the 
phagosome,155 although this conclusion has been 
debated.141 Intracellular production of 1O2

* by neutro-
phils has been demonstrated, and it has been reported 
that phagocytosing neutrophils generate significant 
amounts of 1O2

*.156 In support of this idea, bacteria 
expressing lycopene (a 1O2

* quencher) were found to be 
relatively more resistant to neutrophil killing than wild-
type bacteria.157 Although the role of 1O2

* in bacterial 
killing is currently unknown, it has been proposed to 
cause DNA damage, lipid peroxidation, and protein oxi-
dation,158 all of which are toxic to microbes.

7.3.6 Nitric Oxide (•NO) and Peroxynitrite 
(OONO−)
•NO plays important regulatory roles in a number of 
physiological processes involving the cardiovascular 
and neuronal systems; however, •NO is also important 
in innate immunity and has been widely implicated in 
the inflammatory response (reviewed in Reference 
159). Most evidence suggests that the microbicidal 
effects of •NO are due to the formation of ONOO−, 
which results from the rapid reaction between •NO and 
O2

•−. Indeed, •NO can even outcompete SOD for O2
•−, 

making this one of the fastest known reactions.160 
ONOO− exists in equilibrium with its conjugate acid 
OONOH at physiological pH and can decompose to 
nitrate (NO3

−),159 as described in Equation 7.12 (Fig. 7.3):

 • •− − −+ → ↔ →NO O ONOO OONOH NO2 3  (7.12)

In the presence of an oxidizable substrate, ONOO− 
decomposition also yields nitrite (NO2

−), which can be 
converted into additional toxic metabolites that contrib-
ute to the microbicidal effects of ONOO−161 (Fig. 7.3). 
For example, NO2

− can be oxidized by H2O2 in a reac-
tion catalyzed by MPO to produce nitrogen dioxide 
NO2

• radicals (see Eq. 7.13) that can nitrate tyrosine and 
other aromatic compounds161,162 and promote lipid 
peroxidation163:

 NO H O H NO HO H O2 2 2 2 2
– + + −− → + ++ • −MPO  

(7.13)

Significant evidence indicates that ONOO− plays an 
important role in host defense164 and in the pathogen-

H2O2 and as an Fe3+ reducing-agent. HO• is an extremely 
powerful and highly reactive oxidant that can attack 
most organic compounds at a diffusion-controlled 
rate.145 While the generation of HO• inside microbes 
likely contributes to pathogen killing, it has been pro-
posed that HO• generated in the phagosome probably 
reacts with the many phagosomal constituents before it 
ever has a chance to reach targets in the pathogen.138 
Thus, there remains some question as to the importance 
of HO• in phagocyte host defense. Indeed, analysis of 
activated neutrophils showed that <1% of the O2

•− 
formed was converted to HO•.146 In addition, the cell is 
maintained in a highly reduced state and contains a 
number of efficient reducing agents that can reduce Fe3+ 
and cu2+. Based on this feature, it has been suggested 
that O2

•− is unlikely to serve as a metal-reducing agent.147 
Furthermore, intracellular and extracellular iron is 
highly regulated by iron-binding proteins. For example, 
delivery of lactoferrin to the phagosome through fusion 
of specific granules would likely bind free iron and limit 
its participation in this reaction,148,149 and iron bound to 
this protein does not appear to serve as a catalyst for 
this reaction.150 Thus, the nature of the iron or copper 
complexes required for metal-catalyzed HO• formation 
in vivo is currently unknown, although one possibility is 
that they may be provided by the cell itself.151

Alternatively, if HO• is essential for phagocyte micro-
bicidal activity, metal ion-independent mechanisms 
could be involved in its generation. One such mecha-
nism involves the reduction of HOcl by O2

•−, resulting 
in the formation of HO•, as shown in Equation 7.9:

 O HOCl HO O Cl2 2
•− •+ → + + –  (7.9)

This transition metal ion-independent mechanism of 
HO• formation represents an important pathway in 
neutrophils, and HO• generated by this reaction has 
been shown to damage a number of biomolecules, 
including nucleic acid and proteins.152,153 In addition, 
Saran et al.154 proposed this HO• might be stabilized by 
reacting with cl− to form an equilibrium with HOcl•− 
and, if an appropriate target is not reached, could lead 
to the formation of chlorine radicals (cl•), which are 
also highly reactive, as shown in Equation 7.10:

 HO Cl HOCl H Cl H O• •− + •+ ↔ + ↔ +–
2  (7.10)

Overall, the actual role of HO• in phagocyte microbici-
dal activity in vivo is still unclear and remains to be 
determined.

7.3.5 Singlet Oxygen (1O2
*)

The generation of high concentrations of ROS during 
neutrophil activation provides an ideal environment for 
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phorylation of p47phox and translocation of flavocyto-
chrome b to the membrane without actual NADPH 
oxidase activation.183 Neutrophil priming is thought to 
play a key role in host defense and host survival 
(reviewed in Reference 184). Indeed, phagocytes 
obtained from mice with deficient TLR function have 
an impaired bactericidal function, which was proposed 
to result from a defect in TLR-dependent priming of the 
partial phosphorylation of p47phox.185

The importance of the phagocyte NADPH oxidase 
in host defense is clearly evident in individuals with 
cGD, which occurs with an incidence of 1/200,000–
1/250,000 (reviewed in Reference 28). The majority of 
cGD mutations that have been identified result in 
defective gp91phox/NOX2, p22phox, p47phox, or p67phox and 
result in absent or substantially diminished NADPH 
oxidase activity, depending on the mutation (Table 
7.1).28 Recently, an additional cGD group with defects 
in p40phox was added102 (Table 7.1). As a result of NADPH 
oxidase insufficiency, individuals with cGD experience 
severe, recurrent bacterial and fungal infections and can 
develop granulomas that form from accumulated phago-
cytes containing ingested bacteria.28 In addition to their 
impaired microbicidal function, cGD phagocytes 
exhibit abnormal apoptosis/turnover, which is also due 
to defective NADPH oxidase function.186

Infections in individuals with cGD are caused mostly 
by catalase-positive organisms, such as Aspergillus spp. 
or Staphylococcus spp., and are often life-threatening.187 
However, recent advances in diagnosis and medical care 
have significantly improved prognosis, and the survival 
of individuals with cGD has dramatically improved.188 
For example, the development of improved therapeutic 
interventions for cGD, such as treatment with 
interferon-γ or itraconazole, has greatly improved prog-
nosis of this disease.189 Although neutrophils from cGD 
patients are unable to generate ROS or have substan-
tially diminished ROS-generating capacity, they are still 
able to kill a number of pathogens, presumably through 
the action of other antimicrobial components,190 and 
neutrophils from individuals with cGD have been 

esis of inflammatory disease.159 ONOO− is a potent 
oxidant that can attack a wide variety of biological 
tissues, and ONOO−-mediated tissue damage has been 
implicated in a number of inflammatory diseases.159 
ONOO−-mediated tissue damage has been reported to 
result from its ability to initiate lipid peroxidation,165 
oxidize protein sulfhydryl groups,166 and nitrate protein 
tyrosine residues.167

7.4 PHAGOCYTE NADPH OXIDASE 
FUNCTION

The phagocyte NADPH oxidase is expressed in neutro-
phils, eosinophils, basophils, mast cells, monocytes, and 
macrophages, and plays an essential role in host defense 
against pathogenic microorganisms (reviewed in Refer-
ences 168 and 169). Note, however, that the NADPH 
oxidase is regulated differently in various types of 
phagocytes. For example, while monocyte/macrophages 
and neutrophils express the same NADPH oxidase 
components, there are significant differences in NADPH 
oxidase responses between these cell types.170–172 Acti-
vated monocyte/macrophages exhibit a gradual increase 
in ROS production which peaks about 1 hour after 
stimulation,173 whereas the response in neutrophils is 
very rapid, peaking in 2–10 minutes.174 In addition, 
monocytes are capable of mounting an additional 
response after recovery from the initial response, which 
is typically not the case for neutrophils.175 Lastly, stimuli 
that activate the monocyte/macrophage NADPH oxidase 
do not necessarily activate the neutrophil NADPH 
oxidase (reviewed in References 171 and 176). These 
differences likely reflect the distinct roles of monocyte/
macrophages and neutrophils in chronic versus acute 
inflammatory responses, respectively.174,177,178

The phagocyte NADPH oxidase is activated when 
cells encounter a variety of soluble and particulate 
stimuli, including cytokines, chemokines, microbes and 
microbial products, viruses, and other foreign antigens.179 
Depending on the stimulus, NADPH oxidase assembly 
and activation can occur at the plasma membrane or in 
the phagosomal membrane. The generation of ROS 
during phagocytosis is determined in part by the type of 
receptors involved in pathogen recognition, and phago-
cytic cells utilize a variety of receptors to recognize 
molecules expressed by bacteria and fungi.180 Among 
these, pattern recognition receptors, such as Toll-like 
receptors (TLRs), play an important role by recognizing 
microbes or microbial products.181 Engagement of TLRs 
has been reported to prime phagocytes for enhanced 
responses to subsequent stimuli, such as phagocytosis 
itself, and priming results in increased production of 
microbicidal ROS.182 Priming can induce partial phos-

TABLE 7.1 Defects in Phagocyte NADPH Oxidase 
Components Associated with Chronic Granulomatous 
Disease

Protein Gene chromosome Frequency

gp91phox (NOX2) CYBB Xp21.1 69%
p22phox CYBA 16p24 5%
p40phox NCF4 22q13.1 Unknown
p47phox NCF1 7q11.23 20%
p67phox NCF2 1q25 6%

See References 188, 472, and 473.
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and 8 following phagocytosis, leading to cell apoptosis213 
(Fig. 7.4). Studies on neutrophils from individuals with 
cGD further demonstrate the importance of NADPH 
oxidase-derived ROS in neutrophil apoptosis, as cGD 
neutrophils exhibit impaired apoptosis and accumulate 
to form granulomas.186,214,215 ROS directly or indirectly 
modulate expression of pro-apoptotic factors that are 
induced during phagocytosis,186 and ROS have been 
shown to be essential for appropriate clearance of neu-
trophils from inflammatory sites as inflammation is 
resolved215 (Fig. 7.4). Indeed, recent studies suggest that 
ROS can suppress autoimmunity, inflammation, and 
arthritis (reviewed in Reference 216). For example, 
inflammation and bone damage are worse in p47phox- 
and gp91phox-deficient mice when compared to wild-type 
mice with experimentally induced arthritis.217,218 Like-
wise, individuals with cGD have an increased frequency 
of autoimmune diseases and hyperinflammation.219 
Based on the role of ROS in the resolution of inflam-
mation described earlier,220 excessive inflammation in 
cGD could be due to inability to efficiently terminate 
inflammatory responses.219 In support of this idea, it has 
been proposed that NADPH oxidase-derived ROS can 
reduce arthritis by regulating arthritogenic T cells and 
limiting expansion of T-cell dependent autoimmune 
responses directed to self-antigens.221,222 Furthermore, 
macrophage NADPH oxidase activity has recently been 
shown to be important for the induction of regulatory 
T cells, which are important in controlling inflamma-
tion.223 Thus, it may be that physiological levels of ROS 
are required to prevent arthritis and other autoimmune 
diseases, while excessive ROS production can contrib-
ute directly to disease pathogenesis (Fig. 7.4).

7.5 NONPHAGOCYTE NADPH OXIDASE 
STRUCTURE

For some time after discovery of the phagocyte NADPH 
oxidase, it was thought that this system was specific only 
to phagocytic leukocytes. However, more recent research 
has revealed the presence of analogous NADPH oxidase 
enzymes in nonphagocyte tissues (reviewed in Refer-
ences 3, 19, and 224–227) (Table 7.2). These enzymes are 
functionally distinct from the phagocyte NADPH 
oxidase, serve distinct physiological roles, and respond 
to a variety of factors, such as growth factors, cytokines, 
and hormones, and mechanical inputs, such as shear 
stress and cyclic stretch (reviewed in References 3, 19, 
224–227). characterization of these tissues not only 
demonstrated the expression of various classical phago-
cyte oxidase proteins, but also resulted in the identifica-
tion of novel proteins homologous to those found in 
phagocytes (see details later). Thus, the assembly of 

shown to upregulate expression of other host defense 
proteins.186 In addition, it has been proposed that the 
microbicidal capacity of cGD neutrophils depends, to 
some degree, on H2O2 produced by the pathogen itself.191 
In support of this idea, bacteria that do not produce 
H2O2 seem to be resistant to killing by cGD phago-
cytes.192 On the other hand, some bacteria express 
catalase and can detoxify H2O2, suggesting that catalase-
producing microbes would have enhanced resistance to 
killing by cGD phagocytes.191 This appears to be gener-
ally true, as catalase-positive organisms are responsible 
for many of the infections observed in cGD individuals, 
whereas infections due to catalase-negative organisms 
are less common.193 Note, however, that this paradigm 
is not absolute, as subsequent studies have shown that 
certain catalase-deficient organisms can be virulent in 
mouse models of cGD.194 In addition, Kottilil et al.195 
reported the presence of catalase-negative Hemophilus 
spp. infection in individuals with cGD.

While phagocytes generate ROS during host defense 
against pathogens, these oxidants can also damage host 
tissues and, when inappropriately regulated, contribute 
to inflammatory disease. Indeed, ROS have been shown 
to contribute to the tissue damage associated with 
arthritic diseases, such as rheumatoid arthritis (RA),196,197 
and acute inflammatory arthritis.198 Joint synovial fluid 
of RA patients contains large numbers of neutrophils,199 
and higher levels of ROS are present in the synovial 
fluid of arthritic compared to nonarthritic patients.200 In 
addition, phagocytes from patients with arthritis produce 
higher levels of ROS than cells from healthy individu-
als.201 Indeed, phagocytes from individuals with arthritis 
appear to be primed because of their exposure to tumor 
necrosis factor-α in vivo.202 Furthermore, treatments 
that inhibit ROS production can suppress the develop-
ment of inflammation and symptoms associated with 
arthritis.203–206

In addition to its role in host defense and the inflam-
matory response, the phagocyte NADPH oxidase also 
plays a role in turning off this response and in resolution 
of the inflammatory response by inducing neutrophil 
apoptosis207 (Fig. 7.4). Apoptosis is essential for neutro-
phil homeostasis,208 and its importance in the resolution 
phase of infections is evident in diseases where tissue 
destruction and inflammation are associated with pro-
longed neutrophil activation or cell lysis (reviewed in 
Reference 209). NADPH oxidase-derived ROS have 
been implicated in spontaneous neutrophil apopto-
sis,210,211 and ROS are required for bacteria-induced neu-
trophil apoptosis and/or phagocytosis-induced cell 
death.212 Indeed, inhibition of NADPH oxidase activa-
tion has been shown to prevent phagocytosis-induced 
neutrophil apoptosis.213 In part, NADPH oxidase-
derived ROS appear to promote cleavage of caspases 3 
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Figure 7.4 NOX family members and their proposed regulatory subunits. NOX proteins are believed to contain six transmem-
brane domains based on hydrophobicity analysis (seven for DUOX1/2). NADPH oxidase activity occurs when NADPH binds to 
the cytosolic tail of NOX, where it transfers electrons to FAD. From FAD, the electrons are transferred to the heme centers (refer 
to Fig. 7.1) and ultimately to oxygen near the outer membrane surface, resulting in O2

•− formation. The transmembrane subunit 
p22phox is associated with both active and inactive forms of NOX1–NOX4. During activation, NOX1/p22phox is believed to primarily 
assemble with the cytosolic subunits NOXO1, NOXA1, and Rac GTPase; however, p47phox and p67phox can substitute in some situ-
ations for NOXO1 and NOXA1, respectively. NOX2/p22phox activation involves assembly with p47phox, p67phox, p40phox, and Rac2 
GTPase. NOX3/p22phox activation is less well defined, but is believed to primarily involve NOXO1 and Rac GTPase in the inner 
ear. NOX4/p22phox is constitutively active in the absence of cytosolic cofactors. NOX5 and DUOX1/2 activation involves ca2+ 
binding to EF-hand domains in the cytosol. In addition, DUOX1/2 require the association of DUOXA1/2, respectively, for local-
ization to the plasma membrane. (Adapted from Free Radic. Biol. Med. 2009, 47(9), 1239–1253. copyright 2009 Elsevier.) See 
color insert.
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various combinations of classical phagocyte oxidase 
proteins and unique nonphagocyte oxidase proteins results 
in an array of tissue-specific NADPH oxidase systems.

7.5.1 NOX1

characterization of the nonphagocyte NADPH oxi-
dases focused initially on a search for the presence of 

homologs of gp91phox because of the key role it plays in 
electron transport, as described earlier. The first gp91phox 
homolog identified was designated as mitogenic oxidase 
1 (Mox-1)228 or NADPH oxidase homolog 1 (NOH-1)229 
(Fig. 7.5). At this point, the nomenclature for gp91phox 
and its homologs was revised to avoid anticipated con-
fusion as additional homologs were found. Thus, Mox-1/
NOH-1 was renamed NADPH oxidase 1 (NOX1), while 



148  NADPH OXIDASES: STRUcTURE AND FUNcTION

TABLE 7.2 Expression of Phagocyte and Nonphagocyte NADPH Oxidase Proteins

Oxidase Protein Tissue Expression

NOX1 Vascular smooth muscle, gastric pit (species-dependent), colon epithelium, prostate, uterus, placenta, 
osteoclasts, retina, neurons

NOX2 (gp91phox) Phagocytes, lymphocytes, vascular smooth muscle, fibroblasts, endothelium, skeletal muscle, neurons, lung, 
carotid body, kidney, liver, heart, colon

NOX3 Fetal tissue, inner ear
NOX4 Fetal tissue, kidney, pancreas, placenta, ovary, testis, carotid body, vascular smooth muscle, melanocytes, 

osteoclasts, eye, lung, kidney, thyroid, monocyte/macrophages, prostate, neurons, vascular endothelium, 
cardiomyocytes, lung fibroblasts

NOX5 Fetal tissue, lymphocytes, spleen, testis, ovary, placenta, pancreas, stomach, mammary glands, colon, vascular 
endothelium, vascular smooth muscle

DUOX1 Thyroid, salivary glands, colon, rectum, airway epithelium
DUOX2 Thyroid, salivary glands, colon, rectum, airway epithelium, pancreas, prostate, intestinal epithelium, rectal 

mucosa
p22phox Phagocytes, lymphocytes, testis, placenta, ovary, kidney, liver, lung, spleen, pancreas, skeletal muscle, neurons, 

eye, vascular smooth muscle, fibroblasts, endothelium, lung, carotid body, kidney, melanocytes, osteoclasts, 
inner ear, thyroid

p40phox Phagocytes
p47phox Phagocytes, lymphocytes, testis, placenta, ovary, kidney, liver, lung, spleen, pancreas, skeletal muscle, neurons, 

eye, vascular smooth muscle, fibroblasts, endothelium, lung, carotid body, kidney
p67phox Phagocytes, lymphocytes, testis, placenta, ovary, kidney, liver, lung, spleen, pancreas, skeletal muscle, neurons, 

eye, vascular smooth muscle, fibroblasts, endothelium, lung carotid body, kidney,
NOXO1 (p41nox) colon, liver, small intestine, gastric mucosal cells, cochlea, liver, pancreas, thymus, testis, inner ear
NOXA1 (p51nox) colon, uterus, salivary gland, small intestine, stomach, lung, thyroid, liver, kidney, pancreas, spleen, prostate, 

testis, ovary, bronchial epithelial cells, vascular smooth muscle cells

Figure 7.5 A paradigm illustrating the role of ROS in the resolution of infection. Production of ROS by the phagocyte NADPH 
oxidase is essential for host defense against pathogens and is a key feature of the inflammatory response. However, the presence 
of ROS is also required for inducing neutrophil apoptosis during resolution of the inflammatory response. In the absence of 
phagocyte NADPH oxidase activity, neutrophil apoptosis is impaired, leading to excessive inflammation and inflammatory tissue 
damage. (Adapted from Clin. Sci. 2006, 111(1), 1–20. copyright 2006 Biochemical Society.) See color insert.
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inner ear vestibular system,242 although low levels of 
expression have been noted in some fetal tissues243 
(Table 7.2). Nevertheless, it is generally thought that the 
primary role of NOX3 is in the formation of otoconia 
in the inner ear, and mutations in NOX3 were found to 
lead to the vestibular defects that were observed in 
mutant mice.242,243

Although NOX3/p22phox can generate ROS constitu-
tively in the absence of cytosolic cofactors,240 this activ-
ity is substantially enhanced by the presence of 
regulatory subunits. NOX3/p22phox activity is signifi-
cantly enhanced by NOXO1 and, to a lesser extent, by 
p47phox.240 Since inactivation of NOXO1 in mice results 
in the same phenotype as that found in mice with NOX3 
mutations, it is generally thought that NOXO1 is physi-
ologically the most important of these cofactors.244 The 
role of NOXA1 in the NOX3-based oxidase system is 
not clear, as some studies suggest NOXA1 is impor-
tant,238,243 while others do not.240,245 Rac GTPase also 
appears to play a role in the NOX3-based system, 
although the contribution of Rac to this system appears 
to be variable and may depend on which combination 
of the different cofactors is present.246 For example, 
studies in transfected cell lines indicated that Rac played 
a positive role in NOX3 activation in the presence of 
p47phox and either p67phox or NOXA1, whereas Rac 
failed to enhance NOX3 activity when p47phox was 
replaced with NOXO1.246 Since NOXO1 seems to be 
the most important regulator of NOX3 activity, these 
studies suggest that Rac may not be absolutely required.

7.5.3 NOX4

NOX4 was originally identified in the kidney and was 
first designated as Renox.247 This NOX2 homolog was 
subsequently identified in kidney tissue by two other 
groups and renamed NOX4239,248 (Fig. 7.5). Although 
NOX4 does not exhibit the high degree of similarity 
that is present among NOX1–NOX3, it does require 
p22phox to be functionally active.232,249 On the other hand, 
the role of p22phox in NOX4 function seems to be distinct 
from that of NOX1–NOX3, and p22phox mutations that 
abolished NOX2 and NOX3 function in vivo had no 
effect on NOX4 activity when expressed in lung cancer 
cells.250 In addition, p22phox mutations that inhibited 
NOX1–NOX3 maturation did not impair the associa-
tion of p22phox with NOX4.250 In contrast to NOX3, 
NOX4 is expressed in a wide variety of tissues, including 
the renal cortex, vascular smooth muscle and endothe-
lium, cardiomyocytes, ovary, eye, skeletal muscle, testis, 
osteoclasts, and prostate (reviewed in Reference 19) 
(Table 7.2). In addition, recent studies indicate NOX4 is 
expressed in thyroid tissue251 and in human monocytes 
and mature macrophages.252

gp91phox was renamed NOX2.230 The sequence of NOX1 
is quite similar to that of NOX2 (60% identity), and 
NOX1 has a similar size and domain structure as 
NOX2228,229 (Fig. 7.5). Likewise, NOX1 requires associa-
tion with p22phox to be active.231,232 Thus, p22phox plays a 
functional role in both phagocyte and nonphogocyte 
NADPH oxidases. Indeed, when p22phox was first identi-
fied, it was found to be expressed in a variety of non-
phagocytic cells, although its role in these cells was a 
mystery at the time.13 Since initial studies in NOX1-
transfected cells showed that NOX1 alone produced 
very low levels of ROS,228 it was proposed that NOX1 
might require additional cytosolic cofactors for proper 
function. In support of this idea, Geiszt et al.233 reported 
that NOX1 activity could be substantially enhanced by 
coexpression of p47phox and p67phox and verified that 
these phox proteins could functionally associate with 
NOX1. On the other hand, it was clear that alternative 
cofactors must exist in NOX1-expressing tissues, and 
three groups concurrently identified homologs of both 
p47phox and p67phox in mouse234 and human235,236 colon. 
These p47phox and p67phox homologs were subsequently 
designated as NOX organizer 1 (NOXO1) and NOX 
activator 1 (NOXA1) due to their proposed roles in 
oxidase organization and activation, respectively, which 
is analogous to the roles of p47phox and p67phox234–236 (Fig. 
7.2; see further details about NOXO1 and NOXA1 
later). In addition, subsequent studies have demon-
strated that Rac1 plays a role in regulation of the NOX1 
system and binds to the TPR domain of NOXA1, which 
is analogous to the interaction of Rac2 with p67phox.237,238 
Thus, it appears that the most efficient NOX1-based 
NADPH oxidase system is composed of NOX1/p22phox, 
NOXO1, NOXA1, and Rac.

NOX1 is not expressed in phagocytes but is highly 
expressed in colon epithelial cells.228,229 It is also 
expressed at lower levels in other tissues and cell types, 
such as vascular smooth muscle cells, endothelial cells, 
prostate, uterus, placenta, osteoclasts, and retinal peri-
cytes (reviewed in Reference 19) (Table 7.2).

7.5.2 NOX3

Based on sequence similarity to NOX1 and NOX2, 
additional homologs of comparable size and domain 
structure were soon identified.239 Structurally, NOX3 
appears to contain a similar number of transmembrane 
domains, analogous FAD- and NADPH-binding 
domains, and similar placement of heme-coordinating 
histidines239 (Fig. 7.5). NOX3 forms a functional het-
erodimer with p22phox,240 and mutations in the proline-
rich region of p22phox result in dominant inhibition of 
ROS production by NOX3 and other NOX-based 
enzymes.241 NOX3 is expressed almost exclusively in the 
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designated as thyroid oxidase 1 and 2 (ThOX1 and 
ThOX2).262,263 These proteins are much longer than the 
other NOX proteins because of the addition of large 
N-terminal extensions containing two proximal EF 
hand motifs that function in ca2+ binding, an additional 
transmembrane helix, and a distal peroxidase homology 
domain (Fig. 7.5). Based on the presence of both 
NADPH oxidase and peroxidase homology domains, 
these proteins were renamed dual oxidase 1 and 2 
(DUOX1 and DUOX2).230 Both DUOX proteins are 
expressed in thyroid tissue, airway epithelial cells, and 
prostate tissue. In addition, DUOX2 is also present in 
salivary glands, rectal mucosa, and intestinal epithelium 
(reviewed in Reference 3) (Table 7.2). DUOXes require 
maturation factors known as DUOXA1 and DUOXA2 
for proper expression and membrane localization264; 
however, cytosolic cofactors and p22phox do not seem to 
be required for function of these NADPH oxidase 
homologs. Thus, it has been suggested that DUOXA1 
and DUOXA2 may function in stabilization of the 
DUOX membrane complexes, which is analogous to  
the role of p22phox in NOX complexes.265

7.5.6 NOXO1

The search for a p47phox homolog resulted in the 
identification of p41 or p41nox, based on its predicted 
molecular weight, which was subsequently renamed 
NOXO1.234–236 NOXO1 is expressed primarily in colon 
and testis, but is also found at low levels in pancreas, 
liver, thymus, uterus, inner ear, and small intestine234–236 
(Table 7.2). NOXO1 shares 23% amino acid sequence 
identity with p47phox; however, there is a very high degree 
of homology in the placement of their functional domains. 
Both proteins contain similarly placed PX domains, 
tandem SH3 domains, and proline-rich domains (Fig. 
7.2). In contrast, NOXO1 lacks the AIR that regulates 
exposure of the p47phox tandem SH3 domains during 
activation.234–236 This region of p47phox and NOXO1 plays 
a role in binding to p22phox.44,47,48 Thus, it appears that the 
NOXO1 may be able to associate with p22phox constitu-
tively, resulting in constitutive ROS production by 
systems utilizing this cofactor, which include NOX1- 
and NOX3-based NADPH oxidase systems. However, 
this issue is still unclear, as only low levels of constitu-
tive activity have been observed.234–236 Recently, Dutta 
and Rittinger266 reported that the region c-terminal to 
the tandem SH3 domains of NOXO1 interferes with 
binding to p22phox and may thereby prevent the forma-
tion of a fully active oxidase complex in unstimulated 
cells. They also proposed that the inhibitory effect of the 
c-terminal tail is less pronounced with NOXO1 than 
with p47phox, suggesting a possible explanation of why 

NOX4/p22phox does not appear to require any addi-
tional cytosolic oxidase cofactors for activity and appar-
ently generates ROS constitutively.247–249 However, not 
all studies are consistent with NOX4 being constitu-
tively active, and it has been reported that this NADPH 
oxidase can be activated by different signals, such as 
lipopolysaccharide,253 insulin,254 and angiotensin II255 
under certain conditions. The role of Rac GTPase in 
NOX4/p22phox is also a matter of debate. Rac does not 
appear to be required in cell lines transfected with 
NOX4249 but has been reported to regulate NOX4 acti-
vation in cells endogenously expressing NOX4, such as 
mesangial cells.255 On the other hand, analysis of the 
Rac-binding site in NOX proteins revealed that specific 
residues required for Rac-dependent NADPH oxidase 
activity are present in NOX1–NOX3 but are not con-
served in NOX4,117 indicating that if Rac is involved in 
NOX4 function, it utilizes an unconventional site of 
interaction. Recently, Lyle et al.256 reported that Poldip2 
was a novel p22phox-binding protein and that Poldip2 
associates with p22phox to activate NOX4 in vascular 
smooth muscle cells. Whether Poldip2 plays a global 
role in NOX4 regulation remains to be determined.

7.5.4 NOX5

As described above, NOX1–NOX4 are characterized by 
similar transmembrane catalytic regions. While this cat-
alytic core is also present in NOX5, NOX5 contains an 
additional N-terminal extension that contains four EF 
hand-like, ca2+-binding motifs and is activated in a ca2+-
dependent manner257 (Fig. 7.5). NOX5 was found to be 
expressed in spleen, lymph nodes, and testis257 (Table 
7.2). More recent work indicates that NOX5 is function-
ally expressed in vascular endothelial cells.227,258 NOX5 
does not require association with p22phox for activity, as 
knockdown of p22phox had no effect on NOX5,241 but is 
localized to the plasma membrane through binding of 
an N-terminal polybasic region with phosphatidylinosi-
tol (4,5)-bisphosphate.259 NOX5 does not require addi-
tional cytosolic cofactors260 and also functions 
independently of Rac GTPase.261 Thus, it has been pro-
posed that the N-terminal ca2+-binding domain may 
function in a similar capacity as the cytosolic regulatory 
subunits to activate electron transfer.260 In the case of 
NOX5, it is proposed that ca2+ binding to the EF hand 
domains induces a conformational change in the NOX5 
N-terminus that facilitates intramolecular protein–
protein binding interactions with the catalytic core, 
resulting in enzymatic activity260 (Fig. 7.5).

7.5.5 DUOX1 and DUOX2

Shortly after the cloning of NOX1, two novel NOX2 
homologs were identified in thyroid tissue and were 
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of NOXA1 binds to the proline-rich region in the 
c-terminus of NOXO1236; however, this interaction is 
weaker than the p67phox–p47phox interaction, indicating 
that the molecular features of the NOXA1–NOXO1 
interaction may be significantly different.266 In addition, 
the NOXA1 PB1 domain has characteristics distinct 
from that of p67phox and does not support binding with 
p40phox.236 Recently, Kroviarski et al.269 reported that 
NOXA1 was phosphorylated by MAPK, PKc, and 
PKA and that phosphorylation of NOXA1 decreased 
its binding to NOX1 and Rac1. Based on these studies, 
they proposed a role for NOXA1 phosphorylation in 
controlling excessive activation of NOX1-dependent 
NADPH oxidases.269

7.6 NONPHAGOCYTE ROS PRODUCTION

As with the NOX2-based NADPH oxidase, the primary 
product of NOX1, NOX3, and NOX5 appears to be O2

•−, 
which results from the oxidation of NADPH and the 
univalent reduction of O2 (Fig. 7.1). Note, however, that 
nonphagocyte NADPH oxidase systems generally 
produce much lower amounts of ROS, which is consis-
tent with their functional roles in signaling and cellular 
homeostasis.226 In addition, a number of nonphagocytic 
cell types have been shown to express multiple NOX 
enzymes that localize to different subcellular compart-
ments (Fig. 7.6 and Table 7.2).

the system using NOXO1 is capable of producing low 
levels of O2

•− in a constitutive manner.266

Gianni et al.267 recently reported that the c-Src sub-
strate proteins Tks4 (tyrosine kinase substrate with four 
SH3 domains) and Tks5 are functional members of a 
NOXO1 superfamily. They showed that Tks proteins 
could interact with NOXA1 to support NOX1/p22phox 
and NOX3/p22phox activity in reconstituted cellular 
systems and played a role in the formation of functional 
invadopodia in human colon cancer cells.267,268 Whether 
additional NOX organizers exist remains to be 
determined.

7.5.7 NOXA1

The search for a p67phox homolog resulted in the identi-
fication of p51 or p51nox, based on its predicted molecu-
lar weight, which was subsequently renamed 
NOXA1.234–236 NOXA1 is highly expressed in colon and 
seems to be expressed in a wider range of tissues than 
NOXO1234–236 (Table 7.2). NOXA1 exhibits 28% amino 
acid sequence identity with p67phox but is significantly 
shorter due to the absence of the first SH3 domain and 
a small region near the second SH3 domain234–236 (Fig. 
7.2). NOXA1 contains TPR motifs for interaction with 
Rac GTPase, an activation domain, a PB1 domain, and 
a c-terminal SH3 domain that are analogous to 
p67phox234–236 (Fig. 7.2). Analogous to the interaction 
between p67phox and p47phox, the c-terminal SH3 domain 

Figure 7.6 Schematic representation of the various regions of the body where NOX systems are located. Tissues reported to 
express NOX homologs throughout the human body are indicated. See text for further details. (Adapted from Clin. Sci. 2006, 
111(1), 1–20. copyright 2006 Biochemical Society.)
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bioavailability, cell growth and differentiation, cell 
migration, cell contraction, and fibrosis.226,227

One of the key roles of ROS in the cardiovascular 
system is in the regulation of vascular tone and blood 
pressure.275 As discussed above, O2

•− can rapidly react 
with •NO and thus neutralize the biological properties 
of this important mediator of vascular homeostasis.276 
•NO (aka endothelial-derived relaxation factor) is gen-
erated by endothelial nitric oxide synthase (eNOS), and 
generation of •NO by endothelial cells is required for 
relaxation of vascular smooth muscle cells and vasodila-
tion.277 It is now clear from a number of studies that 
vascular tone is regulated by the balance between •NO 
and O2

•− and that oxidative stress resulting in excessive 
levels of ROS can upset this balance, leading to vascular 
diseases (reviewed in References 226, 275, and 278). In 
addition to NADPH oxidase activity, xanthine oxidase 
also represents an important source of vascular ROS 
that contributes to vascular dysfunction.279 Additionally, 
it is thought that oxidative stress due to increased vas-
cular ROS can lead to tetrahydrobiopterin (BH4) oxida-
tion and thus uncoupling of eNOS, which requires BH4 
as a cofactor.280 consequently, uncoupled eNOS pro-
duces O2

•− rather than •NO, and it has been reported 
that eNOS-derived O2

•− contributes to the development 
of vascular diseases, such as atherosclerosis and hyper-
tension (reviewed in References 275 and 280).

In addition to the regulation of •NO bioavailability, 
vascular ROS also have direct effects on vascular tissues, 
independent of •NO. For example, ROS have been 
shown to induce vascular smooth muscle cell prolifera-
tion, which contributes to vascular disease pathogene-
sis.281,282 ROS also play important roles in regulation of 
redox-sensitive intracellular targets, such as protein 
kinases, protein tyrosine phosphatases, and transcrip-
tion factors, during vascular cell responses to hormones 
and growth factors (reviewed in Reference 283).

It is now known that a number of NADPH oxidase 
enzymes participate in vascular ROS production, includ-
ing those utilizing NOX1, NOX2, NOX4, and NOX5.226 
Indeed, SOD mimetics, antioxidants, and inhibitors of 
NADPH oxidase assembly have been shown to reduce 
hypertension (reviewed in Reference 284). The first 
NADPH oxidase to be identified in vascular tissue was 
a NOX2-dependent system present in aortic adventitial 
fibroblasts.285 This NADPH oxidase was found to be 
constitutively active, but its activity could also be 
enhanced by angiotensin II.285 Subsequent work has 
shown that NOX2 is expressed in all vascular wall  
cells except vascular smooth muscle cells from large 
arteries (reviewed in Reference 226). NOX2-dependent 
NADPH oxidase activity is elevated in animal models 
of hypertension, such as renovascular hypertension and 
angiotensin II-induced hypertension, supporting a role 

As discussed above, NOX4/p22phox appears to be con-
stitutively active, without requirement for additional 
cytosolic components. However, in contrast to other 
NOX systems, the primary product of NOX4/p22phox is 
H2O2.249 Generation of H2O2 requires NADPH and 
FAD, and recent studies indicate that the cytosolic 
dehydrogenase domain of NOX4 is constitutively 
“turned on” compared with the dehydrogenase domains 
of NOX1–NOX3, which explains the constitutive activ-
ity observed for this enzyme.270 NOX4 is localized pri-
marily in the endoplasmic reticulum271,272 and plays a 
role in endoplasmic reticulum stress responses.273

DUOX1 and DUOX2 generate H2O2 in a ca2+-
dependent manner, and it has been proposed that the 
N-terminal peroxidase homology domain plays a role in 
H2O2 formation (reviewed in Reference 3) (Fig. 7.5). 
Mature DUOX enzymes coexpressed with their respec-
tive maturation factors do not appear to generate O2

•−, 
despite the homology with NOX2.264,265 However, it has 
also been suggested that DOUX enzymes initially gen-
erate a O2

•− intermediate, which is rapidly dismutated 
within the peroxidase homology domain of the DUOX 
molecule so that free O2

•− is never released.274

7.7 FUNCTIONS OF NONPHAGOCYTE NADPH 
OXIDASES

NADPH oxidases play important functions in many 
organ systems and cell types, thereby contributing to 
normal physiological processes and, when in excess or 
dysregulated, to the pathogenesis of various human dis-
eases (Fig. 7.6). The roles of nonphagocyte NADPH 
oxidases in a variety of organs and tissues are described 
as follows.

7.7.1 Cardiovascular System

A number of NADPH oxidases have been reported to 
be important in the cardiovascular system, and they 
have been shown to play important roles in physiologi-
cal processes, such as blood pressure regulation, as well 
as pathophysiological events, including hypertension, 
restenosis, inflammation, and atherosclerosis (recently 
reviewed in References 226 and 227) (Fig. 7.6). The 
functions of NADPH oxidase-generated ROS in the 
cardiovascular system seem to be quite complex, involv-
ing multiple NADPH oxidases and a range of signaling 
and regulatory mechanisms. NADPH oxidase-dependent 
ROS production has been observed throughout the vas-
cular system, and NADPH oxidase expression has been 
observed in adventitial fibroblasts, endothelial cells, and 
smooth muscle cells.226,227 In the vascular system, ROS 
have been shown to participate in the regulation of •NO 
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cellular compartments in vascular smooth muscle cells, 
with NOX1 primarily localized in surface domains and 
NOX4 concentrated in focal adhesions.301 In endothelial 
cells, NOX4 is localized in the endoplasmic reticulum 
and possibly the nucleus.272,313 Thus, NADPH oxidase 
compartmentalization may facilitate contributions to 
distinct signaling events within or between vascular 
cells. In addition, recent studies suggest that the relative 
levels or activities of different NOX homologs in a given 
cell may change, depending on physiological events. For 
example, ROS production is found in the plaque shoul-
der of atherosclerotic arteries, and analysis of the plaque 
shoulder demonstrated the presence of NOX2 and 
NOX4, which are expressed in plaque-associated mac-
rophages and vascular smooth muscle cells.297 On the 
other hand, NOX4 expression does not appear to be 
upregulated in parallel with the increase in NOX2 
expression during atherosclerosis, suggesting increased 
NOX2 expression is a better correlate of disease patho-
genesis.297 NOX2 and NOX4 expression is enhanced in 
vessels from patients with coronary artery disease, sug-
gesting a role for these oxidases in this disease.314 Inter-
estingly, NOX1, NOX2, and NOX4 are upregulated 
sequentially during restenosis after balloon injury of the 
carotid artery; however, the kinetics were different for 
each NOX protein, with NOX1 upregulation at 3 days, 
followed by increased NOX2 at 7–15 days, and finally 
NOX4 upregulation at >15 days postinjury,315 suggesting 
differential roles in vascular repair. Recently, ROS  
production by NOX4 was found to be required for oxi-
dized low-density lipoprotein-induced macrophage 
death, further implicating this NOX homolog in 
atherogenesis.252

Not much is known regarding the functions of NOX5 
in the vasculature. NOX5 is expressed in vascular 
smooth muscle cells and endothelial cells and appears 
to play a role in vascular cell proliferation.303,304 Overex-
pression of NOX5 in intact vessels increased eNOS 
activity and O2

•− production, with a net loss in •NO 
bioavailability.316 NOX5 expression has been reported 
to be upregulated in atherosclerosis and may play a role 
in lesion development by contributing to vascular oxi-
dative stress.258

The importance of phagocyte NADPH oxidase pro-
teins in regulation of the vascular system suggests that 
individuals with cGD should exhibit cardiovascular 
abnormalities, including problems in blood pressure 
regulation. Surprisingly, there appears to be little effect 
of these defects in ROS production on blood pressure 
regulation, regardless of the defect. Indeed, a recent 
study of cGD patients with NOX2 deficiency showed 
these patients had enhanced arterial dilatation but 
normal blood pressure values317 Thus, it appears that the 
absence of vascular abnormalities in cGD patients may 

for vascular-derived O2
•− in regulating •NO bioavail-

ability.286 Indeed, the development of hypertension was 
diminished in p47phox-deficient mice287 and in some 
models of hypertension using NOX2-deficient mice.288 
Note, however, that ROS in hypertension induced by 
chronic angiotensin II administration seem to be NOX2-
independent, suggesting a role for other NOX homo-
logs.289 Since knockdown of p22phox expression in vivo 
also alleviated angiotensin II-induced hypertension,290 it 
can be concluded that activity of this NOX homolog is 
p22phox-dependent. In addition to its role in hyperten-
sion, NOX2-dependent NADPH oxidase activity has 
also been implicated in angiotensin II-induced vascular 
hypertrophy,291 cardiac hypertrophy,292 aortic stenosis,293 
angioplasty-induced neointimal hyperplasia,294 ischemia-
induced angiogenesis,295 and aldosterone-induced 
inflammation of the heart.296 In atherosclerosis, NOX2 
is upregulated, and its expression correlates with lesion 
severity.297 Likewise, the development of atherosclerotic 
lesions was substantially reduced in NOX2-deficient 
mice.298

Besides NOX2, additional NOX homologs have been 
identified in vascular tissue, including NOX1, which is 
expressed in endothelial cells, smooth muscle cells, and 
adventitial fibroblasts299,300; NOX4, which is constitu-
tively expressed in large vessel smooth muscle cells and 
endothelium301,302; and NOX5, which is expressed in vas-
cular smooth muscle cells and endothelial cells.303,304

NOX1-dependent ROS production has been reported 
to play a role in hypertension, and NOX1 overexpres-
sion in smooth muscle cells enhanced angiotensin 
II-dependent hypertension.305 Likewise, angiotensin 
II-dependent hypertension was reduced in NOX1-
deficient animals.306 NOX1 has also been implicated 
in proliferative vascular disease and appears to play a 
role in abnormal vascular growth induced by oxidized 
low-density lipoprotein307 and advanced glycation end 
products.308 NOX1 expression is increased in hypercho-
lesterolemia and has been reported to contribute to 
vascular lesion formation, which is due in part to its role 
in foam cell formation.309,310 In support of the role of 
NOX1 in atherosclerosis, Niu et al.311 recently demon-
strated that NOXA1 expression was significantly increased 
in aortas and atherosclerotic lesions of ApoE-deficient 
mice compared with wild-type mice and that NOXA1 
was present in intimal and medial smooth muscle cells 
of human early carotid atherosclerotic lesions.

NOX4 is abundantly expressed in vascular cells and 
appears to play important roles in cell differentiation, 
cell growth, and cell migration (reviewed in Reference 
226). NOX4 is expressed at higher levels than other 
NOX proteins in vascular endothelial cells and may be 
the primary NADPH oxidase system in these cells.271,312 
NOX1 and NOX4 appear to be localized in different 
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tion in the juxtaglomerular apparatus (JGA).330 Fur-
thermore, ROS have been reported to exert a tonic 
regulatory action on renal medullary blood flow in the 
renal outer medulla.331 During hypoxia, renal medullary 
function is enhanced by ROS through regulation of 
hypoxia-inducible factor-1α (HIF-1α) expression.328

All NADPH oxidase cytosolic subunits and three of 
the NOX homologs (NOX1, NOX2, and NOX4) are 
expressed in the kidney and have been localized to the 
renal arterioles, glomeruli, macula densa, podocytes, and 
distal nephron.326 NOX4 (aka Renox) was originally dis-
covered in kidney and appears to be the most abundant 
NOX expressed in kidney, with high levels of expression 
being observed in the renal cortex.247,248 comparatively 
lower levels of NOX4 are expressed in glomerular 
mesangial cells, where it has been proposed to play a 
role in angiotensin II-induced activation of Akt/protein 
kinase B.255 NOX2-dependent ROS production in podo-
cytes has been proposed to play a role in the regulation 
of renal glomerular blood flow, and these cells have 
been shown to express NOX2, p22phox, p47phox, p67phox.332 
Indeed, analysis of renal function in NOX2-deficient 
mice confirmed a role for this oxidase in the mainte-
nance of renal vascular tone.333

While ROS play essential roles in normal renal func-
tion, oxidant stress has also been implicated in patho-
logical conditions related to abnormal kidney function, 
including hypertension and diabetes. For example, NOX 
protein expression is upregulated in the SHR kidney, 
suggesting a role in renovascular hypertension.334 Fur-
thermore, it was shown that oxidant stress in spontane-
ous hypertension was due not only to upregulation of 
NOX1 and p22phox, but also to loss of extracellular 
SOD.335 Likewise, knockdown of p22phox expression 
resulted in decreased oxidative stress and inhibited 
angiotensin II-induced hypertension.290 Dopamine is an 
important regulator of blood pressure, sodium balance, 
and renal and adrenal function, and abnormal signaling 
of D1-like receptors (D1 and D5) is involved in animal 
models of hypertension and in humans with essential 
hypertension (reviewed in Reference 336). Interest-
ingly, activation of D1-like receptors has been shown to 
inhibit expression of NOX2, p47phox, and NOX4, leading 
to decreased ROS production in kidney and brain.337 In 
addition, recent studies suggest D1-like receptors may 
decrease renal NADPH oxidase activity by disrupting 
the assembly of NADPH oxidase components in cell 
membrane microdomains.338 Thus, the ability of D1-like 
receptor stimulation to decrease ROS production  
may explain, in part, the antihypertensive action of 
dopamine.

ROS also play a role in diabetes, and NOX4-
dependent ROS production is evident in the kidney 
during early stages of diabetes and has been reported 

be due, in part, to the compensatory effects of other 
NOX homologs. For example, NOX1 has been shown to 
participate in regulation of blood pressure, and hyper-
tension induced by angiotensin II is decreased or absent 
in NOX1-deficient mice.306,318 On the other hand, chronic 
angiotensin II-dependent hypertension can occur inde-
pendently of both NOX1 and NOX2,289,319 suggesting 
involvement of a different NOX homolog. One candi-
date for a potential compensatory oxidase is NOX4, 
which is highly expressed in the vasculature and can 
function in the absence of the regulatory cytosolic 
factors that are missing in autosomal forms of cGD232,249 
(Table 7.1). Note however, that NOX4 requires associa-
tion with p22phox,232,249 which is defective in certain forms 
of cGD28 (Table 7.1). Another possibility is NOX5, 
which has recently been shown to be regulated by 
angiotensin II261 and does not require additional cofac-
tors for activity.260 Further research is needed to deter-
mine if the various NADPH oxidase enzymes can 
functionally compensate for each other and the mecha-
nisms involved.

NADPH oxidase-dependent ROS production is also 
important in cardiac tissues, and NOX2 and NOX4 
appear to be the primary systems involved (reviewed in 
Reference 19). NOX4 has been reported to play an 
important role in cardiomyocyte differentiation,320 
whereas NOX2 is the main NOX form in adult heart 
tissue.19 NOX2 is upregulated in cardiac tissue after 
myocardial infarction321 or ischemia.322 On the other 
hand, myocardial damage was not found to be decreased 
in mice with a defective NOX2-based NADPH 
oxidase.323 Recently, Kuroda et al.324 reported that 
NOX4 is expressed in mitochondria of cardiac myocytes 
and is a major source of mitochondrial oxidative stress 
during pressure overload and contributes to heart 
failure. conversely, Zhang et al.325 reported that NOX4 
mediates protection against chronic load-induced stress 
in mouse hearts by enhancing angiogenesis. Thus, further 
work will be needed to reconcile these observations.

7.7.2 Renal System

ROS play important roles in renal tissues, and NADPH 
oxidase expression has been observed in a number of 
cells in the kidney (reviewed in References 19 and 326) 
(Fig. 7.6). ROS have been implicated in the regulation 
of Na+ transport, renovascular tone, tubuloglomerular 
feedback, and renal oxygenation (reviewed in Refer-
ences 327 and 328). For example, ROS increased salt 
absorption in the thick ascending limb of Henle’s loop 
by modulation of Na+/H+ exchangers.329 In addition, 
enhanced tubuloglomerular feedback observed in spon-
taneously hypertensive rats (SHRs) has been shown to 
be due to the removal of •NO by increased O2

•− produc-
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found to be upregulated in these cells by rhinovirus 
infection.352 In addition to NOX4 and p22phox, expression 
of p47phox and p67phox but not NOX2 was observed in 
these cells.352 Since NOX4 does not require these cyto-
solic cofactors, their role in lung fibroblast function is 
not clear. On the other hand, orally bioavailable NOX4 
inhibitors have been suggested as potential new treat-
ments for idiopathic pulmonary fibrosis.353

NADPH oxidases play an important role in O2 
sensing throughout the body through their involvement 
in pulmonary chemoreceptors (i.e., neuroepithelial 
bodies [NEB]), carotid body, erythropoietin (EPO)-
producing cells in the kidney, and other organ systems 
(reviewed in Reference 354). Based on the expression 
of NOX2, p22phox, p47phox, and p67phox in the carotid body 
and airway chemoreceptor cells, it has been proposed 
that a NOX2-dependnt oxidase is involved in O2 sensing 
in these tissues.355,356 Indeed, mice deficient in NOX2 
have defective O2 sensing in pulmonary NEB357 and 
defective respiratory control.358 On the other hand, it 
has also been reported that inhibition of NADPH 
oxidase activity does not block hypoxia sensing in 
carotid body chemoreceptor cells.359 In addition, normal 
hypoxia-induced gene expression was found in NOX2-
deficient cells,360 and normal O2 sensing was observed in 
pulmonary artery smooth muscle cells and carotid body 
isolated from NOX2-deficient mice.361,362 In more recent 
studies, a role for additional NOX homologs has been 
suggested in O2 sensing. For example, NOX4 has been 
proposed to be an oxygen sensor, leading to regulation 
of TASK-1 activity in HEK293 cells.363 Recent analysis 
of NADPH oxidase protein expression and K+-sensitive 
O2 sensing channels (Kv) showed that in rat lung, NOX2, 
NOX4, p22phox, Kv3.3, and TASK1 localized to the apical 
plasma membrane of NEB cells and that knockdown of 
NOX2, but not NOX4, in NEB inhibited responses to 
hypoxia.364 In addition, co-immunoprecipitation studies 
showed NOX2 molecular complexes with Kv but not 
with TASK, while NOX4 associated with TASK1 but 
not with Kv channel proteins, suggesting that unique 
combination of NOX and O2-sensing channels play 
diverse physiological NEB functions.364

In addition to their physiological functions, NADPH 
oxidases have been proposed to play roles in the pathol-
ogy of asthma and pulmonary vascular diseases 
(reviewed in References 365 and 366). ROS production 
is increased in pulmonary hypertension, and hypoxia-
induced activation of ROS has been reported to con-
tribute to pulmonary artery vasoconstriction.367 Indeed, 
treatment of isolated rat pulmonary arteries with NADPH 
oxidase inhibitors blocked hypoxia-induced vasocon-
striction.368 Likewise, NADPH oxidase-dependent ROS 
production has been implicated in the vascular changes 
associated with chronic hypoxia-induced pulmonary 

to contribute to renal hypertrophy.339 In addition, high 
glucose has been reported to enhance PKc activity in 
mesangial cells, leading to increased ROS associated 
with diabetic glomerulopathy.340 NADPH oxidase activ-
ity is enhanced in diabetic nephropathy, and has been 
reported to be involved in glomerular cell apoptosis, 
endothelial dysfunction, phagocyte adherence, and 
impaired coagulation in the kidney.341 In support of this 
idea, treatment of rats with apocynin, an NADPH 
oxidase inhibitor, prevented proteinuria and glomeru-
lopathy associated with experimental diabetes.342 Like-
wise, treatment of animals with the antioxidant α-lipoic 
acid reduced NADPH oxidase protein expression, as 
well as kidney damage associated with diabetes.343 Simi-
larly, combined treatment of rats with the antioxidant 
probucol and an angiotensin II type I receptor antago-
nist arrested proteinuria and disease progression in 
mesangioproliferative glomerulonephritis.344

7.7.3 Pulmonary System

ROS play distinct physiological roles in the pulmonary 
system and participate in airway and vasculature remod-
eling, O2 sensing, and mucosal defense (reviewed in Ref-
erences 345 and 346) (Fig. 7.6). Airway epithelial cells 
express both DUOX1 and DUOX2347,348 (Table 7.2). In 
these cells, DUOX proteins are expressed on the apical 
surface, where they generate H2O2 that is utilized by 
lactoperoxidase to form microbicidal hypothiocyanite, 
which contributes to mucosal host defense against 
airway pathogens (reviewed in Reference 3). Airway 
DUOX expression is differentially regulated by cyto-
kines, including IL-4 and IFN-γ.348

In airway smooth muscle cells and pulmonary artery 
smooth muscle cells, ROS play an important role in 
signaling events associated with cell proliferation. For 
example, proliferation of airway smooth muscle cells 
involves a p22phox-dependent NADPH oxidase and 
ROS-dependent activation of NF-κB.349 Likewise, pro-
liferation in human pulmonary artery smooth muscle 
cells induced by transforming growth factor β (TGF-β) 
is dependent on NOX4, which may be the dominant 
NOX isoform in these cells. NADPH oxidase expression 
has also been described in human lung endothelial cells, 
and its activation was upregulated by hyperoxia.350 Sub-
sequent studies demonstrated a role for both NOX4 and 
NOX2 in hyperoxia-induced ROS generation and 
migration of human lung endothelial cells.351 Further-
more, knockdown of either NOX4 or NOX2 resulted in 
upregulated expression of the remaining NOX protein, 
suggesting activation of compensatory mechanisms 
when either one of these NOX homologs was missing.351 
NOX4-dependent NADPH oxidase activity has been 
identified in lung fibroblasts, and ROS production was 
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NOX2-based oxidase, which plays a role in astrocyte 
responses to inflammatory agents386 and astrocyte intra-
cellular signaling.387 NADPH oxidases are expressed in 
neurons, including systems involving NOX1,388 NOX2,389,390 
and NOX4.391 NOX1 is upregulated by nerve growth 
factor, and increased NOX1-dependent ROS produc-
tion has been proposed to negatively regulate neuronal 
differentiation by suppressing excessive neurite out-
growth.388 NOX2, p22phox, p40phox, p47phox, and p67phox are 
present in sympathetic neurons, and ROS generated by 
this system contributes to neuronal apoptosis during 
nerve growth factor deprivation.389 ROS are also impor-
tant signaling molecules in the central nervous system, 
and NOX2-dependent NADPH oxidase activity has been 
reported to be involved in angiotensin II signaling in the 
nucleus tractus solitarius392 and hypothalamic cardio-
vascular regulatory nuclei.393 Similarly, NOX2-dependent 
NADPH oxidase activity is required for N-methyl 
D-aspartate (NMDA) receptor signaling in the hippo-
campus.394 However, prolonged NOX2-dependent gluta-
mate release has been suggested to lead to neuroadaptative 
downregulation of NMDA receptor subunits.395 Finally, 
ROS have been proposed to play a role in synaptic 
plasticity and memory (reviewed in Reference 396).

As in the vascular system, NADPH oxidases have 
been shown to participate in the regulation of cerebral 
vascular tone (reviewed in Reference 397). NADPH 
oxidase-generated ROS have been reported to reduce 
•NO bioavailability in cerebral vessels, and chronic 
exposure to nicotine was shown to increase p47phox 
expression and ROS production in the parietal cortex, 
leading to impaired NOS-dependent vasodilation of 
pial arterioles.398 In addition, NOX4 has been proposed 
to play a role in regulating cerebral vasodilation, and 
cerebral artery NOX4 expression and activity are 
increased during chronic hypertension.399

Elevated oxidative stress is characteristic of normal 
brain aging, as well as disease states, such as Alzheimer’s 
disease, Parkinson’s disease, ischemic injury, and stroke 
(reviewed in References 400 and 401). For example, 
microglial ROS production has been proposed to con-
tribute to inflammatory neurodegeneration associated 
with Alzheimer’s disease and Parkinson’s disease 
(reviewed in References 402 and 403). Indeed, activa-
tion of microglial ROS has been shown to contribute to 
death of neighboring neurons,404 and ONOO− generated 
by reaction of microglial ROS with •NO causes neuro-
nal apoptosis.405 Alzheimer’s disease is associated with 
oxidant stress,406 and NADPH oxidase-derived ROS 
contribute to the protein and lipid oxidation associated 
with this disease.407 In patients with Parkinson’s disease, 
ROS production is enhanced,408 and NOX2-dependent 
ROS production contributes to inflammation-induced 
toxicity to dopaminergic neurons.409

artery hypertension, and both NOX2369 and NOX4370 
systems have been implicated in this process. Pulmonary 
fibrosis is another disease associated with excessive 
ROS production in the lung, and it has been proposed 
that NOX4 is involved in myofibroblast activation and 
fibrogenic responses to lung injury.371 In addition, the 
absence of ROS production in p47phox-deficient mice 
protected them against bleomycin-induced pulmonary 
fibrosis.372 Thus, additional NOX homologs besides 
NOX4 are likely involved. ROS contribute to the inflam-
mation associated with cystic fibrosis, and recent studies 
suggest that ROS production by DUOX enzymes may 
contribute to the pathogenesis of this disease.373

NADPH oxidase-derived ROS have been implicated 
in lung injury associated with asthma and acute  
lung injury (reviewed in References 374 and 375). In 
addition to the involvement of ROS generated by  
pulmonary airway cells,374 ROS produced by inflamma-
tory phagocytes are also involved in actual pulmonary 
injury (reviewed in Reference 376). Indeed, excessive 
phagocyte-derived ROS has been implicated in lung 
injury during asthma, allergic rhinitis, and adult respira-
tory distress syndrome (ARDS).376,377 For example, lung 
microvascular injury due to phagocyte-generated ROS 
is absent in lung microvessels from NOX2- and p47phox-
deficient mice.378 In addition, chronic ethanol ingestion 
increases ROS production and NOX2 expression in the 
lung, possibly contributing to ARDS.379 Treatment with 
antioxidants or overexpression of SOD were reported 
to reduce airway hyperresponsiveness,380 supporting a 
role for ROS in asthma. •NO deficiency has been shown 
to contribute to allergen-induced airway hyperreactiv-
ity, and it was proposed that an oxidant–antioxidant 
imbalance contributed to this response due to removal 
of •NO by O2

•−.365 However, subsequent studies demon-
strated that the •NO deficiency associated with airway 
hyperreactivity was due to downregulation of constitu-
tive NOS activity and not due to quenching by O2

•−.381 
Thus, the specific roles played by NADPH oxidases in 
the pulmonary system can also depend on the nature of 
underlying conditions.

7.7.4 Central Nervous System

NADPH oxidase-generated ROS play important roles 
in central nervous system function, with NOX2 being 
the predominant NOX, although NOX1 and NOX4 
have also been identified in neurons (reviewed in Ref-
erernce 382). Microglia are macrophage-like cells in the 
central nervous system and, like other phagocytes, gen-
erate ROS using a NOX2-based NADPH oxidase.383 
Microglial ROS are thought to participate in central 
nervous system host defense384 and in the regulation of 
microglial proliferation.385 Astrocytes also express a 
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where they are required as cofactors for regulating 
NOX1 activity.234–236 In humans, NOX1 and cofactors are 
expressed in the colon, but not in gastric tissues.417 Thus, 
there appears to be species-specific difference in local-
ization of this NADPH oxidase in the gastrointestinal 
system.

NOX1 appears to be important in normal colon func-
tion, and ROS generated by a NOX1-dependent oxidase 
in colon mucosa has been reported to promote sero-
tonin biosynthesis, which is important in regulating 
secretion and motility.419 In addition, NOX1-based 
NADPH oxidase activity has been shown recently to 
modulate WNT and NOTcH1 signaling to control the 
fate of proliferative progenitor cells in the colon.420 The 
NOX1-based NADPH oxidase also has been shown to 
contribute to gut immunity in various models. For 
example, treatment of guinea pig gastric mucosal cells 
with Helicobacter pylori lipopolysaccharide indepen-
dently activated Rac1, as well as transcription of NOX1 
and NOXO1.421 Upregulation of the NOX1-based 
NADPH oxidase in intestinal epithelial cells appears to 
be mediated by TLR5 signaling.422 Indeed, bacterial fla-
gellin has been shown to activate TLR5 and induce 
epithelial proinflammatory gene expression.423 Although 
TLR4 has been suggested to play a role in regulation of 
inflammation caused by H. pylori infection,424 TLR4-
mediated activation of NOX1 in colon epithelial cells 
was not observed.422 On the other hand, stimulation of 
TLR4 by lipopolysaccharide induced a time- and dose-
dependent contractile dysfunction in colon smooth 
muscle cells, which was associated with oxidative imbal-
ance due to increased ROS production.425 NOX1 is 
induced by a number of inflammatory cytokines, which 
is consistent with a role in mucosal host defense. For 
example, interferon-γ activated NOX1 transcription and 
upregulated ROS production by colon epithelial cells 
through a signal transducers and activators of transcrip-
tion 1 (STAT1)-dependent pathway.426 In addition, 
IL-1β, IL-18, and TNF-α were also found to induce 
NOX1 in T84 colon cancer cells.417

In addition to NOX1, recent studies suggest DUOX2 
contributes to gastrointestinal tract host defense. In 
Drosophila, duox2 is expressed throughout the digestive 
tract,427 and mortality due to infection is greatly 
increased by silencing Duox2 in adult flies.428 In humans, 
DUOX2 is expressed in the distal gastrointestinal tract, 
especially in the cecum, sigmoidal colon, and rectal 
glands.347,427 In these tissues, DUOX2 expression has 
been localized to enterocytes within the apical mem-
brane of the brush border427 and to the lower half of the 
rectal glands.347 In the gastrointestinal system, DUOX2 
has been proposed to serve as a source of H2O2 that is 
utilized by lactoperoxidase to generate microbicidal 
thiocyanite for mucosal defense (reviewed in References 

ROS have been shown to play an important role in 
brain injury associated with ischemia/reperfusion and 
stroke. For example, phagocyte NOX2-dependent ROS 
have been shown to contribute to inflammatory and 
ischemic central nervous system injury, and inhibition 
of leukocyte recruitment to the central nervous system 
reduced experimental cerebral injury.410 Likewise, 
depletion of neutrophils was found to be neuroprotec-
tive in hypoxic-ischemic brain injury.411 Indeed, antioxi-
dants have been shown to prevent ROS-induced lipid 
peroxidation during ischemic injury,412 and brain-
penetrating antioxidants are effective neuroprotective 
agents in central nervous system ischemic injury.413 In 
addition to NOX2, NOX1 has also been shown to con-
tribute to ischemic injury in experimental stroke, and 
genetic deletion of NOX1 resulted in decreased lesion 
size and improved neurological outcome.414 However, 
ROS-mediated direct cellular injury did not appear to 
be involved in the protective effect achieved by NOX1 
deficiency, suggesting involvement of other NOX homo-
logs.414 One likely candidate is NOX4, and Kleinschnitz 
et al.415 recently reported that cerebral vascular NOX4 
expression was induced during ischemic stroke and 
caused oxidative stress and death of nerve cells after a 
stroke. They also demonstrated that brain damage was 
reduced and neurological function was improved in 
NOX4-deficient animals or by treatment with a NOX 
inhibitor after stroke injury.415 Thus, their work suggests 
that NOX4 could be a novel therapeutic target for 
reducing brain injury due to stroke.

Phagocyte ROS also play an important role in inflam-
matory and ischemic central nervous system injury. For 
example, inhibition of leukocyte recruitment to the 
central nervous system has been shown to reduce exper-
imental cerebral injury.410 Likewise, depletion of neutro-
phils was found to be neuroprotective in hypoxic-ischemic 
brain injury.411 Antioxidants have been shown to prevent 
ROS-induced lipid peroxidation during ischemic 
injury,412 and brain-penetrating antioxidants are effec-
tive neuroprotective agents in central nervous system 
ischemic injury.413

7.7.5 Gastrointestinal System

Resident and recruited phagocytes are essential for gas-
trointestinal defense against pathogens and represent a 
source of ROS in the gut.416 However, it is now clear 
that additional NOX-based enzymes contribute to 
healthy gut immunity (reviewed in Reference 417) (Fig. 
7.6). Expression of NOX1 is abundant in colon and 
gastric pit epithelial cells,228,229,418 and NOX1 is induced 
during epithelial cell differentiation, with the highest 
levels of NOX1 expressed on crypt cells.233 NOXO1 and 
NOXA1 are also expressed in colon epithelial cells, 
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tion of ROS is involved in apoptotic cell death of HepG2 
human hepatoma cells exposed to capsaicin.445 TGF-β 
induces oxidative stress that mediates fetal hepatocyte 
apoptosis, and it has been proposed that mitochondrial 
and extramitochondrial NADPH oxidase-dependent 
ROS contribute to this process.447 On the other hand, it 
appears that certain regenerating adult hepatocytes are 
resistant to ROS-mediated apoptosis.448 Thus, the impact 
of ROS on hepatocytes also appears to be dependent 
on hepatocyte phenotype.

The liver plays an important role in innate immunity, 
and specialized tissue macrophages called Kupffer cells 
play an important role in this process (reviewed in Ref-
erence 449). Kupffer cells are resident macrophage of 
the liver and, like all phagocytes, utilize a NOX2-based 
NADPH oxidase to generate ROS in defense against 
pathogens.450 Kupffer cells generate ROS in response to 
a variety of inflammatory stimuli, including lipopolysac-
charide, carcinogens, and zymosan.451,452 ROS produc-
tion is absent in Kupffer cells from p47phox-deficient 
mice, supporting a role for the NOX2-dependent oxidase 
system.452 Kupffer cell ROS production has also been 
reported to contribute to defense against pathogens 
during liver infection.453

Hepatic stellate cells are normally quiescent cells 
located in the perisinusoidal space of the liver but 
become activated in response to chronic liver injury and 
develop a myofibroblast-like phenotype associated with 
increased proliferation and collagen synthesis.454 Acti-
vated hepatic stellate cells generate ROS in response to 
various stimuli, including angiotensin II,455 platelet-
derived growth factor,456 and leptin.457 NOX2 is 
expressed in hepatic stellate cells,455,456 and it has been 
reported that NOX2-dependent ROS production par-
ticipates in angiotensin II signaling during liver fibro-
sis.455 Indeed, hepatic fibrosis was inhibited in 
p47phox-deficient mice, further supporting a role for ROS 
in hepatic stellate cell proliferation and fibrosis during 
liver injury.455,456

Increased oxidant stress is a characteristic of chronic 
liver diseases, and this is due to enhanced NADPH 
oxidase activity and decreased activity of antioxidant 
defenses (reviewed in References 458 and 459). Indeed, 
oxidant stress is associated with alcohol-induced liver 
disease, hepatitis c virus infection, and fibrosis associ-
ated with chronic liver injury.458 In addition, excessive 
ROS generation by Kupffer cells has been reported to 
be a factor in hepatocarcinogenesis.460 Thus, it is evident 
that hepatic NADPH oxidase-generated ROS can be 
involved in both physiological and pathological events 
in the liver and that disruption of the redox balance 
toward oxidative stress can lead to inflammatory events 
and tissue injury. Indeed, antioxidants have been the 
focus of anticancer therapies in the liver. For example, 

429 and 430). In support of this idea, Flores et al.431 
recently showed that zebrafish DUOX is highly 
expressed in intestinal epithelial cells and that knock-
down of DUOX impaired larval capacity to control 
enteric Salmonella infection.

Oxidant stress has been proposed to play a role in 
inflammatory tissue damage associated with gastroin-
testinal diseases, such as crohn’s disease and ulcerative 
colitis (reviewed in References 417, 432, and 433). 
Abnormalities in vascular structure and function, in 
addition to inflammatory lesions in the gut, may be initi-
ated and exacerbated by ROS production mediated by 
gastrointestinal NADPH oxidases, including those uti-
lizing NOX1, NOX2, and possibly NOX5. For example, 
injury of gut mucosal tissues by nonsteroidal anti-
inflammatory drugs appears to be mediated, in part, by 
phagocyte-generated ROS.434 In addition, NOX2 is 
upregulated in mucosal macrophages from intestinal 
tissue of patients with crohn’s disease.435 conversely, 
significantly increased gastritis was observed in NOX2-
deficient mice treated with dextran-sodium-sulfate 
(DSS) to induce colitis,436 and gut inflammation due to 
DSS treatment was found to be similar in p47phox-
deficient and wild-type mice.437 In addition, phagocytes 
from patients with crohn’s disease generate lower levels 
of ROS and exhibit impaired inflammatory responses 
compared to phagocytes from healthy individuals.438,439 
These diminished responses have been attributed to 
decreased phagocyte NOX2 expression.440 Thus, it is 
clear that nonphagocyte NADPH oxidases must be 
involved and may represent important sources of ROS 
in inflammatory bowel diseases. Messages for NOX2 
and NOX5 are expressed in human stomach biopsies, 
although only NOX2 message is upregulated as a func-
tion of age and inflammation.441 Likewise, messages for 
NOX1 and NOX5 are present in colonic lymphocytes 
from healthy individuals, while lymphocytes in lesions 
from patients with crohn’s disease or ulcerative colitis 
express only NOX1.441 Thus, there is not much evidence 
for involvement of NOX5 in these tissues, and NOX5 
protein may not be expressed.

7.7.6 Hepatic System

ROS are generated by a number of cell types in the liver 
(reviewed in Reference 442). Hepatocytes generate 
ROS in response to various stimuli, and NADPH 
oxidase components are expressed in hepatocytes.19 
NOX2 seems to be the main NOX protein expressed in 
hepatocytes,443,444 and ROS generation seems to be 
involved in hepatocyte apoptosis.445,446 For example, 
hydrophobic bile salts were found to activate the hepa-
tocyte NADPH oxidase, leading to apoptosis in these 
cells.446 Likewise, NADPH oxidase-dependent genera-
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nant sources of extracellular ROS is a family of multi-
subunit enzymes known as the NADPH oxidases. These 
enzymes transfer electrons across cell membranes to 
catalyze the univalent reduction of molecular oxygen 
(O2), forming O2

•− or, in some cases, H2O2 (reviewed in 
Reference 3 and 19). The first NADPH oxidase to be 
characterized was found in phagocytic leukocytes, where 
it was shown to play an essential role in innate immunity 
and inflammation (reviewed in Reference 169). This 
system is composed of membrane and cytosolic proteins 
that are sequestered from each other in resting phago-
cytes, and highly regulated events involving phosphory-
lation, translocation, and multiple conformational 
changes are required for enzyme assembly and ROS 
production. Such regulation is essential because of the 
potential toxicity of ROS to host tissue, and ROS-
mediated tissue damage is evident in inflammatory con-
ditions where inappropriate or excessive levels of ROS 
are produced. On the other hand, regulation of phago-
cyte ROS production plays an important role in resolu-
tion of inflammatory responses, and absence of ROS is 
also detrimental. Thus, there is clearly an important 
balance of ROS levels required to support immune 
defenses, while still facilitating appropriate resolution of 
inflammatory responses.

While it was thought for some time that the NADPH 
oxidase was a specific feature of phagocytic leukocytes, 
subsequent research by a number of researchers dem-
onstrated that analogous NADPH oxidase enzymes 
were present in nonphagocyte tissues and contributed 
to a wide variety of different physiological functions 
(reviewed in References 3, 19, and 224–227). These 
enzymes are functionally distinct from the phagocyte 
NADPH oxidase and are assembled from various com-
binations of classical phagocyte oxidase proteins and 
unique nonphagocyte oxidase proteins, resulting in an 
array of tissue-specific NADPH oxidase systems. These 
nonphagocyte NADPH oxidases play important func-
tions in many organ systems and cell types, where they 
participate in normal physiological processes and, when 
in excess or dysregulated, can contribute to oxidative 
stress and the pathogenesis of various human diseases, 
such as hypertension, atherosclerosis, diabetes, neurode-
generation, and cancer. Overall, expansion of our under-
standing of the NADPH oxidase family has contributed 
to an increased appreciation of their function in physi-
ological and pathophysiological processes.
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treatment with vitamin E was shown to inhibit NADPH 
oxidase-dependent transformation in a murine liver 
cancer model,461 and SOD mimetics have been consid-
ered for treatment of colon and liver malignancies.462

7.7.7 Thyroid Gland

Thyrocytes generate H2O2, which is essential for thyroid 
hormone formation, and early studies suggested that an 
NADPH oxidase was responsible for H2O2 production 
in these cells.463 However, features of the thyroid 
NADPH oxidase were distinct from the phagocyte 
NADPH oxidase system, and the ensuing search for this 
enzyme resulted in the identification of two thyroid 
oxidase proteins, which are now known as DUOX1 and 
DUOX2262,263 (Fig. 7.6). Thyroid peroxidase utilizes 
H2O2 to oxidize iodide, which is then incorporated into 
thyroglobulin. H2O2 is also required in the subsequent 
coupling reaction leading to formation of thyroxine (T4) 
and triiodothyronine (T3) (reviewed in Reference 464). 
In addition, recent studies suggest thyroperoxidase 
exhibits a catalase-like effect and protects DUOX from 
inhibition by H2O2.465 Genetic mutations in DUOX2 
have been shown to cause congenital hypothyroidism, 
demonstrating the importance of DUOX in thyroid 
function.466–468 In addition, mutations in DUOXA2 have 
also been associated with congenital hypothyroidism.469 
Interestingly, DUOX1/DUOXA1 does not appear to be 
able to substitute for defects in DUOX2/DUOXA2, 
despite their structural similarities,466 suggesting alter-
native compensatory mechanisms to explain the tran-
sient hypothyroidism observed in patients with defective 
DUOX2 protein.470

Recently, NOX4/p22phox expression was demon-
strated in normal thyroid tissue and was found to be 
positively regulated by thyroid-stimulating hormone.251 
The intracellular NOX4/p22phox localization suggested a 
role in cytoplasmic redox signaling,251 but this localiza-
tion also indicated that NOX4/p22phox could not substi-
tute for DUOX. In addition, increased thyroid NOX4/
p22phox activity was found to be associated with papillary 
thyroid carcinoma, the most common thyroid cancer, 
suggesting ROS might be related to a higher prolifera-
tion rate and tumor progression in this tissue.251

SUMMARY

Virtually all aerobic organisms generate ROS through 
cellular metabolism and utilize these molecules to main-
tain cellular homeostasis. However, excess ROS favor 
oxidant stress, leading to pathological processes, and 
ROS-mediated damage has been linked to the aging 
process itself.471 Although ROS are produced by a 
variety of intracellular mechanisms, one of the predomi-
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OVERVIEW

Cell signaling and transcription is a tightly regulated 
process, integrating the activities of multiple interlinked 
pathways to respond in a precise manner to changes in 
the cellular environment. Many pathological conditions 
can be traced to defects in one or more of these regula-
tory mechanisms, which illustrates the requirement for 
exactness in which, when, and how genes are expressed. 
Considering this, it may seem unusual to consider the 
role of reactive oxygen species (ROS) in cell signaling. 
ROS were initially characterized as the undesirable 
by-products of aerobic metabolism and earned a repu-
tation for being destructive molecules that necessitated 
the existence of antioxidant enzymes to keep them from 
accumulating. How could these molecules, which liter-
ally have “reactive” in their name, have a role in a 
process that requires tight regulation and specificity?

As decades of surprising research has revealed, ROS 
are an indispensable aspect of cell signaling and are 
mediators of cross talk between different pathways. 
While they are reactive and capable of damaging bio-
logical molecules, their chemical properties give them a 
preference for specific molecules and structural features 
with which they react. The conservation and recurrence 
of these redox-sensitive structural features throughout 
nature has made ROS relevant to practically every level 
of eukaryotic cell signaling, from the mediation of 
growth factor receptor activity on the cell’s plasma 
membrane to the regulation of transcription factors in 
the nucleus. ROS have come a long way from their 

initial characterization as a threat to life and will likely 
continue to be involved at the forefront of medical and 
biochemical research for many years to come.

This chapter highlights some of the best-characterized 
mechanisms of ROS and oxygen signaling, especially 
those metal-dependent, in both prokaryotes and eukary-
otes. We will start by briefly introducing the reactive 
properties of ROS and the most common structural 
features seen in redox-sensitive proteins. The types of 
simple redox and oxygen sensors found in bacteria will 
be reviewed with emphasis on a recently characterized 
transcription factor with a novel metal-catalysis mecha-
nism, followed by a more in-depth discussion of the 
signaling systems found in metazoans (multicellular 
eukaryotes lacking a cell wall). Finally, the roles of redox 
and oxygen signaling in our understanding of disease 
will be highlighted.

8.1 COMMON MECHANISMS OF REDOX 
SIGNALING

Superoxide (O2
•−), the product of a one-electron reduc-

tion of oxygen, constitutes a majority of the ROS pro-
duced both enzymatically or as a by-product of aerobic 
metabolism. However, while O2

•− has been demon-
strated to be capable of participating in redox signaling, 
its physiological relevance has been vastly overshad-
owed by its dismutation product, hydrogen peroxide 
(H2O2). The rate that O2

•− reacts with most molecules 
does not compare to the diffusion-limited rate of its 
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Along with bound transition metals, cysteine residues 
are among the most common ways for a protein to 
interact with H2O2. Hydrogen peroxide has a tendency 
to react with the thiol group of cysteine residues, modi-
fying the protein’s structure or function through oxida-
tion of the cysteine to a sulfenic acid (S–OH) that can 
form a disulfide bond with a neighboring cysteine 
residue on itself or another subunit or protein. The for-
mation of one or more disulfide bonds can change the 
conformation of a protein or, if the cysteine is part of 
an enzyme’s active site, lead to enzyme inactivation. The 
reduced/oxidized ratio of the reactive thiols in these 
proteins, and therefore their activity, is determined by 
the redox environment of the cell.5

normally, the reaction between H2O2 and an exposed 
thiol group is too slow for it to be significant unless the 
thiol is deprotonated, forming a thiolate anion. The pKa 
of the thiol side chain of cysteine is around 8.3. At physi-
ological pH it is unlikely to lose its proton. However, 
the pKa of an amino acid side chain can be dramatically 
influenced by its protein environment. Thiol groups with 
shifted pKa in protein favor the presence of a thiolate 
anion and have reaction rates with H2O2 that are mag-
nitudes higher than what they would be with a normal 
cysteine.5

Sulfenic acid formation and disulfide bonds are easily 
reduced back to their original form by glutaredoxins or 
thioredoxins.7 However, in cases where the levels of 
[H2O2] are particularly high and a sulfenic acid has a 
chance to be oxidized further before it forms a bond 
with a nearby cysteine, it forms a sulfinic acid (S–O2H) 
or a sulfonic acid (S–O3H) that are essentially irrevers-
ible (Fig. 8.1).

dismutation by superoxide dismutase (SOd).1 Thus, any 
direct modification of a biological molecule by O2

•− has 
to occur in proximity to the site of its production. The 
mechanisms of O2

•− participating in signaling are not as 
well characterized as those for H2O2, but the ability of 
O2

•− to act as a nucleophile allows it to participate in 
reactions that would be much less likely with H2O2.2

Unlike the negatively charged O2
•− molecule, the lack 

of a charge on an H2O2 molecule allows it to diffuse 
through the plasma membranes of cells and organelles 
with relative ease. H2O2 also has a much longer half-life 
than O2

•− and is less reactive due to its requirement that 
its dioxygen bond be broken before it can accept elec-
trons.3 Both ROS can be rapidly generated by eukary-
otic cells and quickly removed by antioxidant enzymes 
when it is no longer needed. In addition, the oxidative 
products of ROS signaling are often reversible,4 allow-
ing their target proteins to be switched on and off 
depending on intracellular conditions. Even though 
ROS can have deleterious effects on cells and is not 
directly recognized by any protein, these reactive prop-
erties make them effective cellular messengers.

While H2O2 has the potential to be a strong oxidant, 
its activation energy for most of its reactions is too  
high to be a threat to most molecules.5 However, transi-
tion metals and cysteines in protein environments that 
lower the pKa of their thiol side chain both have char-
acteristics that make them prime targets for H2O2 
oxidation.

Transition metals are reactive with both oxygen and 
ROS. Proteins containing one or more metal centers, or 
metalloproteins, have long been associated with the bio-
logical roles of oxygen and ROS. Catalase and SOd, two 
of the most prominent antioxidant enzymes that scav-
enge hydrogen peroxide and O2

•−, respectively, both use 
bound transition metals to interact with their ROS 
targets. There are also metalloproteins that interact with 
or serve as transcription factors. These proteins, through 
the reactivity and environment of their metal center, are 
sensitive to changes in intracellular concentrations of 
oxygen or ROS and alter transcription accordingly.

The properties of metalloproteins that make them 
effective catalysts in reactions involving oxygen or ROS 
also make them appealing targets for ROS inflicting 
oxidative damage. Proteins containing iron–sulfur (Fe–
S) clusters, which serve as the redox-sensitive compo-
nent of multiple prokaryotic transcription factors, are 
vulnerable to oxidation by O2

•− due to the electrostatic 
attraction from the prosthetic group’s positive charge.3 
While this is a desirable feature in a protein meant to 
respond to changing redox conditions, it is also respon-
sible for loss of function of the citric acid cycle enzymes 
containing solvent-exposed Fe–S clusters during oxida-
tive stress.6

Figure 8.1 Redox modification of protein thiols and disulfide 
bonds by reactions with H2O2, gSH, and glutaredoxin (grx) 
enzymes.
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correct genes are activated in response to a specific ROS 
rather than the general condition of oxidative stress.

8.2.1 Fe–S Cluster Proteins

Fe–S are a ubiquitous and ancient prosthetic group  
used for a variety of purposes, including electron trans-
fer, catalysis, and regulation of gene transcription. Tet-
rahedral iron ions are typically bound by cysteine 
residues or inorganic sulfur and can be arranged into a 
variety of structures with varying amounts of iron and 
sulfur, contributing to their functional versatility.12 Their 
redox properties are heavily influenced by their protein 
environment, allowing for a wide range of redox poten-
tials even between proteins that have the same Fe–S 
cluster shape.12 This unique property allows Fe–S pro-
teins to have a redox potential fine-tuned for their func-
tion, which could potentially be shifted by conformation 
changes.

Facultative anaerobes, organisms capable of surviv-
ing in both aerobic and anaerobic environments, use the 
fumarate and nitrate reduction (FnR) transcription 
factor to determine whether or not oxygen is present in 
their environment.13 Many of the gene products needed 
for anaerobic survival, such as those that utilize alterna-
tive terminal electron acceptors in lieu of oxygen, would 
be useless in aerobic conditions and need to be switched 
off to conserve resources. FnR is a homodimer with 
each subunit containing a [4Fe-4S] cluster that it requires 
for dimerization. When in its dimerized form, it activates 
genes needed for anaerobic survival.14 However, when 
exposed to oxygen, the [4Fe-4S] cluster is converted to 
a [2Fe-2S] cluster that produces a conformation change, 
making the transcription factor unable to dimerize or 
bind dnA.15 Inactive apo-FnR can be regenerated 
back to its active form by taking up a new [4Fe-4S] 
cluster.16 However, the rate of degradation of the [4Fe-
4S] clusters in the presence of oxygen outpaces their 
uptake, and the apo form of FnR dominates in aerobic 
conditions.17

SoxR is another example of an Fe–S-containing tran-
scription factor that senses elevated concentrations of 
O2

•− or nitric oxide (nO) and initiates the organism’s 
antioxidant defenses in response to the oxidation of its 
[2Fe-2S] cluster.18 SoxR does not directly activate the 
transcription of antioxidant genes. Instead, it regulates 
the expression of the soxS gene producing the protein 
of the same name, which goes onward to induce its 
target genes in response to the oxidative attack.19

Both the reduced and oxidized form of SoxR bind 
dnA with similar affinity.20 However, when in its 
reduced form ([2Fe-2S]1+), it is unable to promote tran-
scription of SoxS.21 Upon oxidation of its Fe–S cluster 
to [2Fe-2S]2+, the increased negative charge of the 

Sulfenic acids formed from peroxide oxidation can 
also bond covalently to other molecules containing thiol 
groups, forming a mixed disulfide. The modification of 
an oxidized thiol with glutathione, a process called glu-
tathiolation, is a common reversible posttranslational 
modification observed in cells experiencing oxidative 
stress.8 like disulfide bond formation, glutathiolation 
can affect the structure or function of a protein and acts 
as another redox-regulated switch.

8.2 REDOX AND OXYGEN-SENSITIVE 
TRANSCRIPTION FACTORS IN PROKARYOTES

The formation of ROS is believed to be responsible  
for the toxicity of oxygen. Organisms living in aerobic 
environments have to utilize oxygen, and ROS are inev-
itably produced in the process of metabolism. The 
remarkable catalytic efficiency (up to 4 × 107 s−1) and 
near-ubiquitous nature of the antioxidant enzymes cata-
lase and SOd among aerobic organisms show how 
crucial the removal of ROS is for survival in aerobic 
environments.9 These antioxidant enzymes are constitu-
tively expressed in both prokaryotes and eukaryotes to 
maintain sufficiently low concentrations of endoge-
nously produced ROS.

In addition to the ROS produced as a by-product of 
aerobic metabolism, prokaryotes are subject to oxida-
tive stress from external sources to a much higher 
degree than metazoans.10 ROS are commonly used by 
other organisms as a defense mechanism against bacte-
rial infection. These defenses can come in the form of a 
direct release of ROS or indirectly through compounds 
that cause the bacteria to generate lethal amounts of 
ROS. The fluoroquinolone class of antibiotics has been 
seen to have this effect.11 Of course, as with most anti-
microbial strategies nature and technology have devel-
oped, bacteria have evolved mechanisms to help 
withstand these oxidative attacks and adapt to transient 
increases in ROS. The constitutive defenses against 
ROS found in prokaryotes are supplemented with 
inducible responses to an overexposure to ROS due to 
exogenous sources. These inducible responses are trig-
gered by redox-sensitive transcription factors contain-
ing either metal ions or reactive cysteines. Since the 
properties of each ROS give them a preference for 
reacting with certain structural features or protein envi-
ronments, ROS-sensitive transcription factors that 
contain these structural features are likely to be oxi-
dized before other proteins. This helps ensure that they 
are among the first molecules in the cell to react with 
the ROS, making them effective early sensors of oxida-
tive stress. In addition, it provides the specificity required 
for a functional signaling pathway and ensures that the 
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of activating transcription. Upon oxidation by H2O2, the 
Cys199 residue of OxyR becomes a sulfenic acid that 
forms a disulfide bond with Cys208 and converts the 
protein to its active form.29 Once active, it binds the 
promoter regions of over 20 genes, including ahpCF 
(alkyl hydroperoxide reductase), katG (catalase), dps 
(an iron-binding protein), fur (ferric uptake regulator 
protein), grxA (glutaredoxin), and trxC (thioredoxin).30 
This occurs through direct interaction with RnA poly-
merase α-subunits.31 The oxidation and disulfide bond 
formation by Cys199 is reversible by glutaredoxin, inac-
tivating the protein and creating a negative feedback 
mechanism where OxyR can shut itself off with its own 
gene products upon reestablishing normal level of H2O2 
concentrations.29

It is important to note the types of genes induced by 
OxyR activation in response to H2O2 detection. The 
logic behind the upregulation of AhpCF and catalase, 
both antioxidant enzymes, during oxidative stress is self-
explanatory. glutaredoxin and thioredoxin reduce the 
disulfide bonds that form from H2O2 oxidation. However, 
Fur and dps have no reducing or antioxidant action. 
Instead, they regulate or sequester iron. Because the 
formation of HO• radicals from the interaction of H2O2 
and iron mediates much of the toxicity of both sub-
stances, linking the regulation of free intracellular iron 
concentrations to H2O2 concentrations is an effective 
strategy that ameliorates the damage caused by oxida-
tive stress from both fronts.

8.2.3 PerR: A Unique Metalloprotein Sensor of 
Hydrogen Peroxide

PerR, a metalloprotein found in the gram-positive 
Bacillus subtilis, has attracted attention due to its 
unique mechanism for sensing H2O2 that uses a bound 
metal ion.32 named after the regulon it regulates, PerR 
is a metal-dependent homodimeric protein with two 
metal-binding sites per subunit. Rather than being an 
activator of transcription like OxyR, it instead acts as 
a repressor that is inactivated by oxidation. In its 
reduced and active conformation, PerR is capable of 
binding to specific dnA sequences and repressing 
transcription of genes responsible for defenses against 
H2O2 stress.33

The PerR regulon contains the katA, ahpCF, and 
mrgA genes, which are responsible for the production 
of catalase, alkylhydroperoxide reductase, and dps, 
respectively. The same genes are found within the OxyR 
regulon in other bacteria. OxyR and PerR have a sig-
nificant amount of crossover between the genes they 
regulate, indicating that the response to H2O2 stress in 
bacteria has been conserved even as the proteins regu-
lating them have not. PerR loses its ability to bind dnA 

cluster causes electrostatic repulsion that alters the con-
formation of the protein into its active form.22

Although the link between SoxR activation and  
elevated O2

•− levels have been demonstrated using 
multiple O2

•− generating compounds,23 there is also evi-
dence suggesting that SoxR might not be a direct sensor 
of O2

•− or even required for activation at all.24 SoxR 
activity in Pseudomonas aeruginosa has been success-
fully induced in laboratory using a redox-active com-
pound in anaerobic conditions where O2

•− formation 
would be impossible.25 Also, it has been observed that 
the [2Fe-2S] cluster in FnR is destroyed by O2

•−,26 sug-
gesting that direct contact between the SoxR [2Fe-2S] 
cluster and O2

•− could render the protein inactive. An 
alternative explanation is that guanine radicals, an early 
marker of oxidative stress, are the activators of SoxR 
activity.24

8.2.2 Prokaryotic Hydrogen Peroxide Sensors: 
Proteins Utilizing Reactive Thiols

In spite of its lower reactivity than other ROS, the toxic-
ity and mutagenic effects of H2O2 to cells are well 
known. Catalase, one of the primary scavengers of H2O2, 
is almost ubiquitous among aerobic organisms. Catalase-
deficient mutants of bacteria have a decreased survival 
rate unless they are placed in an anaerobic environ-
ment.27 The peroxiredoxin family of proteins, one of the 
most highly expressed proteins in cells, also assists in 
removing H2O2.

Many of the observed toxic effects of H2O2 are not a 
result of what the molecule is, but rather what it is 
capable of becoming. H2O2 readily reacts with ferrous 
iron and undergoes what is referred to as a Fenton reac-
tion that produces a hydroxide ion (OH−) and the much 
more reactive and damaging hydroxyl radical (HO•). 
Once produced, HO• reacts indiscriminately with sur-
rounding molecules at a diffusion-limited rate, causing 
oxidative damage at the site of its production. The 
observed mutagenic effects of H2O2 are caused by 
Fenton reactions with metal ions associated with dnA, 
causing oxidative lesions.28 given the difficulty of inter-
cepting an HO• radical before it reacts, detecting and 
scavenging excess H2O2 and limiting the levels of free 
iron that could potentially participate in a Fenton reac-
tion is a much more effective strategy for avoiding 
damage from HO• than removing it directly. Sensor 
proteins containing reactive cysteine residues that are 
susceptible to H2O2 help accomplish this task.

The prokaryotic transcription factor OxyR takes 
advantage of this mechanism by using reactive cysteines 
that are extremely sensitive to changing levels of H2O2.18 
OxyR, similar to SoxR, exists in either an oxidized or 
reduced form where only the oxidized form is capable 
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gene repression without requiring a separate enzyme to 
recycle PerR to its active form.

Well before PerR was identified and characterized as 
a metalloprotein transcription factor, it was established 
that both metals were required for the repression of the 
PerR regulon.35 Mn(II), previously seen to have a pro-
tective effect against oxidative stress in bacteria, had the 
unexpected effect of potentiating the damage caused in 
B. subtilis by high H2O2 concentrations. This phenome-
non was later explained by its ability to substitute for 
iron in the regulatory site of PerR and its inability to 
participate in Fenton reactions, rendering the protein 
insensitive to increasing levels of H2O2. The competition 
between Fe(II) and Mn(II) for the active site of PerR 
and the differences in H2O2 sensitivity between the two 
ions gives PerR a secondary role as an iron sensor, 
similar to its Fur family members. Higher concentration 
of Fe(II) would result in it occupying a higher percent-
age of active sites, making them more sensitive to H2O2 
levels. Since the toxicity of H2O2 is linked to its interac-
tion with Fe(II), it would follow that the sensitivity of 
an effective H2O2 sensor would be linked to the intracel-
lular concentration of Fe(II).

like other Fur proteins, PerR’s function as a tran-
scriptional repressor is metal-dependent. PerR requires 
both its dnA-binding domains to bind dnA, requiring 
that the two domains assume a caliper-like conforma-
tion in its active form when the conserved His37 residue 
is bound to the metal ion found in the regulatory site 
(Fig. 8.2).34 Unlike the other four ligands of the regula-
tory metal (His91, His93, Asp85, and Asp104), His37 
resides in the n-terminal region and pulls the dnA-
binding domains into their active conformation when it 
is bound to the metal.

When oxidized by the HO• radical produced by the 
reaction of H2O2 with the Fe(II) ion, His37 or His91 is 
irreversibly modified to 2-oxo-histidine.32 2-Oxo-histidine 
is unable to bind to the metal, causing the dnA-binding 
domains to take a more planar conformation that is 
unable to bind dnA.36 Both the oxidized protein and 
the apo-protein have the inactive planar conformation, 
demonstrating that the metal ion bound to His37 is 
required for the active conformation.34,36 The other pos-
sibility, oxidation of His91, drastically reduces the regu-
latory site’s affinity for metal which results in the inactive 
conformation as His37 no longer has metal with which 
to bind.34 Thus, while the two possible oxidation prod-
ucts of the HO• radical produced by the Fenton reac-
tion have different consequences, the end result  
of inactivation is the same. While similar mechanisms 
using metal-catalyzed oxidation have been described  
in the inactivation of iron-containing SOd and  
nAdP-isocitrate dehydrogenase,37,38 this is the first 
known protein to utilize what is normally considered a 

upon oxidation by H2O2 and releases its repression of 
its regulon. The resulting upregulation of H2O2 scaveng-
ing enzymes along with proteins that regulate intracel-
lular concentrations of iron mimics the damage control 
strategy regulated by other H2O2 sensors.

Although the functions and gene targets of OxyR 
and PerR are very similar, they belong to different 
protein families and have different reaction mecha-
nisms. While OxyR interacts with H2O2 through reactive 
cysteines that form disulfide bonds upon oxidation and 
alter the protein’s structure and ability to bind dnA, 
PerR participates in a Fenton-type reaction with H2O2 
through the iron(II) ion bound to its active site.32 The 
result of this reaction is the oxidation of histidine resi-
dues within its binding site that drastically alters the 
protein’s conformation.34

PerR is a member of the Fur family, a family of tran-
scription factors that serve as regulators of intracellular 
iron concentrations. notably, Fur is regulated by both 
OxyR and PerR. PerR shares structural homology with 
other Fur proteins such as its homodimer structure, 
n-terminal dnA-binding domains and C-terminal 
dimerization domains, structural Zn(II) binding site 
containing two conserved CxxC motifs, and similar 
dnA binding sequences.35

The active site of PerR is capable of binding either 
an Mn(II) or Fe(II) ion with five protein ligands (His37, 
His91, His93, Asp85, and Asp104) that are all required 
for the protein’s function. Mn(II) and Fe(II), having 
similar sizes and coordination geometries, compete for 
the binding site. Other divalent metals have been seen 
to bind, but only when their concentrations exceed that 
of iron and manganese, making them less relevant in 
physiological conditions.33 Another site, located in the 
C-terminal domain responsible for the dimerization of 
the subunits, binds a zinc ion using four cysteine resi-
dues in a tetrahedral formation.36 This zinc ion and its 
four cysteine ligands, while essential for the stability of 
the dimer, has not been demonstrated to play a direct 
role in the detection of ROS or its transcriptional activ-
ity. Thus, it will not be discussed further.

As mentioned previously, PerR uses its bound Fe2+ 
ion to produce an HO• radical via Fenton chemistry. 
This radical oxidizes one of two histidine residues in its 
binding site, His37 or His91, forming a 2-oxo-histidine 
product that has been shown using both mass spectrom-
etry and crystallography. Unlike proteins that use cyste-
ine residues to respond to H2O2 which are often 
enzymatically reduced and recycled back to their origi-
nal form, the oxidation of PerR and its dissociation from 
dnA is irreversible, and the protein is degraded after a 
single use. Interestingly, PerR regulates its own produc-
tion. This results in an increased production of PerR 
during peroxide stress that restores normal levels of 
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to organic peroxides, has a more hydrophobic environ-
ment surrounding its active site containing thiol groups 
that would otherwise be targeted by H2O2.

Just as PerR has a unique mechanism for sensing and 
producing a cellular response to H2O2, its 3-His-2-Asp 
coordination is also interesting and rarely seen in 
nonheme iron(II) proteins. Most nonheme iron(II) pro-
teins have a 2-His-1-Asp/glu coordination. Many 
members of the Cupin superfamily have been seen to 
have a 3-His-1-Asp/glu motif with two water molecules 
that complete their octahedral environment. Iron-
containing SOd, which as mentioned before is also 
capable of being inactivated via Fenton reactions, also 
has five ligands similar to PerR with the exception that 
one of the aspartate ligands is replaced by a solvent 
ion.41 This suggests that the 3-His-2-Asp motif might 
favor the metal-catalyzed oxidation mechanism seen in 
PerR. The rate constant of the Fenton-type reaction is 
increased by magnitudes when bound to anionic 
ligands,42 which potentially explains the utility of having 
two aspartates in the active site rather than the one 
found in most other nonheme iron(II) proteins.

8.2.4 Summary

Prokaryotes employ a range of strategies for adapting 
to changes in oxygen or ROS levels. The strategies used 
by each transcription factor to change its conformation 
in response to oxidative stress reflect the different ways 
ROS commonly cause unwanted damage to proteins. 

harmful and unpredictable molecule as a method of cell 
signaling.

The iron(II) or manganese(II) bound to the regula-
tory site is held by its three histidine residues and two 
aspartate residues in a distorted square pyramidal for-
mation, with His37 and His91 forming the base with the 
two aspartate residues, and His97 binding at the apical 
position toward the interior of the protein.39 The other 
apical position facing the outside of the protein is avail-
able for H2O2 to interact with the metal, forming the 
HO• radical that oxidizes His37 or His91 causing a 
change in conformation. His97, which has not been seen 
to form a 2-oxo-histidine product upon oxidation by 
H2O2, is thought to be protected from oxidation by its 
apical position on the metal opposite of the available 
site where H2O2 interacts and the HO• radical is 
produced.39

Because each ROS requires a different set of defense 
mechanisms and the levels of one type are not neces-
sarily linked to the levels of others during oxidative 
stress, each ROS sensor should be specific for what it is 
supposed to detect. The peroxide response of B. subtilis 
is regulated by multiple transcription factors with dif-
ferent characteristics, thus allowing the differentiation 
between H2O2 and organic peroxides.40 PerR accom-
plishes its specificity for H2O2 by having a hydrophilic 
environment surrounding its regulatory site, which con-
sists of four carbonyls, a hydroxyl group from Thr88, and 
an amino group from lys101.39 OhrR, the transcrip-
tional regulator in B. subtilis responsible for responding 

Figure 8.2 The structure of the regulatory metal site in PerR (left) and 2-oxo-histidine in oxidized PerR protein (right) (PdB 
codes: 3F8n and 2RgV, respectively). See color insert.
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signaling pathways. Along with indicating a change in 
the signaling of other pathways, elevated ROS levels 
also serve as a mechanism for further inducing change 
by altering the activity of eukaryotic redox sensors. As 
a result, redox-sensitive proteins in eukaryotes are 
linked to a diverse array of cellular functions and more 
often are upstream modulators of transcription rather 
than the direct actors seen in prokaryotes.

8.3.1 Primary Sources of ROS in Eukaryotic Redox 
Signaling

The electron transport chain in mitochondria is respon-
sible for most of the ROS found in cells.44 The prema-
ture oxidation of oxygen to O2

•− is primarily seen in 
complexes I45 and III,46 although complexes II and IV 
have also been observed to produce a small amount of 
O2

•−. There is not a complete consensus on the amount 
of electrons passing through the respiratory chain that 
leak out and end up producing O2

•−, but 1–2% is the 
most common estimate. Complexes I through III release 
O2

•− in the mitochondrial matrix, but only complex III 
releases it into the intermembrane space as well.46 O2

•−, 
carrying a negative charge, is unable to travel across 
membranes into the cytosol until it is dismutated to 
H2O2 or transported through a voltage-dependent anion 
channel (VdAC). Mitochondria contain SOd in both 
its matrix and intermembrane space, permitting the 
export of its generated ROS in the form of H2O2. Inter-
membrane O2

•− produced by complex III can also be 
exported into the cytosol by VdACs.47,48

For a long time, mitochondrial ROS were viewed as 
only a by-product of oxidative phosphorylation. That 
view has been challenged with evidence of mitochon-
drial ROS being inducible and participating in cell sig-
naling.49 In particular, mitochondrial ROS and the 
mitochondria itself are closely linked to Ca2+ homeosta-
sis, signaling induced by hypoxia, and cell proliferation 
and death. Each of these topics will be discussed sepa-
rately later in this chapter, where the participation of 
mitochondrial ROS will be explained in further detail.

Unlike mitochondrial ROS, which are produced by 
enzymes with other purposes, the multiprotein enzyme 
complex nAdPH oxidase has the sole function of gen-
erating O2

•−. nAdPH oxidase was initially found in 
phagocytes where their generation of O2

•− was induced 
during phagocytosis. Since then, multiple nitrogen oxide 
(nOx) isoforms have been found in many other cell 
types in eukaryotes.50

The catalytic subunit of phagocytic nAdPH oxidase 
is a glycoprotein known as gp91phox or nOx2, which 
contains six transmembrane domains observed in all 
other nOx isoforms. Within the transmembrane 
segment of gp91phox/nOx2 are two asymmetrical heme 

Solvent-exposed Fe–S clusters, as seen in aconitase, are 
often easily destroyed by O2

•−.6 However, it is this vul-
nerability to oxidation that makes FnR and SoxR effec-
tive sensors. The OH• radical produced by a Fenton 
reaction is highly reactive and is the basis of much of 
the damage H2O2 causes but is harnessed by PerR and 
restricted to oxidizing only specific residues. The pro-
karyotic sensors using Fe–S clusters do not have any 
known homologs in humans, although Fe–S proteins in 
humans that have been proposed to act as redox sensors 
do exist.43 However, as will be discussed later, thiol 
modification is a recurring theme in ROS signaling in 
higher organisms.

From the above discussions, a general idea of how 
oxygen and ROS can be used as signals for transcription 
is presented. In what follows, the much more intricate 
mechanisms of oxygen and redox sensing will be dis-
cussed. While prokaryotes and eukaryotes share simi-
larities in the antioxidant enzymes they use to remove 
ROS, how eukaryotes use ROS in signaling is very dif-
ferent from what we have discussed so far.

8.3 REDOX SIGNALING IN METAZOANS

like prokaryotes, eukaryotic cells require sensors for 
detecting elevated levels of ROS or other redox changes. 
However, the cellular responses observed in eukaryotes 
in response to a shift in a cell’s redox potential are 
somewhat different from what has been observed in 
bacteria. As mentioned previously, the majority of the 
elevated ROS levels bacteria experience are due to 
other organisms trying to kill them. Therefore, the first 
priority of bacteria encountering elevated ROS levels is 
to eliminate them through the ways that have been 
described. Metazoans, having more control over their 
environment than bacteria, are more likely to experi-
ence elevated ROS levels as a result of increased endog-
enous production. Elevated ROS due to environmental 
factors such as radiation or exposure to pollutants can 
be a factor at times, but a majority of the ROS found in 
all cell types are produced by the cell itself.44

The differences in the relationships bacteria and 
metazoans have with ROS reflect the differences in 
their redox-sensing mechanisms. Redox sensors in bac-
teria, usually being activated during an attack by another 
organism, generally play a defensive role by directly 
modifying the expression of specific genes. However, far 
from being only a toxin as they are in prokaryotic cells, 
endogenously generated ROS have important roles in 
eukaryotic cellular signaling. Rather than indicating an 
attack by another organism, shifts in redox conditions 
within a eukaryotic cell are often the result of increased 
ROS production induced by changes in one or more 
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this increase in ROS concentration but absolutely 
require it. Many effects of growth factors are able to be 
blocked with nAdPH inhibitors.59

8.3.2 The Floodgate Hypothesis

The relationship between a cell’s redox environment 
and its signaling creates additional consequences for 
oxidative stress than their potential to damage biologi-
cal molecules. If the redox equilibrium of the cell is  
not maintained through antioxidant defenses, it can 
disrupt the regulation of signaling pathways and con-
tribute to disease. However, there is no chemical differ-
ence between the “bad” ROS produced during oxidative 
stress and the “good” ROS that are produced in response 
to biological or physical stimuli. The antioxidant 
defenses that maintain redox equilibrium by removing 
ROS would also block the generation of ROS associ-
ated with cell signaling unless there was a way to distin-
guish between oxidative stress and signaling. A rule of 
thumb is that the “good” ROS are tightly regulated 
whereas the “bad” ROS are produced in an uncon-
trolled manner. The “floodgate” hypothesis attempts to 
provide an explanation for how this is managed.60

2-Cys peroxiredoxins (2-Cys Prxs), another group of 
redox-sensitive proteins utilizing reactive thiols, act 
alongside the glutaredoxin system to maintain a cell’s 
redox condition at equilibrium. 2-Cys Prxs reduce per-
oxides, resulting in the oxidation of a reactive thiol to a 
sulfenic acid intermediate that quickly forms a disulfide 
bond with a nearby cysteine. Similar to glutathione, the 
oxidized disulfide form of 2-Cys Prxs are recycled by a 
reductase enzyme. 2-Cys Prxs are ubiquitous in both 
prokaryotes and eukaryotes and are the primary method 
of peroxide removal in some organisms, but some 
eukaryotic 2-Cys Prxs have structural features that sta-
bilize their sulfenic acid intermediate. As a result, the 
sulfenic acid on these 2-Cys Prxs are capable of being 
oxidized by a second peroxide molecule to a sulfinic 
acid.60 This overoxidized 2-Cys Prx is inactive and 
unable to be recycled back to the reduced form of the 
protein by a reductase. Therefore, a burst of ROS associ-
ated with signaling that could cause the overoxidation 
of 2-Cys Prxs would temporarily disable part of the 
cell’s antioxidant defenses and allow a transient change 
in the cell’s redox conditions that would be sufficient for 
the proliferation of the signal. The remaining antioxi-
dant enzymes would remove the excess ROS while the 
overoxidized 2-Cys Prxs are recycled by the ATP-
dependent enzyme sulfiredoxin,61 restoring the cell’s 
redox environment and antioxidant defenses to their 
original state. Overexpressing 2-Cys Prx to levels that 

groups bound to His residues that are conserved across 
other nOx homologs.50 The hemes, along with a bound 
flavin adenine nucleotide (FAd) on the cytosolic side 
of the membrane that serves as the initial electron 
acceptor, allow the transfer of an electron from a cyto-
solic nAdPH through the plasma membrane to an 
oxygen molecule bound to the extracellular side of the 
protein. gp91phox/nOx2 associates with another trans-
membrane subunit, p22phox, which it requires for its sta-
bility.50 Three other subunits, p40phox, p47phox, and p67phox, 
are required for its induction and exist as a protein 
complex in the cytosol until they are recruited.51 The 
nAdPH oxidase complex is assembled upon activation 
by the small gTPase Rac1, which interacts with the 
activation domain of p67phox.52

It was later found that gp91phox/nOx2 was present in 
nonphagocytic cells. In addition, four other nonphago-
cytic homologs of gp91phox/nOx2 have been identified: 
nOx1, nOx3, nOx4, and nOx5.50 The “dual oxi-
dases,” dUOx1 and dUOx2, are also related to the 
nOx family but instead generate H2O2 instead of O2

•−.53 
The homologs are expressed differently from one cell 
type to another, vary in cellular localization, and have 
different subunits required for their activity. nOx1, 
found primarily in colon epithelial cells and vascular 
smooth muscle cells (VSMCs), was the first homolog 
discovered and shares the most similarities with nOx2. 
like nOx2, nOx1 is inducible and requires Rac1 for 
its activity when interacting with p47phox and p67phox. 
However, its active complex can include nOxO1 and 
nOxA1 subunits instead of their p47phox and p67phox 
homologs.54 From there, the nOx homologs begin to 
deviate from the characteristics of their original family 
member. nOx3 is also flexible in the cytosolic subunits 
it can be activated with, being able to interchange 
p47phox/p67phox with nOxO1/nOxA1, but has a moder-
ate amount of activity even when it is lacking p47phox/
nOxA1 or Rac.55 nOx4, while still requiring p22phox for 
its stability, produces O2

•− constitutively and does not 
require a complex formation with the cytosolic subunits 
for its function.56 nOx5 does not require interaction 
with any subunits, including p22phox, and is dependent on 
calcium for its induction.57

nAdPH oxidase has been linked to multiple signal-
ing pathways, allowing the generation of a ROS signal 
in response to stimuli that increase nAdPH oxidase 
expression or activity. Signaling molecules, like growth 
factors and hormones, as well as physical stimuli like 
shear stress,58 are capable of stimulating nAdPH 
oxidase activity and producing a transient burst of ROS 
that can modify the activity of other signaling proteins 
and transcription factors. Some of the signaling cascades 
associated with growth factors are not just facilitated by 
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phatidylinositol 3,4,5-triphosphate (PIP3). PIP3 then 
interacts with phosphoinositide dependent kinase 1 
(Pdk1) to activate PkB, which goes on to phosphory-
late multiple protein targets that has the overall effect 
of activating cell proliferation and inhibiting apoptosis. 
PI3k signaling is negatively regulated by the PTP PTEn 
(phosphatase with tensin homology), which counteracts 
the activity of PI3k by removing a phosphate group 
from PIP3 and reverting it to PIP2.69 When PTEn is 
inactivated by H2O2 oxidation, PIP3 accumulates in the 
cell and PkB activity increases.69 In addition to assisting 
in the activation of PkB, PIP3 is also capable of inducing 
nAdPH oxidase activity.70 Thus, accumulated PIP3 is 
able to amplify and prolong its proliferative signal by 
increasing the amount of ROS in its local environment 
and further inhibiting PTEn.

PkB activity can also be regulated by ROS through 
PI3k-independent mechanisms. during H2O2 stress, 
Hsp27 associates with PkB and induces its activity.71 
However, large concentrations of H2O2 degrade PkB 
and eventually result in apoptosis.72

PKC: Protein kinase C (PkC) is another mediator 
of receptor signaling and transcription that is associated 
with immunity,73 smooth muscle contraction,74 and cell 
proliferation and apoptosis.75 Most of its isoforms are 
activated by diacylglycerol (dAg) and Ca2+. dAg, in 
addition to IP3, is formed by the cleavage of PIP2 by 
phospholipase Cγ1 (PlC-γ1). IP3 opens Ca2+ channels 
that increase intracellular levels of calcium, further acti-
vating most PkC isoforms. PlC-γ1 activity, and by 
extension PkC activity, has been shown to be upregu-
lated by H2O2.76

PkC contains many cysteine residues that can be 
directly modified by ROS. generally, these oxidative 
modifications have a favorable effect on PkC. Treat-
ment of hepatocytes with ROS-generating compounds 
that promoted disulfide bonding was shown to increase 
the Vmax of PkC.77 But, similar to PkB, H2O2 concentra-
tions beyond a certain level have an inhibitory effect 
upon PkC.78

MAPK: The mitogen-activated protein kinase 
(MAPk) consists of the ERk, Jnk, and p38 kinases. ERk 
mediates growth factor signaling while Jnk and p38 are 
associated with the proliferation of survival signals 
induced by cellular stress. MAPk signaling cascades are 
commonly activated by RTks in a process mediated by 
the small g protein Ras.79 Each group of MAPks is 
activated by direct H2O2 treatment.80 The increase in 
intracellular ROS associated with RTk-mediated sig-
naling appears to be the primary method MAPks are 
induced by cytokines. For example, the overexpression 
of catalase has been shown to block the angiotensin 
II-mediated induction of p38.81

are not significantly overoxidized by the signaling ROS 
bursts has been observed to inhibit peroxide-mediated 
signaling.62 Only organisms utilizing peroxide signaling 
have been found to have 2-Cys Prxs capable of being 
overoxidized along with expression of sulfiredoxin to 
allow recovery after overoxidation. 2-Cys Prx oxidation 
is generally only seen in eukaryotes with the notable 
exception of certain cyanobacteria due to their evolu-
tionary relationship with chloroplasts, which are the site 
of 2-Cys Prx overoxidation in plants.63

8.3.3 Redox Regulation of Kinase and Phosphatase 
Activity

Protein phosphorylation is often the switch that deter-
mines whether a signaling protein is active or inactive. 
ROS are able to modify the activity of the enzymes that 
control this process, kinases and phosphatases, allowing 
them to influence the signaling activity of many impor-
tant proteins.

One of the largest families of kinases is receptor 
tyrosine kinase (RTk). RTks act as extracellular recep-
tors for growth factors and hormones. The binding of 
their ligand induces autophosphorylation of their intra-
cellular C-terminal region, allowing them to convert the 
extracellular signal to an intracellular response by phos-
phorylating other proteins.64 RTks are often the initia-
tors of signaling cascades that have been linked to cell 
adhesion, proliferation, differentiation, and apoptosis.64 
An important group of redox-sensitive proteins, protein 
tyrosine phosphatases (PTPs), negatively regulate RTk 
activity by undoing the phosphorylation catalyzed by 
the RTk. The active site of all PTPs is highly conserved 
and contains a reactive low pKa cysteine residue that is 
a thiolate anion at physiological pH.65 This nucleophilic 
thiolate is necessary for the phosphatase activity of the 
PTP and is susceptible to inactivation by oxidation.4 
Stimulation of an RTk receptor by its ligand frequently 
induces a local increase in ROS through Rac-mediated 
activation of nAdPH oxidase, which inhibits its PTP 
and allows transduction of the extracellular signal.

PI3K/PKB: The PI3k/Protein kinase B (PkB/Akt) 
signaling pathway regulates multiple pathways associ-
ated with cell proliferation and apoptosis. PkB activa-
tion upregulates the expression of survival and 
proliferation genes through activation of nF-κB while 
inhibiting activation of caspases.66 Phosphoinositide 
3-kinase (PI3k) is activated by RTk receptors for 
various growth factors and hormones, such as angioten-
sin II67 and EgFR68 as well as direct treatment of H2O2.67 
Once active, it catalyzes the phosphorylation of phos-
phatidylinositol 4,5-bisphosphate (PIP2) to form phos-



188  CEll SIgnAlIng And TRAnSCRIPTIOn

tion.90 nOx5, which contains n-terminal EF-hands not 
present in nOx1 through nOx4, is also dependent 
upon Ca2+ for its activity.57

8.3.5 Redox Modulation of Transcription Factors

Transcription factors and other nuclear proteins, often 
the last step of a signaling pathway before a stimulus is 
converted into a change in gene transcription, are indi-
rectly affected by redox conditions through activation 
or inhibition of the signaling mechanisms that have 
been mentioned so far. In addition to inducing changes 
in transcription via participation in signaling cascades, 
ROS are also able to directly oxidize and modify the 
activity of transcription factors. Both direct and indirect 
mechanisms of redox mediated changes in transcription 
will be illustrated by the knowledge learned from two 
transcription factors, p53 and nF-κB.

p53: p53 is a key regulator of the cellular stress 
response.91 Out of the genes activated by H2O2, one-
third are regulated by p53 and are primarily related to 
cell cycle arrest and apoptosis.92 Mutations in p53 result-
ing in a loss of function, resulting in the unchecked 
proliferation of damaged dnA, are common in many 
cancerous cells. Basal expression of p53 has been found 
to be required for expression of glutathione peroxidase 
and other antioxidant enzymes.93 However, activation of 
p53 by dnA damage results in the suppression of SOd94 
and the production of multiple pro-oxidant enzymes,95 
inducing oxidative stress and apoptosis.

The dnA-binding domain of p53 contains redox 
active cysteines that affect its binding affinity.96 When 
oxidized, p53 takes an inactive conformation that is 
unable to bind to dnA.96 Ref-1, a bifunctional enzyme 
that repairs dnA and also utilizes thioredoxin to reduce 
oxidized transcription factors, stabilizes p53 activity 
during oxidative stress.97 Oxidative stress can also 
potentially activate p53. p38α, an MAPk that is acti-
vated by ROS, induces p53 activity which further con-
tributes to oxidative stress and creates a feedback loop 
leading to cell death.98

NF-κB: The discovery of the nF-κB family of tran-
scription factors has spawned tens of thousands of pub-
lished articles since its initial characterization 25 years 
ago. nF-κB is a regulator of over 100 genes and the 
point of convergence for many signaling pathways.99 
nF-κB’s activation is normally associated with cell pro-
liferation and survival, although links to apoptosis have 
also been established.100 The nF-κB family is composed 
of p50, p52, RelA/p65, RelB, and c-Rel,99 which form 
both homo- and heterodimers that bind to specific dnA 
sequences (κB sites). The Rel subunits contain transac-
tivation domains, allowing them to activate transcrip-
tion. p50 and p52 lack these domains and therefore block 

8.3.4 Communication between ROS and Calcium 
Signaling

Calcium ions are possibly the most widely used second 
messengers in intracellular signaling. Similar to ROS, 
cytoplasmic levels of Ca2+ are maintained at a low level 
through multiple homeostatic mechanisms and are only 
elevated in response to specific stimuli.82 The primary 
intracellular store of Ca2+ is the sarcoplasmic reticulum 
(SR), which pumps Ca2+ ions into its lumen using ATP-
dependent transporters and releases them into the  
cytoplasm through receptor-mediated channels. Extra-
cellular Ca2+ can also be transported into the cell through 
voltage- and receptor-operated calcium channels. Many 
of these transporters have reactive thiols similar to the 
redox-sensitive proteins that have been discussed so far, 
potentially providing a way for these two widespread 
messaging systems to communicate with each other.

Influx and efflux of Ca2+ from the SR are major con-
tributors to the cytosolic concentration of Ca2+, which is 
10–50 μM as opposed to the mM range concentrations 
found in the SR.83 ER/SR Ca2+-ATPases (SERCA) 
pump Ca2+ from the cytoplasm into the SR and are 
inhibited by both O2

•− and H2O2.84 Plasma membrane 
Ca2+-ATPases (PMCAs) are also inhibited by ROS, but 
only at significantly higher concentrations.84 In contrast, 
two receptors that mediate the release of Ca2+ from the 
SR in response to ryanodine and the signaling molecule 
1,4,5-inositol-triphosphate (IP3) are activated by ele-
vated H2O2 concentrations. Ryanodine receptors (RyRs) 
have between 40 and 50 reactive cysteines on both the 
luminal and transmembrane sides of its four subunits 
that are able to be oxidized, forming either disulfide 
bonds85 or mixed disulfides with glutathione.86 RyRs 
have less activity in reducing conditions where all thiols 
are unmodified. When roughly half the reactive thiols in 
RyRs are oxidized, its activity is stimulated due to con-
formation changes brought by inter-subunit disulfide 
cross-linking and blocked interaction with its inhibi-
tors.87 However, the receptor irreversibly loses function 
when more than ∼70% of its thiols are oxidized during 
prolonged or severe oxidative stress.87 IP3 receptors (IP3 
Rs) and RyRs share a high amount of sequence homol-
ogy, particularly in regions containing reactive cysteines, 
and are similarly activated by H2O2.88 H2O2 further stim-
ulates Ca2+ release via IP3 receptors by activating phos-
pholipase Cγ1 (PlC-γ1), which cleaves PIP2 to form IP3 
and dAg.89

Ca2+ signaling can also influence ROS homeostasis. 
depending on the context, Ca2+ signaling is capable of 
both positive and negative regulation of ROS produc-
tion.90 Ca2+ stimulates TCA cycle activity and oxidative 
phosphorylation, increasing the output of mitochondrial 
ROS proportional to the increase in oxygen consump-
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pathway is presently unknown and whether or not its 
regulation is associated with H2O2 is yet unclear, the 
finding of an iron-containing nuclear activator of nF-κB 
is a significant advance and offers a clue for understand-
ing how iron ions may participate in the nF-κB tran-
scription regulation.

8.3.6 Summary

Multicellular eukaryotes, not having to experience the 
constant threat of elevated ROS levels from their envi-
ronment that prokaryotes do, have been able to evolve 
signaling mechanisms that co-opt their endogenously 
produced ROS as a way to facilitate cross talk between 
different pathways. The thiol modification mechanism 
of H2O2 signaling is seen in both prokaryotes and 
eukaryotes, but the transcriptional responses of pro-
karyotes are focused on removing the H2O2 while the 
response in mammals has not been shown to include 
antioxidant enzymes.92 Multiple antioxidant genes 
(MnSOd, glutathione reductase 1, and thioredoxin), 
along with proteins that regulate intracellular metal 
concentrations, a response that resembles the prokary-
otic response to oxidative stress, are regulated by nF-κB 
activation.108 However, genes for pro-oxidants xanthine 
oxidase and nOx also contain κB sites.108 Unlike the 
consistent antioxidant responses to any change in ROS 
concentration that have been characterized in prokary-
otes, any upregulation of antioxidant genes in metazo-
ans is likely to be based on many other factors and 
conditions in addition to the concentration of ROS 
within the cell.

However, the lack of a definite inducible antioxidant 
response in mammals should not be mistaken as a lack 
of an overall strategy against oxidative stress. Moder-
ately elevated concentrations of ROS generally promote 
the activation of signaling pathways leading to prolif-
eration and survival and the inhibition of those that 
initiate apoptosis. While these elevations in ROS can be 
the product of normal signaling, they can also be due to 
oxidative stress. In this situation, the anti-apoptotic 
signals from the ROS can double as a survival mecha-
nism that helps the cell endure the stress.76 PkB is an 
example of a pathway that is activated by both growth 
factors via PTEn/PI3k regulation and by stress 
responses mediated by Hsp26. PkC also has a role in 
resisting cellular stress. Mammalian cells with knocked 
out PlC-γ1, which contributes to the activation of PkC 
by ROS, are only able to tolerate a fraction of the H2O2 
concentration that wild-type cells can comfortably 
survive in.76 While low or transient exposure to ROS 
promotes survival, severe or chronic ROS exposure has 
the opposite effect. Overexposure to ROS inhibits many 

transcription unless it exists in a dimer with a Rel 
subunit. nF-κB is sequestered in the cytosol by IκB 
complexes.99 In response to various stimuli, IκB is phos-
phorylated by the Ikk family and degraded, enabling 
the translocation of the nF-κB dimer to the nucleus 
where it can bind to its gene targets.

ROS have been observed to modify both nF-κB and 
the proteins that contribute to its activation. The binding 
of p50 to dnA is inhibited by the H2O2 oxidation and 
subsequent glutathiolation of its Cys 62 residue.101 glu-
tathiolation of Cys189 of IκB has also been shown to 
inhibit its phosphorylation and degradation.102 Taken 
alone, these results would lead to the conclusion that 
ROS negatively regulate nF-κB activity. However, gen-
eration of H2O2 and activation of nF-κB are both hall-
marks of inflammation, and multiple studies have 
demonstrated that H2O2 positively regulates nF-κB 
activity when administered with TnF-α.103 In addition, 
the TnF-α-induced phosphorylation of Ser 276 on 
RelA/p65, required for activation of some of nF-κB’s 
target genes, is a ROS-dependent process that is inhib-
ited by antioxidants.104 PkB activation promotes nF-κB 
activity through induction of mTOR,105 but PkB is also 
both activated and inhibited by ROS depending on the 
concentration.

The synergy between H2O2 and TnF-α in activating 
nF-κB demonstrates the reciprocal relationship 
between redox environment and other cellular condi-
tions. As we have seen, cellular conditions and behavior 
are heavily influenced by the cell’s redox environment. 
But, in many instances, the effects of a ROS signal can 
have different or even opposite effects during different 
conditions or lengths of exposure. The varying affinities 
of κB sites for nF-κB also provides an example of how 
the ROS-mediated activation of a transcription factor 
could affect specific genes more than others in spite of 
being regulated by the same protein. genes with lower 
affinity κB sites were upregulated more by H2O2 treat-
ment than genes with higher affinity κB sites that were 
already saturated without the H2O2 stimulation.103

Hydrogen peroxide and iron are known to activate 
nF-κB, but the activation mechanisms are resolved. A 
few coactivators of nF-κB has been identified, including 
Brad 1, Jab1, Pirin, and Tip60.106 Among them, Pirin is a 
Fe-containing nuclear protein present in all human 
tissues. This metalloprotein is found to enhance the 
dnA binding ability of the nF-κB proteins. The three-
dimension structure of Pirin determined by x-ray 
crystal structure shows that Pirin belongs to the Cupin 
protein superfamily and contains an iron ion bound by 
a 3-His-1-glu ligand motif,107 which is similar to the 
metal-containing proteins involved in gene transcrip-
tion regulations discussed in this chapter. Although the 
mechanism by which Pirin regulates nF-κB signaling 
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8.4.1 HIF

HIF is a heterodimeric protein. Three types of α sub-
units (HIF-1α, HIF-2α, and HIF-3α) exist and require 
interaction with an HIF-β subunit for activity, with each 
subunit containing a basic-helix-loop-helix (bHlH) 
domain seen in other transcription factors.111 HIF-β, 
also referred to as aryl hydrocarbon receptor nuclear 
translocator (ARnT), is a ubiquitous and constitutively 
expressed nuclear protein. It is not an exclusive binding 
partner of HIF-α nor does HIF-β participate exclusively 
in hypoxic signaling. HIF-α is a cytosolic protein subject 
to much tighter oxygen-dependent regulation at both 
the transcriptional and posttranscriptional levels that 
render it nearly undetectable during normal cellular 
conditions, unlike the constitutive HIF-β which is not 
affected by oxygen levels.112 The HIF-α/β complex rec-
ognizes conserved sequences called hypoxic response 
elements (HREs) located near its target genes. Recogni-
tion of HREs and the enhanced expression seen during 
hypoxia requires the dimerization of the HIF-α and 
HIF-β subunits, which is contingent on HIF-α being 
permitted by the cell to accumulate to levels above what 
is found during normoxia.113

Even though HIF-α has a central role in the regula-
tion of hypoxia-sensitive genes, it cannot detect or react 
with oxygen itself. When looking at biological reactions, 
molecular oxygen is not a reactive molecule in most 
situations. As a stable diradical at triplet state (S = 1) 
with two unpaired electrons, it can only accept the trans-
fer of a single electron at a time.3 While oxygen cannot 
react with molecules with paired electrons, it is more 
than willing to accept unpaired electrons from transi-
tion metals. In fact, in any metabolic or signaling pathway 
where oxygen is utilized, a metalloprotein is usually not 
far away. In the case of oxygen sensing, the metallopro-
teins are HIF-α prolyl hydroxylase domain (PHd) 
enzymes and the asparaginyl hydroxylase factor-
inhibiting HIF (FIH), both capable of using oxygen as 
a substrate to posttranslationally modify and inhibit 
HIF-α. Both enzymes belong to a family of Fe(II)/α-
ketoglutarate (α-kg) dependent proteins.114 Their 
requirement of an iron-bound O2 substrate provides the 
oxygen-sensing component of HIF signaling. When 
deprived of oxygen in hypoxic conditions they are 
unable to block HIF-α function, allowing it to accumu-
late and dimerize with HIF-β, and its target genes are 
expressed until oxygen levels and PHd/FIH activity 
returns to normal.

8.4.2 PHD Enzymes

The PHd acts as the first line of HIF-α regulation, the 
hydroxylation of HIF-α leading to its degradation and 

of these pro-survival responses that promote signaling 
associated with apoptosis.

8.4 OXYGEN SENSING IN METAZOANS

Since the introduction of oxygen into our atmosphere, 
life has developed ways to not only cope with this 
potentially toxic element but to utilize it. Oxidative 
phosphorylation confers a large advantage to aerobic 
organisms, allowing them to extract 18 times more ATP 
from a single molecule of glucose than they would 
anaerobically. Molecular oxygen is also a necessary sub-
strate for a variety of metabolic pathways. With the 
importance of oxygen to normal physiological and cel-
lular function, the means for a cell to detect an inade-
quate supply of oxygen and translate the pathological 
condition into a signal that results in the adjustment of 
the oxygen requirements of the cell is necessary.

As we discussed in prokaryotes, oxygen sensing is a 
relatively straightforward process involving a single 
switch-like transcription factor that experiences altera-
tions in its ability to bind dnA or dimerize into its 
active form upon exposure to oxygen. These oxygen-
sensing proteins are efficient for their intended purpose 
but can only operate in a strictly “on” or “off” manner, 
requiring strictly anaerobic conditions to be turned 
“on.” While this is suitable for single-celled organisms, 
larger and more complicated organisms are more likely 
to experience levels of oxygen that are merely lower 
than normal (a condition known as hypoxia) rather than 
completely anaerobic conditions. Hypoxia can be acute 
or chronic, as well as mild or more severe, and each of 
these conditions would require the organism to adapt 
in different ways. larger organisms have multiple types 
of tissue with different physiological oxygen concentra-
tions and requirements. This increased complexity in 
physiology and lifestyles obviously requires a more 
complex and nuanced mechanism that is capable of dif-
ferentiating between different degrees of hypoxia and 
responding accordingly to each. The central regulators 
of this oxygen-sensing pathway in metazoans are 
hypoxia-inducible factors (HIFs), transcription factors 
that upregulate the expression of genes associated with 
glycolysis, angiogenesis, and red blood cell production 
in response to hypoxia.109 These processes assist in tran-
sitioning to a low-oxygen environment where anaerobic 
metabolism is relied upon more and additional means 
of delivering blood and oxygen are needed. Classic 
examples of this can been seen in the adaptations that 
occur in people living at higher altitudes with less 
oxygen and in the Pasteur effect where glycolysis and 
glucose-consumption are upregulated in conditions 
with limited oxygen.110
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PHd3 is distributed evenly between both.119 Across 
multiple cell lines, PHd1 mRnA was not found to be 
affected by oxygen concentration while expression of 
PHd2 and PHd3 were generally upregulated during 
hypoxia.115 In particular, PHd3 levels are dramatically 
higher in hypoxic conditions and are believed to con-
tribute more to the regulation of HIF-α levels during 
hypoxia than PHd2.115 The inducibility of PHd2 and 
PHd3 by the transcription factor they regulate suggests 
a feedback loop mechanism where an increase in the 
levels of PHd2 and PHd3 during hypoxia assists the 
cell in rapidly degrading the accumulated HIF-α and 
shutting off hypoxia-regulated gene expression upon 
the restoration of normal oxygen levels. Rate of degra-
dation of HIF-α upon reoxygenation after different 
lengths of hypoxia was proportional to how long the 
cells were in hypoxic conditions, due to the higher levels 
of PHd2 and PHd3 expressed in the longer period of 
hypoxia.120

Prolyl-4-hydroxylases (P4H) have been well-
characterized due to their role in both oxygen sensing 
and the hydroxylation and stabilization of collagen.121 
As with all P4H hydroxylation reactions, the P4H 
responsible for the hydroxylation of collagen requires 
O2 but is not disabled by hypoxia as PHd is. If it were 
otherwise, chronic hypoxia would lead to the instability 
of collagen, a symptom of scurvy. The differences in 
oxygen requirements between PHds and other P4Hs 
are explainable by their differences in O2 affinity. PHd, 
by having a Km value for O2 that is near the concentra-
tion present in the atmosphere, is more sensitive to 
shifts in O2 levels than other P4Hs that have much lower 
Km values.122 Other studies have challenged this theory, 
claiming that PHd’s Km value for O2 is within the range 
of other α-kg dependent enzymes (although still suf-
ficiently above the estimate of intracellular concentra-
tions of O2 for it to be an effective sensor of oxygen), 
and other factors that govern α-kg reaction rates such 
as the size of the bound substrate, iron/α-kg concentra-
tions, or redox conditions contribute to PHd’s efficacy 
as an oxygen sensor.123

8.4.3 FIH

On top of the PHd’s regulation of HIF-α stability, the 
asparaginyl hydroxylase FIH provides an additional 
layer of regulation that inhibits HIF-α from inducing 
its target genes. However, instead of targeting the 
Oddd of HIF-α and tagging it for degradation, FIH 
modifies an asparagine residue (Asn803) on its C- 
terminal transactivation domain (C-TAd) that makes 
the transcription factor unable to recruit its coactivators, 
p300/CBP, required for it to activate transcription of 
many of its target genes.124 PHd and FIH work together 

subsequently the low levels of HIF-α found during nor-
moxia (Fig. 8.3). Three different PHds (PHd1, PHd2, 
PHd3) capable of regulating HIF-α, each encoded by 
their own gene, have been found in mammals.115 All 
three isoforms are capable of hydroxylating HIF-α and 
suppressing hypoxia-regulated genes in vitro. However, 
PHd2 has been shown to play the most prominent role 
in the suppression of HIF-α in vivo.116 All three PHds 
specifically target and hydroxylate prolines within a 
conserved lxxlAP motif. When interacting with HIF-α 
at sufficient oxygen levels, two conserved proline resi-
dues (Pro402 and/or Pro564) within the oxygen-
dependent degradation domain (Oddd) of HIF-α are 
converted to hydroxyprolines (Hyp). Upon formation 
of the Hyp residues, HIF-α becomes capable of being 
recognized by the von-Hippel lindau (VHl) segment 
of the E3 ubiquitin ligase complex, resulting in its ubi-
quination and degradation via the proteasome.117 The 
Hyp residues increase HIF-α’s affinity for VHl by over 
a thousandfold. Hyp, along with having differences in 
conformation preferences, is more capable of hydrogen 
bonding than proline with its additional oxygen. The 
hydroxyl group of Hyp564 forms hydrogen bonds with 
Ser111 and His115 in VHl, stabilizing the interaction 
between the two proteins.118

The three different PHd proteins have similar struc-
tures and overlapping functions, but their locations 
within the cell and their patterns of expression suggest 
that they may also have specific roles in hypoxia signal-
ing.119 PHd1 is exclusively located in the nucleus while 
PHd2 is almost entirely located in the cytosol and 

Figure 8.3 Cartoon of HIF-α regulation by hydroxylase 
activity of PHd and FIH on transcription.
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enzyme’s activity and open up other possibilities for 
altering PHd/FIH activity and HIF-α stability.

α-kg, an intermediate of the citric acid cycle, has 
been found to compete with two other citric acid cycle 
intermediates, succinate and fumarate, for binding to 
α-kg enzymes.128 Studies examining the effects of 
oxygen and glucose deprivation on HIF-α stability have 
observed a link between metabolism and HIF-α degra-
dation.129,130 Cells deprived of glucose during hypoxia, 
producing a low α-kg/fumarate ratio, was found to 
have a lower rate of HIF-α degradation upon reoxygen-
ation than cells only deprived of oxygen, providing a 
role of metabolism and glucose availability in the modu-
lation of HIF activity.129

The Fe(II) ion is also required for the activity of 
α-kg dependent enzymes, HIF and FIH not being an 
exception. Iron chelators have been observed to mimic 
the effects of hypoxia, leading to the accumulation of 

in inhibiting HIF-α, with either one of their activities 
sufficient to affect its activity (Fig. 8.3). Mutations of the 
target proline residue in the Oddd of HIF-α displayed 
a higher stability during normoxia as one would expect 
from a mutant that was unable to be targeted by PHd, 
but only displayed a fraction of the transcriptional activ-
ity seen during hypoxia. Only by mutating both the 
Oddd proline and Asn803 within the C-TAd was full 
activity restored during normoxia.124

FIH shares an inhibitory function with PHd, but the 
functions of the two proteins should not be thought of 
as being redundant. FIH targets the C-TAd domain of 
HIF-α, but HIF-1α and HIF-2α contain a second trans-
activation domain closer to the n-terminal (n-TAd) 
that is not recognized by FIH, while HIF-3α lacks a 
C-TAd altogether. Many, but not all, of the hypoxia-
regulated genes require a functional C-TAd domain 
that is capable of recruiting p300/CBP, making them 
resistant to being silenced by FIH hydroxylation.125 FIH 
also has a higher affinity for O2 than PHd, thus requir-
ing less oxygen for its function.126 This difference in 
affinities allows for an oxygen concentration where 
PHd is inactivated, allowing HIF-α to accumulate, but 
FIH continues to hydroxylate the C-TAd and inhibit 
the expression of certain genes.126 The different O2 con-
centrations that PHd and FIH can operate at and the 
different genes they can potentially silence contribute 
to the versatility and sensitivity of this oxygen-sensing 
mechanism.

8.4.4 Factors Influencing Fe(II)/α-KG Dependent 
Enzymes

PHd and FIH, other than having different residues they 
hydroxylate, share very similar mechanisms and struc-
tural characteristics that can be seen in other Fe(II)/α-kg 
dependent oxygenases.114 α-kg dependent enzymes 
bind an Fe(II) ion using two histidines and one aspar-
tate or glutamate residue in an octahedral coordination 
with the remaining sites occupied by water, a well-
characterized motif seen in other dioxygenases.127 α-kg 
and O2 bind to the Fe(II) ion, displacing the water mol-
ecules, while the substrate to be oxidized binds on a 
separate site. The co-substrate α-kg is converted to 
succinate and CO2 and released, leaving behind a highly 
reactive Fe(IV)=O intermediate that hydroxylates the 
bound substrate.114 The O2 substrate is split apart and 
incorporated into the succinate product and the hydrox-
ylated substrate (Fig. 8.4).

As mentioned previously, the O2 requirement in this 
reaction is absolute and is the underlying mechanism 
behind the oxygen sensitivity of the HIF pathway. 
However, the other substrate, α-kg, and the oxidation 
state of the iron ion are equally necessary for the 

Figure 8.4 α-ketoglutarate and Fe-dependent hydroxylation 
of HIF-α by prolyl hydroxylase. The mechanistic cycle shown 
in this model includes the following steps: (1) binding of co-
substrate α-kg and replacing of the two water ligands at the 
Fe(II) center, (2) binding of the primary substrate HIF-α 
resulted in a conformational change and lost of the third water 
ligand, (3) binding of O2 to the five-coordinate Fe(II) center 
and production of a superoxo anion intermediate, (4) forma-
tion of an alkylperoxy intermediate, (5) O–O bond cleavage 
leads to an Fe(IV)-oxo intermediate while oxidative decar-
boxylation of the bound co-substrate produces CO2 and a 
bound succinate, (6) oxygen transfer from the high-valent 
Fe(IV)-oxo intermediate to a proline residue of HIF-α, and 
(7) succinate release resumes the initial 2-His-1-Asp ferrous 
center. See color insert.

α

α
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One of the more significant cell signaling proteins 
that HIF is connected to both directly and via ROS 
signaling is nF-κB. A link between hypoxia and nF-κB 
has been known since the 1990s.139 More recently, IκB 
kinase B, an upstream activator of nF-κB, has been 
identified as another substrate of PHd that has reduced 
activity upon hydroxylation,140 providing a hypoxic acti-
vation mechanism for nF-κB that is similar to HIF-α. 
Interestingly, it was also found that the expression of 
HIF-α is directly regulated by nF-κB.141,142 These find-
ings are significant in two ways. First, it suggests that the 
accumulation of HIF-α during hypoxia occurs not only 
through its stabilization but also through its upregulated 
expression, a revelation further supported by recent 
studies demonstrating that inhibition of nF-κB signal-
ing reduces the induction of HIF-α’s target genes.143 
Second, the direct link between nF-κB and HIF-α pro-
vides further insight into how ROS generated in 
response to different physiological conditions can mod-
ulate HIF-α expression. ROS can regulate the activa-
tion of nF-κB in numerous ways and varies greatly by 
cell type.144 The proinflammatory cytokine TnF-α, an 
inducer of nF-κB and H2O2 accumulation via increased 
nAdPH oxidase activity, has been found to increase 
HIF-α stability and dnA-binding affinity in nonhy-
poxic conditions using a ROS-dependent mechanism 
that can be inhibited by antioxidant treatment.145 In 
addition, nF-κB activity has also been linked to the 
upregulation of nOx1 and nOx4 in smooth muscle cell 
(SMC),146 illustrating the potential for cross talk between 
the HIF and nF-κB signaling pathways.

8.4.6 Summary

Far from the simple oxygen-sensitive proteins found in 
bacteria that have a simple switch-like function, the 
effects of hypoxia on cellular signaling are still under 
investigation, with new possible pathways and mecha-
nisms activated in response to low oxygen levels being 
revealed all the time. Substrates for PHd and FIH other 
than HIF-α continue to be discovered, providing new 
possible roles for the hydroxylases and the VHl 
complex. One interesting substrate of FIH, the ankyrin 
repeat domains of proteins in the nF-κB pathway, is still 
being investigated.147 The conventional wisdom that 
HIF activation requires hypoxia has been effectively 
challenged with evidence that nonhypoxic induction of 
HIF-α is also possible in response to stimulation by 
cytokines and growth factors during inflammation,145 
made possible by HIF’s interdependence with nF-κB 
and the effects of ROS generation on both pathways 
(Fig. 8.5). The study of oxygen-sensing metalloproteins, 
the pathways these metalloproteins interact with, and 

HIF-α due to the loss of HIF and FIH function.131 The 
oxidation state of iron is also an important factor in the 
functionality of α-kg dependent enzymes. The ferrous 
state of the iron ion is required for activity and is typi-
cally regenerated at the end of each reaction cycle. 
However, occasionally, the oxidative decarboxylation of 
α-kg by the Fe ion is not coupled to an oxidation of a 
substrate, leaving behind an inactive Fe(III) ion that 
requires reduction by the antioxidant ascorbate (also 
known as vitamin C).132 Ascorbate is considered as a 
requirement for the function of many, but not all, α-kg 
dependent enzymes. P4Hs are among the α-kg depen-
dent enzymes requiring ascorbate.133 The disease scurvy, 
caused by collagen instability due to a lack of P4H activ-
ity, is linked to a lack of dietary ascorbate. PHd has 
been found to have higher activity in the presence of 
higher concentrations of ascorbate, accompanied by a 
reduction in HIF-α levels.134

The oxidation state of Fe(II) can also be influenced 
by the accumulation of H2O2, a ROS that is capable of 
oxidizing Fe(II) to form Fe(III). H2O2 has been impli-
cated as an activator of angiogenesis,135 a process which 
is enhanced by hypoxia and HIF activation. Increased 
H2O2 levels has a stabilizing effect on HIF-α accompa-
nied by a higher proportion of PHd2 in the Fe(III) 
oxidation state.136 The effect of H2O2 on HIF-α stability 
was reversed by ascorbate treatment.136 ROS, having 
close ties to many pathophysiological conditions linked 
to hypoxia such as cancer and inflammation, have been 
found to play a significant role in the HIF pathway.

8.4.5 ROS and Oxygen Sensing

The function of ROS in the regulation of HIF-α has 
provided fertile ground for investigation and debate 
over the past decade. It is generally agreed upon that 
ROS have an effect on HIF-α stability, but the sources 
of the ROS and the signaling pathways and mechanisms 
involved have yet to be completely elucidated. The 
importance of mitochondrial ROS in HIF-α stability 
has been argued on both sides. Some studies have 
claimed that the ROS produced from the electron  
transport chain contribute to HIF-α accumulation.137 
However, both explanations support that a functional 
electron transport chain contributes to the stability of 
HIF-α.

Another source of ROS that has been investigated in 
HIF signaling is nAdPH oxidase. There is accumulating 
evidence that hypoxia, HIF-α accumulation, and the 
expression of nOx4 are linked. The gene for nOx4 has 
been found to contain an HRE and is upregulated in 
response to higher HIF-α expression, increasing levels 
of ROS resulting in an increase of pulmonary arterial 
smooth muscle cell proliferation during hypoxia.138
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is responsible for what is now known as the “Warburg 
effect.”151 An increased rate of glycolysis is not the only 
way an increase in HIF levels promotes tumorgenesis. 
Vascular endothelial growth factor (VEgF), an angio-
genic growth factor, is upregulated by HIF and results 
in the vascularization seen in tumors.152

Acting in conjunction with hypoxia, high levels of 
ROS contribute to the faulty cellular signaling that 
enables the proliferation and survival of cancerous cells. 
Elevated ROS concentrations are a common feature of 
tumors.153 VEgF stimulates the activation of nOx1 
and nOx2, causing an increase in ROS.154 Signaling 
pathways and transcription factors activated by ROS 
signaling, such as the PI3k/PkB pathway and nF-κB, 
are associated with cell proliferation and the suppres-
sion of apoptosis that when activated can contribute to 
oncogenesis.66,155 ROS and nF-κB also further promote 
the stability and expression of HIF-1, assisting the 
hypoxic survival mechanisms utilized by cancerous cells. 
Hypoxia and ROS both contribute to the proliferation 
of the signals of the other, creating a dangerous feed-
back loop.

With elevated HIF and ROS levels being widely 
associated with cancerous cells, some anticancer strate-
gies have focused inhibiting HIF and ROS activity. Both 
the inhibition of HIF-1 and treatment of antioxidants 
have been demonstrated to reduce the rates of growth 
and angiogenesis in tumors.156,157 Interestingly, going in 
the other direction and increasing ROS concentrations 
of tumor cells to a level where their signaling effects 
shift from proliferation to apoptosis may also have ther-
apeutic potential. Cancer cells, while generally more 
resistant to oxidative stress than normal cells due to 
selection and the activation of pro-survival signaling 
pathways, still have to maintain ROS concentrations 
within a specific range to avoid cell death. Because 
cancer cells are producing large amounts of signaling-
derived O2

•− and their SOd activity is often reduced, 
they are more vulnerable to being killed by SOd inhibi-
tion than a noncancerous cell.158 2-Methoxyestradiol 
(2-ME), an inhibitor of SOd, has been shown to induce 
apoptosis in multiple cancer cell lines as well as showing 
efficacy in animal studies with minimal side effects upon 
noncancerous cells.159 This therapy, while promising, still 
has issues with low bioavailability.159

8.5.2 Vascular Pathophysiology

H2O2 is an important mediator of vascular function at 
both the physiological and cellular level. H2O2 is 
involved in the hyperpolarization and relaxation of 
smooth muscle in response to acetylcholine.160 In addi-
tion, angiotensin II is a key regulator of cell growth, 
apoptosis, and migration in vascular cells and relies 

their dependence on cellular redox conditions has 
exploded over the past decade and shows no sign of 
slowing down.

8.5 MEDICAL SIGNIFICANCE OF REDOX AND 
OXYGEN-SENSING PATHWAYS

With the large contributions that oxygen levels and 
ROS make to cell signaling, it is no surprise that dys-
regulation of both are associated with pathological con-
ditions. ROS, while a necessary part of our cell signaling 
network, remain a double-edged sword. defects in sig-
naling pathways caused by disease can result in an 
increase in ROS production and the development of 
oxidative stress and vice versa, causing the disease or 
contributing to its effects. The role of ROS in signaling 
has become increasingly more relevant for the study  
of many diseases, including Alzheimer’s disease,148 Par-
kinson’s disease,149 and diabetes.150 In particular, the 
understanding of cancer and vascular disease have  
benefited greatly from the study of hypoxia and oxida-
tive stress.

8.5.1 Cancer

Perhaps more than any other category of disease, the 
study of redox and oxygen signaling has intertwined 
with the research and treatment of cancer. In 1924, 
german biochemist Otto Warburg first hypothesized 
that the growth of cells within a tumor was being driven 
by an increased rate of anaerobic metabolism. Almost 
a century of research has supported his hypothesis, and 
we now know that the hypoxic environment of tumors 

Figure 8.5 Hypoxic and nonhypoxic induction of hypoxia-
inducible factor (HIF).
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As a result, our redox-sensitive proteins have evolved 
beyond the simple detection and elimination systems 
seen in bacteria and instead are able to harness their 
reactivity and integrate them into signals that promote 
growth rather than death.

A potential pitfall of studying ROS signaling is 
making sweeping generalizations on what ROS do or 
how they are produced based on observations from a 
single cell type. The five nOx isoforms, each regulated 
and induced by different stimuli, have variable expres-
sion between different types of cells. Thus, a signal or 
transcription factor that induces an nAdPH oxidase-
generated increase of ROS in one type of cell may not 
do the same in another. The relationship between ROS 
and Ca2+ homeostasis allows for even more variation in 
the outcomes of redox signaling in different cells. The 
signaling effects of ROS have been seen to depend 
heavily on cell type, ROS concentrations, the length of 
exposure, and the overall condition of the cell and activ-
ity of its other signaling pathways. As we have seen in 
many pathways, adjustments to any of those parameters 
can mean the difference between a signal that encour-
ages cell proliferation and one that results in apoptosis 
or necrosis. This can sometimes complicate the investi-
gation of ROS signaling and lead to conflicts between 
the results of different investigators who used different 
cell lines or experimental methods. However, it is pos-
sible that our cells would not be as fine-tuned to their 
individual environments and purpose without these 
variations in the cause and effect of ROS signals between 
cell types.
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CONCLUDING REMARKS

Metal-dependent oxidation/reduction (redox) reactions 
intimately associated with the regulation of gene tran-
scription have become elucidated and increasingly 
appreciated. Inducible regulation of gene expression, by 
redox reactions involving metal ions, may be one of the 
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The importance of a cell’s redox environment and metal 
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depends.” Our relationship with these molecules is 
much more nuanced than what the prokaryotes have. 
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OVERVIEW

Most cells in an adult multicellular organism are not 
dividing and must receive mitogenic signals in order to 
proliferate. For a multicellular organism to survive, it is 
necessary to regulate the number of cells proliferating 
in the interest of the whole organism. A tumor arouses 
when tissue growth exceeds that of normal tissue in an 
uncoordinated fashion. Carcinogenesis is a multistage 
process of conversion of a normal cell to a malignant 
state as a result of a series of mutations, cell divisions, 
and changes in the gene expression pattern. Carcino-
genesis leads to a self-replicating transformed cell which 
conveys the generation of a larger number of cells with 
an increasing accumulation of abnormalities. Numerous 
factors contribute to the initiation, development, and 
progression of cancer, including those of genetic, envi-
ronmental, and dietary influences. Oxidative stress and 
reactive species (RS) participate at all stages of the 
malignancy/carcinogenic process aroused from both 
inherited and environmental factors.1

9.1 REDOX ENVIRONMENT AND CANCER

Cancer cells often exhibit increased generation of RS 
compared with normal cells, which is thought to provide 
favorable conditions for cancer cell growth, genetic 

instability, and survival. This increased generation of RS 
is given particularly by alterations in the protein levels 
of RS-generating enzymes and/or mutations in the 
mitochondrial electron transport chain (ETC) compo-
nents (Fig. 9.1).

9.1.1 Pro-Oxidant Environment and Endogenous 
Sources of RS in Cancer

9.1.1.1 Reactive Oxygen Species (ROS)-Generating 
NADPH Oxidases and Cancer Cancer cells have 
increased levels of ROS, which are associated with 
increased nicotinamide adenine dinucleotide phosphate 
(NADPH)-oxidases (NOX) activity/expression2 (Fig. 
9.1). Cancer cells, constitutively expressing the activated 
form of the oncoprotein Ras present significantly ele-
vated levels of O2

•−, which correlates with resistance to 
apoptosis. NOX1 has been postulated as the central 
mediator of oncogenic Ras-MEK-ERK signaling by 
regulation of growth and transcription factors.3,4 Other 
oncogenic signaling proteins such as Src regulate NOX1-
dependent ROS generation.5

Several other NOX enzymes are also implicated in 
cellular transformation. The Epstein–Barr virus (EBV) 
nuclear antigen (EBNA), the only viral protein 
expressed in all EBV-carrying malignancies, induces 
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Figure 9.1 Cancer cells exhibit increased generation of ROS and RNS compared with normal cells, which provides favorable 
conditions for cancer initiation, progression, or metastasis. This increased generation of RS is given particularly by alterations in 
the protein levels of RS generating enzymes such as NOX and NOS (1). In the mitochondria, O2

•− is formed by monoelectronic 
reduction of O2 by complexes I and III of the respiratory chain. Mutations in nuclear or mitochondrial genes encoding components 
of the ETC can lead to an increase in ROS generation by inhibition of electron transfer (2). Although oxidative DNA damage is 
a central element in the transformation process toward malignancy, it is also evident that RS can promote/predispose to cancer 
development by oxidative damage/modification to lipids and proteins/enzymes (3). See color insert.

chromosomal aberrations and DNA damage by tran-
scriptional induction of NOX2 and increased ROS  
production.6 NOX4-generated ROS are associated with 
melanoma cell growth7 and pancreatic cancer cell resis-
tance to apoptosis by promotion of Akt survival signal-
ing.8 Furthermore, overexpression of NOX4 induces 
cellular senescence, tumorigenic transformation, and 

cell migration.9,10 NOX5 is overexpressed in esophageal 
adenocarcinoma cells and mediates acid-induced ROS 
production contributing to cell proliferation and 
decreased apoptosis.11–14 In contrast to the increased 
overexpression of NOXs in cancer cells, the dual 
NADPH oxidase/peroxidase, DUOX, is silenced by 
promoter hypermethylation in lung cancer.15
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high levels of eNOS expression correlate with tumor 
cell vascular invasion.23 nNOS expression is increased 
in glial tumors, which correlates with the proliferative 
potential, suggesting a role of nNOS with malignancy.24

9.1.1.4 Other Sources of RS in Cancer Increased 
myeloperoxidase (MPO) and lipid peroxide-modified 
proteins have been recently described in the plasma  
of patients with gynecological malignancies.25 MPO 
polymorphisms are associated with the etiology of  
lung, larynx, pancreatic and breast cancer, and leuke-
mia26–28 Cyclooxygenase 1 (COX1) overexpression 
mediates tumorigenic transformation of immortalized 
ECV endotheial cells,29 while COX2 overexpression 
contributes to DNA oxidation and DNA-adduct forma-
tion from lipidperoxide bioproducts.30,31 COX2 inhibi-
tors reduce tumor growth and metastasis of breast 
cancer.32 However, whether the protective effect of 
COX inhibition on carcinogenesis is associated to its 
pro-oxidant effects is unclear.33 Increased xantine 
oxidase (XO)-mediated ROS induces the expression of 
hypoxia-inducible factor-1α (HIF-1α) in cancer cells, 
which is involved in angiogenesis and, thus, cancer 
tumor growth.34

9.1.2 Alterations in Antioxidant Systems and Cancer

Cells have evolved intrinsic antioxidant mechanisms to 
detoxify RS generated under both physiological and 
pathological conditions. Under normal/basal conditions, 
a balance exists between both the activities of enzymatic 
antioxidant defenses and the intracellular levels of non-
enzymatic antioxidants, which is essential for the sur-
vival of organisms and their health. In addition to their 
ability to scavenge RS, antioxidants appear to modulate 
cell signaling pathways by redox-dependent mecha-
nisms. Thus, antioxidants can modulate cancer at the 
cellular level by regulation of cell proliferation and cell 
death; at the tissue level by inhibiting tumor invasion, 
angiogenesis, and inflammation; and also by mediating 
detoxification processes.35,36

9.1.2.1 Glutathione (GSH) and Glutathione-
Dependent Enzymes in Cancer Elevated gSH levels 
are observed in various types of cancerous cells and 
solid tumors37,38 which are a consequence of high 
γ-glutamylcysteine synthetase (γ-gCS) expression.39 
genetic polymorphisms of human γ-gCS are also asso-
ciated with increased gSH levels and drug sensitivity in 
tumor cell lines.40 Cysteine availability is rate limiting 
for the synthesis of gSH. Several types of malignant 
cells, such as leukemias and lymphomas, are incapable 
of synthesizing cysteine; thus, its uptake from the micro-
environment is essential for their growth and viability. 

9.1.1.2 Mitochondria Mutations, Oxidative Stress, 
and Cancer In cancer cells, mutations in nuclear or 
mitochondrial genes encoding components of the ETC 
induce an increase in ROS generation by inhibition of 
electron transfer, leading to the accumulation of elec-
trons that can be captured by O2 (Fig. 9.1). ETC gene 
defects are directly linked to some hereditary cancers. 
Mutations in the mitochondrial fumarate hydratase 
(FH) and in mitochondrial succinate dehydrogenase 
complex II subunits SDHD (cytb membrane subunit) 
and SDHC (coenzyme Q-binding membrane subunit), 
and SDHB (iron–sulfur), which impede electron flux 
through complex II increasing ROS production, are 
associated with distinct carcinomas.16 Mitochondrial DNA 
(mtDNA) mutations that inhibit oxidative phosphoryla-
tion and impede electron flow down the ETC also 
increase ROS production and have been described in 
cancer cells. Mutations in the mtDNA of the cytochrome 
oxidase subunit I gene (COI) are also associated with 
prostate cancer.16

9.1.1.3 Nitric Oxide Synthases (NOS) and 
Cancer Nitric oxide (NO) is synthesized by NOS, 
which catalyze the oxidation of l-arginine resulting in 
the formation of NO and l-citrulline. Three different 
NOS have been described, two of which are constitu-
tively expressed primarily in neurons (nNOS) and 
endothelial cells (eNOS). A third class of NOS called 
inducible NOS (iNOS) can be upregulated in response 
to different cytokines. Depending on the tumor type 
and stage, the expression levels and activities of NOS 
are increased compared with normal tissues. NO is 
involved at different stages of carcinogenesis, including 
tumor cell invasion, proliferation, and angiogenesis. The 
role of NO in cancer is quite complex, as both protective 
and cytotoxic effects have been demonstrated.17 iNOS 
mediates neoplastic transformation in models of onco-
gene- and chemical-induced carcinogenesis, and its 
expression together with elevated nitrotyrosine levels in 
human metastatic melanoma tumors correlate with 
poor patient survival.18 Furthermore, iNOS is linked to 
angiogenesis by regulation of vascular endothelial 
growth factor (VEgF) receptor levels.19 In clear con-
trast, iNOS has also been shown to inhibit tumor growth 
and metastasis.20,21

iNOS has received most of the attention in cancer 
research because it can be induced by a variety of cyto-
kines and can produce micromolar levels of NO, which 
damage DNA and modify protein structure/function. 
However, eNOS and nNOS also participate in the car-
cinogenic processes. Increased eNOS expression has 
been observed in the vasculature of human tumor 
tissues when compared with normal tissue samples.22 
Studies on human colon cancer samples suggest that 
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9.1.2.2 Catalase Catalase overexpression, which 
mediates the decomposition of H2O2 to water and O2 
has been shown to inhibit tumor cell growth62 and 
reverse malignant cell tumorigenicity.63 In contrast, 
catalase can also mediate cancer cell resistance to 
oxidant-induced cell death and DNA damaging 
agents.64–66 Similarly, glucocorticoids (commonly used in 
the treatment of lymphoid neoplasms) were shown to 
induce lymphoid cell apoptosis by downregulation of 
catalase.67 Although catalase is known for its antioxi-
dant properties, a recent study shows that formation of 
ROS induced by high energy ultraviolet B light was 
potentiated by catalase, suggesting a pro-oxidant action 
of this enzyme.68

9.1.2.3 Superoxide Dismutases (SODs) SODs, 
metalloenzymes that catalyze the conversion of O2

•− to 
H2O2, have been largely implicated in carcinogenesis. 
Both pro- and antitumoral effects have been demon-
strated for mitochondrial MnSOD (SOD2).69 Reduced 
MnSOD levels are detected in a variety of cancer cells, 
and this is correlated with mutations in the DNA 
sequence of its promoter region.70 Promoter methyla-
tion and histone modifications are also implicated in the 
decreased expression of MnSOD in multiple myeloma 
and breast carcinoma cell lines.71,72 Increased MnSOD 
levels have been associated with glioblastoma patient 
survival and prognosis,73 while polymorphisms are 
linked with increased cancer risk and prognosis.28,74 The 
tumor suppressor activity of MnSOD has been exten-
sively reported. For example, MnSOD overexpression 
suppresses the malignant phenotype and growth of a 
variety of cancer cells.75,76 MnSOD overexpression 
also suppresses radiation-induced neoplastic transfor-
mation.77 In agreement with the catalytic conversion 
of O2

•− to H2O2 by MnSOD, the tumor suppressive 
effects of MnSOD expression are reported to be medi-
ated by H2O2 and thus, inhibited by gPX and cata-
lase.78,79 Distinct signaling cascades mediate the pro- 
and antitumoral effects of MnSOD. Tumor cell growth 
inhibition by MnSOD is associated with cellular senes-
cence mediated by mitochondrial membrane depolar-
ization and upregulation of p53.80 Tumor suppression 
induced by overexpressing MnSOD is also related to 
the modulation of activated-protein 1 (AP-1) and 
nuclear factor-kappa B (NF-κB) signaling.81,82 MnSOD 
activity also suppresses HER2/neu oncogene expres-
sion83 and reduces HIF-1α accumulation and VEgF 
expression, suggesting a role for MnSOD in angiogen-
esis.84 Finally, the C/EBP homologous protein (CHOP/
gADD153), which is involved in DNA damage repair, 
was reported to be upregulated by overexpression of 
MnSOD.85

Because cysteine derived from the breakdown of pro-
teins and peptides is unstable, its main extracellular 
source is the dipeptide cystine. Cystine uptake occurs by 
a Na+-independent heteroexchange mechanism-
denominated xc

−. The xc
− transporter is present in numer-

ous transformed cell lines and types of cancer tissue 
from patients, and its inhibition reduces gSH content 
and cancer cell growth,41–43 while its increased expres-
sion is associated with cancer chemoresistance.44 gluta-
mine via glutaminase-mediated glutamate synthesis  
is also one of the precursors for synthesis of gSH via 
the glutaminase-mediated glutamate synthesis. Recently, 
the myc oncogene was shown to regulate mitochondrial 
glutaminase expression, and either glutamine with-
drawal or glutamine synthesis knockdown were shown 
to decrease cancer cell proliferation, which was associ-
ated with alterations in gSH content.45,46

Changes in the intracellular thiol–disulfide (gSH/
gSSg) balance are considered major determinants in 
the redox status/signaling of the cell. In tumor cells, the 
gSH/gSSg ratio remains constant despite the high 
levels of RS and oxidative stress, which might be associ-
ated with increased gSSg efflux.47 gSH reductase 
(gR), which reduces gSSg back to gSH, requires 
NADPH as the electron donor reductant, and glucose-
6-phosphate dehydrogenase (g6PD) is indispensable 
for the regeneration of NADPH from NADP+.48 g6PD 
is overexpressed in different cancer tissues49 and its 
knockdown decreases cancer cell proliferation and 
renders cells more sensitive to oxidative stress and che-
motherapy.50 In contrast, both elevated or decreased 
gR expression/enzymatic levels have been detected in 
transformed cells and tumor tissues.51,52

glutathione peroxidases (gPXs) are selenoproteins 
that reduce peroxides. A clinical trial demonstrated that 
daily supplementation with selenium significantly reduces 
mortality associated with lung, prostate, and colon 
cancers, which suggests a role for gPXs in selenium’s 
protective effects.53 gPX1 preferred substrate is H2O2, 
and its expression is decreased or repressed in cancer 
cell lines and tumors.54,55 gPX1 overexpression reduces 
tumor cell growth,56 while its polymorphisms are associ-
ated with cancer.57 Other gPX isoforms are also linked 
to the carcinogenic process. Early inactivation of gPX2, 
the intestinal and extracellular gPX enzyme, contrib-
utes to squamos cell carcinoma formation induced by 
UV radiation.58 Interestingly, while gPX2 activity inhib-
its tumor cell migration and invasion, it can also promote 
the growth of transformed cells.59 gPX3 is inactivated 
in prostate cancers, and its overexpression induces the 
suppression of colony formation and anchorage-
independent growth.60 gPX4 (also known as phospho-
lipid hydroperoxide glutathione peroxidase, PHgPX) 
was shown to reduce pancreatic cancer growth.61
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9.1.2.5 Heme Oxygenase (HO) The enzymatic 
activity of HO results in decreased oxidative stress due 
to removal of heme, a potent pro-oxidant. HO-1 over-
expression is reported in a variety of transformed cell 
types.114,115 HO-1 polymorphisms are associated with 
increased risk of cancer.116,117 Survival of chronic myeloid 
leukemia cells mediated by the breakpoint cluster 
region (BCR)/V-abl Abelson murine leukemia viral 
oncogene homolog 1 (ABl) complex is associated with 
regulation of HO-1 expression,118 while in acute myeloid 
leukemia cells, increased HO-1 expression is regulated 
by the transcriptional repressor Bach1.119 HO-1 overex-
pression increases the viability, proliferation, metastasis, 
and angiogenic potential of melanoma cells, while it also 
decreases survival of tumor-bearing mice.120 Overex-
pression of HO-1 potentiates pancreatic cancer tumor 
growth, angiogenesis, and metastasis.121 On the other 
hand, HO-1 silencing and/or inhibition reduces prostate 
cancer cell proliferation, survival, and invasion in vitro, 
as well as prostate tumor growth, and lymph node and 
lung metastases in vivo.122

9.1.2.6 TRX/TRX Reductase System TRXs reduce 
or bind to proteins modifying their activity by thiol–
disulfide exchange reactions. The TRX redox system 
also comprises TRX reductases (TRs), which transfer 
reducing equivalents from NADPH to TRXs. While 
TRX1/TR1 system is localized in the cytoplasm, TRX2/
TR2 is mitochondrial. TRX1 is overexpressed in a 
variety of cancer cell types, including pancreatic ductal 
carcinoma.123 Aggressive invasive mammary carcinomas 
and advanced malignant melanomas overexpress TRX1 
and TR1,124 which are also increased in thyroid cancer 
cells.125 TR1 and the TRX1-interacting protein (TXNIP) 
are also associated with breast cancer prognosis.126 
TRX1 overexpression increases cell proliferation HIF-
1α, VEgF production, and angiogenesis,127 while a 
dominant-negative TRX1 mutant reverses the trans-
formed phenotype of human breast cancer cells.128 
Accordingly, TRX1 knockdown has been shown to 
reverse malignant characteristics in cancer cells.129,130 
Protein disulfide isomerase (PDI), a TRX family 
member found in the endoplasmic reticulum (ER), is 
strongly expressed in glioma cells, and its inhibition pre-
vents tumor cell migration and invasion.131

9.2 OXIDATIVE MODIFICATIONS TO 
BIOMOLECULES AND CARCINOGENESIS

In physiological settings, ROS/reactive nitrogen species 
(RNS) exhibit substrate specificity. Until recently, the 
study of the biomolecular alterations caused by RS and 
its specific role in carcinogenesis has been undertaken. 

In contrast to the antitumoral effects of MnSOD 
described earlier, an increase in MnSOD levels has been 
found in brain tumors and mesothelioma cells, which 
correlates with increased oxidative stress.86,87 Elevated 
MnSOD levels in distinct cancer cells correlate with 
chemoresistance88–90 and enhanced invasiveness and 
migration of tumor cells.91 Similarly, leukemia cell death 
induced by estrogen derivatives is associated with  
the inhibition of SOD activity and increased ROS 
generation.92

Cu,ZnSOD (SOD1) also participates in the carcino-
genic processes. Mice deficient in Cu,ZnSOD present 
elevated incidence of liver cancer and high mutation 
frequency.93 While Cu,ZnSOD overexpression sup-
presses cancer cell growth,94 it confers radioresistance 
to human glioma cells.95 Inhibition of Cu,ZnSOD exerts 
antiangiogenic and antitumor effects.96

9.1.2.4 Peroxiredoxins (PRDXs) PRDXs reduce 
intracellular peroxides (H2O2 and organic peroxides) by 
using the peroxide reactivity of the cysteine sulfur atom 
and the thioredoxin (TRX) system as the electron 
donor. Aberrant expression of PRDXs is found in various 
kinds of cancer and some members of the PRDX family 
are thought to be biomarkers of cancer progression and 
prognosis.97 Increased PRDX1 expression is found in 
human tumors and cancer cells,98,99 which is associated 
with nuclear factor (erythroid-derived 2)-like 2 (Nrf2) 
activation by hypoxia in tumor microenvironment.100 
Both PRDX1 and TRX1 overexpression are associated 
with human breast carcinoma,101 while PRDX5 overex-
pression in mammary tissue is linked to poor prognosis 
in breast cancer.102 Several PRDX isoforms have also 
been shown to be overexpressed in cancer.103,104 Further-
more, autoantibodies against PRDX6 were identified  
as serum markers in esophageal squamous cell carci-
noma.105 In contrast, PRDX2 silencing by aberrant 
methylation of promoter Cpg islands is observed in 
human malignant melanomas.106

PRDX1 knockdown predisposes mice to malignant 
cancer development, which is associated with increased 
sensitivity to oxidative DNA damage.107 PRDX1 interacts 
and regulates c-Myc transcriptional activity and protects 
against oxidative DNA damage.108 c-Myc-mediated neo-
plastic transformation was also reported to involve  
transcriptional regulation of PRDX3,109 while PRDX3 
silencing inhibits cell proliferation in breast cancer 
cells.110 More recently, the inhibition of Ras- or human 
epidermal growth factor receptor 2 (ErbB-2)-induced 
tumorigenesis by PRDX1 was reported to be mediated 
by its protective effect against oxidant-induced inactiva-
tion of the phosphatase and tensin homolog (PTEN).111 
PRDX1 and PRDX5 protect against ionizing radiation 
and oxidative DNA damage in cancer cells.112,113
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with cysteine residues in proteins, is emerging as one of 
the most important mechanisms mediating the biologi-
cal effects of NO. The only mechanism described for 
protein S-nitrosylation in vivo is the reversible trans-
nitrosylation of protein thiols by glutathione-SNO 
(gSNO) or S-nitrosoglutathione.134 Estrogen-induced 
breast cancer cell invasion has been shown to be medi-
ated by Src nitrosylation.143 gSNO is the substrate for 
glutathione-dependent formaldehyde dehydrogenase 
class III alcohol dehydrogenase (ADH III), also named 
gSNO reductase (gSNOR). Deregulated nitrosylation 
induced by gSNOR deficiency promotes hepatocellular 
carcinoma through proteosomal degradation of DNA-
repair enzymes and increased oxidative DNA damage.144 
NO releasing nonsteroidal anti-inflammatory drugs 
(NSAID) or NO-NSAIDs reduced NF-κB protein 
levels through its nitrosylation, leading to increased 
caspase-dependent apoptosis in human colon cancer 
cells.145

9.2.1.4 Protein Glutathionylation Protein (S-)
glutathionylation refers to the formation of a protein 
mixed disulfide between the Cys of gSH and a Cys 
moiety of a protein. A significant increase of glutathio-
nylated proteins in red blood cells and plasma concen-
trations is found in cigarette smokers,146 while gSH, 
gSSg, and glutathionylated protein levels were shown 
to be increased during oral carcinogenesis.147 Protein–
SSg linkages are removed by changes in the intracel-
lular gSH/gSSg balance and/or the activity of gRX 
enzymes. Increased gRX1 levels are found in pancre-
atic ductal carcinoma tissues.123 Alternative transcript 
variants of mitochondrial gRX2 encoding nonmito-
chondiral gRX2B and gRX2C have been reported in 
various cancer cell lines, but their significance to cellular 
transformation has not been studied.148

9.2.1.5 Methionine Sulfoxide Methionine is one of 
the most sensitive amino acid residues to oxidation by 
ROS and RNS. Addition of an extra O2 oxidizes methio-
nine to methionine sulfoxide (MetSO), and a strong 
oxidant might further oxidize MetSO to methionine 
sulfone (MetSO2).149 Two different stereoisomers of 
methionine sulfoxide, l-Met-S-SO and l-Met-R-SO, 
can be found at physiological conditions. Methionine 
oxidation is reverted by MetSO reductases. MsrA is 
specific to the S-stereoisomer of MetSO, whereas MsrB 
catalytically reduces the R-stereoisomer of MetSO.150 
Reduced levels of MsrA are associated with increased 
proliferation and extracellular matrix degradation in 
human breast cancer cells, and this was associated with 
increased PI3K signaling pathways and upregulation of 
VEgF.151

DNA damage caused by RS is a central element in the 
transformation process toward malignancy. However, it 
is evident that RS can promote/predispose to cancer 
development by oxidatively induced damage and modi-
fications to lipids, and proteins/enzymes as well (Fig. 9.1).

9.2.1 Oxidative Posttranslational Protein 
Modifications in Cancer

Oxidative protein modifications regulate the activity of 
a wide variety of proteins, such as kinases, phosphatases, 
proteases (caspases), molecular adaptors and chaper-
ones, and transcription factors known to be associated 
with cellular transformation. Cys, Met, Trp, and Tyr resi-
dues are prone to specific oxidative modification. In 
general, oxidative protein modifications can be classi-
fied as reversible and irreversible. Highly RS such as 
hypochlorous acid (HOCl), peroxynitirite (ONOO−), 
and hydroxyl radical (HO•) are thought to lead to the 
irreversible formation of oxidated residues such as 
3-nitrotyrosine and protein carbonyls (PCOs). Physio-
logical oxidants such as NO, O2

•−, and H2O2, are impli-
cated in reversible protein modifications at the Cys level 
(nitrosylation, hydroxylation, glutathionylation, disul-
fide bond formation). A wide variety of enzymes regu-
late these posttranslational modifications, including 
sulfiredoxins (SRX), TRXs, glutaredoxins (gRXs), and 
methionine sulfoxide reductases (MSRs).132–134

9.2.1.1 Protein Carbonylation Protein amino acid 
oxidation of lys, Arg, Pro, or Thr, or secondary reaction 
of Cys, His, or lys residues with reactive carbonyl com-
pounds lead to the formation of PCO derivatives (alde-
hydes and ketones), which are considered indicative of 
severe oxidative stress. Increased PCO content is 
observed in tumor tissues and cancer cells,135,136 while 
several carcinogens induce PCO accumulation.137,138 
Recently, chrysotile asbestos was shown to induce car-
bonylation of g6PD.139 However, the exact relevance of 
protein carbonylation to the carcinogenic process is still 
unclear.

9.2.1.2 Protein Nitration Tyr nitration is a covalent 
protein modification derived from the reaction of pro-
teins with nitrating agents, particularly ONOO−.140 Ciga-
rette smoke increases stress and RNS, resulting in 
nitration of plasma proteins.141 Increased ONOO−-
mediated Tyr nitration and Tyr phosphorylation of c-Src 
kinase have been found in human pancreatic ductal 
adenocarcinoma.142

9.2.1.3 Protein Nitrosylation or Nitrosation Protein 
(S)-nitrosylation, which refers to the reaction of NO 
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ROS/RNS.158,166 These RS can result in bystander DNA 
damage similar to cellular inflammatory responses.167 
Although most ROS have a short half-life and cause 
damage locally, H2O2 has a relatively long half-life and 
can travel long distances, causing DNA damage at 
distant sites.168

9.2.3.1 Types of Oxidatively Induced DNA 
Damage DNA lesions that usually arise from the per-
sistent endogenous oxidative stress are apurinic/
apyrimidinic (abasic; AP) DNA sites, oxidized purines 
and pyrimidines, single-stranded DNA breaks (SSBs), 
and double-stranded DNA breaks (DSBs) (Fig. 9.2). 
DNA damage can be induced directly by the interaction 
of DNA with various RS or indirectly as the result of 
DNA repair. An oxidized base will be excised after its 
detection by a DNA glycosylas, and an AP site will be 
created. In many cases, the chemical structure of the 
initial DNA lesions and the ones created de novo as 
“repair intermediates” can be different. Two of the most 
abundant endogenous DNA base modifications are the 
8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodg) and 
2,6-diamino-4-hydroxy-5-formamidopyrimidine 
(Fapydg). Both of them originate from the addition of 
the HO• to the C8 position of the guanine ring produc-
ing a C8-OH adduct radical, which can be either oxi-
dized to 8-oxodg or reduced to give the ring-opened 
product Fapydg.157 Fapydg is currently considered as 
the most prevalent guanine-derived lesion formed 
under low O2 conditions that is hypoxia.169,170 The 
hypoxic conditions not only alter the type and level of 
DNA lesions but in most cases decrease their yields. For 
this reason, hypoxia or even anoxia (lack of O2) are 
considered very important in radiation biology and 
radiotherapy since they are present in all solid tumors 
resulting in resistance of the tumor to radiation treat-
ment.171 Although the creation of an altered base or 
base loss is not expected to result into a significant 
destabilization of the DNA molecule, a localized pertur-
bation of the stacking forces, hydrogen bonds and inter-
action with water molecules and/or positive ions like 
Na+ surrounding the DNA double helix is expected.172,173 
It is generally accepted that this localized destabiliza-
tion and conformational changes of the DNA at the site 
of the DNA lesion are part of the recognition mecha-
nisms used by the DNA glycosylases to detect the 
altered guanine 8-oxodg or Fapydg.173,174 Interaction of 
HO• with pyrimidines (thymine and cytosine) at posi-
tions 5 or 6 of the ring can produce several base lesions 
and two of the most abundant and well-known products, 
5,6-dihydroxy-5,6-dihydrothymine (thymine glycol; Tg) 
and 5,6-dihydroxy-5,6-dihydrocytosine (cytosine glycol). 
8-oxodg and Tg are often chosen as reliable markers of 
oxidative stress in human cancer patients. 8-oxodg has 

9.2.2 Lipid Peroxidation (LPO) and Cancer

lPO generates a number of lipid hydroperoxide prod-
ucts, such as malondialdehyde, 4-hydroperoxy-2-
nonenal, 4-oxo-2-nonenal, and 4-hydroxy-2-nonenal 
(4HNE). These aldehyde products react with individual 
nucleotides and nucleophilic amino acids, thus inducing 
several signaling effects. Reactive aldehydes produced 
by lPO, such as 4-HNE, malondialdehyde, acrolein, and 
crotonaldehyde, react with DNA bases or generate 
bifunctional intermediates forming exocyclic DNA 
adducts. Modification of DNA bases by these electro-
philes yields promutagenic exocyclic adducts, which 
contribute to the mutagenic and carcinogenic effects 
associated with oxidative stress-induced lPO.152 
Increased levels of lipid peroxide products such as 
malondialdehyde and 4-HNE are present in different 
types of cancer.153–155

9.2.3 Oxidative DNA Damage and Carcinogenesis

Cells of the human body are continuously challenged 
by oxidation attacks originated extracellularly (exoge-
nous sources) or intracellularly (endogenous sources). 
Exogenous sources of oxidation relate to specific expo-
sures of the organism to ionizing radiations like X-, γ- or 
cosmic rays and α-particles from radon decay or oxidiz-
ing chemicals like benzo[a]pyrene and UV solar light, 
while endogenous sources usually associate with meta-
bolic, cell signaling, or inflammation processes.156–158 
Oxidation attack to DNA is induced primarily but not 
exclusively by RS. However, not all ROS or RNS react 
with the deoxyribose moieties or nucleobases at the 
same rate. For example, the HO• will react with all four 
DNA nucleobases (adenine, thymine, gunanine, and 
cytosine), while singlet oxygen (1O2) will react only with 
guanines.156,159 In another case, HOCl, an inflammation 
release product, will only halogenate amino-substituted 
nucleobases like guanine.160

Oncogenic changes induce a chronic inflammatory 
microenvironment within tumors and surrounding 
tissues including presence of inflammatory cells and 
inflammatory mediators, such as chemokines, cytokines, 
and prostaglandins,161 as well as elevated levels of 
endogenous oxidative stress and ROS production.2,162 
These ROS, produced either directly by tumors or indi-
rectly via inflammatory responses, cause DNA damage 
in healthy neighboring cells163 (Fig. 9.2). ROS interact 
with the DNA and disrupt its normal synthesis and 
repair. Tumor growth elevates oxidative stress and DNA 
damage accumulation in the organism.158,164,165 The 
chronic inflammatory microenvironment within and 
surrounding tumor area161 has many oncogenic effects, 
including elevated levels of intracellular stress and 
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backbone intact. They occur spontaneously or enzymat-
ically as repair intermediates after the removal (exci-
sion) of the damage base by a DNA glycosylase in the 
base excision repair pathway (BER).177 AP sites are not 
lethal unless they are present in high levels and block 
DNA polymerases and therefore have a high mutagenic 
potential.178,179

Interaction of DNA with HO• can result in strand 
breakage SSBs through hydrogen abstraction from the 
2-deoxyribose and ribose leading to the formation of 
carbon-based radicals which, under the presence of O2, 
can be converted to peroxyl radicals (ROO•). The ROO• 

been reported in genomic, mitochondrial, and telomeric 
DNA and RNA.175 Two other pyrimidine lesions often 
detected in cancer patients as the result of the interac-
tion of the HO• with the methyl group of the thymine 
are the 5-(hydroxymethyl)uracil and 5-formyluracil.157 
Although all these purine and pyrimidine oxidation 
products are not considered lethal for the cell, they are 
usually noncoding and are highly mutagenic.176 The 
same stands for AP sites. AP sites are considered very 
common DNA lesions resulting from the hydrolysis of 
the N-glycosidic bond of nucleotides in the DNA, which 
releases the DNA base but leaves the phosphodiester 

Figure 9.2 Accumulation and persistence of oxidatively induced DNA damage can lead to cancer. Cells in every organism are 
exposed to various oxidizing and damaging agents ranging from exogenous sources like environmental, medical/diagnostic ionizing 
and nonionizing radiations (X- or γ-rays, α-particles, UV radiation) or chemicals like benzo[a]pyrene, to intracellular (endogenous) 
sources of oxidative stress primarily produced by O2 metabolism, immune responses, and inflammation. The final outcome of the 
production of ROS, RNS, is the generation of oxidation by-products, including DNA lesions and adducts. Cellular defense against 
DNA damage consists of endogenous radical scavengers like gSH, antioxidant enzymes like SOD, catalase, PRDX, and gPXs, 
as well as DNA repair pathways. The major types of DNA damage include SSBs and oxidized bases like 8-oxodg and thymine 
glycol in a clustered (OCDls) or isolated formation. These lesions are thought to be processed primarily by BER, although in 
some cases the involvement of NER cannot be excluded. Cells can bypass DNA damage and enter DNA replication. lesions that 
escape repair and enter replication are expected to be primarily repaired by MMR. The participation of additional repair mecha-
nisms like gg-NER or TC-NER as subpathways of NER can also be involved depending on the efficiency of the major repair 
pathways to correct the damage, or the location of the DNA lesions that are in actively transcribed DNA strands (TC-NER). 
Alternatively, the presence of unrepaired DNA lesions can activate cell death pathways. Chronic exposure to DNA lesions can 
lead to mutations and genomic instability (precancerous state) and eventually to malignant transformations (cancerous state). See 
color insert.
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normal one.187 DNA glycosylases (Ogg1, NTH1, 
NEIl1, and NEIl2) are bifunctional as they have an 
associated β-lyase (Ogg1 and NTH1) or β,δ-lyase 
activity (NEIl1-2). This intrinsic AP lyase activity 
incises 3′ AP sites to the baseless sugar, leaving a 
3′-(2,3-didehydro-2,3-dideoxyribose) terminus that is 
then removed by AP endonuclease. The gap is then 
filled by DNA polymerase, and the nick is sealed by 
DNA ligase. In the case of a single nucleotide filling and 
final ligation step performed by lIg3/XRCC1 complex, 
we refer to short-patch BER (SP-BER). Alternatively, 
when BER synthesis extends beyond one nucleotide 
and is performed with the incorporation of 2–10 nucleo-
tides, we refer to long-patch BER (lP-BER). In this 
case, the enzymes and proteins that participate are also 
associated with DNA replication: DNA polymerase δ 
(POlδ) or polymerase ε (POlε), replication factor C 
(RFC) and the proliferating cell nuclear antigen 
(PCNA), which acts as a cofactor for both POlδ and 
POlε, flap endonuclease (FEN1), and ligase I (lIg1).157 
However, major human glycosylases possess strong gly-
cosylase activity relative to their lyase activity, espe-
cially in the presence of an AP endonuclease.188,189

glycosylases NEIl1 and NEIl2, the nuclease 
Artemis and the variant form of histone H2A called 
H2AX have also been implicated in the repair of oxida-
tive DNA damage in addition to DSB repair.190,191 
Bifunctional glycosylases NEIl1 and NEIl2 partici-
pate in APE1-independent processing of oxidative 
lesions induced by ionizing radiation and ROS, where 
an SSB with a 3′-phosphate blocking end is produced 
by β,δ-elimination, which is removed by the polynucleo-
tide kinase/phosphatase (PNK).190,192 When an SSB is 
directly induced by ROS, the poly [ADP-ribose] poly-
merase 1 enzyme (PARP1) is implicated in its repair. 
Automodification of PARP by poly ADP-ribosylation 
results in its inhibition.193 One of the important func-
tions of PARP in promoting BER is its ability to perform 
ADP-ribosylation of histone proteins allowing decon-
densation of the chromosome.194–197 PARP1 is composed 
of three domains of which one is referred to as the DNA 
binding domain containing two zinc finger domains. It 
binds sites with SSB through its N-terminal zinc fingers 
and recruits XRCC1, DNA ligase III, DNA polymerase 
β and PNK to the nick.198

Because OCDls are highly mutagenic and resistant 
to repair, they have the highest biological significance199–201 
and thus, a lot of emphasis has been given in the last 10 
years in the repair pathways involved in their process-
ing.158,184,202 Many fundamental questions about the 
repair of clustered DNA lesions still remain unan-
swered, such as (1) to what extent does the presence of 
one lesion affect the recognition and simultaneous pro-
cessing of the opposite neighboring lesion(s); (2) is 

can also abstract hydrogen atoms from sugar moieties, 
and reaction of the sugar radicals leads to DNA chain 
breaks. ROO• are also implicated in lPO-mediated 
DNA damage and carcinogenesis, especially under the 
presence of O2.180 In many human fibroblastic cell lines, 
8-oxodg is the main product of DNA oxidation by 
ROO•, which also induce tandem mutations.180 H2O2 
production in the cells leads to a variety of DNA damage 
ranging from oxidized bases to strand breaks via forma-
tion of the highly reactive HO•.181 The ability of these 
radicals to travel up to 15 Å prior to reacting with DNA 
can lead to simultaneous attack of HO• to DNA, causing 
two neighboring SSBs; that is, a DSB.182 Exposure of 
mammalian cells to low-moderate H2O2 concentrations 
although producing SSBs is not efficient to kill cells, 
therefore suggesting the existence of “locally multiply 
damage sites” (lMDSs).182 Only under much higher 
H2O2 concentrations is cell killing observed due to the 
induction of clustered DNA lesions (DSBs and other 
non-DSB lesions) of high complexity.

If closely spaced damaged DNA sites (SSBs, oxidized 
bases, and/or AP sites) occur in two or more bases 
within a few helical turns, DNA damage is said to be 
clustered. Strong experimental evidence was recently 
provided for the existence of non-DSB clusters.182,183 
Since then, a few laboratories have showed the presence 
of non-DSB DNA clustered lesions in human cells or 
tissues and their accumulation under persistent oxida-
tive stress or DNA repair deficiencies.184 The direct asso-
ciation between these DNA lesions and the occurrence 
of endogenous or exogenous oxidative stress leads to 
the most properly known idea of oxidatively induced 
bistranded clustered DNA lesions (OCDls).185

9.2.3.2 Base and Nucleotide Excision Repair in Oxi-
dative DNA Damage Processing The pool of oxida-
tive base lesions, AP sites, and SSBs induced by 
endogenous sources or ionizing radiation and chemicals 
(alkylating agents) are predominantly repaired by BER 
and, to a lesser extent, by the nucleotide excision repair 
(NER). BER is a multistep procedure involving the 
sequential action of several proteins. The BER path-
ways are initiated by a DNA glycosylase (in human 
cells: mainly hOgg1, hNTH1, NEIl1, and NEIl2) that 
recognizes and hydrolytically cleaves and removes the 
altered base, giving rise to an AP site. The AP site is then 
processed by AP endonuclease (APE1), which incises 
the DNA strand 5′ to the baseless sugar. Then, DNA 
polymerase β catalyzes the β-elimination of the 5′-sugar 
phosphate residue and at the same time fills one-
nucleotide gap (single-nucleotide patch BER pathway). 
Finally, the nick is sealed by the DNA ligase III/XRCC1 
complex.186 This repair process results in the removal 
and replacement of a single damaged nucleotide with a 
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in the repair of non-DSB oxidative clustered lesions.217–

219 DNA-PK activation has been shown by SSBs induced 
in plasmid DNA220 or by the radiomimetic drug bleomy-
cin,221 which induces both DSBs as well as non-DSB-
clustered DNA damage.222 In addition, DNA-PK, 
BRCA1 and MSH2 deficiencies are associated with 
compromised processing of single and complex oxida-
tive DNA lesions.216,223–226

Non-DSB clusters have a decreased ability of induc-
ing cell death unless they are converted to DSBs.184 
These bistranded base clusters are compatible with 
normal cell survival and DNA replication unless they 
are induced at very high levels. In the case of environ-
mentally induced radiation injury in the DNA, a rela-
tively low level of these lesions is expected to be induced; 
therefore, cells are expected to survive and proceed to 
cell division.210 Thus, every round of DNA replication is 
expected not only to decrease the number of these bis-
tranded lesions by conversion to unistranded but also 
increase the overall mutation level in surviving cells.224,227 
Consequently, the biological significance of clusters, 
especially in the case of environmentally induced 
damage, is high since the accumulation of OCDls com-
bined with cellular survival can make cells with a high 
level of chromosomal aberrations and instability prone 
to transformation. There is an association between defi-
cient non-DSB cluster repair and accumulation of chro-
matid breaks in BRCA1-deficient breast cancer cells, 
suggesting a role of BRCA1 in the mitigation of radio-
toxicity, chromosomal instability, and human cancer 
etiology.225,226

Although BER is expected to be the predominant 
repair system involved in the processing of oxidatively 
induced DNA damage, experimental evidence supports 
the actual involvement of NER as a backup system in 
the repair of minor base damages induced by alkylating 
and oxidizing agents in a variety of biological systems 
ranging from bacterial up to human cells and especially 
mitochondria.157,228 In addition, two NER-subpathways, 
the global genome repair (gg-NER; active on DNA 
lesions across the genome) and the transcription-
coupled repair (TC-NER; present in actively transcribed 
genes), are hypothesized to be involved in the elimina-
tion of base lesions that escape BER or NER.229,230 As 
shown in Figure 9.2, when DNA lesions escape repair 
pathways, including mismatch repair (MMR) pathway, 
the cell can enter DNA replication through the exis-
tence of specific DNA polymerases that can bypass the 
damage,231,232 which may result in the accumulation of 
mutations and genomic instability (precancerous state). 
The chronic exposure to persistent DNA damage and 
mutations, especially in key genes controlling cell pro-
liferation, cell cycle, and apoptosis, increases the possi-
bility of a malignant transformation (cancerous state).

there a hierarchy in repair of closely spaced DNA 
lesions;203 (3) are there any strategies to avoid DSB 
formation that trigger cell death or genomic instability; 
and (4) which repair proteins process these lesions and 
what mechanisms are used to eliminate their presence?

Some major inferences can be made based on in vitro 
studies that consider the effect of neighboring lesions 
on the excision/repair of a base damage or AP site by 
the corresponding enzyme or cell extract.204 First, exci-
sion of 8-oxo-7,8-dihydroguanine (8-oxog) or thymine 
glycol (Tg) by human glycosylase hOgg1 or whole cell 
extracts is retarded by the presence of an AP site or SSB 
on the opposite strand up to five bases in the 3′ or 5′ 
direction, whereas a second base lesion has little or no 
influence on the rate of excision of the lesion.205,206 In 
addition, DNA damage clusters containing two tandem 
8-oxog lesions opposing an AP site show delayed pro-
cessing of the AP site in nuclear extracts and an elevated 
mutation frequency after transformation into wild-type 
or mutY Escherichia coli.207 Second, hAPE1, expected 
to be the major AP endonuclease dealing with abasic 
clusters in human cells, is significantly retarded in the 
processing of an AP site in the presence of an opposing 
AP site or SSB one to three bases in the 3′ direction, 
whereas no inhibition was observed in the presence of 
a base damage.208,209

To what extent DSBs resulting from repair interme-
diates (mainly opposing SSBs) are produced in human 
cells is still a major open question. The general sugges-
tion is that clustered DNA lesions in human cells may 
have a significantly increased lifetime compared to iso-
lated ones, if they are repaired at all.210 Simultaneous 
processing of both lesions constituting an oxybase or 
abasic cluster can lead to a DSB,211,212 a phenomenon 
often called “abortive excision repair.”213 Considering 
that repair of DSB frequently results in deletions and 
loss of genetic information, it is possible that the BER 
mechanism includes features that reduce the probability 
of DSB formation during repair of closely spaced DNA 
lesions. A number of studies indicate that there should 
be a certain hierarchy in the processing of clustered 
DNA lesions in order to minimize the possibility of 
DSB creation.210,214 The key role in the biochemical basis 
for this mechanism of “DSB avoidance” seems to be 
played by the creation of an AP site or SSB (nt gap). 
Once an AP site or SSB is created in the processing of 
clustered DNA lesions, then this event is expected to 
significantly inhibit the processing of the opposing 
oxybase lesion or AP site by DNA glycosylase or AP 
endonuclease.184,203

Recent evidence supports the role of non-BER repair 
proteins in the processing of OCDls and, in general, 
oxidative lesions.215,216 Different laboratories have impli-
cated nonhomologous end joining (NHEJ) components 



EPIgENETIC INVOlVEMENT IN OXIDATIVE STRESS-INDUCED CARCINOgENESIS  213

9.3 MEASUREMENT OF OXIDATIVE DNA 
DAMAGE IN HUMAN CANCER

Despite cell’s defensive mechanisms against oxidative 
injury, different studies suggest an accumulation of oxi-
dative DNA lesions like 8-oxodg, AP sites, and others 
in the range of hundreds to thousands/cell/day primarily 
due to inefficiency of the DNA repair systems.233–235 
DNA repair polymorphisms in genes coding for pivotal 
DNA repair enzymes and proteins like Ogg1, NTH1, 
XRCC1, and others, as well as decline of repair enzymes 
activity with age235–237 lead to a deficient BER system, 
leaving a window to damage persistence after chronic 
exposure to oxidative stress, mutations, and susceptibil-
ity to cancer.238–240 The additional perturbation of anti-
oxidant and DNA repair systems due to chronic 
exposure to viral infections adds up a factor of cellular 
vulnerability to oxidative injury.241 Increasing evidence 
using Ogg1 null animals shows an accumulation of 
8-oxodg in their blood, urine, and tissues but not a 
significantly shorter life span. In addition, the animals 
do not exhibit any severe pathophysiological symptom 
including tumor formation, and surprisingly, they show 
resistance to inflammation.175 Recent evidence from 
Ogg1−/− mice suggests an actual association of the gly-
cosylase Ogg1 deficiency in the control of inflamma-
tory responses. Specifically, Ogg1 deficiency has a 
protective role against inflammation and genotoxicity 
induced by Helicobacter pylori,242 and also presents 
lower levels of the chemokine MIP-1α and Th1 cyto-
kines Il-12 and TNF-α, but higher levels of protective 
Th2 cytokines Il-4 and Il-10, in the pancreas of Ogg-
1−/− mice compared with the levels measured in wild-
type mice.243

Due to the importance of accurate measurement of 
endogenous DNA damage, different laboratories have 
employed a variety of techniques for the detection of 
single oxidative DNA lesions like 8-oxodg, Tg, and AP 
sites, as well as clustered ones. Substantial experimental 
evidence suggests the presence of “background” levels 
of oxidatively generated DNA lesions (e.g., abasic sites 
or oxidized bases) in human or animal cells and tissues 
at values ranging from 100–10,000 lesions/gb.235,244–246 
There are very limited data on the possible accumula-
tion of OCDl in human cells or tissues.247,248 Endoge-
nous OCDls can be detected in nonirradiated mice 
tissues at a steady state of ∼0.5–0.9 clusters/Mb and at 
elevated levels in the human breast cancer line MCF-7 
compared to the nonmalignant MCF-10A.185 Recent 
studies249 showed the accumulation of OCDls in human 
tumor tissues compared to adjacent normal tissue in a 
variety of human cancer patients accompanied by the 
presence of high levels of γ-H2AX foci, an indicator of 
DSBs.250 Overall, there is still a discrepancy between the 

data provided by either HPlC-electrochemical detec-
tion or HPlC–tandem mass spectrometry (HPlC-MS/
MS), and those inferred from the assessment of for-
mamidopyrimidine (Fpg)-sensitive sites by either the 
comet assay or the alkaline elution technique.251,252

There is a lot of controversy and debate about the 
steady-state levels of 8-oxo-7,8-dihydroguanine (8- 
oxogua) and in general about the oxidized bases 
steady-state level.158,184 The measurement of 8-oxogua 
or its related 2′-deoxyribonucleoside (8-oxodguo) is 
often used as an indicator of oxidation reactions to cel-
lular DNA. However, several of the methods used for 
detecting 8-oxogua in cellular DNA give rise to errone-
ous conclusions due to artifactual oxidation reactions 
for chromatographic methods and a lack of specificity 
for the immunoassays.251,252 Several of the abovemen-
tioned characteristic studies (also in Table 9.1) that 
would support the implication of persistent oxidative 
stress and damage in human cancer and tumors may 
suffer in some cases from a lack of accuracy and a rela-
tive overestimation of DNA lesions. Nevertheless, there 
is an accepted idea of using several oxidative DNA 
lesions (like 8-oxodg, Tg, AP sites, and potentially 
OCDls) as novel biomarkers of oxidative stress and 
susceptibility to cancer. The many well-documented 
cases of higher levels of DNA damage in tumor and 
cancer cells compared to nonmalignant controls defi-
nitely reveals a great potential in the usage of oxidative 
DNA damage biomarkers toward prognostic and cura-
tive applications in cancer and inflammation as shown 
in Table 9.1.253 Although no knowledge of a definite 
mechanism exists on the occurrence of elevated DNA 
damage in the presence of cancerous cells or a tumor in 
the organism, all the above discussed mechanisms of 
deficient DNA repair and/or antioxidant systems as well 
as the induction of inflammatory responses may be 
involved.

9.4 EPIGENETIC INVOLVEMENT IN 
OXIDATIVE STRESS-INDUCED 
CARCINOGENESIS

Cancer is a multistage process that involves changes in 
the transcriptional levels of various genes associated 
with a number of critical cellular processes absolutely 
important in tumor development, including those of 
proliferation, senescence, angiogenesis, metastasis, and 
so on. In addition, there are both genotoxic and non-
genotoxic mechanisms contributing to malignant trans-
formation. To this end, by “genotoxic mechanisms” we 
often refer to changes in genomic DNA sequences that 
ultimately lead to mutations, whereas by “nongeno-
toxic” we include mechanisms capable of modulating 
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TABLE 9.1 Cases with Documented Elevated Levels of Oxidative DNA Damage Repair in Human Cancer

Type of Cancer Study Model Findings

Breast Human mammary 
tissues: normal, 
benign hyperplasia 
(BH), ductal 
carcinoma in situ 
(DCIS), and 
invasive breast 
cancer (IBC)

A number of redox-related proteins, DNA repair proteins, and 
damage markers overexpressed in human breast cancer tissue.363

Breast Human breast cancer 
patients

Significantly higher (P < 0.0001) levels of 8-OH-dg in DNA from 
tumor compared to nonmalignant adjacent tissue.364

Breast Human breast cancer 
patients and cell 
lines

Significantly elevated levels of 8-OH-dg (P < 0.001) in malignant 
breast tissue (invasive ductal carcinoma). Significantly greater levels 
(P = 0.007) in estrogen receptor positive (ORP) versus ORP 
negative malignant tissue and cancer cell lines.365

Breast Human breast cancer 
cell lines

Defective DNA repair of 8-hydroxyguanine in mitochondria of 
MCF-7 and MDA-MB-468 human breast cancer cell lines.366

Reduced repair of 8-hydroxyguanine in the human breast cancer cell 
line, HCC1937.367

Accumulation of oxidatively induced DNA damage in human breast 
cancer cell lines following treatment with H2O2.368

Breast Human breast cancer 
cell lines

Higher levels of OCDls in human breast cancer cell line MCF-7 
compared to nonmalignant MCF-10A.185

Breast Breast cancer patients Mean levels of 5-hydroxymethyl-2′-deoxyuridine were significantly 
higher in blood of women who had high risk or invasive breast 
lesions versus women with benign lesions.369

Cervical cancer Cervical tissues in 
human patients

levels of 8-OH-dg significantly increased (P < 0.001) in DNA from 
low-grade and high-grade levels of dysplasia, compared to normal, 
although this did not correlate with human papillomavirus status.370

Colorectal cancer Sporadic colorectal 
tumors patients

Malondialdehyde and 8-OH-dg levels were twofold higher in 
colorectal tumors compared to normal mucosa (P < 0.005). Seven of 
ten DNA tumor samples (70%) showing higher values of 8-OH-dg 
also had genetic alterations at different chromosomal loci.371

Colorectal cancer Colorectal tumor 
patients

Significantly higher levels of 8-OH-dg in nuclear DNA of primary 
adenocarcinoma, compared to surrounding nontumorous tissue 
(P < 0.005).372

8-OH-dg-specific lyase activity and expression were significantly 
upregulated in carcinoma; a proportional association between 
8-OH-dg levels and either 8-OH-dg lyase activity (P < 0.05) or 
expression (P < 0.05) present.373

Colorectal cancer Colon cancer patients Significantly elevated levels of 8-OH-dg lymphocyte DNA in 
colorectal cancer patients, compared to controls accompanied by 
reduced levels of antioxidant vitamins374

Colorectal Colorectal cancer 
patients

Immunostaining for pATM, γH2AX and pChk2 revealed that all were 
significantly expressed during tumor progression in advanced 
carcinoma (vs. normal tissue for pATM (P < 0.05); vs. normal and 
adenoma for γH2AX (P < 0.05); and vs. normal tissue for pChk2 
(P < 0.05) ). Western blot analysis of γH2AX and pChk2 revealed 
that their level increased gradually during tumor progression and 
was maximal in advanced carcinoma (vs. normal tissue; P < 0.05).375

gastric gastric cancer patients Significantly higher levels of 8-OH-dg in DNA from tumor-adjacent 
and tumor adenocarcinoma tissues than in normal tissue (P < 0.001) 
of gastric cancer patients.376
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Type of Cancer Study Model Findings

gastric Human patients with 
chronic gastritis and 
gastric cancer.

levels of 8-OH-dg significantly elevated in DNA from chronic 
atrophic gastritis (P = 0.0009), intestinal metaplasia (P = 0.035), and 
Helicobacter pylori-infected (P = 0.001) tissues, compared to 
unaffected controls.377

gynecologic cancer Female cancer patients Significantly higher (P ≤ 0.05) levels of urinary 8-OH-dg in patients 
with gynecological cancer compared to control subjects.378

Hepatocellular 
carcinoma (HCC)

HCC patients Significantly (P < 0.005) elevated levels of 8-OH-dg in DNA from 
peritumoral tissue compared to tumor tissue in HCC. In contrast, 
patients with hepatic metastases (non-HCC) or end-stage alcoholic 
liver disease showed no differences between the corresponding two 
regions.379

Acute lymphoblastic 
leukemia (All)

Human lympocytes 
from All patients 
and controls

lymphocyte DNA levels of Fapygua, 8-OH-gua, FapyAde, 8-OH-
Ade, 5-OH-Cyt, 5-OH-5-MeHyd, and 5-OH-Hyd significantly 
(P < 0.05) elevated in All compared to control subjects.380

Adult T-cell leukemia 
lymphoma; lymphoma, 
acute leukemia, and 
myelodysplastic 
syndrome

Human leukemia and 
lymphoma patients

Significant difference in levels of urinary 8-OH-dg between adult 
T-cell leukemia/lymphoma and controls (P < 0.05); no significant 
difference in levels of urinary 8-OH-dg between lymphoma, acute 
leukemia, and myelodysplastic syndrome.381

lung lung cancer patients lymphocyte DNA levels of 8-OH-dg significantly elevated (P < 0.05) 
compared to controls.382

lung lung cancer patients An increase in urinary 8-OH-dg/creatinine was found in non-small-
cell carcinoma (non-SCC) patients during the course of 
radiotherapy. SCC patients showed higher levels of urinary 
8-OH-dg/creatinine than the controls (P < 0.05).383

lung Patients with lung 
squamous cell 
carcinoma (SCC)

In a pilot study of five subjects, levels of 8-OH-Ade elevated in tumor 
tissue of all SCC patients versus controls; levels of 8-OH-gua 
elevated in 4/5b patients; levels of Fapygua elevated in 3 patients; 
5-OHMeUra, 5-OH-Ura, 5-OH-Cyt, 2-OH-Ade levels elevated in 
3/5 patients; 5-OH-Hyd, 5,6-diOH-Ura, FapyAde (DNA)-levels 
elevated in only 1/5 or 2/5 patients. Antioxidant enzyme (gPx, SOD, 
and CAT) levels were lower in cancerous tissues.384

liver, ovary, kidney, 
breast, and colon

Tumor and adjacent 
normal tissues from 
human cancer 
patients.

Higher OCDls in tumor versus normal tissues, importance of 
endogenous non-DSB clusters in human cancer and their potential 
use as cancer biomarkers.249

Nasopharyngeal Human 
nasopharyngeal 
carcinoma (NPC) 
cells

All cases of NPC were positive for 8-Nitrog, 8-OHdg, and 94.7% 
were positive for INOS. NPC samples exhibited significantly more 
intense staining for 8-Nitrog, 8-OHdg, and iNOS than those of 
chronic nasopharyngitis. Pathological stimulation of nasopharyngeal 
tissue, caused by bacterial, viral, or parasitic inflammation, may lead 
to nitrative and oxidative DNA lesions, caused by NO.328

Prostate Male prostate cancer 
patients

Significant increased risk was observed for individuals who carried 1 
or 2 copies of the variant allele of the XRCC-1 Arg399gln 
polymorphism, compared with those who only harbored the 
wild-type allele. Variability in the capacity of repairing oxidative 
DNA damage influences susceptibility to prostate cancer.385

Renal cell carcinoma 
(RCC)

RCC patients A 54% higher content of 8-OHdg was found in RCC than in the 
corresponding nontumorous kidney, suggesting that the DNA of 
RCC is more exposed to ROS than is the DNA of nontumorous 
kidneys.386

TABLE 9.1 (Continued) 
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gene expression without directly affecting the DNA 
sequence itself.254 The term “epigenetics” refers to 
altered gene expression levels without directly affecting 
primary DNA nucleotide sequences. It involves altera-
tions in DNA methylation patterns and specific histone 
modifications (methylations, acetylations, deacety-
lations, etc.), both of which can contribute to transcrip-
tional inactivation.255 In this respect, epigenetically 
induced modulation of gene expression can be viewed 
as a nongenotoxic mechanism for contributing toward 
malignant transformation.

In general, DNA methylation and chromatin are 
interconnected in ways that genes will either be tran-
scribed or not. The process is initiated by DNA methyl-
transferases (DNMTs), bringing together the DNA 
methylation machinery to the chromatin itself through 
recruitment of histone deacetylases (HDACs) and other 
chromatin-binding proteins to promoter sites. Thus, the 
chromatin’s acetylation status regulates transcriptional 
activity in a way where acetylation maintains a tran-
scriptional active chromatin whereas deacetylation 
maintains a transcriptional inactive state.256,257 In mam-
malian cells, DNA methyltransferases 1 (DNMT1), 3a 
(DNMT3a), and 3b (DNMT3b) are critical enzymes 
involved in DNA methylation by means of either main-
tenance (DNMT 1) and/or de novo methylation (DNMT 
3a and DNMT 3b). Thus, they could potentially contrib-
ute not only to increased promoter methylation status 
(through de novo methylation) but also ensure inheri-
tance of gene silencing (through maintenance of meth-
ylation), both of which could account for the acquisition 
of a malignant transformation phenotype.258,259 In addi-
tion, many genes in tumor cells contain alterations in 
their DNA methylation patterns, including global hypo-
methylation (occurring early in the progression phase 
of neoplasia) and regional hypermethylation of nor-
mally unmethylated Cpg islands (regions of 0.5–4.0 Kb 
length in genomic DNA). Both events can result in the 
transcriptional silencing of tumor suppressor gene 
expression and the transcriptional activation of onco-
genes, respectively. Finally, genome-wide hypomethyl-
ation has been shown to increase mutation rates, thus 
leading to genome instability.260 It is therefore evident 
that alterations in DNA methylation patterns underlie 
aberrant gene expression that is associated with malig-
nant transformation.

ROS are implicated in the multistage process of 
malignant transformation by means of both genotoxic 
and nongenotoxic mechanisms. In terms of genotoxic 
mechanisms, ROS modulate cell proliferation by regu-
lating various cell cycle proteins, and cell death pro-
cesses (senescence), by acting either as an antisenescence 
stimulus261 or through suppression of apoptosis.262 On 
the other hand, in terms of nongenotoxic (epigenetic) 
mechanisms, ROS cause a wide range of DNA damage 

by-products which interfere with the ability of DNA to 
function as a substrate for the DNMTs, resulting in 
global hypomethylation.263 The presence of one such 
major by-product (8-oxodg) in Cpg islands strongly 
inhibits methylation of adjacent cytosine residues264,265 
and interferes with the ability of restriction nucleases to 
cleave DNA.266 The presence of O6-methylguanine, 
another potentially mutagenic DNA lesion, inhibits the 
binding of DNA methyltransferases and therefore  
can lead to hypomethylation by means of inhibiting  
methylation of adjacent cytosine molecules.267,268 Alter-
natively, O6-methylguanine can be spontaneously 
mispaired with thymine and contribute to DNA hypo-
methylation.269 MnSOD and metallothionein are found 
silenced via promoter DNA hypermethylation events in 
pancreatic270 and breast carcinomas271 as well as in 
human myeloma cells.272 Finally, major phase II xenobi-
otic metabolizing enzymes such as NADPH: quinone 
oxidoreductase 1 (NQO1) and glutathione-S-transferase 
P1 (gSTP1) are also inactivated via promoter hyper-
methylation in hepatocellular carcinoma,273,274 breast, 
renal,275 and prostate cancers,276 respectively. These studies 
clearly demonstrate the association between repressed 
expression of key antioxidant enzymes and tumor 
development by means of promoter hypermethylation-
induced gene silencing.

9.5 DEREGULATION OF CELL DEATH 
PATHWAYS BY OXIDATIVE STRESS IN 
CANCER PROGRESSION

Cell death is classified by biochemical and morphologi-
cal criteria. According to the recommended classifica-
tion of cell death, three distinct types of pathways can 
be defined, which are apoptosis, necrosis, and autophagy, 
although there are numerous examples in which cell 
death displays mixed features. Impairment and/or alter-
ation of cell death pathways are a central element in 
cancer progression (Fig. 9.3).277,278

9.5.1 Apoptosis

Apoptosis or programmed cell death is a ubiquitous 
homeostatic process involved in numerous biological 
phenomena. Under physiological conditions, apoptosis 
is critical not only in the turnover of cells in tissues but 
also during normal development and senescence, while 
its impairment occurs during cancer progression.279 
Apoptosis is a highly organized program induced by a 
myriad of stimuli. It is characterized by the progressive 
activation of precise pathways leading to specific bio-
chemical and morphological alterations in individual 
cells without involvement of an inflammatory response. 
Early stages (initiation phase) of apoptosis are charac-
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tion in human neuroblastoma cells triggers oxidative 
stress and apoptosis.287

The signaling cascades that regulate the progression 
of apoptosis have been extensively studied and charac-
terized, and both extrinsic and intrinsic pathways have 
been described for the activation of apoptosis. Induction 
of apoptosis via the extrinsic pathway is triggered by the 
activation of death receptors such as those activated by 
the TNF-related apoptosis-inducing ligand or TRAIl 
(DR4, DR5). Activation of DR4 and DR5 leads to the 
formation of the death-inducing signaling complex 
(DISC) by the recruitment of the Fas-associated death 
domain (FADD) and initiator caspase 8 (and in some 
cases caspase 10) and the cellular FlICE-inhibitory 
protein (cFlIPl). Initiator caspase 8 amplifies the apop-
totic cascade by activation of executioner caspases (3, 6, 
and 7). In cells that have lower levels of DISC formation 
and thus reduced caspase 8 activation (Type II cells), the 
progression of apoptosis relies on an amplification loop 
induced by caspase 8-dependent cleavage of the Bcl-2-
family protein Bid (Bcl-2 interacting domain), translo-
cation to the mitochondria, and subsequent release of 
cytochrome c (cyt c).288

TRAIl has great therapeutic potential, as it is a 
rather specific apoptosis-inducing cytokine in cancer 

terized by initiator caspase activation, cell shrinkage, 
loss of plasma membrane lipid asymmetry, and chroma-
tin condensation. later during the execution phase, 
apoptosis is characterized by activation of executioner 
caspases and endonucleases, apoptotic body formation, 
and cell fragmentation.280

The role of oxidative stress in apoptosis has been 
largely studied.281,282 Redox imbalance in cancer cells 
impairs the activation of the apoptotic machinery. 
Increased O2

•− and NO formation in cancer cells is asso-
ciated with increased resistance to apoptosis.283,284 
Accordingly, inhibition and/or downregulation of O2

•−-
generating enzymes such as NOXs increase cellular sen-
sitivity to apoptosis.261,285 An interesting observation is 
the fact that both increased ROS/RNS and increased 
gSH are common hallmarks of cancer cells. Increased 
intracellular gSH might be acting as a protective mech-
anism of transformed cells against the deleterious 
effects of increased oxidative stress. This was evidenced 
by reports showing that overexpression of the Ha-ras 
oncogene increases the levels of the O2

•− and H2O2, as 
well as gSH, which was associated with increased cell 
growth and proliferation. Interestingly, gSH depletion 
induced apoptosis in Ha-ras-transformed cells by 
increasing oxidative damage.286 Similarly, gSH deple-

Figure 9.3 Apoptotic deregulation and multidrug resistance in cancer cells. In cancer cells, deregulation of apoptotic pathways 
is associated with cellular redox imbalance. High levels of both ROS/RNS and high intracellular gSH impair the activation of 
apoptotic enzymes by oxidative posttranslational modifications and/or scavenge pro-apoptotic oxidative damage (1). An increase 
in γ-gCS levels in cancer cells augments gSH concentration, whose metabolism also contributes to multidrug resistance against 
chemotherapeutic agents (2). Increased expression of gSTs and MRPs is a common feature of transformed cells that are associ-
ated with high resistance to chemotherapy (3). SODs exert antitumorigenic effects by reduction of RS levels in cancer cells (4). 
Interestingly, SODs also protect against the activation of death receptor (TRAIl) and mitochondrial pathways of apoptosis 
induced by chemotherapeutic agents, which depend on the generation of RS (5). Thus, chemotherapeutic approaches involve both 
the depletion of intracellular gSH and/or increased oxidative damage (6). See color insert.
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by induction of the permeability transition pore and/or 
the activation of executioner caspases.301,302 A reduction 
in the gSH content is necessary for the formation of the 
apoptosome.303 gSH depletion also activates the mito-
chondrial apoptotic initiator Bax through its oxidation-
dependent dimerization304 and enhances apoptosis 
induced by Bax overexpression in lung cancer cells.305 
gSH depletion triggers cyt c release, and it has been 
proposed that released cyt c needs to be oxidized for its 
pro-apoptotic action, which would require cytosolic 
gSH levels to be depleted.306,307 Recently, it was demon-
strated that in cancer cells, cyt c is reduced and held 
inactive by increased gSH content generated as a result 
of glucose metabolism via the pentose phosphate 
pathway.308

Overexpression of members of the Bcl-2 family of 
pro-survival proteins is commonly associated with 
cancer pathogenesis.309 The anti-apoptotic role of Bcl-2 
has been linked to the regulation of gSH content in 
different cellular compartments.310 Overexpression of 
Bcl-2 increases gSH levels and inhibits mitochondrial-
induced cell death elicited by gSH-depleting 
reagents.311,312 Recent studies suggest that Bcl-2 can 
regulate the mitochondrial gSH pool by a direct inter-
action with gSH via the BH3 groove.313 Accordingly, 
depletion of intracellular gSH overcomes Bcl-2-mediated 
resistance to apoptosis.300,314 However, these effects 
appear to be cell type-specific and context-dependent.315 
The anti-apoptotic effect of Bcl-xl is also attributed to 
the regulation of gSH homeostasis by preventing gSH 
loss.316 Bcl-2 is itself regulated by oxidative posttransla-
tional modifications. Increased levels of NOS in cancer 
cells mediate Bcl-2 nitrosylation, inhibiting its ubiqui-
tination and proteasomal degradation, which renders 
cells resistant to chemotherapeutic agents.317 In contrast, 
NO sensitizes prostate cancer cells to TRAIl-induced 
apoptosis by inhibition of NF-κB activity and Bcl-xl 
expression.318

Other pathways of apoptosis, such as ER stress and 
DNA damage, have been described, which can be 
dependent or independent of a cross talk with the mito-
chondrial pathway. The ER is highly sensitive to pertur-
bations in cellular energy levels, redox state, and/or Ca2+ 
concentration. Such perturbations result in the accumu-
lation and aggregation of unfolded proteins, which are 
toxic to cells triggering the unfolded protein response. 
Unfolded proteins cause the chaperone glucose-
regulated protein (gRP78) to release the inositol-
requiring kinase 1 (IRE1α), the PRKR-like ER kinase 
(PERK), and the activating transcription factor 6 
(ATF6). IRE1α binds to TRAF2 (TNF-receptor associ-
ated factor 2) and ASK1 (apoptosis signaling-regulating 
kinase 1), inducing the activation of stress activated 
kinases (SAPKs). Induction of CHOP via SAPKs, ATF6, 

cells.289 However, its therapeutic use has been hampered 
by the observation that cancer cells present resistance 
to TRAIl-induced apoptosis. TRAIl-induced activa-
tion of caspase 8 and release of cyt c and Smac (second 
mitochondria-derived activator of caspases)/DIABlO 
is mediated by oxidative stress.290,291 TRAIl-induced 
apoptosis is also potentiated by uncoupling of the mito-
chondrial oxidative phosphorylation, generation of 
ROS,292 and gSH depletion.293 Paradoxically, ROS gen-
eration by NOX4 has been shown to impair TRAIl-
induced executioner caspase 3 activation by oxidation 
of the catalytic cysteine residue.294 TRAIl-induced 
ROS also suppress apoptosis by upregulation of the 
anti-apoptotic Bcl-2 member MCl-1,295 while RNS sen-
sitize prostate carcinoma cells to TRAIl-induced apop-
tosis by inhibition of the DR5 transcription repressor 
Ying Yang 1.296

The intrinsic pathway of apoptosis, also referred to 
as the mitochondrial pathway, is activated by a wide 
variety of chemotherapeutic agents. The mechanisms by 
which these stimuli trigger apoptosis differ between 
them, but they all convey the release of pro-apoptotic 
proteins from the mitochondria including cyt c. However, 
the exact mechanisms mediating cyt c release are still 
controversial. Distinct mitochondrial released proteins 
such as AIF (apoptosis inducing factor), Endog (Endo-
nuclease g), Omi/HtrA2 (HtrA serine peptidase 2),  
and Smac/DIABlO participate in the mitochondrial 
pathway of apoptosis. The intrinsic pathway is also regu-
lated by the Bcl-2 family of proteins. The BH3 (Bcl-2 
homology domain 3)-only proteins Bad (Bcl-2-associated 
death promoter), Bid, Bim, Bik (Bcl-2-interacting killer), 
NOXA, and PUMA (p53 upregulated modulator of 
apoptosis) regulate the anti-apoptotic Bcl-2 proteins 
Bcl-2 and Bcl-xl (B-cell lymphoma-extra large) to 
promote apoptosis. Bcl-2 and Bcl-xl inhibit Bax (Bcl-2–
associated X protein) and Bak (Bcl-2 homologous 
antagonist/killer). BH3-only proteins derepress Bax  
and Bak by direct binding and inhibition of Bcl-2 and 
other anti-apoptotic family members. Bax and Bak acti-
vation mediates the release of cyt c by its translocation 
to the mitochondria. Released cyt c leads to the recruit-
ment of APAF1 (apoptotic protease activating factor 1) 
into the apoptosome and activation of caspase-9. Once 
activated, initiator caspases converge in the cleavage/
activation of executioner caspases 3, 6, and 7, which 
further cleave different cellular substrates leading to the 
organized demise of the cell.297

gSH is a major regulator of apoptotic signaling path-
ways.298,299 Elevated gSH levels in cancerous cells and 
solid tumors are directly associated with resistance to 
chemotherapeutic agents by inhibition of apoptotic 
pathways.37,38,300 gSH depletion can predispose trans-
formed cells to apoptosis or directly trigger cell death 
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and organelles. It plays an essential role in differentia-
tion, development, and cellular response to stress. 
Autophagy can be activated during amino acid depriva-
tion and has been associated with cancer progression. 
Autophagy is initiated by the surrounding of cytoplas-
mic constituents by a phagophore, which forms a closed 
double-membrane structure, called autophagosome. 
The autophagosome subsequently fuses with a lysosome 
to become an autolysosome, whose content is degraded 
by acidic lysosomal hydrolases. Autophagic cell death is 
morphologically defined by massive autophagic vacuol-
ization of the cytoplasm in the absence of chromatin 
condensation.333 Several studies suggest that autophagy 
is one of the survival processes of cancer cells in response 
to starvation, hypoxia, and chemotherapeutic agents. In 
contrast, in human breast, ovarian, and prostate tumors, 
the autophagy gene Beclin-1 is monoallelically deleted.334 
Furthermore, Beclin-1 also acts as a tumor suppres-
sor.335 The mechanisms by which autophagy inhibits 
tumorigenesis are unknown but might involve preven-
tion of oxidative damage and mutagenesis through the 
removal of ROS generated by mitochondria.336 Many 
anticancer agents and DNA-damaging conditions 
induce autophagy, but it is unknown whether autophagy 
acts as a survival signaling to counteract the stress, or if 
it participates in the tumor cell killing.337,338 However, 
there is evidence that oxidative stress induces autopha-
gic cell death in transformed and cancer cells.339

9.5.3 Redox Regulation of Drug Resistance in 
Cancer Cells

gSH metabolism participates in chemotherapy-induced 
tumor resistance to apoptotic cell death. Increased 
expression of glutathione-S-transferases (gST), trans-
porters for gSH/gSH-conjugates, as well as high gSH 
concentration, are common features of transformed 
cells that are associated with high resistance to chemo-
therapeutic agent-induced apoptosis (Fig. 9.3).340 gSTs 
catalyze nucleophilic attack by gSH on nonpolar com-
pounds that contain an electrophilic atom of carbon, 
nitrogen, or sulfur. Overexpression of gSTs and 
increased levels of gSH are often associated with an 
increased resistance to apoptosis-induced by cancer 
chemotherapeutic drugs.341 The most highly expressed 
gST isoenzyme in various human cancerous and precan-
cerous tissues is gSTP1.342 Several studies clearly iden-
tify a relationship between gSH/gSTs levels and the 
extent of drug-induced apoptosis like that induced by doxo-
rubicin and cisplatin.38,343 Several cancer chemotherapeutic 
agents such as adriamycin, 1,3-bis(2-chloroethyl)- 
1-nitrosourea (BCNU), carmustine, ethacrynic acid, and 
melphalan, are also detoxified by gSTs. gST isoenzyme 
expression increases during cancer development as  

PERK-induced ATF4, and/or IRE1α-induced X-box-
binding protein 1 (XBP1) regulates the expression of 
Bim and Bcl-2 proteins.319 In an environment with 
limited nutrients, cancer cells utilize cellular regulatory 
pathways to facilitate adaptation and promote tumor 
growth and survival. The ER senses nutrient depriva-
tion triggering signaling pathways that promote adap-
tive strategies. Thus, ER stress-signaling pathways 
represent potential antineoplastic targets and regulate 
redox homeostasis. CHOP overexpression downregu-
lates gSH levels and induces increased ROS formation 
sensitizing cells to ER-stress.320 PERK-dependent acti-
vation of Nrf-2 regulates intracellular gSH levels, which 
might protect against oxidative stress induced during 
unfolded protein response.321 Ablation of PERK in 
mammary carcinoma cells results in impaired regenera-
tion of intracellular antioxidants and accumulation of 
ROS, suggesting that PERK signaling is involved in 
tumor initiation and expansion.322 The ER stress-linked 
transcriptional factor XBP1 also protects against oxida-
tive stress by upregulating catalase expression.323

It is well known that specific DNA lesions, including 
O6-methylguanine, base N-alkylations, bulky DNA 
adducts, DNA cross-links, and DSBs trigger apoptosis. 
BER deficiency in the presence of N-alkylations and 
MMR mediated by O6-methylguanine lesions result in 
secondary DNA lesions which interfere with replication 
leading to secondary DSB lesions. DSBs are detected 
by ATM (ataxia telangiectasia mutated gene) and ATR 
(ataxia telangiectasia and Rad3 related) proteins, which 
signal downstream to p53. ATM can also be directly 
activated by oxidative stress, which involves the forma-
tion of a disulfide-cross-linked dimer of ATM.324 p53 is 
a transcription factor with tumor suppressive properties. 
p53 induces transcriptional activation of pro-apoptotic 
factors that can activate death receptor and mitochon-
drial pathways.325 However, nontranscriptional regula-
tion of apoptosis by p53 and p53-independent pathways 
have also been described. Oxidative and nitrosative 
stress modulates p53 activity,326 and a decrease in the 
ability to bind consensus DNA sequence has been 
reported in glutathionylated p53,327 which is abundant 
in cancer cell lines.328 NO is capable of modulating p53 
by inhibition of Hdm2 binding through protein nitrosyl-
ation, which acts as a negative regulator of p53.329 In 
contrast, TRX1 enhances DNA binding activity of 
p53.330 Moreover, p53-dependent apoptosis is reported 
to involve alterations in the expression levels of MnSOD 
and oxidative stress.331,332

9.5.2 Autophagy

Autophagy is a major catabolic pathway by which 
eukaryotic cells degrade and recycle macromolecules 
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port activity.351 MRP1 is capable of transporting the 
gSH conjugate of the chemotherapeutic agent doxoru-
bicin. In addition, MRP1 and MRP2 transporters have 
the ability to transport vincristine and doxorubicin in 
their unmodified state. Such transport is dependent on 
or stimulated by gSH.354,355 The mechanism by which 
gSH stimulates MRP transport activity is not fully 
understood. gSH is a poor substrate for both MRP1 
and MRP2. In contrast, gSSg is more efficiently trans-
ported by MRP1, suggesting a role for MRP proteins in 
maintaining gSH/gSSg balance.350 The transport of 
heavy metals by MRP1 and MRP2 is also dependent on 
gSH. For example, MRP1 transports the gSH-conjugate 
arsenic triglutathione, which can be formed enzymati-
cally by gSTP1.356,357 Another potential approach for 
antineoplastic therapy is the modulation of gSH efflux 
through its transporters or pumps. Recently, it has been 
shown that transformed cells are sensitized to cell death 
when intracellular gSH is depleted through stimulation 
of gSH efflux pumps (MRP, CFTR, and SlCO pro-
teins),358–360 whose expression varies in different cancer 
cell lines.361,362

CONCLUSIONS AND PERSPECTIVE

As highlighted in Fig. 9.4, RS, oxidative stress, and 
redox-dependent signaling cascades participate at all 
stages of the malignancy/carcinogenic process aroused 
from both inherited and environmental factors. The car-
cinogenic process can be triggered when oxidative DNA 
damage transforms or immortalizes cells by promoting 
uncontrolled cell proliferation and/or impaired activa-
tion of cell death pathways. Nonoxidative DNA damage 
might also mediate cellular transformation by promot-
ing a redox imbalance through (1) increased generation 
of RS associated with alterations in protein levels of 
RS-generating enzymes (NOX and NOS) and/or muta-
tions in the mitochondrial ETC; and (2) increased levels 
of intracellular antioxidant defenses, particularly gSH, 
which also participates in multidrug resistance against 
chemotherapeutic approaches. Increased RS formation 
in cancer cells can regulate cell proliferation/survival 
pathways such as those mediated by MAPKs and PI3K/
AKT, and also impair the activation of cell death path-
ways (apoptosis or autophagy). High intracellular gSH 
might then exert a protective mechanism against the 
deleterious effects of increased RS formation and/or 
chemotherapeutic agents.

DNA damage caused by RS is a central element in 
the transformation process toward malignancy. Chronic 
exposure to DNA lesions can lead to mutations and 
genomic instability (precancerous state) and eventually 
to malignant transformations (cancerous state), while 

evidenced by gSTP1 upregulation during chemical liver 
carcinogenesis. gST polymorphisms are linked to spe-
cific cancer types.341,344 For example, gSTP1 polymor-
phisms are associated with the chemotherapy response 
in patients with metastatic colorectal cancer or multiple 
myeloma.345

Because gSTs are overexpressed in many tumors, 
prodrug therapy has been designed using inactive agents 
that are converted to cytotoxins by gST activity. TlK286 
is a gSH analogue in which an inactive alkylating agent 
is linked to a modified gSH backbone. gSTT catalyzed 
elimination of TlK286 yields aziridinium ring moieties 
that can alkylate DNA having toxic activity against  
a variety of tumors and tumor cell lines where gSTT  
is overexpressed.346,347 A variety of gST inhibitors 
modulate drug resistance by sensitizing tumor cells to 
anticancer drugs. Ethacrynic acid and its derivatives, 
which inhibit the activity of gST by binding directly to 
the substrate-binding site and depleting gSH, reduce 
resistance against drug-induced apoptosis in different 
tumoral cells.348,349 TlK199 is a peptidomimetic inhibi-
tor of gSTT which has a gSH backbone in which a 
benzyl group is added to the sulfur atom and glycine is 
replaced with phenylglycine. It inhibits gSTT and 
enhances the toxicity of different chemotherapeutic 
agents while also reversing the resistance of MRP1 
overexpressing cell lines.346

gSTs protect against a variety of chemical carcino-
gens. Cytosolic gSTs exhibit genetic polymorphisms 
that increase susceptibility to carcinogenesis and inflam-
matory disease. Epoxides derived from environmental 
carcinogens, including aflatoxin B1, 1-nitropyrene, 
4-nitroquinoline, polycyclic aromatic hydrocarbons 
(PAHs), and styrene, are detoxified by gST. Carcino-
genic heterocyclic amines, produced by cooking protein-
rich food, are also detoxified by gST isoenzymes.342,345 
Interestingly, drug resistance is exhibited in cells express-
ing certain isoforms of gSTs even when that specific 
selecting drug is not an enzyme substrate. This is 
explained by recent findings reporting the ability of 
gSTs to play critical roles in kinase signaling and 
protein glutathionylation.341

gSH/gSH-conjugate transporters also act as impor-
tant contributors to the carcinogenic process. When 
antineoplastic or chemotherapeutic drugs enter cancer 
cells, they are conjugated with gSH and are excreted 
through gSH pumps of the MRP family of transporters. 
It is known that MRP transporters are highly expressed 
in malignant cells.350 Thus, inhibitors of MRP-mediated 
transport of gSH-conjugates have been largely used as 
a common adjuvant in anticancer therapy.351–353 The 
multidrug resistance family of transporters ABCC/
MRPs act as transporters of gSH, gSSg, and gSH 
adducts, and require the hydrolysis of ATP for its trans-
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impaired DNA repair mechanisms have been reported 
in transformed cells. However, it is evident that RS can 
promote/predispose to cancer development by oxida-
tive damage/modification to lipids and proteins/enzymes. 
Impairment and/or alteration of cell death pathways are 
also a central element in cancer progression, and che-
motherapeutic approaches involve either the depletion 
of antioxidant defenses in cancer cells or enhancement 
of oxidative damage in order to overcome anti-apoptotic 
defenses and activate cell death pathways.
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OVERVIEW

This chapter focuses upon the potential neurotoxic and 
neurodegenerative effects of reactive oxygen species 
(ROS) and free radical intermediates formed either 
from drugs or from endogenous brain chemicals such as 
neurotransmitters, and the various protective mecha-
nisms that neutralize ROS or repair ROS-mediated 
damage, in animal models, with some discussion of 
potential human relevance. In particular, we comment 
upon long-term free radical-mediated neurodegenera-
tive effects of amphetamine analogs like methamphet-
amine (METH) and ecstasy following adult exposure, 
and related neurodevelopmental deficits following in 
utero exposure of the developing embryo and fetus. 
Also discussed is a similar but endogenous ROS-
dependent mechanism of neurodegeneration with aging, 
which results from an imbalance in the activity of path-
ways for ROS formation versus ROS detoxification and 
repair of cellular macromolecules. The ultimate risk of 
neurodegeneration is mitigated by protective central 
nervous system (CNS) substrates and enzymes like anti-
oxidants and antioxidative enzymes, and by enzymes 
and proteins involved in the repair of oxidatively 
damaged DNA, many of which are regulated by ROS-
sensing mechanisms, including nuclear factor erythroid 
2-related factor 2 (Nrf2).

The term “neurotoxicity” in this chapter refers to 
toxicity as a consequence of exposure to a toxic agent 
that results in pathological effects, including oxidatively 
damaged cellular macromolecules, swollen organelles, 

shrunken cell membranes, and autophagic vacuoles that 
may lead to cell death or nerve terminal degeneration. 
This may result in an increase in the expression of glial 
fibrillary acidic protein (GFAP), which is a marker of 
astrogliosis. In METH studies in rodent models, loss of 
presynaptic nerve terminals has been identified by silver 
staining to obtain evidence of METH-induced neuronal 
damage as identified by morphological signs of axonal 
degeneration.1,2 This has been correlated to a reduction 
in neurotransmitters or enzymes for their synthesis, or 
transporters present in the nerve terminal, which are 
associated with functional deficits (discussed later). 
These biochemical changes and functional deficits may 
reflect receptor-mediated mechanisms and may be 
reversible within days as the drug is eliminated. However, 
damage to critical components may be only partially 
reversible and can persist for months after drug expo-
sure3,4 suggesting a role for ROS in the toxicity.

This chapter will discuss the mechanisms of drug-
initiated and age-related ROS-mediated neurodegen-
eration, the various protective enzymes and substrates, 
and the role of Nrf2 in responding to ROS-mediated 
insult to alleviate toxicity.

10.1 ROS FORMATION

10.1.1 Introduction to ROS

ROS, such as superoxide anions, hydrogen peroxide 
(H2O2), and hydroxyl radicals are produced due to 
the incomplete reduction of oxygen during aerobic 
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metabolism.5 Superoxide anion, the product of a one-
electron reduction of oxygen, is the precursor of most 
ROS and a mediator in oxidative chain reactions. Dis-
mutation of superoxide anions, either spontaneously or 
through a reaction catalyzed by superoxide dismutases 
(SODs), produces H2O2. This may be fully reduced to 
water or partially reduced to hydroxyl radicals, one of 
the strongest oxidants in nature. The formation of 
hydroxyl radicals is also catalyzed by reduced transition 
metals. Important radicals are summarized in Table 10.1. 
These ROS are highly reactive as they contain an 
unpaired electron and can oxidize molecular targets 
such as proteins, lipids, and DNA in a process known as 
oxidative stress.5 Such damage, if not repaired, can accu-
mulate over time and can lead to loss of cellular func-
tion and even cell death (Fig. 10.1).6,7 The brain is 
especially susceptible to oxidative stress due to the high 
rate of oxygen consumption, low antioxidant levels, and 
ROS-generating enzymatic reactions.5 ROS have been 
implicated in many neurodegenerative diseases such as 
Alzheimer’s disease (AD),8 Parkinson’s disease (PD),9 
and multiple sclerosis (MS).10

10.1.2 CNS Sources of ROS

There are numerous sources of ROS in the brain that 
can lead to oxidative damage to macromolecules and 
neurotoxicity. These are summarized in Figure 10.2.

TABLE 10.1 Important Reactive Species

Reactive Species Notes

Superoxide anion O2
•− Free radical, source of H2O2, 

t1/2 = 1 × 10−6 s
Hydrogen 

peroxide
H2O2 Oxidizing agent, source of 

OH., t1/2 = min
Hydroxyl radical HO• Very reactive, t1/2 = 1 × 10−9 s
Nitric oxide radical NO Free radical, reacts with O2

•−

Peroxynitrite ONOO− Can decompose to HO•

Ferrous iron Fe2+ Reacts with H2O2, oxidation 
leads to O2

•−-

Ferric iron Fe3+ Oxidized form of ferrous 
iron

Sources: References 5 and 458.

Figure 10.1 Enzymatic pathways involved in reactive intermediate-mediated neurotoxicity. Susceptibility to the neurotoxic 
effects involves the balance between drug bioactivation, elimination, detoxification, and pathways of cytoprotection and repair. 
under normal conditions or during low oxidative stress, cells are able to detoxify endogenous and xenobiotic reactive intermedi-
ates and ROS with appropriate enzymes: GSH reductase, GSH peroxidase, G6PD, SOD, catalase, peroxiredoxins. However, when 
bioactivation exceeds detoxification, high levels of reactive intermediates can lead to cellular damage. Such damage can be repaired 
by p53, ATM, OGG1, CSB, Trx. If not repaired, molecular damage and/or alteration of signal transduction can lead to neurotoxic-
ity. ATM, ataxia telangiectasia mutated; CSB, Cockayne syndrome B; G6PD, glucose-6-phosphate dehydrogenase; GSH, glutathi-
one; lPO, lipoxygenase; OGG1, oxoguanine glycosylase 1; P450, cytochromes 450; PHS, prostaglandin H synthase; ROS, reactive 
oxygen species; SOD, superoxide dismutase. Modified from Reference 6.

10.1.2.1 Mitochondria  Mitochondria play a central 
role in the survival and death of neurons. Mitochondria 
exert multiple influences on neuronal function, includ-
ing the generation of adenosine-5′-triphosphate (ATP) 
and sequestering of calcium. The mitochondrial respira-
tory chain is also the major site for the generation of 
superoxide anions11 and H2O2.12,13 The electron trans-
port chain, which is embedded in the inner membrane 
of the mitochondria, consists of five multiprotein com-
plexes. Although molecular oxygen is reduced to water 
in complex IV by a sequential four-electron transfer, a 
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DuOX1, and DuOX2 in the brain.17 All NOX family 
members are transmembrane proteins that transport 
electrons across biological membranes to reduce oxygen 
to superoxide.18 When the complex is active, it generates 
superoxide by transferring an electron from NADPH in 
the cytosol to oxygen on the luminal or extracellular 
space. Superoxide is the primary product of the electron 
transfer, but H2O2 is also generated.19 The NOX iso-
forms have been detected in various brain regions.20–22 
Most studied has been NOX2 which can be found in 
regions including the cortex, hippocampus,21 and stria-
tum.22 Within these regions, NOX enzymes have been 
investigated with respect to inflammatory processes 
regulated by NOX2 in microglia.23,24 However, NOXs 
are also present in astrocytes25 and in mouse and human 
neurons.22,26 There is also increasing evidence for a role 
of NOX2 in neurodegeneration, including in AD and 
amyotrophic lateral sclerosis (AlS).27,28

10.1.2.3 Phospholipase A2 (PLA2)  PlA2 enzymes 
are esterases that cleave the acyl ester bond at the sn-2 

portion can be reduced by a one-electron addition that 
occurs in complex I11 and also in complex III,12,14 result-
ing in the formation of ROS. The mitochondrial matrix, 
however, contains the antioxidant enzyme manganese 
superoxide dismutase (MnSOD, SOD2) that may 
combat the high rate of superoxide production in the 
mitochondrial inner membrane.5 The production of 
H2O2 by mitochondria appears to account for 1–2% of 
the total oxygen consumed in vitro.15 As a result, the 
steady state concentrations of superoxide anions and 
H2O2 in the mitochondrial matrix have been estimated 
to be around 1 × 10−10 M and 5 × 10−9 M, respectively.16 
Alterations in mitochondrial function can play an 
important role in increasing ROS steady-state levels 
and contribute to neurotoxicity.

10.1.2.2 Nicotinamide Adenine Dinucleotide Phosphate 
Hydrogen (NADPH) Oxidase (NOX)  NOX is found 
in the brain. There are seven different isoforms, includ-
ing NOXs 1 to 5 and dual oxidases (DuOX) DuOX1 
and DuOX2. little is known about the role of NOX5, 

Figure 10.2 Sources of reactive oxygen species (ROS) in the brain. When pro-oxidants exceed the antioxidative and repair 
mechanisms, oxidative damage can occur leading to neurotoxicity. ATM, ataxia telangiectasia mutated; CSB, Cockayne syndrome 
B; Fe, iron; G-6-P, glucose-6-phosphate; GSH, glutathione; GSSG, GSH disulfide; H2O2, hydrogen peroxide; HO•, hydroxyl radical; 
lPO, lipoxygenase; NADP+, nicotinamide adenine dinucleotide phosphate; O2

•–, superoxide anion, OGG1, oxoguanine glycosylase 
1; P450, cytochromes P450; PHS, prostaglandin H synthase; SOD, superoxide dismutase. Modified from Reference 213.

Xenobiotics Enzymatic
Bioactivation Free Radical

Intermediate

G-6-P  Dehydrogenase
G-6-P 6-phospho

gluconate

NADP+ NADPH

GSH Reductase

GSH Peroxidase

GSH GSSG

Catalase

O2

SOD

Fe2+

 OH

• Mitochondria
• Excitoxicity
• Immune Response-Microglia
• Auto-Oxidation
• Enzymatic Reactions
     NADPH oxidase
     Phosholipases
     Nitric oxide synthases
     Monoamine oxidases
     Cytochromes P450
     Xanthine oxidoreductase

Neurotoxicity
Oxidative Damage

Repair • DNA
• Protein
• Lipid

• Increased permeability of BBB
• Altered tubulin formation
• Inhibition of mitochondrial respiration
• Disruption of synaptic transmitter function
• Cell death

• p53
• ATM
• OGG1
• CSB
• BRCA1

Redox-Sensitive
Signal Transduction

H2O2 H2O2

H2O + O2

Endogenous
Sources

O2
•−

•



240  NEuRODEGENERATION FROM DRuGS AND AGING-DERIVED FREE RADICAlS 

catecholinergic cell areas.54 MAO-B is contained in 
serotonergic neurons in the median raphe and in astro-
cytes.54,55 MAO-B is selectively inhibited by l-deprenyl,56 
while MAO-A is selectively inhibited by clorgyline.57 
Both forms oxidize dopamine (DA), tyramine, and octo-
pamine.58 MAO-B is also responsible for the oxidation 
of MPTP to MPP+ which damages dopaminergic 
neurons.59 Alterations in MAO-B activity have been 
implicated in PD,60 and patients with PD have elevated 
MAO-B activity in the substantia nigra.61 

10.1.2.6 Cytochromes  P450  (CYPs)  CYPs are a 
superfamily of heme-containing monooxygenases that 
metabolize a large number of compounds. CYPs are 
involved in the biosynthetic pathways of steroid and bile 
acid production, and most CYPs metabolize xenobiot-
ics. CYPs carry out the oxidation of carbon and nitrogen 
groups usually resulting in the addition of an –OH.62 In 
catalyzing the metabolism of a drug, CYPs use NADPH 
to reduce O2, leading to the production of H2O2 and 
superoxide anion radicals. CYP2E1 metabolism of a 
number of substrates is known to lead to increased 
ROS.63 CYP2E1 mRNA has been detected in several 
mammalian brain regions.64,65 It has also been proposed 
that selective localization of CYP2E1 in DA-containing 
neurons may contribute to nigrostriatal toxicity in 
chemically induced PD.66 While it is uncertain whether 
other CYPs may contribute to ROS generation, the 
expression of CYPs in the brain is 1–2% of that in the 
liver.67,68 CYP2D6 is an isozyme involved in the metabo-
lism of many drugs active in the CNS, such as antide-
pressants and antipsychotics. This enzyme is coded by a 
polymorphic gene, with 7% of the Caucasian population 
showing no enzymatic activity (“poor metabolizers”). 
Approximately 20–30% of Caucasians carry one active 
and one inactive allele, and show intermediate enzyme 
activity (here referred to as “intermediate metaboliz-
ers”). Individuals carrying two active alleles are “exten-
sive metabolizers.”69 Whether this enzyme directly forms 
ROS in the brain is uncertain.

10.1.2.7 Xanthine Oxidoreductase  Guanine degrades 
into xanthine, and during ATP catabolism under hypoxic 
conditions, hypoxanthine can be formed.70 Xanthine 
oxidoreductase is a widely distributed enzyme that cata-
lyzes the oxidation of hypoxanthine to xanthine and of 
xanthine to uric acid.70 The enzyme occurs in two forms, 
xanthine dehydrogenase and xanthine oxidase. During 
these reactions, H2O2 and superoxide anions are pro-
duced. Only xanthine dehydrogenase is capable of 
reducing nicotinamide adenine dinucleotide (NAD+). 
Both forms can reduce molecular oxygen, although xan-
thine oxidase is more effective.71 In the reoxidation of 
fully reduced xanthine oxidase, the first two steps each 

position of membrane phospholipids to produce free 
fatty acids, for example arachidonic acid (AA).29 These 
enzymes are broadly classified into groups, including 
secretory phospholipase A2 (sPlA2), cytosolic phos-
pholipase A2 (cPlA2), plasmalogen-selective phospho-
lipase A2 (PlsEtn-PlA2), and calcium-independent 
phospholipase A2 (iPlA2).29–31 They are present in 
various regions of the brain and are expressed in astro-
cytes32,33 and in neurons.29,31,34 Enzymatic activity is regu-
lated by calcium, ROS, and neurotransmitters, and 
activation releases AA that is metabolized by cyclooxy-
genases and lipoxygenases, in the process generating 
ROS (discussed in detail later). cPlA2 activities may 
contribute to neurotoxicity in AD and MS,32,35 and 
cPlA2-deficient mice are resistant to 1-methyl-4-
phenyl-1,2,3,6-tetrohydropyridine (MPTP)-induced 
neurotoxicity, an animal model for PD.36

10.1.2.4 Nitric Oxide Synthases  (NOSs)  There are 
four members of the NOS family. A constitutive isoform 
of NOS called neuronal NOS (nNOS) is found in 
neurons.37,38 Another isoform is inducible NOS (iNOS) 
in which inflammatory mediators such as lipopolysac-
charide (lPS) and cytokines cause its expression in 
microglia and astrocytes39,40 and possibly in neurons.41 
Other isoforms include endothelial NOS (eNOS) and 
mitochondrial NOS (mtNOS).42–44 l-arginine is used by 
NOS to produce NO and citrulline in a process requir-
ing NADPH and O2.45 Although all NOS isoforms can 
potentially produce superoxide anions, iNOS is the most 
likely to produce superoxide anions in vivo due to 
l-arginine depletion during inflammation.46 Nitric oxide 
(NO) is mainly used for guanylate cyclase activation 
with the subsequent production of cyclic guanosine-
3′,5′-monophosphate (cGMP).47 NO, however, can react 
with superoxide anions forming peroxynitrite anion 
(ONOO−), which is a very reactive anion that can 
oxidize proteins.48 The NO free radical also triggers 
apoptosis when it binds to cytochrome c oxidase and 
induces the formation of superoxide anions in the mito-
chondria, generating ONOO−.49 These enzymes are 
involved in various neurodegenerative diseases includ-
ing AD.50 In MS, NOS may be induced, and there is 
evidence of oxidative stress where ONOO− is believed 
to contribute to the cellular damage.51,52 

10.1.2.5 Monoamine  Oxidase  (MAO)  During cat-
echolamine metabolism, ROS can also be generated 
through enzymatic reactions. For example, MAOs, which 
are associated with mitochondrial membranes, catalyze 
the oxidation of amines to their corresponding alde-
hydes and ammonia with the formation of H2O2 as a 
by-product.53 There are two isoforms of this enzyme, 
MAO-A and MAO-B. MAO-A is in neurons in the 
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excitotoxicity has been proposed to explain the pathol-
ogy characteristic of neurodegenerative diseases such as 
AD, Huntington’s disease (HD), and AlS.88–90

10.1.2.9 Immune Response Microglia  Microglia are 
considered the local immune cells of the brain and are 
present in various regions.91 Microglial density varies by 
brain region in the adult human and in adult mice; these 
cells are in the gray matter, with the highest concentra-
tions being found in the hippocampus, olfactory telen-
cephalon, basal ganglia, and substantia nigra.91,92 
Microglia are normally in a resting state and become 
activated in response to injury.93,94 The resting microglial 
cells are activated by detecting lPS, beta-amyloid (Aβ), 
thrombin, interferon-gamma (IFN-γ), and other proin-
flammatory cytokines.95 A crucial function of microglia 
is their ability to generate significant immune responses. 
For example, microglia initiate responses including the 
production of cytokines, chemokines, ROS, and NO.96,97 
Activated microglia release interleukin (Il)-1, tumor 
necrosis factor-alpha (TNF-α), and chemokines for lym-
phocyte recruitment.95,98,99 Phagocytic and cytotoxic 
functions of microglia are also triggered during CNS 
injury. During these processes, significant amounts of 
ROS can be produced. When activated, microglia can 
contribute to ROS production via NOX enzymes as 
discussed previously.23,24 The brain microglia can gener-
ate significant quantities of superoxide anion and NO.97 
However, species differences in their generation have 
been observed, with mouse microglia generating large 
amounts of NO when stimulated. In contrast, human 
and hamster microglia do not produce measurable 
amounts of NO under the same stimulation conditions, 
but both human and hamster microglia generate signifi-
cantly more superoxide anion than rat microglia.100 
Neurotoxins such as MPTP as well as lPS can also 
overactivate microglia, leading to increased ROS gen-
eration and neuronal death.101,102 Microglia have been 
shown to play a role in AD, PD, and HD.103–105

10.1.3 Prostaglandin H Synthases (PHSs)

10.1.3.1 Role of Prostaglandin Synthesis  and Their 
Receptors  Eicosanoids comprise a class of bioactive 
lipid mediators derived from the metabolism of polyun-
saturated fatty acids by PHSs and lipoxygenases leading 
to prostanoids and leukotrienes, respectively.106,107 Pros-
tanoids can be further divided into prostaglandins (PGs) 
and thromboxanes (TXs). The most typical actions are 
the relaxation and contraction of various types of 
smooth muscles. They also modulate neuronal activity 
by either inhibiting or stimulating neurotransmitter 
release or inducing central actions such as fever and 
sleep induction.108 PGs also regulate secretion and 

involve transfer of two electrons to oxygen, generating 
H2O2. Xanthine oxidase then transfers its remaining 
electrons in separate steps, with each electron indepen-
dently reducing O2 to produce superoxide anions.72 
Xanthine dehydrogenase and xanthine oxidase can be 
interconverted by means of sulfhydryl reagents. When 
xanthine dehydrogenase is treated with proteases, like 
trypsin, it is irreversibly transformed into xanthine 
oxidase.72 Reversible conversion occurs due to condi-
tions that oxidize thiol groups of Cys535 and Cys992, 
exposure to sulfhydryl agents and exposure to anaero-
bic conditions.72 Xanthine oxidase is localized to the 
vascular endothelium of brain.73 It is thought to play a 
neurotoxic role during ischemia-reperfusion injury.74,75 
During ischemia, ATP is broken down into hypoxan-
thine and upon reoxygenation, xanthine oxidase con-
verts the excessive hypoxanthine to xanthine, thereby 
generating ROS.72

10.1.2.8 Excitotoxicity  Excitotoxicity is a phenom-
enon whereby prolonged activation of excitatory amino 
acid receptors leads to cell death.76,77 Glutamate has 
been identified as the principal transmitter mediating 
fast excitatory synaptic responses in the vertebrate 
brain. Glutamate distribution within the brain is exten-
sive. Glutamate is present at concentrations of 
5–15 μmol/g weight of wet tissue in humans, and regional 
distribution of glutamate in the brain is similar among 
species from rat to human.78,79 Glutamate receptors are 
divided into ionotropic, which are ligand-gated ion 
channels, and metabotropic receptors that are linked to 
G-proteins.80 These are further subdivided, for example, 
the ionotropic receptors are characterized by their selec-
tive affinity for the specific agonists N-methyl-d-aspartate 
(NMDA), α-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA), and kainic acid.81 Excitotoxic-
ity can result in excessive intracellular calcium, generation 
of free radicals, and activation of the mitochondrial per-
meability transition and secondary excitotoxicity. Exci-
totoxicity more directly is toxicity that is related to 
calcium influx subsequent to glutamate receptor activa-
tion, and it is greatly attenuated in the absence of 
calcium.82 Excitotoxicity leads to ROS production, and 
the oxidative agents in turn promote excitotoxic mecha-
nisms, usually by disrupting calcium homeostasis and 
activating calcium-dependent proteases.82,83 Termina-
tion of the excitatory action of glutamate is mediated 
by a high-affinity uptake system on both pre- and post-
synaptic neuronal cell membranes and the membranes 
of adjacent glial cells.84 Glutamate transporter 1, which 
is located on astrocytes,85 is responsible for most of 
the total glutamate transport.84 Excitotoxicity not only 
affects neurons, but also astrocytes and oligodendro-
cytes as well.,86,87 Through these various mechanisms, 
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on AA to form the hydroperoxy endoperoxide PGG2. 
The hydroperoxidase site reduces the peroxide to  
the corresponding alcohol, the hydroxy endoperoxide 
PGH2, which is the substrate for various PG syn-
thases.112,113 PGH2 can form a number of different bioac-
tive products through the action of PG synthases (Fig. 
10.3). This includes a number of important signaling 
molecules, including PGI2 (also known as prostacyclin), 
PGD2, PGE2, PGF2α, and thromboxane A2 (TXA2). PGI2 
is formed by prostacyclin synthase, a member of the 
CYP superfamily.114 PGI2 binds the G protein-coupled 
receptor (GPCR) PGI2 receptor (IP),115 as well as the 
transcription factors peroxisome proliferator-activated 
receptor (PPAR)α, PPARδ, and PPARγ.116 PGD2 is 
major product of rat brain homogenate formed by PGD 
synthases.117 PGD2 has two known receptors, PGD2 
receptor 1 (DP1) and chemoattractant receptor-
homologous, molecules expressed on T helper-2 cells 
(CRTH2) (DP2).118 The effects of PGE2 have been 
implicated in many biological processes.119 PGE2 syn-
thesis occurs through three unique enzymes, the cyto-
solic PGE synthase (cPGES), microsomal PGE 
synthase-1 (mPGES-1), and mPGES-2.119 PGF2α, made 

motility in the gastrointestinal tract as well as transport 
of ions and water in the kidney.108 AA serves as the 
metabolic precursor for eicosanoid synthesis. AA is not 
available in large quantities in the free acid form, but is 
stored in the backbone of membrane phospholipids. To 
be used for biosynthesis, PlA2 (reviewed previously) 
liberates AA from phospholipids in the membrane.109 
This is the rate-limiting step in eicosanoid synthesis.110

5-lipoxygenase (5-lOX) performs the initial  
enzymatic step in leukotriene synthesis,111 creating 5-
hydroperoxyeicosatetraenoic acid (5-HPETE) by incor-
porating one molecular oxygen at the C5 position of AA. 
Depending on cellular conditions, 5-HPETE has a 
number of potential metabolic fates. It can be secreted 
in its peroxide form, reduced to 5-hydroxyeicosatetraenoic 
acid (5-HETE), or undergo a catalytic rearrangement in 
the 5-lOX active site to form leukotriene A4.

PHSs, also known as cyclooxygenases (COXs), consist 
of two isozymes, PHS-1 (COX-1) and PHS-2 (COX-2). 
PHSs contain two distinct active sites, a COX site and 
a hydroperoxidase site, both of which use the same 
tyrosyl radical and heme-iron for catalysis. The COX 
site incorporates molecular O2 at the 11- and 15-carbon 

Figure 10.3 Biosynthesis of prostaglandins. Arachidonic acid (AA) is released from phospholipids by phospholipase A2 and is 
used in both prostaglandin synthesis and the lipoxygenase–eicosanoid pathway. Cyclooxygenase and hydroperoxidase are com-
ponents of prostaglandin H synthase (PHS). PG, prostaglandin; PGG2, prostaglandin G2; PGH2, prostaglandin H2; HPETE, 
hydroperoxyeicosatetraenoic acid; HETE, hydroxyeicosatetraenoic acid.
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by PGF synthase, has been implicated in a number of 
physiological processes and disease states.120 Only one 
PGF2α-specific receptor has been cloned,120 a GPCR 
termed PGF receptor (FP), which upon binding ligand 
results in an elevation of intracellular calcium. TXA2 
biosynthesis is catalyzed by a member of the CYP 
superfamily, thromboxane A synthase. It also binds a 
specific GPCR, termed the thromboxane A receptor 
(TP), which leads to increased intracellular calcium.121 
Cyclopentenone PGs are a family of molecules that are 
formed by dehydration of PGE2 and PGD2.122 Dehydra-
tion of PGE2 leads to PGB2. PGD2 dehydration leads to 
15-deoxy-12,14-prostaglandin J2 (15d-PGJ2). 15d-PGJ2 
has been identified as a high-affinity ligand for the tran-
scription factor PPARγ as well as a less potent activator 
of PPARα and PPARδ.123

There are nine types and subtypes of receptor for 
prostanoids, designated PGD receptor (DP1) and the 
CRTH2 or (DP2), EP1, EP2, EP3, and EP4 subtypes of 
PGE receptor, PGF receptor (FP), PGI receptor (IP), 
and TXA2 receptor (TP).108 All of these prostanoid 
receptors are GPCRs, and their main signal transduc-
tion pathways leads to a rise in intracellular cyclic ade-
nosine monophosphate (cAMP) and/or increases in 
calcium. Their functions and expression are presented 
in Table 10.2.

In addition to their synthesis, extracellular levels of 
PGs also depend on transport processes, which are regu-
lated by PG transporter (an influx transporter) and the 
multidrug resistance-associated protein 4 (an efflux 
transporter).124 Also, inactivation in the cytoplasm can 
occur through hydroxyprostaglandin dehydrogenase 
(also known 15-PGDH). 15-PGDH is highly expressed 
in normal tissues but is lacking in human colon.125 lack 
of 15-PGDH expression in tumors results in increased 
endogenous PGE2 levels.125

10.1.3.2 Genetics of PHS 

Genes Despite their close structural and functional 
similarities, the PHS isozymes are encoded by different 
genes that are differentially regulated, leading to dis-
tinct expression patterns and biological functions. Sheep 
PHS-1 was determined by cDNA cloning in 1989126–128 
followed by cloning and sequence analysis of human 
PHS-1.129 It is located on chromosome 9.129 The human 
and mouse genes for PHS-1 are approximately 22 kilo-
bases (kb) in length with 11 exons and 10 introns and 
are transcribed as a 2.8 kb mRNA. PHS-1 is a glycopro-
tein that in processed form has 576 amino acids with an 
apparent molecular mass of 70 kilodaltons (kDa).

The PHS-1 gene promoter lacks TATA and CAAT 
boxes but is GC-rich, and contains multiple transcrip-

tion start sites.130 These promoter features are usually 
characteristic of housekeeping genes that are constitu-
tively expressed under basal conditions. Within the 5′ 
flanking region of the human PHS-1 promoter there are 
three functional specificity protein 1 (Sp1)-binding sites 
at −610, −111, and −89 relative to the ATG start site. 
Reporter gene assays have demonstrated that the Sp1 
sites at –610 and –111 are functionally important in 
maintaining basal constitutive expression of PHS-1.131 

PHS-2 was discovered in 1991 as a primary response 
gene.132,133 The gene for PHS-2 is approximately 8.3 kb 
long with 10 exons, and is transcribed as 4.6, 4.0, and 
2.8 kb mRNA variants. The human PHS-2 gene is 
located on chromosome 1. The cDNA for COX-2 
encodes a polypeptide that with the signal peptide 
region sequence contains 604 amino acids and shares 
61% homology with the human COX-1 polypeptide.134 
The gene structures of PHS-1 and PHS-2 demonstrate 
conservation of exon–intron junctions.135 unlike PHS-1, 
sequence analysis of the 5′ flanking region of the human 
PHS-2 gene has identified several potential transcrip-
tional regulatory elements, including a peroxisome pro-
liferator response element (PPRE), two cyclic AMP 
response elements (CRE), a sterol response element 
(SRE), two nuclear factor-kappa B (NF-κB) sites, an 
Sp1 site, a CAAT enhancer-binding protein (C/EBP, or 
nuclear factor for interleukin-6 expression [NF-Il6]) 
motif, two activator protein 2 (AP-2) sites, an E-box, 
and a TATA box. The promoter regions of PHS-2 genes 
have sequences of typical immediate early genes such 
as c-fos and c-jun.107,136 

A comparison of the genes for PHS-1 and PHS-2 
showed that the first and last exons differ in size. There 
is a 42-base deletion in exon 1 of the human PHS-2 gene, 
which encodes a smaller signal peptide than the PHS-1 
gene.135 PHS-2 exon 1 encodes the signal peptide region 
and is only 14% identical in amino acid sequence to the 
corresponding exon of PHS-1.137 Furthermore, exon 10 
of the PHS-2 gene has a larger 3′ untranslated sequence 
and a 54-base insert in the protein-coding region, which 
encodes 18 PHS-2-specific amino acids. Exon 3 of the 
human PHS-2 gene contains an additional three-
nucleotide insert, which codes for a proline residue 
absent in exon 4 of human PHS-1.135 For PHS-2, the 
human and mouse genes have similar structures in 
genomic organization. Sequence comparison showed 
the first 200 base pairs (bp) of the human PHS-2 pro-
moter share 67% and 65% identity with that of mouse 
and rat, respectively.138 There are also some interspecies 
differences in the sequences of the human and mouse 
PHS-2 genes. For example, the mouse PHS-2 promoter 
has one NF-κB motif and two C/EBP sites instead of 
the two NF-κB sites and one C/EBP motif found in the 
human PHS-2 promoter. However, for PHS-1, human 
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TABLE 10.2 Prostanoid Receptor Subtypes, Expression, and Functions

Receptor ligand Expression Function

EP
EP1

PGE2 • Cerebral cortex, hippocampus, Purkinje cells
• Kidney, lung, stomach
• Gastrointestinal tract

• Acute signs of inflammation
• Bone formation
• Cerebral blood flow

EP2 • least abundant, inducible
• Neurons in forebrain, hypothalamus
• Induced in uterus, implantation
• low in gastrointestinal tract

• Role in synaptic plasticity
• Role in cerebral blood flow

EP3 • Widely distributed
• Kidney, uterus
• mRNA in neurons of cortex, hippocampus, midbrain
• Monominergic neurons of the substantia nigra 
• Smooth muscle of gastrointestinal tract

• Fever generation

EP4 • Forebrain neurons
• Kidney
• uterus

• Anti-apoptotic effects
• Inflammatory and anti-

inflammatory effects
DP1 PGD2 • low levels in human tissue

• low in lung, stomach, uterus
• leptomeninges of brain

• Immune response
• Sleep Induction

DP2
(CRTH2)

PGD2 • Th2 cell specific 
• lymphocytes

• Allergy
• Chemotaxis

FP PGF2α • High in corpus luteum, ovaries • luteolysis in pregnancy
IP PGI2 • Neurons in dorsal root ganglion

• Megakaryocytes
• Smooth muscle of arteries
• Kidney

• Mediation of pain
• Inflammation
• Vasodilator

TP TXA2 • Vasculature of lung, kidney, heart
• Thymus, Spleen

• Regulation of immunity
• Hemodynamics
• Vasoconstrictor
• Bronchoconstrictor

Sources: References 108, 616–627.

and mouse genes share approximately 60% sequence 
identity in the 230-bp 5′ flanking region.130

A new member of the PHS family, cyclooxygenase-3 
(COX-3), also known as COX-1b, has been identified 
and characterized in canine tissues.139 Canine COX-3 
mRNA is identical to the PHS-1 mRNA, except that the 
intron-1 is retained. In canines, COX-3 is 90 nucleotides 
in length and represents an in-frame insertion into the 
portion of the PHS-1 open reading frame encoding  
the N-terminal hydrophobic signal peptide.139 Since the 
normal start codon resides in exon 1, and the 90-bp 
intron-1 sequence maintains the open reading frame, 
canine COX-3 mRNA creates an enzymatically active 
PHS-1-related peptide containing a 30-amino acid inser-
tion near the N-terminus.139 Recently, COX-3 mRNA 
has been detected in tissues from rat,140 mouse,141 and 
humans.139,142 It does not appear that a full-length, cata-
lytically active form of COX-3 exists in humans. Reten-
tion of intron-1, however, which is 98 bp in rat and 
mouse and 94 bp in human should lead to a shift in the 

reading frame and to the synthesis of a protein very 
different from PHS-1 and possibly without enzymatic 
activity.142 

Transcriptional Regulation In the human PHS-1 pro-
moter there are three functional Sp1-binding sites at 
–610, –111, and –89 relative to the ATG start site. 
Reporter gene assays have demonstrated that the Sp1 
sites at –610 and –111 are functionally important in 
maintaining basal expression of PHS-1.131 Deletion of 
either site leads to a reduction of 50% in basal transcrip-
tion, and with deletion of both sites leading to a reduc-
tion of about 75%. There is an AP-1 site located in 
intron 8 of the PHS-1 gene that is highly conserved 
across species and that interacts with the –111 Sp1 site 
of the promoter to regulate induced expression of 
PHS-1 in MEG-01 cells.143 PHS-1 gene expression is 
controlled and can be upregulated by tumor-promoting 
phorbol esters or growth factors as seen in some cell 
lines (Table 10.3). As discussed previously, the PHS-2 5′ 
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TABLE 10.3 Transcriptional Activation of PHS-1

Activator Cell Type Reference

Tumor promoter
(i.e., PMA)

Epithelial cells
Megakaryoblasts

628

629

Cytokines
(i.e., Il-1β
Il-2
TNFα)

Fibroblasts 630

Growth factors
(i.e., TGFβ
VEGF)

Fibroblasts
Vascular endothelial cells

631

632

Il-1β, interleukin-1β; Il-2; interleukin-2; PMA, Phorbol-12-myristate-
13-acetate; TGF, tumor growth factor; TNFα, tumor necrosis factor 
alpha; VEGF, vascular endothelial growth factor.

untranslated region has many cis-acting regulatory ele-
ments, which suggests complex regulation of the gene 
by a number of signaling pathways, including the 
mitogen-activated protein kinase (MAPK). Depending 
on the cell type and the stimulus, distinct combinations 
of cis-regulatory elements can be utilized to activate 
PHS-2 transcription (Fig. 10.4). PHS-2 inducers of tran-
scriptional activation range from growth factors and 
hormones to shear stress (Table 10.4).

PPARs interfere with the transcriptional activation 
of the PHS-2 gene. Repression by PPARα results from 

Figure 10.4 Cell-dependent PHS-2-activation. The figure 
illustrates the numerous functional regulatory elements in the 
PHS-2 gene promoters that can be involved in the transcrip-
tional regulation of expression when exposed to PMA. Only 
certain of these pathways are operative in individual cell types. 
AP, activator protein; ATF, activating transcription factor; C/
EBP, a CAAT enhancer-binding protein; CRE, cyclic AMP 
response elements; NF-κB, nuclear factor kappa B; PMA, 
phorbol-12-myristate-13-acetate.

TABLE 10.4 Transcriptional Activation of PHS-2

Activator Cell Type Reference

Tumor promoter
(i.e., PMA)

Fibroblasts
Endothelial cells
Epithelial cells
Macrophages
Osteoblasts

633

634

635

634

636

Cytokines
(i.e., Il-1β
TNFα)

Endothelial cells
Fibroblasts

637,638

639,640

Growth factors
(i.e., EGF
PDGF)

Fibroblasts 132

lPS Macrophages
Endothelial cells

641,642

643

Shear stress Osteoblasts
Endothelial cells

644

645

Hormones
(i.e., lH
GnRH)

Granulosa cells 646

Oncogenes
(i.e., v-src)

Fibroblasts 647

EGF, epidermal growth factor; GnRH, gonadotrophin-releasing 
hormone; Il-1β, interleukin-1β; lH, luteinizing hormone; lPS, lipo-
polysaccharide; PDGF, platelet-derived growth factor; PMA, Phorbol-
12-myristate-13-acetate; TNFα, tumor necrosis factor alpha; v-src, 
rous sarcoma virus.

interference with NF-κB signaling pathways. PPARγ 
activated by ligands can block both AP-1 and NF-κB-
mediated gene expression of PHS-2.144 The mechanism 
of glucocorticoid-mediated repression of PHS-2 gene 
expression also involves suppression of AP-1 and 
NF-κB-dependent transcription, but also has posttran-
scriptional mechanisms of repression, possibly involving 
the regulation PHS-2 mRNA stability.145

Posttranscriptional Regulation While the open reading 
frame is conserved in both PHS-1 and -2, the promoter 
or 5′ untranslated region (discussed above) and the 3′ 
untranslated region are divergent. The 3′ untranslated 
region of the PHS-2 mRNA is approximately 1.5 kb 
longer than that of the PHS-1 transcript and contains 23 
copies of the Adenine (A)- and uridine (u)-rich 
AuuuA motif that has been associated with RNA 
instability and may participate in posttranscriptional 
regulation of COX-2 expression.134,137 AuuuA motifs 
may also contribute to the different length of mRNA 
transcripts. PHS-1 contains only 1 AuuuA motif, con-
tributing to stable mRNA.146

The N-terminal active-site region of the exon 
10-encoded polypeptide is similar (57%) between the 
two isoenzymes; however, hCox-2 contains a unique 
18-amino acid insertion in the C-terminal region which 
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PHS-2 show striking similarity with PHS-1.150,151 The 
PHS enzymes are glycosylated, integral membrane pro-
teins with globular catalytic domains. After posttransla-
tional processing in the endoplasmic reticulum, the 
mature PHS-1 and PHS-2 proteins have apparent 
molecular masses of 67–72 kDa and exist as homodi-
mers, which bind 1 mole of heme per mole monomer.

PHS-1 and PHS-2 have many different domains, 
starting from the amino terminus with the signal peptide, 
the epidermal growth factor (EGF)-like region, the 
membrane-binding domain (MBD), and the catalytic 
domain with distinct peroxidase and cyclooxygenase 
sites.152 Each region has important functions and may 
vary between the isozymes as summarized in Table 10.5. 
Additional structural features include dimerization 
domains through which PHS-1 and PHS-2 dimers are 
held together via hydrophobic interactions, hydrogen 
bonding, and salt bridges between the dimerization 
domains of each monomer.150–152 Heterodimerization of 
PHS-1 and PHS-2 subunits does not occur.151

Asparagine (N)-linked polysaccharides are dispersed 
at several points along the polypeptide. Potential sites 
for N-linked glycosylation are conserved at residues 68, 

contains a potential N-linked glycosylation site.137 
COX-1 can be glycosylated at three sites, whereas 
COX-2 has four functional N-glycosylation sites. The 
last glycosylation site of COX-2 (Asn-594) is variably 
glycosylated.137 A role for this addition is not well estab-
lished, but it may be a marker for PGHS-2 for rapid 
proteolysis or provide a signal for subcellular traffick-
ing. Some inducers of PHS transcription can act to sta-
bilize the Au rich regions through activation of the 
c-Jun N-terminal kinases (JNK) and mitogen-activated 
protein kinase kinase kinase (MEKK1) pathways.147,148 
Il-1 and TNF-α, for example, can both activate signal 
pathways and stabilize mRNA of PHS-2 through inter-
action with Au-rich elements, thereby increasing the 
half-life of mRNA from 1 to 4 hours.145,149 Conversely, 
glucocorticoids such as dexamethasone can destabilize 
mRNA, effectively acting as a PHS-2 inhibitor.145

10.1.3.3 Primary  Protein  Structures  of  PHSs  The 
cDNA for PHS-2 encodes a polypeptide that before 
cleavage of the signal sequence contains 604 amino 
acids, and is 61% identical to the sequence of the human 
PHS-1 polypeptide.134 Crystallographic structures of 

Table 10.5 Comparison of Domain Regions of PHS-1 and 2152

Domain Function Isozyme Differences

Amino terminal
signal peptide

• Directs polypetides to lumen of ER 
and nuclear envelope

• 57–65% conserved between human 
and mouse152

• length: 22–26 aa (PHS-1)
17 aa (PHS-2)

• larger hydrophobic core in PHS-1 and translocates faster to 
ER compared to PHS-2133

Epidermal growth 
factor (EGF) 
domain

• 50 aa at the N terminus
• Has 3 disulfides interlocking
• 1 disulfide linking Cys37 to Cys159 

to attach EGF domain to the 
catalytic domain

• Highly conserved in both PHSs

Membrane-binding 
domain (MBD)

• Anchors enzyme to lipid bilayer
• Forms the mouth of a hydrophobic 

channel that leads to the cox site

• Amino acid sequence sharing only 33% identity in this 
region between isozymes

Catalytic domain • 80% of the protein contains the 
cyclooxygenase and peroxidase sites

• Ile-523 in PHS-1 is a valine in PHS -2.
• Ile-434 in PHS -1 is a valine in PHS-2.

Cyclooxygenase • Converts AA to PGG2 via 
oxygenation reactions

• Increases the volume of the PHS-2 cyclooxygenase site by 
25% over that in PHS-1151

• His 513 in PHS-1 is an Arg in PHS-2 and is required for the 
time-dependent inhibition of PHS-2150

• PHS-2 competes more effectively arachidonic acid165

• Arg120 critical residue for arachidonic acid binding in 
PHS-1, unessential in binding substrate in PHS-2648

Peroxidase • Reduces PGG2 to PGH2
• Contains heme prosthetic group

• low conservation of side chain structure near the peroxidase 
site in residues 445–457

• Structural stability of the peroxidase active site greater in 
PHS-1 than in PHS-2649

• PHS-1 catalyzes a two-electron reduction of hydroperoxidase 
substrates almost exclusively, whereas PHS-2 catalyzes 60% 
two-electron and 40% one-electron reductions160
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104, 144, and 410 in PHS-1; PHS-2 lacks the site at 104 
but has two additional consensus sites in the C-terminal 
insert at residues 579 and 591 (murine PHS-2 number-
ing).153 Glycosylation of asparagine 410 in PHS-1 is 
essential for cyclooxygenase and peroxidase activities, 
probably by promoting proper protein folding.153 Block-
ing glycosylation destroys the activity of both isoforms. 
At the carboxy terminus of the catalytic domain of 
PHS-1 and PHS-2 are sequences that act as a signal for 
retention of proteins in the lumen of the endoplasmic 
reticulum and nuclear envelope. PHS-2 appears to  
be relatively more concentrated within the nuclear 
envelope.154–156 The major isozyme differences in the 
primary structure are that PHS-2 has a shorter signal 
peptide and an 18-amino acid C-terminal insertion. 
Deletion of the entire insertion site has little effect on 
the cyclooxygenase activity of human PHS-2.157 The 
catalytic domain also contains a major structural land-
mark called the Arg277 loop, which when cleaved 
destroys peroxidase activity in PHS-1 but not in PHS-2. 
The primary sequence in the Arg277 loop region is 
much less conserved between the isoforms than in the 
overall sequence, with only 25% identity between the 
human isoforms.152 

10.1.3.4 PHS Enzymology  PHS-1 and PHS-2 contain 
both cyclooxygenase and hydroperoxidase activity and 
are involved in AA metabolism as discussed previously. 
The peroxidase reaction occurs at a heme-containing 
active site located near the protein surface, while the 
cyclooxygenase reaction occurs in a hydrophobic 
channel in the core of the enzyme. An activated cyclo-
oxygenase component with a crucial tyrosyl radical at 
Tyr385 is required to initiate hydrogen abstraction from 
AA.158 The Tyr385 radical is actually formed through a 
process dependent on the hydroperoxidase activity of 
PHS (Fig. 10.5).158 The first step involves a two-electron 
reduction of the hydroperoxide substrate to the alcohol 
product, which is supported by the two-electron oxida-
tion of the resting ferric heme (FeIII) to a oxyferryl 
(FeIV) protoporphyrin cation radical (Compound 1) 
(Fig. 10.5).159 The process of a 1-electron reduction 
of the protoporphyrin cation radical leads to an oxyfer-
ryl group (FeIV) plus a neutral protoporphyrin IX 
(Compound 2) and a Tyr385 tyrosyl radical in the cyclo-
oxygenase active site.107,160–163 The first step of the cyclo-
oxygenase reaction is then the hydrogen abstraction 
from C13 of AA to form a radical involving C11–C15 (Fig. 
10.5). O2 is attacked by the C11 radical, and cyclization 

Figure 10.5 Cyclooxygenase and peroxidase catalysis by PHSs. A two-electron oxidation of the heme group by a hydroperoxide 
leads to compound I with iron as Fe4+ and protoporphyrin as a cation radical. This radical oxidizes 385Tyr of cyclooxygenase 
generating a protein tyrosyl radical. This leads to hydrogen abstraction from C13 of AA to form a radical involving C11–C15. 
Through cyclization reactions and 2O2 additions, PGG2 is formed and as in step 1 of the peroxidase reaction, hydroperoxidase 
site reduces PGG2 to the corresponding alcohol, PGH2. Fe3+ PPIX, ferric iron protoporphyrin IX (heme); ROOH, alkyl hydro-
peroxide; ROH, alcohol; AA, arachidonic acid; Fe4+ = O PPIX, oxyferryl heme; Compound I, an oxyferryl group (Fe(IV) = O) 
plus a protoporphyrin IX radical cation; intermediate II, an oxyferryl group plus a neutral protoporphyrin IX plus a Tyr385 tyrosyl 
radical; compound II, an oxyferryl group plus a neutral protoporphyrin IX; intermediate III, a spectral intermediate of a heme 
group with a protein radical located on an amino acid side chain other than Tyr385. (Adapted from Prostaglandins Other Lipid 
Mediat. 2002, 68–69, 115–128. Copyright 2002 Elsevier.)
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forms a 9,11-dioxo bridge and leaves a carbon-centered 
radical at C8. Cyclization then occurs between C8 and 
C12 to generate an allyl radical at C15, in which a second 
O2 can give rise to a hydroperoxy radical at C15. The 
PGG2 radical is reduced to form PGG2.107,160–164 The 
hydroperoxidase site reduces PGG2 to the correspond-
ing alcohol, PGH2, and the process can regenerate 
tyrosyl radicals. However, these radicals can also cross-
link and lead to inactivation of PHSs. It is during the 
process of reduction that one- or two-electron oxidation 
of endogenous and exogenous compounds can occur 
(discussed later).

The hydroperoxidase activity can function indepen-
dently of ongoing cyclooxygenase catalysis. In contrast, 
the cyclooxygenase reaction is peroxide-dependent and 
requires that the heme group at the hydroperoxidase 
site undergo a two-electron oxidation to form the tyrosyl 
radical.160 In vitro studies have shown that the catalytic 
sites of the cyclooxygenase and hydroperoxidase are 
active for less than 2 minutes, which may be due to the 
various radicals formed and their involvement in enzyme 
inactivation through internal protein cross-linking.161,165

In terms of kinetic properties, PHS-1 and PHS-2  
have similar Km values for arachidonate (5 μM) and O2 
(5 μM).107,166,167 Cyclooxygenase turnover rates (3500 
mol/min of arachidonate per mole of dimer) are similar 
as well.166 There are, however, some isozyme-dependent 
substrate specificities. AA with its 20-carbon chain and 
four cis double bonds (i.e., 20:4) is a fatty acid substrate 

for oxygenation, and 20:3 is 30–50% as effective as 
20:4.167 For COX-1, 18:2 and α-18:3 are poor substrates, 
but they are better substrates for COX-2.167 Both sub-
strates are converted to monohydroperoxide products. 
Furthermore, the concentration of peroxide needed to 
activate and sustain cyclooxygenase activity was approx-
imately 2 nM for COX-2 and 20 nM for COX-1; there-
fore, COX-2 may be catalytically active at much lower 
concentrations of hydroperoxide.168 The catalytic activi-
ties of PHS-1 and PHS-2 isozymes also respond differ-
ently to acetylsalicylic acid (ASA, aspirin) treatment, 
where the cyclooxygenase activity of PHS-1 was com-
pletely inhibited, whereas ASA-treated COX-2 converted 
AA to 15-HPETE reduced to 15-HETE.169 ASA treat-
ment leads to acetylation of the serine residue in the 
cyclooxygenase active site that block PHS-1 oxygenation, 
but the larger active site in PHS-2 allows AA to bind 
after ASA treatment. The presence of the acetyl group 
alters the conformation of the AA so that the product 
of oxygenation is 15-HPETE rather than PGG2.169,170 

10.1.3.5 Inhibition of PHSs  The main PHS inhibi-
tors are the nonsteroidal anti-inflammatory drugs 
(NSAIDs) (Fig. 10.6). In 1971, John Vane used a cell-
free homogenate of guinea pig lung to demonstrate  
that aspirin, indomethacin, and salicylate, all popular 
NSAIDs, were inhibitors of PHS, which constituted the 
mechanism of action of these drugs.171 These classical 
PHS inhibitors are not selective and inhibit both PHS-1 

Figure 10.6 Examples of PHS inhibitors. Aspirin is a covalent modifier of PHS-1 and PHS-2. Indomethacin is a time-dependent 
PHS inhibitor. Selective PHS-2 inhibitors are celecoxib, rofecoxib (Vioxx), and DuP-697 while SC-560 is a selective PHS-1 
inhibitor.
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compounds to enter and be stabilized in the catalytic 
pocket of the COX component of PHS.150,180 However, 
because these drugs lack a carboxyl group, stabilization 
of binding for both of these drugs does not require 
Arg120. Instead, the combination of hydrophobic and 
hydrogen bonding interactions stabilizes binding. Spe-
cifically, the selective, time-dependent inhibition of 
PHS-2 is due to the insertion of the methylsulfonyl or 
sulfonamide group of the inhibitor past Val-523 in 
PHS-2 and into the side pocket. This is precluded in 
PHS-1 by the extra steric bulk of Ile-523.180,181 The 
sulfur-containing phenyl rings of these drugs bind into 
the side pocket of the cyclooxygenase catalytic channel 
of PHS-2 but interact weakly with the active site of 
PHS-1.150

Previously it was believed that the inhibition of 
PHS-2 mediated the therapeutic actions of NSAIDs, 
while the inhibition of PHS-1 caused unwanted side 
effects, particularly in the gastrointestinal tract. PHS-1 
is the major PHS isoform expressed in platelets and 
gastric mucosa. NSAID toxicity in the gastrointestinal 
mucosa, leading to ulceration and bleeding, is the result 
of inhibition of PHS-1 activity in platelets and a reduc-
tion in prostanoids important for protecting the stomach 
from erosion and ulceration.182 Coxibs selective for 
PHS-2 were developed to reduce the incidence of 
serious upper gastrointestinal toxicity associated with 
the administration of nonselective NSAIDs, and hence 
inhibition of PHS-1-derived prostanoids. However, the 
reduced incidence of serious gastrointestinal adverse 
effects compared to nonselective NSAIDs has been 
countered by an increased incidence (i.e., 1% in placebo 
group vs. 3.4% in celecoxib group) of myocardial infarc-
tion and stroke detected in placebo-controlled trials 
involving celecoxib and rofecoxib.183,184 Therefore, 
chronic administration of the selective PHS-2 inhibitors 
for prophylactic purposes may also carry certain risks.

10.1.3.6 Cellular Localization and CNS Expression 
of PHSs  PHS-1 is a constitutive isoform that is widely 
distributed in various cell types and is thought to 
mediate physiological responses. PHS-2 is rapidly 
induced in several cell types in response to various 
stimuli, such as neuronal activity, cytokines, and proin-
flammatory molecules.185–187 Both PHS-1 and PHS-2 are 
expressed under physiological conditions in some 
organs, such as brain, kidney, heart, liver, spleen, and 
small intestine.187,188 PHS-1 can also be induced during 
T-cell development.189 Several lines of evidence suggest 
that PHS-1 also has a role in inflammation and, like 
PHS-2, can be upregulated in certain conditions (see 
later discussion).

In the human brain, PHS-1 mRNA has been found 
in regions including the hippocampus, midfrontal cortex, 

and PHS-2. They also target the cyclooxygenase compo-
nent of PHS. NSAIDs are widely prescribed as analge-
sics and anti-inflammatory agents.

There are different classes of PHS inhibitors.172 The 
differences among them are based on their selectivity 
for the different isozymes, PHS-1 and PHS-2.173 These 
classes are (1) ASA: shown to trigger a covalent acetyla-
tion in the enzyme, irreversibly blocking its activity; (2) 
competitively acting NSAIDs such as indomethacin, 
naproxen, and ibuprofen; and (3) PHS-specific inhibi-
tors (coxibs).172–174

ASA is a covalent modifier of PHS-1 and PHS-2 as 
it acetylates serine 530 of PHS-1.175,176 As mentioned 
previously, because the catalytic pocket of the channel 
in cyclooxygenase is larger in PHS-2 than in PHS-1, 
access of ASA to the Ser530 of PHS-2 is reduced due 
to a lack of stabilization in the binding pocket, and 
acetylation efficiency in PHS-2 is limited. This accounts 
for the lowered sensitivity of PHS-2 compared with 
PHS-1 to inhibition by ASA.175,176 Therapeutically, this 
10- to 100-fold greater selective inhibition of PHS-1 
over PHS-2 by low-dose aspirin is employed in the pro-
phylactic treatment of thromboembolic disease and 
myocardial infarction as ASA can inhibit PHS-1 in 
platelets and the vascular endothelium at low doses.177 
Another PHS-1-specific inhibitor is SC-560.

Other NSAIDs inhibit PHS-1 and PHS-2 by compet-
ing with AA for binding in the COX active site. However, 
NSAIDs significantly differ from each other in whether 
they bind the COX active site in a time-dependent or 
independent manner. Some NSAIDs like ibuprofen 
have very rapid reversible binding and therefore are not 
time dependent.178 Conversely, NSAIDs such as indo-
methacin and diclofenac are time dependent, in that 
they require typically seconds to minutes to bind the 
COX active site. Once bound, however, these drugs 
typically bind with high affinity and may require hours 
to be washed out of the active site.178 Carboxyl-
containing NSAIDs form a salt bridge between the car-
boxylate of the NSAID and the Arg120 moiety, which 
provides a positive charge that binds the negative 
charges of carboxylic acid substrates.175,179 These inhibi-
tors block entry of AA to the COX active site.

Selective inhibitors of PHS-2 were introduced in 
1999. The first NSAIDs to be introduced as selective 
PHS-2 inhibitors were celecoxib (Celebrex) and rofe-
coxib (Vioxx). In place of the carboxyl group of the 
NSAIDs, the structure of celecoxib contains a sulfon-
amide group and that of rofecoxib contains a methyl-
sulfone, as does DuP-697.150,180 Each of these compounds 
is a weak time-independent inhibitor of PHS-1 but a 
potent time-dependent inhibitor of PHS-2. like time-
dependent carboxyl-containing NSAIDs, time depen-
dence for celecoxib and rofecoxib requires these 
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amygdala, substantia nigra, thalamus, occipital cortex, 
motor cortex, caudate, and the cerebellum.188 PHS-1 
protein is constitutively expressed in both glia and 
neurons. For example, PHS-1 immunoreactivity was 
present in microglial cells in gray and white matter in 
the hippocampus and cortex.190,191 In rat and ovine brain, 
PHS-1 immunoreactivity is enriched in midbrain, pons, 
and medulla.192

Mouse peripheral dorsal root ganglion neurons  
also appear to constitutively express PHS-1 exclusively, 
and lack detectable PHS-2 expression, either under 
basal conditions or during peripheral inflammatory 
states.193 Recent studies also have indicated a proinflam-
matory role of PHS-1 in the pathophysiology of acute 
and chronic lPS-induced neurotoxicity and brain 
injury,194–197 and have found increased PHS-1 immu-
nopositive microglia in association with amyloid plaques 
in AD.190,191,198

Several studies have shown the presence of PHS-2 
mRNA and protein in different brain regions such as 
cerebral cortex, substantia nigra, caudate, thalamus, hip-
pocampus, and amygdala.187,188,199 PHS-2 immunoreac-
tivity is localized to the perinuclear regions and seems 
to be primarily neuronal.187,188,190,200,201 It may not be 
detected in glia under physiologic conditions, except in 
radial glia of the spinal cord.202 However, astrocytes and 
microglia can express PHS-2 after exposure to proin-
flammatory mediators in vitro or following CNS injury 
in vivo.201,203,204 In hippocampal and cortical glutamater-
gic neurons, PHS-2 has a central role in synaptic activity 
and long-term synaptic plasticity.192,199,205 Within neurons, 
PHS-2 immunoreactivity has been localized to postsyn-
aptic sites and dendritic and axonal domains of 
neurons.199 The dendritic spine is a neuronal structure 
that can modulate large fluctuations in calcium and is 
believed to function in altering the efficiency of trans-
mission at excitatory synapses. The level of neuronal 
PHS-2 expression within the CNS appears to be coupled 
to excitatory neuronal activity as PHS-2 protein expres-
sion in the brain and spinal cord is upregulated by 
seizure activity and peripheral inflammation.187,206,207

10.1.3.7 PHS  in  ROS  Generation,  Aging,  and 
Neurotoxicity  As discussed previously, co-oxidation 
of endogenous and exogenous substrates can occur 
during the catalytic process of PG biosynthesis by PHSs. 
When the hydroperoxidase site reduces PGG2 to the 
corresponding alcohol, PGH2, the process can generate 
tyrosyl radicals and 1- or 2-electron oxidation of endog-
enous and exogenous compounds (Fig. 10.7A).208 
Peroxyl radical-mediated bioactivation can also result 
when there is a direct transfer of the hydroperoxide 
oxygen to the co-substrate. This occurs during the bio-
activation of compounds such as aflatoxin B1 and 

Figure 10.7 Mechanisms of PHS bioactivation of substrates. 
(A) In peroxidase-mediated bioactivation, as ROOH (hydro-
peroxide) is reduced to ROH, cosubstrate (AH) can be oxi-
dized to a free radical (A.). (B) In peroxyl radical-mediated 
bioactivation, the peroxyl radical generated from cyclooxy-
genase (ROO.) can transfer oxygen to the substrate (X). (C) 
A cosubstrate-derived oxidant can be formed as the substrate 
free radical can trap then transfer oxygen to other compounds. 
Adapted from reference 745.
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benzo[a]pyrene-7,8-dihydrodiol, the latter of which is 
bioactivated to the reactive 9,10-epoxide intermediate 
that is the proximate carcinogen (Fig. 10.7B).208–210 Com-
pounds can also be oxidized by PHS to C, N, or S free 
radicals that trap O2 forming peroxyl radical; for 
example, retinoic acid is oxidized to carbon-centered 
radicals that react with O2 to form peroxyl free radicals 
(Fig. 10.7C). Peroxyl radicals are stable oxy radicals and 
are able to diffuse some distance from the site of their 
generation to form ROS and lead to toxicity.208,209 A 
phenylbutazone carbon-centered radical can be formed 
by PHS hydroperoxidase,211 and heterocyclic amines 
can be bioactivated by PHS to oxide intermediates that 
covalently bind to DNA, which can initiate cancer.212 

As shown in Figure 10.8, one-electron oxidations of 
endogenous or exogenous substrates can lead to forma-
tion of free radicals that generate ROS and oxidize 
macromolecules such as protein, lipid, RNA, or DNA.213 
A variety of reducing compounds can serve as peroxi-
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Figure 10.8 Postulated bioactivation of endogenous substrates to a free radical intermediate by PHS which generates ROS to 
activate Nrf2. Cyclooxygenase and hydroperoxidase are the components of PHS. Arachidonic acid released from membrane 
phospholipids by phospholipase A2 serves as the co-substrate in the cyclooxygenase-dependent pathway, generating a hydroper-
oxide (PGG2), which can then be reduced by hydroperoxidase to an alcohol. In the peroxidase pathway, xenobiotics or endogenous 
compounds may serve as the reducing co-substrate, themselves being oxidized to a reactive free radical intermediate that can initi-
ate the formation of reactive oxygen species (ROS) including superoxide anions (O2

•–), hydrogen peroxide (H2O2) or hydroxyl 
radicals (HO•). If ROS are not detoxified by enzymes such as superoxide dismutase (SOD) or catalase, they can oxidatively 
damage cellular macromolecules and/or alter signal transduction, thereby causing irreversible damage and neurotoxicity. Nrf2, 
nuclear factor erythroid 2-related factor 2; PGG2, prostaglandin G2, PHS, prostaglandin H synthase. Modified from References 
222 and 615.

dase co-substrates for PHS-1 and PHS-2, promoting 
conversion of peroxide activators to the corresponding 
alcohols.214 Addition of aromatic amines, phenols or 
hydroquinones, epinephrine, melatonin, and serotonin 
(SE) facilitate the conversion of PGG2 to PGH2.214,215 
These can lead to free radical formation only when 
peroxidase reductants react via a one-electron transfer. 
Phenols, catechols, and amines are good substrates for 
PHS, and many neurotransmitters, their precursors, and 
metabolites contain these functional groups. The neu-
rotransmitter DA can be converted to a reactive quinone 
that can covalently bind to DNA and protein sulfhydryl 
groups.216,217 DA quinones can also undergo one-electron 
reductions catalyzed by NADPH cytochrome P450 
reductase (Fig. 10.9).218 This reaction can create a redox 
cycling process with oxygen, leading to the formation of 
ROS.218 NAD(P)H quinone oxidoreductase 1 (NQO1) 
can catalyze two-electron reductions hence preventing 
semiquinone radicals. Aside from binding covalently to 
protein and DNA, these compounds are able to gener-

ate ROS that react with DNA to form over 20 types  
of macromolecular lesions,219 including the oxidation of 
2′-deoxyguanosine in DNA by hydroxyl radicals to 
form 8-oxo-2′-deoxyguanosine (8-oxodG).213 To deter-
mine the potential contribution of PHS-dependent 
ROS formation, the neurotransmitter DA or its precur-
sor and metabolites were incubated in vitro with puri-
fied ovine PHS-1 and calf thymus DNA. DA, its 
l-dihydroxyphenylalanine (l-DOPA), precursor, and its 
dihydroxyphenylacetic acid (DOPAC) metabolite 
(Figure 10.10) were excellent PHS-1 substrates, result-
ing in PHS-1-dependent ROS formation that initiated 
oxidative DNA damage, selectively quantified as 
8-oxodG. Most substrates generated isotropic electron 
spin resonance (ESR) spectra with a resolved hyperfine 
structure attributable to ortho-semiquinone free radical 
intermediates upon autoxidation at pH 6, with up to an 
18-fold increase via horseradish peroxidase (HRP)-
catalyzed oxidation. Remarkably, HRP-mediated oxida-
tion of DOPAC and dihydroxymandelic acid (DHMA) 
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produced asymmetric ESR spectra characteristic of an 
immobilized radical, possibly due to free radical inter-
mediates and melanin or melanin-like polymers. These 
results show that the precursors and metabolites of endog-
enous neurotransmitters, while inactive in receptor-
binding assays, may actually play an important role in 
free radical formation. Additionally, ROS generated by 
PHS-catalyzed bioactivation produce oxidative DNA 
damage in the CNS, which may initiate neurodegenera-
tion associated with aging.220 The biological consequences 
of PHS-catalyzed neurotransmitter bioactivation were 
evaluated in cells expressing human PHS-1 (hPHS-1) or 
hPHS-2. hPHS-1 and hPHS-2 cells incubated with DA, 
l-DOPA, DOPAC, or homovanillic acid (HVA) exhib-
ited increased cytotoxicity compared to untransfected 
cells, and cytotoxicity was increased further by exoge-
nous AA, which increased hPHS activity. Preincubation 
with catalase, which detoxifies ROS, or acetylsalicylic 
acid, an inhibitor of hPHS-1 and hPHS-2, reduced the 
cytotoxicity caused by DA, l-DOPA, DOPAC, and 
HVA in hPHS-1 and hPHS-2 cells both with and without 
AA. Protein oxidation was increased in hPHS-1 and 
hPHS-2 cells exposed to DA or l-DOPA, and further 
increased by AA addition. DNA oxidation was enhanced 
earlier and at lower substrate concentrations than 
protein oxidation in both hPHS-1 and hPHS-2 cells by 
DA, l-DOPA, DOPAC, and HVA, and further enhanced 
by AA addition. hPHS-2 cells appeared more suscepti-
ble than hPHS-1 cells, while untransfected CHO-K1 
cells were less susceptible. Thus, isozyme-specific, hPHS-
dependent oxidative damage and cytotoxicity caused by 
neurotransmitters, their precursors, and metabolites 
may contribute to neurodegeneration associated with 
aging.221

Figure 10.9 Oxidation of aminochrome by NADPH-cytochrome P450 reductase and NQO1. NADPH-cytochrome P450 reduc-
tase catalyzes one-electron reduction of aminochrome to o-semiquinone which is very reactive. The continuous NADPH oxidation 
and oxygen consumption leads to autoxidation. Aminochrome o-semiquinone autoxidize by reducing oxygen to superoxide radi-
cals giving rise a redox cycling. NQO1 catalyzes two-electron reduction of aminochrome to o-hydroquinone.

•− •−

The amphetamines methamphetamine (METH, 
Speed), 3,4-methylenedioxymethamphetamine (MDMA; 
Ecstasy), and its major metabolite 3,4-methylenedioxy-
amphetamine (MDA) can be bioactivated by mouse 
brain PHS-1 to free radical intermediates that generate 
ROS and oxidatively damage brain DNA leading to 
neurodegeneration.3,4 Also, PHS-catalyzed bioactiva-
tion, ROS formation, and embryonic DNA oxidation 
have been implicated in the teratogenicity of numerous 
xenobiotics including phenytoin, thalidomide, benzo[a]
pyrene, and METH.222–227 

There are several methodological issues of impor-
tance in determining the in vivo relevance of PHS-
catalyzed bioactivation. The first is that bioactivation by 
the COX-2/COX-1 ratio for a particular xenobiotic or 
endobiotic will vary according to whether it is measured 
in intact cells, cellular homogenates, purified enzymes, 
or recombinant proteins expressed in bacterial, insect, 
or animal cells.152,212,228,229 Secondly, the adverse conse-
quences of PHS-catalyzed bioactivation also varies 
when measured in different types of cells derived from 
various species depending on their potential for antioxi-
dative processes and repair.192,196,223,229,230a To investigate 
the role of PHS-mediated bioactivation of amphet-
amines, cells expressing hPHS-1 or hPHS-2 were used 
as described above. Both METH and MDA (250 uM– 
1000 uM) caused concentration-independent cytotoxic-
ity in hPHS-1 cells, suggesting maximal bioactivation at 
the lowest concentration. In hPHS-2 cells, with half the 
activity of hPHS-1 cells, METH (250 uM–1000 uM) 
cytotoxicity was less than that for hPHS-1 cells, but was 
increased by exogenous AA, which increased hPHS 
activity. While 10 uM MDA and METH were not cyto-
toxic, at 100 uM both analogs caused AA-dependent 
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and drug concentration-dependent increases in cytotox-
icity and DNA oxidation in both hPHS-1/2 cells. The 
hPHS-2 isozyme appeared to provide more efficacious 
bioactivation of these amphetamine analogs at lower 
concentrations. Acetylsalicylic acid, an irreversible 
inhibitor of both hPHS-1 and hPHS-2, blocked cyto-
toxicity and DNA oxidation in both cell lines, and 
untransfected CHO-K1 cells lacking PHS activity were 
similarly resistant. Accordingly, isozyme-dependent 
hPHS-catalyzed bioactivation of METH and MDA can 
cause oxidative macromolecular damage and cytotoxic-
ity, which may contribute to their neurotoxicity.230b

10.1.3.8 PHS  in  Neurodegenerative  Diseases  A 
number of studies have investigated the expression of 
PHSs in neurodegenerative diseases, especially those 
involving extensive neuroinflammatory effects that are 
thought to be mediated by PHS-2 (Table 10.6). ROS 
generation and downstream effectors (i.e., PG and/or 
TX synthases and their respective receptors) that are 
responsible for the deleterious and/or protective effects 
of PHS activation in neurodegenerative diseases remain 
an area of active research. However, research on the 
expression of PHS in neurodegenerative diseases have 
been conflicting, for example in some cases showing 
PHS induction or decreases in lesions of AD.190,198,231 Of 
particular interest are the use of NSAIDs and specific 
PHS-2 inhibitors and their potential neuroprotective 
effects. The use of NSAIDs to slow pathology of neuro-
degenerative diseases or aid in prevention of cognitive 
decline has been inconsistent. COX-2 inhibitor rofe-
coxib failed to slow cognitive decline in patients with 
mild-to-moderate AD.232 In contrast, others showed 
that cyclooxygenase-2 inhibition improves β-amyloid-
associated suppression of memory and synaptic plastic-
ity.233 The observed inconsistencies may be due to any 
or all of the following: (1) Treatment of neurodegenera-
tive diseases may require long-term prophylactic dosing, 
and PHS-2 inhibitors are associated with increased car-
diovascular toxicities as discussed previously. (2) The 
protective effects of NSAIDs may be via non-PHS-
inhibitory mechanisms, such as activation of PPARs or 
through second messenger systems, suggesting that 
selective inhibition of COX-2 may not be the optimal 
therapeutic strategy.234 (3) Furthermore, treatment may 
need to change as the disease progresses as the stage of 
the disease may modulate protein expression. (4) The 
observed variability in PHS expression in the studies 
may be related to disease stage as well.

PHS has been shown to be involved with many neu-
rodegenerative diseases as investigated in both patients 
and using animal models (Table 10.6). AD is the most 
common cause of dementia with neurodegeneration in 
the elderly. It is clinically characterized by a progressive 

memory loss and other cognitive impairments. The char-
acteristics of AD include deposits of amyloid fibrils in 
senile plaques, presence of abnormal tau protein fila-
ments in neurofibrillary tangles, and extensive neuronal 
degeneration and loss in regions such as the frontal 
cortex and hippocampus. AD brains also exhibit several 
additional pathological abnormalities, including reac-
tive gliosis, microglial activation, and chronic inflamma-
tory processes.188,235 Recently β-amyloid-induced neuronal 
apoptosis has been associated with COX-2 upregulation 
directly through the activation of NF-κB.234 Generally, 
chronic therapy with the PHS-2 inhibitors rofecoxib or 
naproxen do not aid in decreasing cognitive decline; 
however, nonselective PHS inhibitors may prove 
helpful.232,236

MS is a demyelinating disease of the brain character-
ized by perivascular infiltration of lymphocytes and 
macrophages into the brain. Glutamate-mediated exci-
totoxic death of oligodendrocytes has also been reported 
to contribute to the pathogenesis of demyelinating dis-
eases.237,238 Since inflammation is associated with demy-
elination, oligodendrocyte death, axonal damage and, 
ultimately, neuronal loss, numerous studies have inves-
tigated a potential role for PHS (Table 10.6).

PD is a neurodegenerative disorder that results in the 
loss of dopaminergic transmission in the substantia nigra 
and striatum, which leads to rigidity, resting tremors, and 
slowness of movement. Idiopathic PD accounts for the 
majority (>90%) of the cases. The remaining cases are 
mostly familial PD forms that are correlated with muta-
tions of genes such as synuclein and parkin.239 Idiopathic 
PD, unlike the familial form occurring earlier, usually 
begins in the fifth decade of life and progresses over 
long periods of time (10–20 years). Biochemical analy-
ses have implicated mitochondrial dysfunction as a 
mechanism in idiopathic cases of PD.240 Since PD pro-
gression has an inflammatory pathology, a potential role 
for PHS has been investigated (Table 10.6).

AlS is characterized by the progressive loss of motor 
neurons, typically resulting in death within 5 years of 
onset. It has been suggested that inflammatory-related 
processes may promote motor neuron death. Although 
the sporadic form of AlS is the most frequent, 5–10% 
of cases are familial, being associated with several genes. 
Missense mutations in the gene encoding for the Cu,Zn 
superoxide dismutase (SOD1) account for a familial 
form of AlS linked to chromosome 21q and present in 
20% of the inherited cases.241 Mutant SOD1 produces 
motor neuron injury by a toxic gain of function and 
several hypotheses exist, including aberrant free radical 
handling, abnormal protein aggregation, and increased 
susceptibility to excitotoxicity, although the exact mech-
anism of action is unclear.242 Transgenic mice expressing 
the human mutant SOD1 with a phenotype that mimics 



TABLE 10.6 Summary of PHS-Mediated Effects in Neurodegenerative Diseases

Disease/Model PHS-Mediated Evidence References

Multiple Sclerosis (MS)
• MS patients • PHS-2-positive cells were present in all chronic active lesions

• Associated with cells expressing the macrophage/ microglial marker CD64, 
associated with activated macrophages

• Possible oligodendroglial excitotoxic death

650, 651

• Mouse experimental 
autoimmune 
encephalomyelitis (EAE)

• PHS-2 expression is confined within infiltrating macrophages
• PHS-2 induction in astrocytes during relapse phase
• PHS inhibitor indomethacin suppressed active EAE

652

653

• Rat model of delayed-
type hypersensitivity 
leading to demyelination

• PHS-2 expression was restricted to major infiltrating neutrophils and phagocytes
• Macrophages and/or endothelial cells near lesion
• Neuronal PHS-2 not affected
• No obvious PHS-2 staining in astrocytes and microglia

654

Alzheimer’s disease (AD)
• Patients with AD

• PHS-2 mRNA levels reported as either decreased or increased
• Increased PHS-2 in neurons
• PHS-2-positive neurons decreased with the severity of dementia

190,191,655,656

• Early AD, an increase in PHS-2
• PHS-1 expressed by microglial cells in association with amyloid deposits
• Increased PHS-1

657,658

191,659

• PHS-2 inhibitors (rofecoxib or naproxen) failed to slow cognitive decline
• NSAIDs decrease the severity of cognitive symptoms
• Indomethacin appeared to protect the degree of cognitive decline

232,236

660,661

• Mouse models (i.e., 
overexpressing amyloid 
precursor protein [APP])

• PHS-2 inhibitors may protect against AD by blocking the PHS-2-mediated PGE2 
response at synapses

233

• Overexpressing human PHS-2 show an increase in amyloid plaques 662

• Amyloid plaques are surrounded by a few PHS-2 immunoreactive astrocytes 663

• A subset of NSAIDs, such as ibuprofen, have been shown to reduce serum levels 
of amyloid, a primary component of senile plaques in AD

664

• Celebrex (PHS-2 inhibitor) did not decrease amyloid load in APP transgenic mice 665

• Indomethacin, but not nimesulide, showed a significant reduction in the amyloid 
burden

666

Parkinson’s disease (PD)
• PD patients • Increased expression of PHS-2 in activated microglial cells in the substantia nigra

• unchanged neuronal and astroglial PHS-2 expression
• Moderate PHS-1 immunoreactivity in neurons and glia

667

• PD patients
Postmortem analysis

• PHS-2 is specifically induced in substantia nigra dopaminergic neurons 668

• PD mouse models 
(MPTP) rodent model

• PGE2 levels were increased in both human and mouse tissues 668,669

• PHS-2 KO mice exhibited resistance to dopaminergic neuron degeneration due to 
MPTP

670

• Increased levels of PHS-2 generates toxic dopamine-quinone species leading to 
dopaminergic neuronal degeneration in substantia nigra neurons

669

• Selective PHS-2 inhibitor rofecoxib and paracoxib neuroprotective effect on 
tyrosine hydroxylase expression, motor and cognitive functions in MPTP-rat 
model

671

Amyotrophic lateral 
sclerosis (AlS)

• AlS patients 
postmortem analysis

• PHS-2 mRNA and protein were increased in spinal cords, localized to both 
neurons and glial cells

672

• AlS patients • Increased levels of PGE2 in the CSF 673,674

• Celecoxib for 12 months to AlS subjects did not slow the decline in muscle 
strength or affect survival

675

• AlS mouse model (i.e., 
transgenic expressing 
human mutated SOD1)

• PHS-2 mRNA and protein were increased in spinal cords, localized to both 
neurons and glial cells

676

• Celecoxib delayed the onset of disease, reduced spinal neurodegeneration and 
glial activation

677

• PHS-1 KO does not improve preservation of motor neurons and survival of 
transgenic mutant mice

678

• Selective PHS-2 inhibitors (e.g., celecoxib and rofecoxib) improve motor 
performance, extend survival, and reduce CSF levels of PGE2

679

• Nimesulide decreased spinal cord PGE2 levels and delayed the onset of AlS type 
motor impairment in mice

680

• Nimesulide did not affect the onset of end-stage disease
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clinical and pathological characteristics of the human 
disease have been developed and have been used to 
study PHS-mediated effects (Table 10.6).

10.1.4 Amphetamines

10.1.4.1 History and Uses  The amphetamine analogs 
MDMA (Ecstasy), MDA (active major metabolite of 
MDMA), and METH (Speed) are synthetic substances 
that are common drugs of abuse, as they promote the 
release of neurotransmitters and induce euphoria and 
hallucinations. They are illicit drugs classified under 
Controlled Drug Acts in both the united States and 
Canada. Amphetamine derivatives intended for recre-
ational use have been referred to as “designer drugs” 
because they are designed to circumvent existing legal 
restrictions.243

These amphetamine analogs have a chiral center at 
the alpha carbon, and thus exist as a pair of optical 
isomers; for example, d-METH (corresponding to the 
configuration of S-(+)) and l-METH (corresponding to 

the configuration of R-(–)). Their pharmacological pro-
files are stereoselectively distinct. The d-enantiomer is 
the dominant CNS stimulant and is five times more 
biologically active than the l-enantiomer, which has 
greater sympathomimetic activity.244 The l-enantiomer is 
also formed as a metabolite of selegiline, an anti-
Parkinsonian drug.245 These drugs belong to a class of 
sympathomimetic drugs called phenylethylamines and 
are structurally similar to many endogenous neurotrans-
mitters such as DA, SE, and epinephrine as well as their 
metabolites (Fig. 10.10).

Amphetamines were drugs originally developed as 
synthetics used as substitutes for ephedrine. Japanese 
scientists synthesized METH in 1919. In 1932, the Smith, 
Kline and French pharmaceutical company introduced 
these drugs in over-the-counter inhalers for asthma and 
congestion. In the 1930s, the American Medical Associa-
tion approved the use of amphetamines under names 
like benzedrine (d/l-amphetamine) for treatment of  
a range of disorders such as narcolepsy, depression,  
PD, attention deficit disorder, and even as an appetite 

Figure 10.10 Amphetamine, its analogs and neurotransmitters, their precursors and metabolites. AlDH, aldehyde dehydroge-
nase; COMT, catechol-O-methyl-transferase; MAO, monoamine oxidase; PNMT, phenylethanolamine-N-methyltransferase.
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10.1.4.2 Pharmacokinetics  Following ingestion, 
METH is absorbed across the gastrointestinal tract. 
Controlled studies with therapeutic formulations 
(5–10 mg) have indicated tmax values ranging from 3 to 
6 hours postingestion.253–256 In chronic METH abusers, 
the average plasma concentration ranges from 150 μg/l 
(ng/ml) to 1700 μg/l (ng/ml) (1 μM–10 μM), while 
the concentration of its amphetamine metabolite ranges 
from 30 μg/l to 300 μg/l.257 Following intranasal admin-
istration of METH, peak plasma concentrations do not 
occur until approximately 3–4 hours postexposure.258

Inhalation of METH via smoking provides a bio-
availability that ranges from 67% to 90%, with the dif-
ferences depending on smoking technique and the 
temperature of the flame.258 Following oral ingestion, 
67% may be absorbed.258 METH is very lipophilic and 
distributes extensively across the blood–brain barrier 
(BBB).259 METH is also distributed into breast milk, 
appearing in the milk within minutes of intravenous 
use.260 Because of its low molecular weight and high 
lipid solubility, there is also significant transfer of METH 
from maternal to fetal blood.261 METH and amphet-
amine show no differences in their effect on DA release 
in the striatum, elimination rates, or other pharmacoki-
netic properties.262

The related amphetamine analogs MDMA and  
MDA are readily absorbed from the intestinal tract and 
reach their peak concentration in the plasma about 2 
hours after oral administration.263 Doses of 50 mg, 75 mg, 
and 125 mg to healthy human volunteers produced peak 
blood concentrations of 106 ng/ml, 131 ng/ml, and 
236 ng/ml of MDMA, respectively. These concentra-
tions are relatively low, in part because the drug passes 
readily into the tissues, and much of it is bound to tissue 
constituents.263 Most of the cases of serious toxicity 
or fatality with MDMA have involved blood levels 
ranging from 0.5 mg/l to 10 mg/l (500–10,000 ng/ml); 
that is, up to 40 times higher than the usual recreational 
range.247

The mean value for the half-life of MDMA in humans 
ranges between 9 and 12 hours,247,253,254,256,264 and is not 
measurably altered by the route of drug administra-
tion.253,254,258 The half-life in rodents is only 70 minutes to 3 
hours, which is significantly lower than that in humans.246,265 
To approximate human plasma concentrations, mice 
typically are administered four doses of METH 
(5–20 mg/kg i.p.), with a 2- to 6-hour interval between 
each dose.246,265 This dosing regimen causes significant 
neurotoxicity in mice and achieves a plasma concentra-
tion in mice similar to that resulting from a human 
METH binge pattern of self-administration.1,3,246,265–267 
These concentrations are similar to plasma concentra-
tions of METH in humans after chronic use in the range 
0.176–1.743 mg/l (176–1743 ng/ml)257,268; however, con-

suppressant. The therapeutic dose for these drugs in 
tablet form is typically 5–10 mg.243,246,247 The first reported 
misuse of amphetamine was in 1937 when it was used 
by students in Minnesota to avoid sleep during exami-
nation periods. Thereafter, both amphetamine and 
METH were widely used both clinically and illicitly 
during the Second World War by the Americans, Germans, 
and Japanese, and became a serious problem in post-
war Japan. Increasing popularity of METH as a drug of 
abuse within the united States led to its illicit produc-
tion in the 1960s, and by the 1970s, laws were passed to 
make METH illegal to possess without a prescription.243

First synthesized by Merck in 1912, MDMA was pat-
ented in 1914 but never marketed.248 While possibly 
one of the drugs used as a stimulant during the World 
Wars, it gained recognition in 1965 when Alexander 
Shulgin manufactured MDMA in his laboratory, but it 
was not until the 1970s–1980s that MDMA was first 
used recreationally and in psychotherapy and was  
said to increase patient self-esteem and facilitate thera-
peutic communication.248,249 In 1985, the u.S. Drug 
Enforcement Administration classified MDMA as a 
Schedule 1 drug due to its high abuse potential and 
evidence that MDA, a related compound and major 
MDMA metabolite, induced serotonergic nerve termi-
nal degeneration in rat brain.250 However, since the mid 
1980s, MDMA has been a popular recreational drug at 
“raves,” causing a state of euphoria, allowing the user 
to socialize and dance all night.251 The absence of com-
mercially produced METH and MDMA/MDA led to 
the clandestine production of these drugs. Further-
more, the ease of obtaining precursors for METH  
synthesis, such as ephedrine and pseudoephedrine 
found in cough medication, resulted in the production 
of the higher quality d-METH and by the early 1980s, 
METH became more easily synthesized and readily 
available for abuse. Despite efforts to limit production 
of the precursors, METH and MDMA use and the 
associated behavioral problems and addiction have 
always been and remain a concern, especially among 
young people.243,247,248,251

Amphetamine marketed as Adderall and Dexedrine 
is prescribed for the treatment of narcolepsy and atten-
tion deficit-hyperactivity disorder (ADHD), while 
METH is indicated for the treatment of ADHD and the 
short-term treatment of obesity. METH prescriptions 
are very rare.252 The recommended starting dose for 
METH treatment of ADHD is 5 mg/day in individuals 
who are at least 6 years old. The maximum recom-
mended dose for ADHD is 25 mg/day. For obesity, the 
recommended METH dose is 5 mg before a meal.252 
During illicit use, METH can be taken through a variety 
of routes, including ingestion, injection, nasal insuffla-
tion, and inhalation (smoking).253–255
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treated animals.278 Theoretically, the extracellular level 
of drug in the brain is important for determining its 
psychopharmacological action via receptor/transporters 
located on neuronal cells. Plasma concentrations of 
MDMA and METH after recreational doses are usually 
in the range of 1–10 μM in humans257,263; however, 
concentrations in brain may be substantially higher. 
Studies in rats with a dose of 5–10 mg/kg of MDMA or 
METH achieve extracellular striatal concentrations of 
10–100 μM,262,279 which are usually on average 10 times 
higher than plasma concentrations. Intracellular con-
centrations may also be elevated as active transporters 
may concentrate these drugs inside the neuronal termi-
nal and in the brains of tolerant abusers during high-
dose binges. Other studies have shown that the DAT 
plays an important role in METH neurotoxicity, as DAT 
knockout (KO) mice are less susceptible than wild-type 
controls to METH-initiated neurotoxicity.280 Postmor-
tem tissue is devoid of these active transport systems, so 
METH levels determined in these samples may be sig-
nificantly different from those in living subjects.

As mentioned previously, METH is also distributed 
into breast milk,260 and there is significant transfer 
from maternal to fetal blood.261 The 40 mg/kg dose 
used in the studies from our laboratory gives a concen-
tration in fetal brain similar to that in METH-exposed 
infants.261,281,282 Won et al. measured maternal and fetal 
brain levels of METH and amphetamine after s.c. injec-
tion of mouse dams with 40 mg/kg d-METH hydrochlo-
ride on gestational day (GD) 14. In maternal striatum, 
METH levels peaked at approximately 510 ng/mg 
protein 1 hour after injection, while fetal striatum had 
99 ng/mg protein in the striatum, approximately 102 ng/
mg protein in the brainstem and 57 ng/mg protein in the 
cortex which peaked at 1 hour after injection, indicating 
that the drug can accumulate in fetal brain.282

10.1.4.4 Metabolism  by  Cytochromes  P450  (CYPs) 
and  Elimination  METH and amphetamine can be 
excreted unchanged, but the amount and disposition of 
the metabolites are influenced by urinary pH.283,284 With 
pKa values of approximately 9.9 for the parent drugs, at 
normal physiological pH, these compounds are primar-
ily in their ionized form. In the urine under acidic condi-
tions, the drugs are ionized and primarily secreted 
unchanged, with insignificant reabsorption by the 
kidneys. Conversely, alkaline urine converts more of 
these drugs to their neutral form, which are readily 
reabsorbed by the kidneys, thereby increasing the half-
lives of the drugs.283,284

About one-half of METH in humans is excreted 
unchanged, and the remainder undergoes CYP2D6-
catalyzed N-demethylation to amphetamine, which can 

centrations in rats average 10 times higher in the brain 
versus plasma.268

Human abuse patterns vary from single day usage to 
regular users where Cho et al. reported a dose range of 
20–250 mg or more per “hit” in METH abusers with 
total daily doses of up to several grams, which is sub-
stantially greater than the doses used normally in con-
trolled clinical experiments.246,269 Further estimates of 
plasma concentrations come from impaired drivers 
testing positive for METH, in whom plasma METH 
concentrations were typically 300–550 ng/ml, with 
plasma concentrations up to 1665 ng/ml in nonfatal 
cases.262,268,270

10.1.4.3 Distribution  Postmortem analysis in humans 
has shown METH distributes to many different tissues, 
including brain, liver, and kidney.271 METH is homoge-
neously distributed within the brain of chronic human 
users in the globus pallidus, caudate, hippocampus, and 
temporal cortex.272 Human brain levels of METH range 
from 44–100 nmol/g brain tissue, but can be as high as 
200 nmol/g.257,272 Studies with [11C] d-METH tracing in 
human brain have shown a relatively rapid distribution 
across brain regions with high and persistent uptake in 
both subcortical and cortical areas, slow clearance from 
gray matter, and no observable clearance from white 
matter regions. METH uptake correlated with dopa-
mine transporter (DAT) availability in the striatum but 
not the cerebellum over the time course of the study.273 
The highest peak uptake of METH was in the putamen 
after i.v. administration, with 7–8% of the injected dose 
accumulating in the brain within 10 minutes. Estimates 
from this study suggest that a typical human dose of 
30 mg in a METH user would result in a brain accumu-
lation of about 2.5 mg of METH (14 μM).273 This is 
similar to findings in the nonhuman primate brain274 and 
to studies in rat brain after i.v. METH administra-
tion.259,274,275 levels of METH are relatively uniformly 
distributed throughout the brain of experimental 
animals administered a single dose of the drug274–277 with 
concentrations in the frontal cortex, striatum, and cerebel-
lum of 65 ± 3, 55 ± 5, and 46 ± 2 nmol/g, respectively.275 
Male Sprague-Dawley rats that received a pharmaco-
logically active METH i.v. bolus dose (1.0 mg/kg) 
showed distribution of METH into brain and other 
tissues. This study also revealed that the highest concen-
trations were observed in the kidney, liver, brain, and 
heart with a delayed peak concentration in the spleen. 
The METH metabolite amphetamine also distributes 
extensively into these tissues and could significantly 
contribute to the pharmacological effects after admin-
istration of METH.259

METH uptake has also been reported to be higher 
in the striatum versus other brain areas of chronically 
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Figure 10.11 Metabolism of methamphetamine by cyto-
chromes P450. Methamphetamine (METH) can be demethyl-
ated to amphetamine by CYP2D6. 4-Hydroxylation of METH 
is catalyzed by CYP2D6 to form 4-hydroxy-derivatives while 
β-hydroxylase generates norephedrine-derivatives.

β β

Figure 10.12 MDMA metabolism by CYPs and P450 reductase. HHA, 3,4-dihydroxyamphetamine; HHMA, 3,4-
dihydroxymethamphetamine; HMA, 4-hydroxy-3-methoxyamphetamine; HMMA, 4-hydroxy-3-methoxymethamphetamine; 
MDA, 3,4-methylenedioxyamphetamine; MDMA, 3,4-methylenedioxymethamphetamine.

•− •−
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then be hydroxylated (Fig. 10.11).253,284 METH also is 
oxidized by CYP2D6 to 4-hydroxy-METH, which is the 
predominant metabolite constituting almost 50% of all 
metabolites excreted in the urine.253,284 These metabo-
lites also accumulate in the striatum after administra-
tion of the parent drug.262 Other minor metabolites 
include norephedrine and 4-hydroxynorephedrine.

MDMA is N-demethylated to MDA by CYP1A2. 
MDA can be further metabolized by CYP2D6/ 
CYP3A4 to the catechol intermediate HHA (3,4- 
dihydroxyamphetamine), and finally O-methylated by 
catechol-O-methyltransferase (COMT) to 4-hydroxy-
3-methoxyamphetamine (HMA) (Fig. 10.12).285,286 MDMA 
can also be O-demethylenated by CYP2D6 to 
3,4-dihydroxymethamphetamine (HHMA), followed  
by O-methylation by COMT to 4-hydroxy-3-
methoxymethamphetamine (HMMA). These metabo-
lites are believed to be downstream products formed 
after the opening of the methylendioxyphenyl ring, a 
process that is mainly catalyzed by CYP2D6, with low-
affinity contributions from CYP1A2, CYP2B6, and 
CYP3A4.285,286

Systemic metabolism of MDMA may play a role in 
its neurotoxicity. This was concluded from the observa-
tion that direct injection of Ecstasy into the brain failed 
to reproduce the neurotoxic effects seen after systemic 
administration.279 Metabolites such as HHMA and 
HHA are easily oxidized to their corresponding qui-
nones by CYPs, and possibly by PHSs; these quinones 
can form adducts with glutathione (GSH) or conjuga-
tion with sulfate or glucuronide and other thiol-
containing compounds,287,288 including proteins critical 
for neural function and survival. The GSH-derived con-
jugated metabolites are low in urine.289

Catechol metabolites of METH, MDMA, and MDA 
can be oxidized by CYPs to reactive quinones that 
redox cycle to form semiquinone radicals that generate 
ROS.287 While it is uncertain whether CYPs contribute 
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to ROS generation, the expression of CYPs in the brain 
is only around 1–2% of that in the liver.68 It is also 
reported that MDMA is a potent competitive inhibitor 
of CYP2D6 in human liver microsomes.290,291 Further-
more, CYP2D6 mRNA transcripts are widely expressed 
in different brain regions, but constitute only 3% of 
expression in the liver. At the protein level, CYP2D6 is 
present in the human frontal lobe, hippocampus, and 
cerebellum.64 This enzyme is also coded by a polymor-
phic gene with some subjects expressing no activity69; 
however, it is not known whether CYP2D6 in human 
brain can bioactivate amphetamines to neurotoxic 
intermediates. Evidence from rats suggest that this may 
not be the case, since rats deficient in CYP2D1, the rat 
homolog of CYP2D6 in humans, remain susceptible to 
MDMA neurotoxicity.292 The activity of NADPH cyto-
chrome P450 reductase, which converts quinones to 
semiquinone radicals, has high levels in the putamen–
pallidum region where amphetamine analogs and their 
metabolites accumulate. However, this activity was low 
in human brain microsomes, representing only 8% of 
the value reported in rat brain microsomes.293 Therefore, 
other mechanisms of ROS generation may be present 
in the brain that can contribute to the metabolism and 
neurotoxicity of amphetamine analogs.

10.1.4.5 Receptor-Mediated  Pharmacological Actions 
of  METH  METH can cause reversible, receptor-
mediated effects in both the peripheral and central 
nervous systems. In the periphery, clinical manifesta-
tions are usually via alpha- and beta-adrenergic receptor-
mediated sympathomimetic effects.294,295 METH leads 
to the increased release of the key neurotransmitters by 
several different processes in the brain. METH enters 
the presynaptic terminals by both passive diffusion 
across the lipid membrane and through the plasma 
membrane catecholamine-uptake transporters such as 
DA, norepinephrine (NE), and serotonin transporters 
(SERT) (Fig. 10.13).294,295 Within the cytosol, METH 
enters the presynaptic vesicle via the membrane-bound 
vesicular monoamine transporter-2 (VMAT-2) and 
facilitates the redistribution of the monoamines into the 
cytosol by disrupting the pH gradient that drives the 
accumulation of the monoamines within the vesi-
cles.294,295 This contributes to elevated neurotransmitter 
concentrations within the cytosol, leading to increased 
movement into the synapse via the plasma membrane 
transporters which change from an influx to efflux state; 
for example, the DAT reverses the direction of DA 
transport causing the transporter to move DA from the 
cytoplasm into the synapse.280,296,297 The detailed mecha-
nisms by which this occurs are unclear. The net effect of 
these mechanisms is to acutely increase the levels of 
neurotransmitters in the synaptic cleft, thereby increas-

Figure 10.13 METH actions at the dopaminergic nerve ter-
minal. METH are substrates of DAT transporters and are 
taken up into the cell. Once in the cell, METH interferes with 
the vesicular monoamine transporter (VMAT), depleting syn-
aptic vesicles of their neurotransmitter content. As a conse-
quence, levels of dopamine (or other transmitter amines) in the 
cytoplasm increase and quickly become sufficient to cause release 
into the synapse by reversal of the plasma membrane DAT.
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ing their potential for receptor binding. Hence, METH 
acts as an indirect agonist at DA, NE, and SE 
receptors.

KI values of METH, amphetamine, and MDMA for 
the DAT, NE transporter (NET) and SERT are pre-
sented for human, mouse and rat in Table 10.7. KI values 
of uptake inhibition reflect the apparent affinities of the 
drugs to each transporter. low KI values for amphet-
amine and METH suggest decreased neurotransmitter 
exchange at its transporter. The human and mouse 
transporters are similar in their efficacies for each of the 
tested drugs (KI values within a fourfold range), whereas 
chemical modification substantially increases the 
potency of MDMA for inhibiting SERT, while reducing 
its potency for inhibiting DAT and NET compared to 
METH.297–299 In vitro studies have shown that the 
amphetamines are better than SE at releasing DA and 
NE.297–299

These neurotransmitters when released bind to a 
number of receptors that are activated to mediate 
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TABLE 10.7 Amphetamine Analog Binding Affinities to Uptake Transporters

Drug Transporter Inhibition constant (KI) (uM) Notes

Amphetamine rDAT 0.034 rDAT in rat synaptosomes681

2.3 rDAT cultured cells expressing682

0.094 rDAT rat striatal synaptosomes298

mDAT 0.56 mDAT expressed in intestinal cells299

hDAT 0.64 hDAT expressed in intestinal cells299

rNET 0.039 rNET in rat synaptosomes681

mNET 0.12 mNET expressed in intestinal cells299

hNET 0.07 hNET expressed in intestinal cells299

rSERT 3.8 rSERT in rat synaptosomes681

8 rSERT rat striatal synaptosomes298

mSERT 23 mSERT expressed in intestinal cells299

hSERT 38 hSERT expressed in intestinal cells299

METH rDAT 0.291 rDAT rat striatal synaptosomes298

mDAT 0.47 mDAT expressed in intestinal cells299

hDAT 0.46 hDAT expressed in intestinal cells299

0.082 hDAT expressed in human embryonic kidney cells683

mNET 0.19 mNET expressed in intestinal cells299

hNET 0.11 hNET expressed in intestinal cells299

0.0013 hNET expressed in human embryonic kidney cells683

rSERT 9 uM rSERT rat striatal synaptosomes298

METH mSERT 9.28 mSERT expressed in intestinal cells299

hSERT 31 hSERT expressed in intestinal cells299

20.7 hSERT expressed in human embryonic kidney cells683

MDMA rDAT 1.572 rDAT297

1.53 rDAT rat striatal synaptosomes298

mDAT 4.87 mDAT expressed in intestinal cells299

hDAT 8.29 hDAT expressed in intestinal cells299

rNET 0.462 rNET297

mNET 1.75 mNET expressed in intestinal cells299

hNET 1.19 hNET expressed in intestinal cells299

rSERT 0.24 rSERT297

2.6 rSERT rat striatal synaptosomes298

mSERT 0.64 mSERT expressed in intestinal cells299

hSERT 2.41 hSERT expressed in intestinal cells299

h, human; m, mouse; r, rat; DAT, dopamine transporter; NET, norepinephrine transporter; SERT, serotonin transporter.

complex physiological acute, chronic, and adverse 
responses to METH (Table 10.8). For example, hyper-
thermia involves the alpha1 adrenoreceptor,300 DA-1,301 
DA-2,302 and SE-2A receptors.303 In ADHD, the mecha-
nism of the therapeutic effects of amphetamine and 
METH is not known. It is believed that amphetamines 
increase levels of catecholamine in the synaptic space 
by blocking reuptake of NE and DA, hence increasing 
the effect of these neurotransmitters.304 Interestingly, 
DA receptors and adrenoceptors reportedly have no 
affinity for amphetamines themselves.305

10.1.4.6 Effects of METH Abuse  Effects following 
METH exposure can vary widely as the release of neu-
rotransmitters like DA, NE, and SE can act to control 

the messaging systems of the brain for reward and plea-
sure, sleep, , and mood.294,295 At doses of between 5 and 
50 mg, the first effect is usually a characteristic “rush,” 
which is believed to be the result of an initial release of 
high concentrations of DA in the CNS.295 The effects are 
rapid when the drug is smoked or injected, appearing 
within 2–3 minutes after inhalation or 20 minutes after 
oral ingestion.252 The immediate effects of METH are 
similar to the fight-or-flight response and involve 
increased heart and respiratory rates, blood pressure, 
and body temperature due to peripheral effects of 
adrenergic stimulation (Table 10.8).252,294,295 The rush is 
often associated with euphoria and increased energy, 
which can last for several hours given the long half-life 
of METH. low doses tend to produce a sense of height-
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TABLE 10.8 Effects of METH

Acute Effects Adverse Effects Chronic Effects

Increased heart and respiratory rates
Increased blood pressure
Increased body temperature
Increased energy
Alertness
Attentiveness
Euphoria 
Enhanced self-esteem
Decreased appetite

Hyperthermia
Tremors
Anxiety
Cardiac arrhythmias
Acute myocardial infarction
Stroke
Death can occur

Insomnia
Paranoia
Hallucinations
Psychotic symptoms
(e.g., delusions, obsessive compulsive thoughts)
Depression, anxiety, suicide and violent behaviors
Slowed motor function
Central nervous system Impairments leading to 

cognitive and functional decline in learning and 
memory

From References 294, 295, 306, 308, 309, 312, and 684.

ened alertness, attentiveness, and energy, whereas high 
doses produce a sense of well-being, euphoria, and 
enhanced self-esteem.252,294,295 

The adverse effects are both short-term (cardiac 
problems, hyperthermia, depression, confusion) and 
chronic (Table 10.8). With METH use, the effect is sus-
tained for hours, placing an extended burden on the 
nervous, circulatory, and respiratory systems. METH 
causes several adverse cardiac effects.306 In a case control 
study of users, only 64% of METH users showed normal 
heart function compared to 88% of age-matched con-
trols. In addition, 28% of METH users showed severe 
cardiac dysfunction compared to 7% of age-matched 
controls. When used chronically, METH may cause 
long-term CNS consequences that result in impaired 
memory, impaired motor coordination, and psychiatric 
problems long after termination of use (Table 10.8).307 
The acute reversible effects are likely receptor-mediated 
and dependent upon the plasma concentration of the 
amphetamine analog at that time, whereas effects per-
sisting long after the drug is gone are likely due to 
macromolecular damage. A study of over 1000 METH 
users in treatment found a high incidence of psychiatric 
problems, such as depression, anxiety, suicide, and 
violent or assaultive behaviors. Residual psychiatric 
symptoms included a prolonged inability to experience 
pleasure, as well as increased anxiety and psychotic 
episodes.308,309

Gross motor abnormalities in METH abusers, includ-
ing Parkinsonism, however, are not prevalent despite 
the vulnerability of the striatum to METH-associated 
neurotoxicity.310,311 Meta-analysis revealed moderate 
effects for basic motor functioning (i.e., fine-motor 
speed and coordination) and cognitive processing 
speed307; however, with abstinence, these effects may 
recover over years and such long-term studies are 
lacking.

Human studies are confounded especially by a lack 
of information on cognitive and functional tests prior to 
METH use, polydrug use, and variation in the amount 
and extent of drug exposures. Furthermore, the effects 
of METH may be modulated by genetic characteristics 
of the individual that cannot be extensively assessed. 
One study, for example, has shown that patients with 
METH psychosis lasting for 1 month or more after dis-
continuing METH may be associated with a polymor-
phism in the hDAT1 gene (SlC6A3) encoding the 
DAT.312

Several factors add complexity to understanding the 
stimulatory effects of amphetamines upon monoamines 
and the associated chronic toxicities. These factors 
include the multiple receptor subtypes that exist for NE, 
DA, and SE, each with distinct binding affinities, second-
messenger effects, and CNS distribution, together with 
the added dimension that neuronal pathways can inter-
act with each other; for example, monoamine neurons 
stimulate and/or inhibit excitatory glutamate neurons 
and inhibitory gamma-aminobutyric acid (GABA) 
neurons to alter toxicity.313–316

10.1.4.7 Evidence from Animal and Human Studies 
for  Neurotoxicity  METH-initiated neurotoxicity is 
evident in several neurotransmitter systems, but it is 
most notable in nigrostriatal dopaminergic pathways. 
Although an acute, moderate dose of METH is unlikely 
to reduce DA stores permanently,317 high-doses in 
experimental animals (10–20 mg/kg) cause a significant 
reduction in levels of DA and SE and their metabolites, 
as well as tyrosine hydroxylase and tryptophan hydrox-
ylase activity, enzymes involved in the synthesis of DA 
and other catecholamines, as well as their receptors and 
transporters.1,4,318–323 In the case of long-term deficits in 
these nerve terminal markers (weeks to months/years), 
destruction of nerve terminals is evident, although  
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catecholamine neuron cell bodies themselves do not 
seem to be destroyed.1,321,323 In rodents, evidence of 
METH neurotoxic effects has been determined through 
morphological signs of axonal and nerve terminal 
degeneration as indicated by silver staining.1,2 In rodents 
and nonhuman primates, administration of either a 
large single dose or repeated high doses of METH or 
MDMA produces long-lasting deficits in nerve terminal 
markers, but amphetamines also produce astrogliosis, 
and these markers colocalize with silver-staining, fluro-
jade B staining, as well as caspase activation, indicating 
toxicity in both neuronal and nonneuronal cells.1,320,324,325 
Neurotoxic amphetamines also damage glutamatergic 
cortical neurons as well as gabanergic neurons in the 
striatum and olfactory bulb.316,320,325–328 Furthermore, bio-
activation and oxidative damage can occur in brain cells 
other than neurons, for example, in microglia, where the 
expression and activation of PHSs is associated with the 
neurotoxic properties of METH.195,316,328,329

Regionally, METH most severely affects DA termi-
nals in the striatum; however, toxicity to the cerebral 
cortex, hippocampus, and olfactory bulb has been 
detected through decreased tyrosine hydroxylase and 
increased GFAP, apoptosis, and oxidative macromo-
lecular damage.1,320,325,326 The magnitude of the toxicity 
in the different brain regions is variable, and can be 
attributed to varied densities of DAT in these regions 
as well as differences in detoxification and repair path-
ways.213,227,330 For example, DA levels were more severely 
reduced in the caudate of the striatum than in the 
putamen (motor area) in postmortem tissue of METH 
abusers, which may relate to the low prevalence of Par-
kinsonian motor symptoms observed in chronic METH 
abusers, which affects the caudate.311 A persistent reduc-
tion in most DA markers, as found with positron emis-
sion tomography (PET) studies of human METH users, 
revealed decreased D2 receptors that may represent 
downregulation from exposure to increased synaptic 
DA concentrations; however, reduction in levels of DA, 
DAT, and tyrosine hydroxylase also have been found in 
postmortem striatum of chronic METH abusers.257,331,332 
The effects of METH on other markers are highly vari-
able. VMAT2 remained unchanged in one study of 
human chronic abusers257 but was elevated in recently 
abstinent users.333 Other studies demonstrated modest 
decreases in VMAT-2 binding in PET studies.334 In 
rodent models, METH decreased striatal VMAT-2 
ligand binding assessed 14 days after treatment.335

Several studies have shown brain abnormalities in 
METH abusers and in animals exposed to METH that 
are not limited to brain regions containing DA cells and 
their terminals, implicating non-DA mechanisms of 
METH toxicity.2,336–340 Modest decreases in SERT have 
been observed in human chronic METH users; however, 

it is uncertain if this is due to nerve terminal damage or 
decreased protein expression.341,342 SE nerve terminals 
in various brain regions including hippocampus, pre-
frontal cortex, amygdala, and striatum are sensitive to 
the toxic effects of METH.343 Given the effects of 
METH on serotonergic as well as dopaminergic systems, 
perhaps other GABAergic, glutaminergic systems may 
be similarly affected, indicating a more global pattern 
of degeneration and loss of neuronal connectivity in 
METH toxicity. Studies have shown deregulation of 
GABA systems with a decrease in the density of pre-
synaptic immunolabeling for GABA 1 week postdrug, 
and an increase after 4 weeks.313 Furthermore, METH 
administration causes dopaminergic neuronal death 
within the olfactory bulb of mice,320 a region rich 
in dopaminergic neurons and regulatory GABA 
interneurons.344,345

METH can generate ROS such as superoxide anions, 
H2O2, and hydroxyl radicals, and can oxidize cellular 
macromolecules, such as proteins, lipids, and DNA.3,4,346 
By causing cumulative oxidative macromolecular 
damage and/or by chronically altering signal transduc-
tion in the brain, ROS may contribute to the initiation 
and/or progression of a number of neurodegenerative 
diseases and neurodegeneration associated with aging. 
Also, postmortem brains of chronic METH users had 
elevated levels of the lipid peroxidation products 
4-hydroxynonenal and malondialdehyde in the caudate 
nucleus and, to a lesser extent, in the frontal cortex.347 
METH administration causes a marked increase in 2,3- 
and 2,5-dihydrobenzoic acid (the product of the reac-
tion of salicylate with hydroxyl radicals) in striatal 
dialysate of rats.348 Antioxidants (e.g., ascorbic acid or 
vitamin E) can attenuate METH-initiated toxicity,349 as 
can the overexpression of SOD1.350 GSH levels are also 
decreased by repeated administration of METH.311 
METH can cause major disruptions or even induce anti-
oxidant enzymes in the brain.266,326 Following a single-
day administration of 10 mg/kg × 4 doses of METH to 
rats, SOD activity was decreased 16 hours later in the 
cortex, but not in the striatum, while activities of  
catalase and GSH peroxidase (GPx) were decreased in 
the striatal region.266 However, these studies did not 
evaluate the time course of activities, and may have 
missed possible induction effects due to transcriptional 
responses of Nrf2 discussed later.

Experiments with PHS-1 KO mice and PHS inhibi-
tors revealed the important role of this isozyme in the 
molecular mechanism of ROS generation resulting 
from MDMA, METH, and MDA administration, where 
KOs, or mice treated with the PHS-1/2 inhibitor ASA, 
showed decreased DNA oxidation, nerve terminal 
degeneration, and locomotor functional deficits when 
compared to PHS-normal wild-type mice or saline con-
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astrocytes end-feet, which provides a high density of 
cells to restrict passage from the blood to the brain.358–360 
While the barrier makes it difficult for polar or large 
molecules to cross into the brain in high quantity, the 
BBB is quite dynamic in regulating the exchange of 
substances between blood and brain.361 Transport of 
nutrients, ions, and hormones is required to maintain 
optimal conditions for neuronal and glial functions.358–361 
In addition, enzymes such as MAO, gamma-glutamyl 
transpeptidase, and several CYP isozymes may provide 
metabolic protection in the brain.293,362–364 This is espe-
cially important as a wide range of lipid-soluble mole-
cules can diffuse though the BBB and enter the brain 
passively. In addition, a number of ATP-binding cassette 
(ABC) energy-dependent efflux transporters (ATP-
binding cassette transporters) actively pump many of 
these agents out of the brain.364,365 There is also evidence 
that BBB dysfunction, either through structural changes 
or the alteration of transporters, may contribute to neu-
rotoxicity associated with MS, PD, and AD.366–370

10.2.2 Antioxidative Enzymes and Antioxidants

Endogenous antioxidants are needed to protect the 
brain, as most exogenous antioxidants do not efficiently 
cross the BBB due to their hydrophilic nature.371 To 
limit ROS-mediated damage, there are a number of 
endogenous antioxidant and protective xenobiotic-
metabolizing enzymes present in the brain. These can 
include different enzymes to regenerate antioxidant 
potential as well as phase II detoxification enzymes. In 
the brain, expression of phase II detoxification enzymes 
occurs in astrocytes and much less in neurons.372 Chemi-
cal inducers can increase detoxification proteins in both 
neurons and astrocytes. Furthermore, neurons in close 
proximity to astrocytes may obtain protective factors 
from the astrocytes.373

10.2.2.1 Glucose-6-Phosphate Dehydrogenase (G6PD) 
This section will discuss the highly polymorphic antioxi-
dant enzyme G6PD.

Genetics and Regulation of G6PD G6PD (d-glucose 
6-phosphate: NADP oxidoreductase, EC 1.1.1.49) gene 
has been mapped to the telomeric region of the long 
arm of the X chromosome (band Xq28).374,375 G6PD is 
a typical X-linked gene and has helped in the develop-
ment of the X-chromosome inactivation hypothesis 
(lyon law) where one of the two X chromosomes in 
the female cell is randomly inactivated.376,377 The gene 
consists of 13 exons and 12 introns and covers about 
18.5 kb.378 Exon 1 contains no coding sequence and the 
ATG start site is found in exon 2. The first intron is 
highly conserved,379 while the rest of the intron sequences 

trols.3,4 METH-initiated superoxide anions might 
combine with NO to yield ONOO–, which can rapidly 
degrade to form •OH that oxidize proteins, lipids, and 
DNA. This idea is supported by the protective effect of 
7-nitroindazole, an inhibitor of nNOS, in reducing 
METH-initiated depletion of DA and its metabolites 
and the loss of DAT-binding sites.351,352 Similarly, nNOS 
KO mice are protected against METH neurotoxicity, 
exhibiting less depletion of dopaminergic markers.353

A number of pathways have been implicated in 
METH-initiated neurotoxicity, including production of 
reactive oxygen and nitrogen species, hyperthermia, or 
triggering of an apoptotic cascade dependent upon 
mitochondria, but the exact processes are still unclear.354 
Taken together, these studies suggest that a variety of 
different acute or chronic neuropathological processes 
may be associated with METH neurotoxicity, including 
neuronal injury or death, astrocytosis, cellular mem-
brane alterations, and dysregulation of energy metabo-
lism. From these studies, long-term neurotoxic effects 
are seen in animal models where direct degeneration 
has been assessed, but toxicity markers in human brain 
have been inconsistent with respect to assessing long-
term, irreversible neurotoxicity. The complexity in 
assessing neurotoxicity is complicated by the fact that 
the markers may change regionally and over time; for 
example, DAT density may return to normal slowly 
during prolonged drug abstinence.332 The mechanisms 
of recovery are unclear, but may be partly explained by 
the sprouting of remaining axons or a compensatory 
increase in monoamine levels as seen in rats treated 
with METH.355 However, even if DAT density normal-
izes following abstinence, cognitive deficits may still 
persist.332 Also, VMAT2 may redistribute from vesicles 
to the plasma membrane, changing its regional localiza-
tion.356 Importantly, direct evidence in humans for the 
loss of nerve terminals and/or their corresponding cell 
bodies or the cells surrounding these neurons, such as 
astrocytes and microglia, has not been provided.321,357 
Thus, multiple markers are needed in human studies, 
and the human studies must be complemented by more 
comprehensive molecular and biochemical studies in 
animal models to fully elucidate the molecular mecha-
nisms leading to neurotoxicity.

10.2 PROTECTION AGAINST ROS

10.2.1 Blood Brain Barrier (BBB)

The CNS is isolated from the bloodstream by the BBB. 
This unique barrier is supported by the endothelial cells 
of the brain capillaries, which form complex tight junc-
tions. The capillaries are also surrounded by a sheath of 
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ing.392 The active enzyme exists in an equilibrium of dimers 
and tetramers determined by ion concentrations and 
pH.393 Each mammalian G6PD monomer contains a cata-
lytic site and a second structural NADP+-binding site,394 
the latter of which is not found in the bacterial enzyme. 
The role of the second structural NADP+-binding site 
has been postulated as providing long-term stability, and 
many of the mutations that affect activity are found in this 
region.395 Multiple sequence alignments reveal a con-
served nine-residue peptide (198-RIDHYlGKE-206 in 
the human)396 where the aspartate, histidine, and lysine 
have been shown to be important in glucose-6-phosphate 
(G6P) binding.397 The consensus nucleotide-binding fin-
gerprint, 38-GASGDlA-44, has been associated with 
coenzyme NADP+ binding.398

G6PD Enzymology G6PD is the first and rate-limiting 
enzyme in the hexose monophosphate pathway (HMP) 
or the pentose phosphate pathway (PPP). In this 
pathway G6P is ultimately converted to ribose-5-phos-
phate (R5P). R5P is required for glycolysis and for 
DNA and RNA synthesis. During the conversion of 
G6P to 6-phosphogluconolactone, G6PD generates 
NADPH, which is essential for many reductive biosyn-
thetic pathways, including cholesterol and fatty acid 
synthesis (Fig. 10.14). During cellular oxidative stress, 
NADPH is critical for the regeneration of reduced glu-
tathione, catalyzed by NADPH-dependent GSH reduc-
tase, which is essential for the detoxification of reactive 
free radicals and lipid hydroperoxides by GPx. Another 
important role of NADPH is the maintenance of the 
catalytic activity of catalase, which is required for the 
detoxification of H2O2.399,400 NADPH binds to catalase 
and prevents the formation of inactive catalase (com-
pound II), as well as mediating the rapid reduction of 
catalase compound II back to its active form. Impaired 
catalase activity was found to contribute largely to a 
H2O2-mediated enhancement of oxidant sensitivity in 
G6PD-deficient erythrocytes. However, some catalase 
activity did remain in the G6PD-deficient cells since 
catalase activity did not drop below 50% of its initial 
level.401 Furthermore, the amount of NADPH required 
for the prevention of catalase inactivation is very low 
(below 0.1 μM) in vivo, and the reduction of catalase 
compound II to the active form (compound I) is known 
to occur in the absence of NADPH, albeit at much 
slower rates.399 Other enzymes and systems requiring 
NADPH are summarized in Table 10.9.

G6PD Deficiency and Classification (Table 10.10) 
G6PD deficiency refers to the condition of reduced 
activity of the enzyme. It has frequently been referred 
to as the most common enzymopathy with a prevalence 
worldwide of 4.9%.402 As mentioned previously, the 

vary among species. The second intron is unusually long, 
measuring about 11 kb.380 The promoter is embedded in 
a CpG island spanning from nt –1200 to intron 1, and 
X-chromosome inactivation is associated with the meth-
ylation of this entire island region.381 The promoter 
region contains several stimulatory protein 1 (Sp1) and 
activator protein 2 (AP2)-binding sites382 and an atypi-
cal TATA box (ATTAAAT) at −30 to −25 bp.379 Dele-
tion experiments have shown that the core promoter 
resides between nt −147 and +45, inhibitory sequences 
are located between nt −358 and −147, and upstream 
stimulatory sequences are present between nt −613 and 
−358.382 Even though the gene is typically regarded as a 
“housekeeping” gene, expression has been shown to be 
tissue dependent and species dependent. The genetic 
elements that determine the rate of transcription of the 
gene in different cell types and in response to cellular 
changes are not yet fully known.383 The mRNA product 
of the G6PD contains a relatively short 5′ untranslated 
region of 69 bp, which corresponds to all of exon 1 and 
part of exon 2, and a longer 3′ untranslated region of 
655 bp. The gene product is about 2.4 kb in size (includ-
ing the poly (A) tail).383 Kletzien, et al. partially reviews 
regulation of G6PD expression by hormones, diet, and 
oxidative stress.384

Mutations in the G6PD gene are well studied and 
reviewed, and the most current database describes 186 
mutations.385 Historically, the number of distinct vari-
ants has fluctuated, reaching as high as 442,386 but current 
sequencing advances have shown that many of the 
reported variants were caused by the same mutation. 
Most of the mutations (85%) are single nucleotide sub-
stitutions throughout the entire coding region except in 
exon 1, and two mutations have even been found in the 
intronic regions. Some of the highest prevalence rates 
reside in tropical Africa, the Middle East, tropical and 
subtropical Asia, areas of the Mediterranean, and Papua 
New Guinea, where the incidence of G6PD polymor-
phisms can approach 60% of the population.387

G6PD is constitutively but not uniformly expressed 
in all cells, with basal activity varying up to about 10-fold 
among different organs and tissues.384,388 In various 
animal models and humans, the levels of mRNA and 
protein expression in the brain are constitutive in 
neurons and glial cells.389–391

G6PD Protein Structure The mature G6PD protein 
contains 514 amino acids and has an approximate 
molecular weight of 59 kDa. The gene codes for 515 
amino acids, but it has been discovered that the 
N-terminal amino acid of the mature protein present in 
human erythrocytes is an acetylated alanine and the 
initiating methionine is cleaved and the following 
alanine is acetylated during posttranslational process-



PROTECTION AGAINST ROS  265

TABLE 10.9 NADPH-Dependent Enzymes and Systems

Enzyme/System

Antioxidative systems (GSH reductase, catalase, 
thioredoxins, NQO1)

Fatty acid synthesis (β-ketoacyl-ACP reductase, enoyl-ACP 
reductase)

Cholesterol synthesis (3-hydroxy-3-methyl-glutaryl-CoA 
reductase, squalene synthase)

NADPH oxidases18

Nitric Oxide synthase685

Cytochrome p450 oxidoreductase686

Figure 10.14 Pentose phosphate pathway. The oxidative 
phase of the pentose phosphate pathway (PPP) converts 
NADP+ to NADPH. The nonoxidative phase forms nucleic 
acids and amino acids.

G6PD gene is highly mutated and the World Health 
Organization has created a 5-class system to classify 
G6PD variants according to the level of enzyme activity 
in the red blood cell, and the clinical manifestations. 
Class I refers to severely deficient variants with less than 

10% of activity that are associated with chronic nons-
pherocytic hemolytic anemia (CNSHA). Class II vari-
ants are severely deficient resulting in less than 10% of 
residual enzyme activity but are not associated with 
CNSHA. Class III variants are moderately deficient 
(10–60% of activity). Class IV are the variants resulting 
in normal enzyme activity (60–150%) and the Class V 
produce G6PD activity higher than normal (>150%).403

Protective Role of G6PD in Blood Cells Most indi-
viduals with a G6PD deficiency are normally asymp-
tomatic, but can exhibit a clinical syndrome in response 
to an enhanced oxidative insult or exogenous factors. 
Although some deficiencies belong to the Class I of 
G6PD variants associated with CNSHA, there is no link 
to date between a specific genetic G6PD variant and a 
single clinical syndrome. It is generally believed that 
G6PD deficiencies constitute a problem only for mature 
red blood cells,404 which lack a nucleus and the ability 
to increase G6PD expression in response to oxidative 
stress.

G6PD deficiency generally manifests as acute red 
blood cell hemolysis and anemia caused by oxidative 
stress initiated by drugs, infection, or exposure to fava 
beans (favism). Since in the red blood cell G6PD is the 
only source of NADPH, it is an essential part of the 
defense against oxidative stress.405 G6PD deficiency was 
discovered when certain patients receiving the antima-
larial drug primaquine developed acute hemolysis.406 
Since that discovery, several drugs have been linked to 
this manifestation,383 making G6PD a highly important 
pharmacogene.407 The other and probably most common 
causes of oxidative stress leading to hemolysis in G6PD-
deficient patients are various types of infections, includ-
ing hepatitis viruses A and B, cyclomegalovirus, 
pneumonia, and typhoid fever.404 Favism is a unique 
type of hemolysis caused by the ingestion of the fava 
bean. It is believed that divicine, isouramil, and convi-
cine are the compounds found in the beans that increase 
the activity of the HMP and promote hemolysis in 
G6PD-deficient individuals.408 In the case of another 

TABLE 10.10 G6PD Deficiency Classification

Class
Percent 
Activity Symptoms

Severe deficiency, I <10% Chronic nonspherocytic 
hemolytic anemia

Severe deficiency, II <10% Intermittent hemolysis
Moderate 

deficiency, III
10–60% Drug induced hemolysis

Nondeficient, IV 60–150% –
Increased activity, V >150% –
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Selective overexpression of G6PD activity in the 
dopaminergic nigrostriatal system of mice was protec-
tive against the toxic effects of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP).419 These findings 
suggest that G6PD plays a protective role in the brain. 
Further gene expression studies in these G6PD overex-
pressing mice displayed changes mainly in the expres-
sion of proteins related to antioxidant defense, 
detoxification, and synaptic function.420

Histochemical and immunohistochemical analyses 
revealed that the highest expression of cerebellar G6PD 
activity and protein was in the Purkinje cells,389,421 and 
later was found to be colocalized with NADPH-
dependent enzymes, including NADPH-cytochrome 
P450 reductase and GSH reductase.422 G6PD activity 
may be particularly important in the hippocampus, 
where increased neuronal G6PD and sulfhydryl levels 
were found in patients with AD, presumably in compen-
sation for increased oxidative stress in that region.423 
The levels of CuZnSOD mRNA and protein are par-
ticularly high in hippocampal pyramidal neurons and 
granular cells,424 which in the absence of adequate 
G6PD-mediated detoxification may result in H2O2 over-
production and peroxidative damage within these cells. 
In addition to the cytoprotective role of G6PD against 
ROS-mediated oxidative damage, G6PD may be 
required for normal cell growth by providing NADPH 
for redox regulation.405,417,425

10.2.2.2 SOD  SODs are a family of metal-containing 
enzymes that include Cu,ZnSOD (SOD1), MnSOD 
(SOD2), and extracellular Cu,ZnSOD (SOD3).426,427 
They catalyze the dismutation of superoxide anion to 
molecular oxygen and H2O2.426 SOD1 dismutates super-
oxide throughout the cytoplasm and is also found in 
peroxisomes and the nucleus, is mainly in astrocytes and 
neurons. By immunohistochemistry, motor neurons of 
the spinal cord appear to have greater SOD1 protein 
expression.426 SOD2 is inducible and located in mito-
chondria and is predominantly localized in neurons 
throughout the brain and spinal cord.428 SOD2 KO mice 
suffer from postnatal neurodegeneration highlighted by 
cell death in the cortex and brainstem regions.429 SOD1 
KO mice do not exhibit these effects, but are more sensi-
tive to neurotoxicity caused by MPTP.430 Conversely, 
transgenics overexpressing SOD1 are protected from 
3-nitropropionic acid (3-NP) and METH.266,431 In the 
case of SOD3, overexpression has been found to be 
detrimental to neurons impairing long-term potentia-
tion432; however, others have found mice overexpressing 
SOD3 may be protected from neurobehavioral deficits 
during aging.433

10.2.2.3 H2O2 Detoxifying Enzymes  Detoxification 
of H2O2 is performed by antioxidant enzymes such 

manifestation, neonatal jaundice, it is still unclear why 
G6PD-deficient neonates are more susceptible to this 
syndrome, but these neonates may have an impaired 
ability to conjugate and clear bilirubin in the liver.409 
Neonatal jaundice, if not treated timely, leads to chronic 
bilirubin encephalopathy (kernicterus) and can leave 
the child mentally impaired.409

The widespread prevalence of malaria is believed to 
be the reason why G6PD deficiency is common through-
out the world (especially in areas affected by outbreaks 
of the parasite). It is commonly believed that G6PD-
deficient red blood cells are inhospitable to the survival 
and reproduction of the parasite Plasmodium falci-
parum responsible for malaria.410 It has been suggested 
that G6PD deficiency also provides protection against 
Plasmodium vivax,411,412 which could provide further 
selective pressure for the high frequency of this enzy-
mopathy. This benefit makes G6PD mutations balanced 
polymorphisms, since they provide a selective advan-
tage even though they have the potential for facilitating 
a disease state.413

G6PD Protection in Development using a mutant 
G6PD-deficient mouse model, G6PD was discovered to 
be a developmentally critical antioxidative enzyme that 
protects the embryo from the pathological effects of 
both endogenous and xenobiotic-enhanced oxidative 
stress and DNA damage.414 It was shown that G6PD-
inactivated embryonic stem cells were viable but highly 
sensitive to oxidative stress.405 Attempts were made to 
create G6PD null mice, but the resulting embryos died 
in utero by E10.5.415

Protective Role of G6PD in the Brain G6PD has been 
shown to be coordinately modulated with the expres-
sion of other antioxidative enzymes, including GPx and 
GSH reductase, in the developing and adult rat 
brain.416,417 Moreover, NADPH generated via G6PD is 
necessary for the maintentance of reduced glutathione 
by GSH reductase. Hence, in addition to G6PD defi-
ciencies, other antioxidative defense mechanisms may 
be compromised, which would increase susceptibility of 
the brain to ROS-mediated oxidative stress and subse-
quent neuronal damage. Only a few studies have exam-
ined the protective role of G6PD in the brain. One of 
these studied the carcinogenic implications of G6PD 
deficiency in brain, employing young mice that con-
tained the X-ray-induced low efficiency allele of 
G6PD.418 The brains of these G6PD-deficient male mice 
exhibited a decrease in the ratio of reduced glutathione 
to oxidized glutathione, an accumulation of promuta-
genic etheno DNA adducts secondary to lipid peroxida-
tion, and an increased somatic mutation rate, suggesting 
an enhanced risk for brain cancer.
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ferent stimuli, including their substrate heme and 
oxidative stress. HOs are localized in membranes, 
including the endoplasmic reticulum, nucleus, and 
plasma membrane.442 Polymorphisms in the lengths of 
guanine-thymine (GT) repeats (11–40) within the HO-1 
promoter appear to be an important determinant of 
HO-1 expression and function in humans. long GT 
sequences code for a protein with lowered basal levels 
and reduced induction when stimulated. Robust HO-1 
activity is associated with the short-GT polymorphisms, 
and appears to be protective against atherosclerosis-
linked conditions.443 HO-1 is expressed in unstressed 
brain; however, the level is minimal and HO-1 is con-
fined to glial cells and sparse populations of neurons in 
the cerebellum (Purkinje cells), thalamus, hypothala-
mus, brain stem, hippocampal dentate gyrus, and cere-
bral cortex.444,445 In contrast, HO-2 mRNA and protein 
are widely distributed and strongly expressed in neurons, 
with the highest concentrations in hippocampal pyrami-
dal cells and dentate gyrus, olfactory epithelium and 
olfactory bulb, and cerebellar granule and Purkinje cell 
layers.445 Following exposure to a variety of stimuli, 
HO-1 induction occurs in neuronal and nonneuronal 
brain cells, although it has been argued that astrocytes 
have a greater capacity than neurons for robust HO-1 
expression.

10.2.2.5 NAD(P)H:  Quinone  Oxidoreductase 
NAD(P)H: quinone oxidoreductase (NQO1) is a cyto-
solic flavoprotein that catalyzes the two-electron reduc-
tion of quinones to hydroquinones by using either 
NADPH or NADH as the donor. This prevents quinone 
electrophiles from participating in reactions that could 
lead to either sulfhydryl depletion, or to one-electron 
reductions that can generate semiquinones and various 
reactive oxygen intermediates as a result of redox 
cycling.446,447 In addition, the hydroquinone products of 
the NQO1 reaction can be further metabolized to gluc-
uronide and sulfate conjugates, which can then be 
excreted. NQO1 is mainly expressed in astrocytes and 
brain endothelial cells and prevents the generation of 
ROS.447–449 In the human brain, NQO1 is mainly 
expressed in astrocytes, vascular endothelium, and in a 
subpopulation of dopaminergic neurons.449

10.2.2.6 GSH  GSH is a tripeptide called gamma-
glutamyl-cysteinyl-glycine. GSH is synthesized from 
l-glutamate and cysteine via the enzyme gamma-
glutamylcysteine synthetase (GGCS) (also known as 
glutamate cysteine ligase, GClg) forming gamma-
glutamylcysteine. This reaction is the rate-limiting step 
in GSH synthesis. Glycine is added to the C-terminal of 
gamma-glutamylcysteine via the enzyme GSH synthe-
tase to then form GSH.450 The GSH system is one of the 

as GPx, catalase, peroxiredoxins (Prx), and thioredox-
ins (Trx).

Catalase Catalase is an intracellular antioxidant enzyme 
that catalyzes the conversion of H2O2 into water and 
molecular oxygen. It is located in the peroxisomes  
and, to a lesser extent, in the cytosol, and is ubiquitously 
expressed in a wide variety of brain cells; however, cata-
lase expression is relatively low in brain compared  
to other tissues. For example, activity of catalase is  
two orders of magnitude lower in brain than in kidney 
or liver.434

Prx The family of Prx enzymes consists of six antioxi-
dant proteins that are involved in the degradation of 
H2O2, organic hydroperoxides, and peroxynitrite, and 
are dependent on a reactive cysteine at the active site.435 
Prx proteins reduce peroxides by employing an electron 
donor and redox-sensitive cysteines that undergo 
oxidation/reduction cycles.436 Prx proteins are abun-
dantly expressed in the cytosol; however, several iso-
forms can also be found in mitochondria, peroxisomes, 
nuclei, and membranes.437 Different brain regions and 
cell types show distinct basal expression profiles of Prx. 
For example, Prx proteins 1 and 6 are expressed in glial 
cells, whereas Prx proteins 2–5 are localized in neurons.436

Trx Another family of proteins acting in conjunction 
with Prx are Trx, with Trx1 in the cytosol and Trx2 in the 
mitochondria. They bind to proteins and form interme-
diates that reduce protein disulfide bridges, in the 
process becoming oxidized themselves. Oxidized Trx 
proteins can be reduced through the action of Trx reduc-
tase using NADPH as a cofactor.438 Trx1 has been 
detected in human brain which showed positive Trx1-
like staining in white matter astrocytes.438 The mitochon-
drial isoform, Trx2, is abundant and widely distributed 
in rat brain.439 Brain regions showing highest expression 
at the RNA and protein levels include the olfactory 
bulb, frontal cortex, thalamus, cerebellum, and the 
brainstem.439 A range of hormones, chemicals, and stress 
conditions have been shown to induce Trx1 expression 
in the brain.438

10.2.2.4 Heat  Shock  Proteins  Inducible heme 
oxygenase-1 (HO-1) and constitutive HO-2 belong to 
the family of heat shock proteins and protect brain cells 
from oxidative stress by degrading toxic heme into the 
antioxidant biliverdin, free iron, and carbon monox-
ide.440 Subsequently, biliverdin is converted by biliverdin 
reductase into bilirubin, which also has antioxidant 
properties when it is oxidized back to biliverdin.441 HOs 
have both antioxidative and anti-inflammatory proper-
ties, and their expression is induced by a variety of dif-
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most other biologically relevant radicals and oxidants 
to generate the ascorbyl radical, which has a low reactiv-
ity due to resonance stabilization of the unpaired elec-
tron and readily dismutates back to ascorbate.457 In 
contrast, vitamin C can also be a strong prooxidant 
through interactions with iron.457,458 Ascorbate can 
maintain metal ions in their reduced state and hence can 
lead to reaction of the reduced metal ions with H2O2, 
generating hydroxyl radicals.457

10.2.3 DNA Repair

DNA damage can exist in a number of different forms, 
including single-strand breaks, double-strand breaks, 
single base modifications, DNA adducts, and nucleotide 
cross-linkages. The enzymes responsible for the repair 
of the aforementioned lesions are numerous and take 
on important roles in identifying damage, excising 
damage sites, remodeling DNA to access damage sites, 
recruiting genes involved in repair, and altering cell 
cycle progression to either halt replication (to accom-
modate DNA repair) or activate apoptotic pathways. 
These repair pathways have mainly been studied in the 
context of cancer; however, there is strong support, both 
clinically and experimentally, for the protective role of 
DNA repair in the developing and adult brain following 
exposure to various neurotoxicants. Herein, we will discuss 
some key examples of DNA repair genes with specific 
reference to their role in preventing neurotoxicity.

10.2.3.1 Ataxia  Telangiectasia  Mutated  (ATM) 
ATM is a serine/threonine kinase that detects double-
strand breaks and recruits other repair proteins to the 
damaged site by phosphorylating key proteins, includ-
ing p53, leading to the downstream activation of down-
stream repair genes such as Brca1.459 Characteristic 
features of individuals with ataxia telangiectasia 
(mutated ATM) include premature aging and progres-
sive neurodegeneration. The latter has been proposed 
to be the result of uncontrolled proliferation and 
increased genetic instability in adult neural progenitor 
cells.460 The role of ROS in ataxia telangiectasia is not 
fully understood. However, ROS have been shown to 
activate ATM-mediated phosphorylation in the absence 
of DNA damage,461 suggesting that ATM-deficient indi-
viduals are more susceptible to drug-initiated or age-
related neurodegeneration through oxidative stress.

10.2.3.2 Oxoguanine Glycosylase 1 (Ogg1)  Ogg1 is 
a base excision repair (BER) gene responsible for the 
removal of the oxidatively damaged DNA lesion, 8-oxo-
2′-deoxyguanosine (8-oxodGuo). Ogg1 is responsible 
for the recognition of the 8-oxodGuo lesion, its excision 
from DNA, and coordination with other DNA repair 

most important antioxidant systems in the brain. Neu-
ronal cells contain high concentrations of GSH and 
display high activity of GPx and GSH reductase.450 
However, astrocytes also have important roles to play 
in supplying GSH substrates to neurons. This mecha-
nism of substrate supply minimizes the neurotoxic 
effects of large amounts of extracellular cysteine, which 
can activate glutamate receptors.451 Astrocytes synthe-
size and export GSH, which can then undergo transpep-
tidation to cysteinylglycine and gamma-glutamyl amino 
acid by the ecto-enzyme gamma-glutamyl transpepti-
dase. The cysteinylglycine generated can then be utilized 
by neurons to manufacture GSH, after first undergoing 
dipeptide cleavage to its constituent amino acids.

GSH reduces disulfide bonds formed within cytoplas-
mic proteins to cysteines by serving as an electron donor 
and in the process being oxidized to GSH disulfide 
(GSSG). GSH can also conjugate with electrophilic 
compounds, catalyzed by the glutathione S-transferases 
(GSTs), and these conjugates can be removed from the 
cell.450 In the reaction catalyzed by GPx, the tripeptide 
GSH serves as an electron donor to reduce H2O2 to 
water. Besides H2O2, GPx also reduces organic hydro-
peroxides to their corresponding alcohols.452 During this 
reduction of peroxides, GSH is oxidized by GPx to GS•, 
two molecules of which combine to form GSSG. Within 
cells, GSH is regenerated from GSSG in a reaction cata-
lyzed by GSH reductase. This enzyme transfers elec-
trons from NADPH to GSSG, thereby regenerating 
GSH.453 GPx KO mice appear normal at birth, but when 
exposed to neurotoxins exhibit enhanced levels of neu-
ropathology.454 In astrocytes, when H2O2 clearance by 
catalase is inhibited, the GSH system can almost com-
pletely compensate for its detoxification.455

10.2.2.7  Dietary  Antioxidants  in  the  Brain  Other 
antioxidants in the brain include vitamins. Vitamin E, 
also known as α-tocopherol, is a lipid-soluble antioxi-
dant concentrated in the cell membranes. It contributes 
an electron to the peroxyl radical that is formed during 
the chain reaction of lipid peroxidation, and therefore 
is classified as a chainbreaking antioxidant.5 The vitamin 
E radical produced when the parent compound donates 
an electron is unreactive, and it eventually degrades or 
is recycled to vitamin E by ascorbate. α-Tocopherol is 
important for normal brain physiology as patients with 
a prolonged deficiency of this vitamin suffer from neu-
rological deficits.456 The function of vitamin C (ascorbic 
acid) in the brain is a double-edged sword with respect 
to free radical damage.5 In general, both the gray and 
white matter of the brain contain ascorbic acid, which 
can act as a scavenger and functions as an antioxidant 
in recycling the vitamin E radical back to vitamin E. 
Vitamin C is an effective antioxidant as it can react with 
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SKN-1 (Skinhead family member 1),471 the Drosophila 
CNC,472 and four related vertebrate counterparts. The 
latter include the p45-nuclear factor erythroid-derived 
2 (NF-E2) and the NF-E2-related factors Nrf1, Nrf2, 
and Nrf3.473–479 These factors were originally named 
from studies assessing activation of β-globin gene 
expression through characterization of the regulatory 
locus control region. This regulatory region contained a 
tandem AP-1-NF-E2 motif, which had strong enhancer 
activity in erythroid cells. Investigation of the transcrip-
tion factors that bind to this AP-1-NF-E2 site led to the 
discovery of the above CNC and bZip transcription 
factors. While p45-NF-E2 was localized in erythroid 
cells, Nrf1 and Nrf2 were expressed in many tissues 
(discussed below).473,478,480 The related vertebrate tran-
scription factors Breakpoint cluster region/Abelson 
murine leukemia viral oncogene homolog 1 (Bach1) 
and Bach2 are characterized by the additional presence 
of a Broad complex, Tramtrack, Bric-a-brac (BTB) 
protein interaction domain along with CNC homology 
1; however, Bach1 and Bach2 function as transcriptional 
repressors.481,482

10.3.2 Mechanism of Action of Nrf2

The Nrf transcription factors have both physiological 
and stress response functions depending on the cellular 
environment, and are important signaling pathways that 
can detect oxidative stress and initiate protective mech-
anisms.477,483 Nrf2 is part of a vital network in protective 
cellular responses in many tissues. In the absence of 
oxidative stress, Nrf2 binds to Keap1 (Kelch-like ery-
throid cell-derived protein with CNC homolog (ECH)-
associated protein 1) which keeps Nrf2 in the cytosol 
and hence inactive (Fig. 10.15).484 The Nrf2–Keap1 mol-
ecule is also bound to an ubiquitin ligase complex which 
promotes proteasomal degradation of Nrf2. In response 
to oxidative stress, Nrf2 is released from Keap1. Another 
protein in the cytosol called DJ-1, also known as PARK7 
(Parkinson disease (autosomal recessive, early onset) 
7), is thought to stabilize Nrf2 and prevent its associa-
tion with its inhibitor Keap1, allowing Nrf2 to translo-
cate to the nucleus. In the nucleus, Nrf2 can dimerize 
with other bZIP proteins such as Maf (named for the 
avian musculoaponeurotic fibrosarcoma oncogene).485 
Maf proteins possess the characteristic bZip domain but 
lack a transactivation domain.486 Nrf2 factors do not 
homodimerize, but Nrf2–Maf protein heterodimers and 
Nrf2–Jun protein complexes can function to modulate 
transcription when they bind to the antioxidant response 
element (ARE) (also known as the electrophile response 
element [EpRE]), an enhancer sequence on DNA that 
regulates the transcription of cytoprotective compo-
nents of the cell.477,483–485,487–489 In addition to Nrf2, Nrf1 

proteins.462 Enzyme activity levels vary with age where 
fetal brain excision activity is about twofold that of 
adults.227 Fetal exposure to ROS-initiating chemicals 
like METH in Ogg1-deficient mice causes an increase 
in DNA oxidation in fetal brain, and leads to greater 
neurological deficits in adulthood, implicating this form 
of DNA repair in protecting against oxidative stress.227

10.2.3.3 Cockayne  Syndrome  B  (CSB)  CSB is a 
gene that plays an important role in the transcription-
coupled repair form of nucleotide excision repair 
(NER). NER primarily removes bulky and helix-
distorting lesions that cross-link to sugars or other bases 
on a DNA molecule that enzymes involved in BER are 
unable to remove. Mutations in the CSB gene lead to 
Cockayne syndrome, which is characterized by increased 
sensitivity to ultraviolet light and premature aging. The 
mechanism of repair is unknown but is thought to 
involve binding to DNA lesions, possibly to prevent 
replication while recruiting other repair proteins.463 
CSB is capable of repairing oxidative lesions,464 and 
deficiencies in CSB activity can lead to increased 
METH-initiated DNA oxidation in fetal brain and sen-
sitivity to postnatal neurodevelopmental deficits in 
progeny exposed in utero to METH.465

10.2.3.4 Breast Cancer 1  (Brca1)  Brca1 is a DNA 
repair gene that, when mutated, leads to high incidences 
of ovarian and breast cancers.466 Attempts to generate 
KO lines have been unsuccessful due to embryolethality, 
with severe neural tube defects characterized by disor-
ganized neuroepithelium with signs of increased prolif-
eration and apoptosis,467 suggesting an important role 
for Brca1 in neurodevelopment. Brca1 is best known for 
its role in recruiting DNA repair genes involved in 
homologous recombination repair at sites of double-
strand breaks.468 However, a growing body of evidence 
indicates a role of Brca1 in other repair pathways, includ-
ing nonhomologous end joining repair of double-strand 
breaks, NER-mediated bulky lesions,469 and BER.470

10.3 NRF2 REGULATION OF PROTECTIVE 
RESPONSES

10.3.1 Overview

Cap“n”collar (CNC) proteins form a family of basic 
leucine zipper (bZip) transcription factors conserved 
across species from worms to humans. Most CNC factors 
are transcriptional activators as they contain a con-
served 43-amino acid CNC domain usually located 
N-terminally to a DNA-binding domain. CNC tran-
scription factors comprise the Caenorhabditis elegans 



270  NEuRODEGENERATION FROM DRuGS AND AGING-DERIVED FREE RADICAlS 

Nrf2 gene shows 70% homology with that of the mouse 
Nrf2 gene, with the first intron being approximately 
25 kb.491 Alternatively, in humans, the Nrf1 gene spans 
15 kb and has nine exons with two polyadenylation 
sites.492 Alternative first exons, differential splicing, and 
alternate polyadenylation sites give rise to at least four 
different transcripts of Nrf1.492,493 The promoter regions 
of mouse and human Nrf2 have been analyzed within 
the first 0.5–2 kb pair region of exon 1.149,490,491,494,495 In 
the mouse promoter of Nrf2, within the first 500 bp 
upstream of exon 1, the promoter is GC rich with Sp1 
and AP-2-binding sites but contains no TATA box nor 
a CCAAT box.490 Further analysis showed the Nrf2 pro-
moter contains two ARE sequences.494 The genes encod-
ing Keap1, Nrf2, and MafG (a small Maf protein) also 
contain the ARE, and therefore their expression is stim-
ulated by Nrf2.494,496,497 Studies have also determined the 
presence of xenobiotic response elements (XREs).495 
The XRE is the ultimate target of a protein complex 
that includes the ligand-activated aryl hydrocarbon 
receptor (AHR) that translocates to the nucleus after 
binding to a chaperone nuclear transporter.498 Interest-
ingly, the human Nrf2 promoter contains five copies of 
XRE-like elements in the 2-kb region of the promoter 

and Nrf3 also regulate transcription of ARE-containing 
genes; however, evidence from binding to the ARE sug-
gests Nrf2 is more efficient than Nrf1 or Nrf3.477,489 ulti-
mately, the binding of Nrfs depends on the presence of 
various nuclear proteins/cofactors that aid or repress 
binding to the ARE (discussed later).

10.3.3 Genetics of Nrf2

The Nrfs share many structural and functional similari-
ties but are encoded by different genes. Chromosomal 
localization of the human Nrf2 gene (official symbol 
NFE2l2) maps to 2q31, Nrf1 (official symbol NFE2l1) 
maps to 17q21-3, Nrf3 (official symbol NFE2l3) maps 
to 7p15.2, and p45-NF-E2 (official symbol NFE2) maps 
to 12q13476,479 (NCBI genome database). In mice, Nrf2 
maps to chromosome 2, Nrf1 maps to chromosome 11, 
Nrf3 maps to chromosome 6 and p45-NF-E2 chromo-
some 15. These genes map close to the homeobox (hox) 
A-D gene cluster, suggesting a single ancestral gene for 
the CNC family members that may have diverged to 
give rise to the four closely related CNC factors.473,476

The Nrf2 gene consists of five exons with four 
introns.490 The sequence of the first exon of the human 
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Figure 10.15 Mechanism of Nrf2 in cytoprotection. Nrf2 is frequently activated during various types of oxidative stress. under 
normal conditions, Nrf2 is located in the cytoplasm as an inactive form associated with its repressor protein Keap1. The Nrf2–Keap1 
molecule is also bound to an ubiquitin ligase complex which promotes proteasomal degradation of Nrf2. Oxidation of redox-
sensitive cysteines in Keap1, during oxidative stress, leads to dissociation of Nrf2 from Keap1. DJ-1 is thought to stabilize Nrf2 
and prevent its association with its inhibitor Keap1, thereby preventing the ubiquitination of Nrf2. This allows Nrf2 to translocate 
to the nucleus where it heterodimerizes with members of the small Maf protein family and binds to the antioxidant response 
element (ARE) that regulates the transcription of cytoprotective enzymes such as heme oxygenase (HO-1), NAD(P)H: quinone 
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tions of oxidative stress.505 The C-terminus of Nrf2 
contains the Neh3 domain, which is highly conserved 
between species and is important for the transcriptional 
activity of the protein.506 Deletion of the final 16 amino 
acids of Nrf2 gives rise to a molecule that is transcrip-
tionally silent but translocates normally to the nucleus 
and binds DNA. The function of the Neh3 domain is 
dependent upon the VFlVPK motif, which is conserved 
across species and among other members of the CNC-
bZIP family, including Nrf1, Nrf3, and NF-45.506

Nrf2 is mostly localized to the cytoplasm and upon 
activation translocates to the nucleus. Present in the 
protein domain are both nuclear localization sequence 
(NlS) and nuclear export signal (NES) motifs.507 Nrf2 
is also partly associated with the mitochondria under 
basal conditions. Conversely, Nrf1 and Nrf3 are integral 
membrane proteins targeted to the endoplasmic reticu-
lum through a conserved N-terminal homology box 1 
(NHB1) domain.501,508 Nrf2 is a more potent transcrip-
tional activator than either Nrf1 or Nrf3,476,489 which may 
relate to the membrane association of Nrf1 and Nrf3. 
Also, as seen in Table 10.11, p45 and Nrf1 contain the 
transcription activation region Neh5 but not Neh4. Nrf3 
does not contain regions homologous to either Neh4 or 
Neh5.504 Nrf2 has both motifs, which may increase its 
transcriptional activity.504

Posttranslational modifications, including phosphor-
ylation, acetylation, and regulated cleavage, can influ-
ence Nrf2 activity. The posttranslational phosphorylation 

compared to only three copies in rodents.495 Multiple 
single nucleotide polymorphisms exist in the promoter 
of human NRF2 (discussed later), and one of these 
(−617 C/A) significantly reduces gene expression.499

10.3.4 Protein Structure of Nrf2

Human and mouse Nrf2 proteins contain 605 and 597 
amino acids, respectively. At the amino acid level they 
have 80% homology. There are six highly conserved 
domains called Nrf2-ECH homology (Neh)1 to Neh6 in 
Nrf2.500 Their function and presence in the various 
CNC-related proteins are summarized in Table 10.11. 
The first conserved domain, Neh1, contains the CNC 
homology region and bZip domain, which are highly 
conserved in the CNC family. Neh1 is located in the 
C-terminal half of the molecule. The Neh2 domain is 
located in the proximal N-terminus. The Neh2 domain 
of Nrf2 binds with the Kelch domain of Keap1 in an 
inhibitory interaction,477 but Nrf1 with a Neh2-like 
domain is not regulated by Keap1.501,502 Furthermore, 
the Neh2 domain is not conserved in Nrf3.503

Next to Neh2 are the Neh4 and Neh5 regions, which 
are transcriptional activation domains. The Neh4 and 
Neh5 domains act cooperatively to recruit cAMP 
responsive element-binding protein (CREB)-binding 
protein (CBP) to ARE-regulated genes.504 Within the 
central part of Nrf2 lies the Neh6 domain, which func-
tions in the destabilization of Nrf2 only under condi-

TABLE 10.11 Nrf Domains and Function

Protein Domain Function Nrf2 Nrf1 Nrf3 p45-NF

Neh1 • bZip region fused to a CNC region + + + +
• Dimerizes with small MAF proteins
• Binds DNA as a heterodimer
• Nuclear localization sequence
• Nuclear export signal

Neh2 • Negative regulatory domain of Nrf2 function + +
• Interaction with Keap1
• Contains double glycine repeat (DlG) and a peptide sequence 

(ETGE) motif important for Keap1 binding
• Contains lysines between DlG and ETGE that may be ubiquitinated
• Contains a peptide sequence (DIDlID) element (influences 

degradation)
Neh3 • Interacts with chromodomain helicase DNA-binding protein 6 (CHD6) + + + +

• May be involved with transcription
Neh4 • Transactivation domain +

• Interacts with CREB-binding protein (CBP)
Neh5 • Transactivation domain + + +

• Interacts with CBP
• Nuclear export signal

Neh6 • Destabilization of Nrf2 under conditions of oxidative stress +

From References 480, 500, 504–506, 513, and 515.
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of Nrf2 by a tyrosine kinase at Ser-40 can disrupt the 
association of Nrf2 with Keap1,509 while phosphoryla-
tion at Tyr-568 may be required for the nuclear export 
of the transcription factor.507 Acetylation of Nrf2 by its 
transcriptional coactivator CBP promotes Nrf2 DNA 
binding to ARE promoters.510 Also, caspases can remove 
the N-terminal transactivation domain and convert Nrf2 
to an apoptosis-promoting ARE repressor.511 Modula-
tion of Nrf2 activity is discussed below.

10.3.5 Regulators of Nrf2

As seen from its various protein domains, Nrf2 has 
many different components that can regulate its tran-
scriptional activity. Nrf2 interactions with Keap1 and its 
degradation by the proteasome are important in the 
cytosolic compartment where Nrf2 levels are kept low, 
with a half-life of 10–30 minutes under physiological 
conditions.512–514 In the nucleus, Nrf2 can interact with a 
number of cofactors forming a transcriptional complex 
that binds to the ARE and modulates transcription 
(Table 10.12).

10.3.5.1 Negative  Regulation  by  Kelch-Like  ECH-
Associated Protein 1 (Keap1)  Nrf2 is localized mainly 
in the cytoplasm bound to a repressor, KIAA0132 (also 
called iNrf2), the human homolog to Keap1.500 Mam-
malian forms of Keap1 are metalloproteins having 624 
amino acids. Mouse Keap1 shares approximately 94% 
amino acid sequence homology to its iNrf2 human 
homolog and is highly conserved among species.500 
Keapl is homologous to the Kelch protein that binds 
actin in Drosophila.500 Starting at the N-terminus, the 
Keap1 protein consists of five domains including the 
N-terminal region (NTR), the BTB dimerization 
domain, the intervening or linker region (IVR), the 
double glycine repeats (DGR), or Kelch repeats region 
in the C-terminal region.

The BTB region is involved in forming homodimers 
with other Keap1 proteins, as well as targeting Nrf2 for 
ubiquitination.513,515,516 The IVR has a high cysteine 
content and serves as a redox sensor, reacting with elec-
trophilic reactive intermediates to form adducts, or 
reacting with ROS to become oxidized.517,518 Either 
reaction leads to conformational changes that reduce 
the interaction between Keap1 and Nrf2. Human Keap1 
contains 27 cysteine residues, 25 of which are highly 
conserved across species, including mice.484 The DRG 
repeats, comprising six double glycine repeats, are nec-
essary for the interaction with the Neh2 domain of Nrf2 
(i.e., motifs DlG and ETGE of the Neh2 of Nrf2), and 
also interacts with actin in the cytosol.484,516,519,520 These 
domains of Keap1 interact through various functions 
(Table 10.13) to keep Nrf2 sequestered in the cytosol 

and inactive in the absence of chemical or pathophysi-
ological stress. In fact, overexpression of Keap1 reduces 
Nrf2-mediated activation of ARE-regulated genes.484,518 
In addition, deletion of the DRG, IVR, or the C-terminal 
region abolished the ability of Keap1 to repress the 
activity of Nrf2.519 Other studies have also shown that 
Keap1 has a nuclear export signal that is required for 
termination of Nrf2–ARE signaling by escorting the 
nuclear export of Nrf2.521 However, it is still unknown 
how Keap1 enters the nucleus, as it has no known 
nuclear localization sequence.

10.3.5.2 Negative  Regulation  by  Proteasomal 
Degradation  under normal conditions, Keap1, 
through its BTB domain, anchors the Nrf2 transcription 
factor within the cytoplasm, targeting it for ubiquitina-
tion and proteasomal degradation to maintain low 
levels of Nrf2.513 The integrity of the proteasomal system 
therefore also plays an important role in regulation of 
Nrf2 transcriptional activity. Keap1 protein functions as 
a link between Nrf2 and the Cullin3-based E3-ubiquitin 
ligase ubiquitination complex.515,522,523 The Neh2 domain 
of Nrf2 represents the region through which the repres-
sor protein Keap1 recognizes and targets lysines in the 
Neh2 domain of Nrf2 to the Cullin3-based E3-ubiquitin 
ligase for ubiquitination and subsequent degradation by 
the 26S proteasome. These lysines are located between 
the two Kelch-binding sites on Neh2, DlG and ETGE, 
and a model has been proposed whereby binding of a 
Keap1 homodimer to these two sites allows for ubiqui-
tination to occur. As shown in Table 10.11, another motif 
in Neh2 called the DIDlID element, which is a peptide 
sequence, may aid in the recruitment of ubiquitin ligase, 
and is required for the rapid turnover of Nrf2 under 
normal homeostatic conditions.505

Studies have also shown that, even in the absence of 
a Keap1 interaction, Nrf2 can be targeted for protea-
somal degradation.505 under conditions of oxidative 
stress, the Neh2 domain directs a less rapid, Keap1-
independent degradation of the bZip factor. Degrada-
tion of Nrf2 in stressed cells is predominantly mediated 
by the redox-insensitive Neh6 domain of Nrf2.505 
Another protein in the cytosol called DJ-1, which has 
been linked to PD, is also important for the stabilization 
of Nrf2. Proper function of DJ-1 is necessary for the 
proper induction of NQO1. loss of DJ-1 leads to defi-
cits in NQO1 expression. DJ-1 is thought to stabilize 
Nrf2 and prevent its association with its inhibitor Keap1, 
thereby preventing the ubiquitination of Nrf2.524 
Without intact DJ-1, the Nrf2 protein is unstable, and 
transcriptional responses may be reduced. However, the 
Nrf2 pathway can still be activated by tertiary butylhy-
droquinone (tBHQ), a potent Nrf2 activator, in DJ-1-
deficient cells.525
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TABLE 10.12 Nrf2 Interactions in the Nucleus

Cofactor Function Reference

Small Maf proteins: MafF, 
MafG and MafK (also 
referred to as p18)

• Nrf2–Maf dimers have been proposed to function as both positive regulators
• Negative regulators of ARE-dependent gene transcription (i.e., MafK)
• May form homodimers with each other to repress ARE binding of Nrf2

496,527,687–689

CBP • Complexed with Nrf2, transcriptional coactivator
• Acetylation of Nrf2 promotes its DNA binding to ARE

510

Fyn • When phosphorylated can enter the nucleus to phosphorylate Nrf2 on Tyr-568 
to promote nuclear export of Nrf2

507,510,690

Fos proteins: c-Fos, FosB, 
Fra-1, and Fra-2

• Downregulation of human and mouse ARE-mediated transcription 488,691

Jun proteins:
c-Jun, Jun-B, and Jun-D

• Possible combinations were ineffective in repression or upregulation of 
hARE-mediated gene expression.

• Jun–Nrf2 complexes have also been implicated as positive effectors of 
ARE-dependent genes

• Role of c-Jun phosphorylation in activation
• Heterodimerization and binding of Nrf–Jun proteins require unknown 

cytosolic factors
• Phosphorylation of JunD at Ser-100, an activated form of JunD, is an ARE 

regulatory protein

488,489,692

Bach1 • Transcription repressor that competes with Nrf2
• Binds to Mafs to repress gene activation
• Increased nuclear export during oxidative stress
• Phosphorylation of tyrosine 486 leads to rapid nuclear export of Bach1

482,693–695

Bach2 • Oxidative stress induces nuclear accumulation
• Suppresses ARE activity and promotes apoptosis
• Interferes with Nrf2–Maf recognition

696–698

NFKB • Antagonizes NRF2, but in this instance it entails competition for CBP and 
recruitment of histone deacetylase to MafK

699

BRG1 • Chromatin remodeling factor
• Interacts with Nrf2
• Enhances ARE activity

700

SMRT • Transcriptional repressor
• Silences ARE activity possibly through binding Nrf2 protein

701

ATF ATF1 702

703

704

• Transcriptional repressor of the ferritin H ARE
• Blocks Nrf2 binding
ATF3
• Can repress Nrf2-mediated signaling
• Direct ATF3–Nrf2 protein–protein interactions that result in displacement of 

CBP from the ARE
ATF4
• Nrf2-interacting protein possibly with other cofactor proteins increase ARE 

activation
PPAR gamma In macrophages:

PPAR–Nrf2 interactions may suppress ARE binding

705

ER • Estrogen-bound ERα, but not ERβ, is able to repress Nrf2-mediated 
transcription

• Physical interaction between ERα and Nrf2
• SFhERRbeta repressed Nrf2 activity possibly through physical interaction in 

a complex with Nrf2, not by competing for the ARE DNA-binding sites

706

RAR • Reduces the ability of Nrf2 to mediate induction of ARE-driven genes
• Evidence of Nrf2 forming a complex with RARalpha therefore preventing 

binding to ARE

707

ARE, antioxidant response element; ATF, activating transcription factor; Bach, Breakpoint cluster region/Abelson murine leukemia viral oncogene 
homolog; BRG1, Brahma-related gene 1; CBP, (CREB (cAMP Responsive Element Binding protein) Binding Protein); ER, estrogen receptor; 
Maf, musculoaponeurotic fibrosarcoma; NFKB, nuclear factor kappa B; PPAR gamma, peroxisome proliferator-activated receptor gamma; RAR, 
retinoic acid receptor; SFhERRbeta, estrogen-related receptor beta (ERR)-beta-short-form; SMRT, silencing mediator for retinoid and thyroid 
hormone receptors.
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10.3.5.3 Regulation  of  Transcriptional  Complex  in 
Nucleus  In response to oxidative stress, Nrf2 accumu-
lates in the nucleus, where it binds nuclear proteins that 
can also modulate its activity. Nrf2 activates transcrip-
tion primarily as a dimer with members of the small Maf 
proteins, which act as coactivators.526 Different cell types 
may have varying amounts of these coactivators and 
repressors, which provide another layer of regulation to 
the system and may result in cell-specific responses to 
oxidative stress. Gene transcription is regulated by the 
balance between activation and repression mechanisms 
in response to stimuli. The Nrf2–Maf heterodimer is  
the primary transcriptional complex regulating ARE-
dependent gene expression; however, with excessive 
Maf expression, homodimers can form, which will 
reduce Nrf2–Maf complexes and decrease ARE activa-
tion.486,496,527 Transcription factors, such as Jun, c-Fos, 
FRA-1, FRA-2, and Nrf1, also can interact with the 
ARE, thereby competing with Nrf2.488,489,496,527,528 Other 
transcription factors, including activating transcription 
factor (ATF), estrogen receptor (ER), peroxisome 
proliferator-activated receptor (PPAR), and retinoic 
acid receptor (RAR) may form inhibitory complexes 
with Nrf2 (Table 10.12). Transcription factors can inhibit 
Nrf2 actions by either competing for binding to AREs 
or by inhibiting Nrf2 through physical complexes.

10.3.6 ARE

The ARE is a DNA sequence found within the pro-
moter regions of numerous cytoprotective genes. The 
ARE core sequence, also known as the EpRE, was first 
identified in the promoters of Ya subunits of rat and 
mouse GST as 5′-GTGACnnnGC-3′, where “n” was used 
to denote any nucleotide.529 The AP-1 recognition site 
TRE (12-O-tetradecanoylphorbol-13-acetate [TPA]-
responsive element) (5′-TGACTCA-3′) and the ATF/
CREB-binding sequence (5′-TGACGTCA-3′) partially 
overlap with the ARE sequence.530,531 Wasserman and 
Fahl further characterized the ARE sequence to a 
“core” sequence of 5′-RTGACnnnGCR-3′ using murine 
GST-Ya ARE, and identified many other genes that 
contained the sequence in their promoters.532 However, 
subsequent mutagenesis studies identified deviations 
from the consensus ARE and identification of ARE 
sequences may illustrate differences depending on the 
gene’s promoter region and the species source.533,534

Venugopal and Jaiswal identified a cis-element 
resembling the ARE sequence in 5′ flanking regulatory 
region of the human NQO1 gene that was physically 
able to bind Nrf1 and Nrf2, which resulted in an increase 
in transactivation activity and NQO1 gene expression.488 
This was evaluated through reporter transgene and 

TABLE 10.13 Regulatory Mechanisms Provided by Keap1

Selective Evidence for Keap1 Functions References

Directs Nrf2 for ubiquitination
ubiquitinated Nrf2 has been detected 515,522,540

Critical cysteine residues in Keap1, C273 and C288, C151 are required for Keap1-dependent ubiquitination of 
Nrf2

540

Keap1 (BTB domain) functions as a substrate adaptor for a Cullin (Cul)-dependent E3 ubiquitin ligase 
complex (i.e., immunoprecipitation of Keap1 with Cul3)

515,522,540

Inhibiton of cul 3 increases basal expression of Nrf2 513,515,540

Mutation of the lysine residues located between DlG and ETGE motifs in the Neh2 domain of Nrf2 inhibits 
Keap1-directed ubiquitination

523

Redox sensor
Cys-151 important during oxidative stress conditions, oxidation leads to Nrf2 activation 523,540

Mutation of other cysteines within the IVR, N-terminal and C-terminal domains has limited effect on Keap1 
function in vitro

518,540

Detection of protein disulfides. The most reactive residues of Keap1 C-257, C-273, C-288, and C-297 in the IVR 517

Interactions with cellular components
Deletion of DGR of Keap1 results in no binding to Nrf2 519

Mutations of serine 104 (BTB domain) led to the disruption of the human Keap1 homodimers and lead to the 
release of Nrf2

516

Interactions with PGAM5 (a member of the phosphoglycerate mutase family) forms ternary complex 
containing Keap1 and Nrf2 that is localized to mitochondria. Mediates Nrf2 response to changes in 
mitochondrial functions

708

Scaffolding of Keap1 to the actin cytoskeleton to maintain Nrf2 in cytosol. Disruption of the actin cytoskeleton 
promotes nuclear entry of Nrf2

519
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AREl2 are necessary to fully activate Nrf2 expression 
by Nrf2 chemical activators (discussed later).494 Func-
tional XRE and ARE sequences sometimes exist in 
proximity in promoters of several important detoxifying 
genes, including GST, NQO1, and Nrf2 itself.536,537 The 
XRE motif is the ultimate target of a protein complex 
that includes a ligand-activated AHR translocating to 
the nucleus after binding to a chaperone nuclear trans-
porter.498 This provides added regulation to detoxifying 
genes along with the ARE sequences. It is necessary to 
find functional AREs in the promoter regions of genes 
in order to seek out genes directly regulated by the Nrf2– 
ARE pathway and determine how other sequences, such 
as XRE, interact with them. Common genes with the 
ARE sequences that are regulated by Nrf2 activation are 
listed in Table 10.14. These include many phase 2 detoxi-
fication enzymes and especially those regenerating 

electrophoretic mobility shift assay experiments.488,531 
Despite being integral membrane proteins, both Nrf1 
and Nrf3 can bind the ARE as well.476,489 Furthermore, 
Nrf1 has a 65-kDa isoform that is nuclear.501 However, 
many studies have shown that Nrf2 is more efficient at 
transactivation, possibly due to its extra activation 
domain.476,489,535 Evidence in vivo was subsequently pro-
vided by Itoh and coworkers (1997) who observed an 
impaired constitutive and butylated hydroxyanisole 
(BHA)-induced expression of the phase II GSTs Ya and 
Yb in Nrf2-disrupted mice.526 The Nrf2 promoter also 
contains two ARE-like sequences located at –492 and 
–754 from the start codon.494 One motif is described as 
the “perfect” ARE (AREl1; TGACTccGC) consensus 
sequence, while the second is described as “imperfect” 
with one more base before the GC box (AREl2; 
TGACTgtgGC).494 Cooperatively, both AREl1 and 

TABLE 10.14 Examples of Genes Containing AREs in Their Promoter Region

Gene Species References

NRF2 (transcription factor) Mouse, human 494

KEAP1 (negative regulator of Nrf2) Mouse, human 497

HO-1 (catabolizes heme to yield biliverdin) Mouse, rat 485,512,709

Human
NQO1 (catalyzes two-electron reduction and detoxification of quinones) Human 488,526,534

Mouse
OGG1 (DNA repair) Human 710

MafG (transcription factor) Mouse, human 496

SOD1 (catalyzes the dismutation of superoxide radicals) Human 711

AhR (XRE regulation) Mouse 712

GST Ya (catalyzing GSH conjugation to electrophiles) Mouse, rat 529,532,537

GCS (enzyme involved in GSH synthesis) Mouse 713,714

Human
GClg (catalyzes the conjugation of cysteine with l-glutamate, involved in GSH synthesis) Human 533,715

uGT1A1 (catalyzing phase 2 conjugation) Mouse 715

Human
GPx (catalyze the reduction of H2O2 using GSH) Human 716

MRP1 (transporter) Mouse 717–719

Human
MRP2 (transporter) Mouse 718–720

Human
MRP3 (transporter) Mouse 719

MRP4 (transporter) Mouse 719

Ferritin H Mouse 692,721

Human
ETS 1 (transcription factor) Human 722

Prx1 (reduces H2O2) Human 723

PSMB5 (proteasome factory) Mouse 724

Trx (catalyzes reduction of disulfides to sulfhydryls) Human 725

726

MEH (catalyzes epoxides to polar diols) Mouse 727

AhR, arylhydrocarbon receptor; ETS, E-twenty six; GClg, glutamate cysteine ligase; GCS, gamma-glutamylcysteine synthetase regulatory subunit; 
GPx, glutathione peroxidase; GST, glutathione S-transferase; MEH, microsomal epoxide hydrolase; MRP, multidrug resistance protein; NQO1, 
NADPH quinone oxidoreductase 1; OGG1, oxoguanine glycosylase 1; Prx1, peroxiredoxin 1; TRx1, thioredoxin reductase; Trx, thioredoxin; uGT, 
uDP-glucuronosyltransferases.
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TABLE 10.15 Selective Examples of Nrf2 Activators

Nrf2 Activator Cell Type References

Sulforaphane Mouse small intestine 579,580,728,729

Hepatic cells
Intracerebral hemorrhage brain tissue
Blood–brain barrier tissue

Diethylmaleate Fibroblasts 500

Dimethyl fumarate (DMF) Mouse astrocytes 372,500

tert-Butylhydroquinone Human neuroblastoma cells 555,557,573,730,731

Human neural stem cells
Primary cortical astrocytes
Mouse striatal tissue
Mouse cortical tissue

Oltipraz Hepatic and gastric tissues 552,721

Hepatic cells and fibroblasts
Electrophilic neurite outgrowth-promoting 

prostaglandin (NEPP)
Neuronal cells 542

Acrolein Murine keratinocyte PE cells 732

B-NF (beta-naphthoflavone) Hepatic cells and fibroblasts 721

D3T (1,2-dithiole-3-thione) Hepatic cells and fibroblasts 576,721

Mouse striatal tissue
Curcumin Renal epithelial cells 733

Cadmium Hepatic cells 734,735

Manganese Hepatic cells 734

Methylmercury SH-SY5Y cells and with primary mouse hepatocytes, 
direct binding to Keap1

736

reduced glutathione. However, a diverse set of genes 
involved in antioxidation, detoxification, and repair are 
also transcriptionally regulated by Nrf2.

10.3.7 Activators of Nrf2

Oxidative stress is induced by a wide range of factors, 
including drugs, heavy metals, and ionizing radiation, as 
well as by endogenous processes. Oxidative stress results 
from the generation of ROS and reactive electrophiles, 
which can be toxic to cells if basal cytoprotective mech-
anisms are overwhelmed. These compounds may acti-
vate Nrf2 (Table 10.15) and thereby enhance the 
protective mechanisms discussed above that protect 
against toxicity initiated by both electrophilic reactive 
intermediates and ROS. The Nrf2 transcription system 
is activated by a wide variety of natural and synthetic 
chemical compounds. As discussed above, under normal 
cellular conditions, the cytosolic Keap1–Nrf2 complex is 
constantly degrading Nrf2. When a cell is exposed to 
oxidative stress, Nrf2 dissociates from the Keap1 
complex, stabilizes, and translocates into the nucleus, 
leading to activation of ARE-mediated gene expression. 
Questions remain as to how Nrf2 is transcriptionally 
activated by such diverse chemical compounds and 

agents. The diversity may be related to the possibility of 
interactions with both Nrf2 and Keap1.

By far the most studied regulatory mechanism of 
Nrf2 activation is its interaction with Keap1. Keap1 has 
a number of reactive cysteines which may play an 
important role in sensing oxidative stress and then 
responding by either the release of Nrf2 or preventing 
Nrf2 degradation by the Keap1-mediated proteasomal 
degradation pathway.538 Three key cysteine residues 
(C151, C273, and C288) were identified by both in vitro 
alkylation and in vivo site-directed mutagenesis assays 
to be important in redox sensing.517,539 Mutation of C151 
completely abolished induction of Nrf2 by many Nrf2 
activators, such as sulforaphane and tBHQ.540 Those 
chemical activators that are strong electrophiles can 
interact with Keap1 cysteines through direct alkylation 
or arylation, while free radicals and ROS generation can 
oxidize the cysteine residues resulting in the formation 
of disulfide bridges.538,540 Talalay and coworkers found 
many inducers of environmental stress response genes 
that may act through Nrf2 activation, which they classi-
fied into 10 chemically distinct classes: (1) oxidizable 
diphenols, phenylenediamines, and quinones; (2) 
Michael acceptors (olefins or acetylenes conjugated  
to electron-withdrawing groups); (3) isothiocyanates; 
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(4) thiocarbamates; (5) trivalent arsenicals; (6) dithio-
lethiones; (7) hydroperoxides; (8) vicinal dimercaptans; 
(9) heavy metals; and (10) polyenes.541 Because of the 
25 conserved cysteine residues, it is possible that the 
sites of adduct formation or oxidative modification may 
vary among the different classes of inducers.541 Electro-
philes disrupt the interaction between Keap1 and the 
Neh2 domain of Nrf2 either by inducing phosphoryla-
tion of Nrf2 or by directly modifying cysteine residues 
in Keap1.509,518 Specifically in the brain, electrophilic 
neurite outgrowth-promoting prostaglandin (NEPP) 
compounds are taken up preferentially into neurons 
and bind to Keap1. NEPPs prevent Keap1-mediated 
inactivation of Nrf2, thereby enhancing Nrf2 transloca-
tion into the nucleus of cultured neuronal cells.542

Another regulatory mechanism of activation of Nrf2 
is phosphorylation. The MAPKs are involved in the 
regulation of the ARE in a Nrf2-dependent manner.543 
The extracellular signal-regulated kinases 2 and 5 
(ERK2, ERK5) and JNK1 upregulate the ARE,544–546 
while the p38 MAPK appears to suppress it.547 However, 
it is uncertain which cellular components involved in 
ARE regulation may be targets of any of these kinases. 
Huang et al. have reported that protein kinase C (PKC) 
can directly phosphorylate Nrf2, and Ser-40 appears to 
be a site of potential phosphorylation.509 Activation may 
involve one or more of these mechanisms converging to 
work together depending on the chemical, cell, or tissue 
types and the gene of interest. Compounds like oltipraz 
and dimethyl fumarate (DMF),548,549 as well as natural 
products like curcumin550 and sulforaphane,551 are effec-
tive in mouse models of experimental carcinogenesis, 
and their chemopreventive and neuroprotective actions 
are reduced or abolished in Nrf2 KOs, indicating that 
their activities are mediated by the induction of 
Nrf2.548,552

10.3.8 Nrf2 in Neurotoxicity and CNS Diseases

10.3.8.1 Nrf2  Expression  Nrf2 is expressed in a 
variety of tissues, including liver, kidney, small intestines, 
stomach, lung, and heart.483,490,526 Studies evaluating 
mouse fetal RNA and embryonic stem cell RNA 
revealed expression of Nrf2 as early as the blastocyst 
stage and continuing throughout gestation.490 In the 
adult mouse brain, it is expressed in different regions, 
including the striatum, substantia nigra, cortex, and 
hippocampus.553–557 The expression of Nrf2 has been 
studied in human brain tissue. In the cortex, substantia 
nigra and hippocampus Nrf2 is expressed in neurons 
and astrocytes, where it is localized in the cytoplasm  
and the nucleus.554 In the motor cortex and spinal 
cord, Nrf2 expression was predominantly in the cyto-
plasm, and no nuclear labeling could be observed.558 

ultimately, the transcription of cytoprotective genes is 
determined by the activation of Nrf2, the presence of 
the coactivators, and the promoter elements of each 
gene, hence the potential for regional selectivity upon 
Nrf2 activation.

Of importance is the role of the astrocytes in the 
production of GSH, which is mainly regulated by Nrf2-
mediated activation of the genes for GSH synthesis. 
Nrf2 and ARE activation in glial cells not only prevents 
oxidative damage in astrocytes, but also protects neigh-
boring neurons, via its production and secretion of GSH 
and other potentially protective cofactors, from gluta-
mate- and H2O2-induced neuronal cell death.553,555,559,560 
In addition, studies with the Nrf2 stabilizer DJ-1 have 
shown that DJ-1 knockdown in astrocytes diminishes 
astrocyte-mediated neuroprotection.561 Furthermore, 
localization of Nrf2 in neurons, together with evidence 
that NEPPs prevent excitotoxicity by activating the 
Keap1–Nrf2–HO-1 pathway, suggests that preferential 
accumulation of protective compounds can occur in 
neurons.542 These processes in neurons constitute a 
complementary mechanism for targeting areas of neu-
rotoxicity as an alternative to mechanisms involving 
electrophilic compounds such as tBHQ, which activates 
the antioxidant-responsive element predominantly in 
astrocytes.

10.3.8.2 Nrf2  in  Neurodegenerative  Diseases  Dif-
ferential regulation of Nrf2 has been detected in PD and 
AD.554 Studies assessing the localization of Nrf2 in the 
substantia nigra of PD brains demonstrated that, in 
addition to the cytoplasm, a strong nuclear immunore-
activity is observed in neurons.554 In the case of AD, 
there is a significant reduction in nuclear Nrf2 in hip-
pocampal neurons. Furthermore, there is less Nrf2 in 
nuclear fractions from the cortex in AD cases.554 This 
outcome in AD is contrary to the expected Nrf2 local-
ization in the nucleus of neurons, which should occur in 
oxidative stress. Potentially, inactivation of Nrf2 by pro-
teases during the neuropathological process may con-
tribute to its reduced nuclear localization.511 likewise, 
evidence for a role of Nrf2 and its regulation and stabi-
lization are currently being investigated for other neu-
rodegenerative diseases such as AlS, MS, and HD 
(Table 10.16). Although the Nrf2–ARE signaling route 
may be activated in these diseases, factors may be oper-
ating to counteract Nrf2-activated gene transcription 
depending on the stage of the disease.562 For example, 
activation of Nrf2 that is not sufficient to inhibit the 
neuropathology of PD may be related to altered stabi-
lization by DJ-1.524 Mutations in DJ-1 are associated 
with autosomal recessive forms and some sporadic cases 
of PD.563 Evidence is emerging that DJ-1 has antioxi-
dant properties, through its interaction with Nrf2, and 
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TABLE 10.16 Evidence for Nrf2 Activation or Deregulation in Neurodegenerative Diseases

Disease Evidence References

AD • Nrf2 localizes in the cytoplasm of hippocampal neurons
• Not a major component of β-amyloid plaques or neurofibrillary tangles
• Nuclear Nrf2 expression level significantly decreased in AD cases
• Cu/ZnSOD activity was significantly decreased in AD frontal and AD temporal cortex
• Catalase activity was significantly decreased in AD temporal cortex
• Increased expression, however, decreased activity of many Nrf2-regulated antioxidant genes
• Binding of APP inhibits HO activity
• HO-1 immunoreactivity is significantly augmented in neurons and astrocytes of the hippocampus 

and cerebral cortex and colocalizes to senile plaques, neurofibrillary tangles
• Specific localization of NQO1 staining and increased activity in astrocytes and neurites 

surrounding senile plaques in the frontal cortex of AD brains
• DJ-1 immunoreactivity was seen in a subset of neurofibrillary tangles, neuropil threads, and 

neurites in extracellular plaques in AD

737

738

739

740

741

742

PD • NQO1 expressed in astroglial and endothelial cells and less frequently in dopaminergic neurons 
in PD brains

• HO-1 in lewy bodies of affected dopaminergic neurons
• Highly overexpressed in astrocytes within the substantia nigra
• localization of Nrf2 in the substantia nigra of PD brain in cytoplasm and nuclear 

immunoreactivity is observed in neurons
• Defects in DJ-1 linked to PD and may destabilize Nrf2
• Mutations in DJ-1 are associated with autosomal recessive forms and some sporadic cases of 

Parkinson’s disease

449

740

554

524,563

MS • HO-1 is upregulated in glial cells within multiple sclerosis plaques in spinal cord
• Nrf2 is upregulated in active MS lesions, in both the nucleus and the cytoplasm of infiltrating 

macrophages 
• Nrf2 upregulated to a lesser extent in reactive astrocytes
• Cytoplasmic and nuclear staining of Nrf2 in macrophages and astrocytes
• Oligodendrocytes at the edge of MS lesions expressed relatively low levels of Nrf2
• DJ-1 protein expression is predominantly increased in astrocytes in both active and chronic 

inactive MS lesions
• SOD1 and SOD2, catalase, and HO-1, are upregulated in active demyelinating MS lesions 

especially in hypertrophic astrocytes and myelin-laden macrophages
• DJ-1 levels are increased in cerebral spinal fluid of patients with relapsing–remitting MS

445

567

568

743

HD • HO-1 immunopositivity were enhanced in HD brain sections
• Activities of erythrocyte Cu/Zn-SOD and GPx reduced in 16 HD patients

744

AlS • Reduced mRNA expression of Nrf2 throughout the cortical layers in AlS tissues
• Reduced cellular Nrf2 protein expression in both the ventral horn and the primary motor cortex 

in AlS tissue.
• Most of the Nrf2 signal was detected in pyramidal cells
• Keap1 protein expression in motor cortex and spinal cord was not different from controls

558

AD, Alzheimer’s disease; AlS, amyotrophic lateral sclerosis; APP, amyloid precursor protein; Cu/Zn-SOD, Cu/Zn-superoxide dismutase; GPx, 
glutathione peroxidase; HD, Huntington’s disease; HO-1, heme oxygenase-1; MS, multiple sclerosis; NQO1, NAD(P)H: quinone oxidoreductase; 
PD, Parkinson’s disease; TBARS, thiobarbituric acid-reactive substances.

protects neurons against oxidative stress-induced cell 
injury.564,565 DJ-1 is homogenously expressed in all CNS 
regions in both human and mouse brain.566–568 It is found 
in neurons of different neurotransmitter subtypes and 
in glial cells, such as astrocytes, microglia, and oligoden-
drocytes. It is also distributed throughout the cytoplasm 
of the soma and the proximal parts of the processes, 
with limited detection in the nuclei.566 Analyses of Nrf2, 
Keap1, DJ-1, and Nrf2-regulated proteins in neurode-

generative diseases are providing insights into the 
potential involvement of ARE-mediated responses and 
their localization. This is summarized in Table 10.16. 
Protective effects of Nrf2 activation have been demon-
strated in various animal models for PD,569 AD,570 
AlS,571 and in mouse models of HD.553,555

10.3.8.3 Nrf2  in  Chemically  Initiated  Neurotoxicities 
Whether activation is predominantly neuronal or in 
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astrocytes may depend on the origin of the pathology 
and/or the site of increased ROS generation, kinase 
activation, or electrophilic activation of Nrf2. For 
example, neurotoxins such as METH and MPTP that 
localize and generate the majority of ROS in striatal 
dopaminergic nerve terminals and cell bodies of the 
substantia nigra would be expected to generate more 
neurotoxicity, and hence a greater Nrf2-mediated 
response. Cytoprotective effects of Nrf2-induced pro-
tective mechanisms have been seen in many CNS cell 
types and animal models for neurodegeneration. Nrf2-
driven antioxidative enzymes are able to protect primary 
astrocytes from H2O2-induced apoptosis as well as glu-
tamate toxicity, with protection afforded by pretreat-
ment with the Nrf2 activator tBHQ.372,572–575

Overexpression of Nrf2 and tBHQ-mediated and 
sulforaphane-mediated activation of the Nrf2–ARE 
pathway in astrocytes increased resistance of neurons to 
nonexcitotoxic glutamate toxicity.560 In most cases, the 
presence of induced Nrf2 was neuroprotective, whereas 
Nrf2 deficiency conversely increased sensitivity to neu-
rotoxins that cause inhibition of mitochondrial complex 
II (malonate or 3-NP), kainic acid, MPTP, and 
6-hydroxydopamine (6-OHDA), as well as cerebral 
ischemia.553,559,576–580 Protection or enhanced susceptibil-
ity were assessed in multiple brain regions such as the 
striatum, hippocampus, cortex, and substantia nigra, 
while degenerative end points assessed included 
decreased nerve terminal markers, neurotransmitters, 
caspase activation (apoptosis), neurotoxic glial activa-
tion, oxidative macromolecular damage, and even func-
tional effects on motor coordination and learning and 
memory deficits.553,559,576–581 Further evidence of Nrf2-
mediated protection comes from studies which show 
that treatment with chemical activators of the Nrf2–
ARE pathway prior to the toxic insults can reduce cel-
lular damage in Nrf2 wild-type mice but not in Nrf2 KO 
mice.555,557,576,579,580

It has been suggested that METH-initiated neuro-
toxicity does not involve Nrf2, as DA depletion in the 
striatum at 2 weeks posttreatment was not different 
between Nrf2 KO mice and their wild-type controls.582 
However, studies in rat striatum indicate that METH 
can activate Nrf2 and regulate HO-1 expression.326 
Accordingly, it is uncertain whether ROS-mediated 
Nrf2 activation in specific brain regions caused by 
METH can modulate its neurotoxicity. Of interest is 
that some of the studies show regional differences in 
Nrf2 activation and the type of protective genes induced, 
as well as differences in the temporal pattern of induc-
tion, which highlights the potential for brain regional 
susceptibilities to neurotoxicity. For example, in a study 
of the involvement of the Keap1–Nrf2 system in isch-
emic brain injury, there was a difference in temporal 

changes of Nrf2-regulated TRX and HO-1 between the 
peri-infarct regions and regions destined to infarct.583

Activation of redox-sensitive transcription factors 
like Nrf2 can enhance the transcription of cytoprotec-
tive genes during oxidative stress. We investigated 
whether Nrf2 in mouse brain is activated by METH, 
thereby altering its neurotoxicity.584 Multiple-day dosing 
with METH enhanced DNA oxidation and decreased 
tyrosine hydroxylase and DAT staining in the striatum, 
all of which were more severe in Nrf2 KO mice, as were 
deficits in motor coordination and olfactory discrimina-
tion. Similarly, METH increased striatal GFAP, indicat-
ing neurotoxic glial activation. Nrf2-mediated protection 
against METH was also observed in the glial cells and 
in the GABAergic system of the olfactory bulbs, whereas 
dopaminergic parameters were unaffected. In contrast, 
with a single-day dosing of METH, there were no dif-
ferences between Nrf2 wild-type and Nrf2 KO mice in 
either basal or METH-enhanced DNA oxidation and 
neurotoxicity markers. Nrf2-mediated pathways accord-
ingly protect against the neurodegenerative effects and 
functional deficits initiated by METH, and perhaps 
other ROS-enhancing neurotoxins, when repeated 
exposures allow time for transcriptional activation and 
protein induction.584

In rats, administration of the Nrf2 inducer sulfora-
phane following cortical impact injury improved behav-
ioral performance when the treatment was initiated 1 
hour, but not 6 hours, postinjury.581 Chemical inducers 
of Nrf2 like tBHQ have been shown in rats to increase 
the levels of GSH, but not GST or NQO1, in the cortex 
and striatum.555 However, under the same conditions, all 
of these antioxidant systems were induced in the liver, 
indicating a more robust Nrf2 effect in this organ than 
in the brain, possibly due to the contribution of hepatic 
metabolism in xenobiotic detoxification.555

Some neurotoxins themselves have been shown to 
activate Nrf2, for example, 6-OHDA was found to acti-
vate the Nrf2–ARE system and protect against ROS-
mediated damage.559,577 The loss of Nrf2 increased 
vulnerability to 6-OHDA both in vitro and in vivo, 
whereas upregulation of Nrf2 using tBHQ protected 
against 6-OHDA-induced cell death in vitro.577 Simi-
larly, selegiline (deprenyl), a drug used in the treatment 
of PD, stimulated Nrf2 activity as part of its cytoprotec-
tive mechanism of action.585 Currently, clinical trials 
with DMF are ongoing.548 DMF is able to activate Nrf2 
and hence antioxidant enzyme production,372 and oral 
administration of DMF significantly reduced the forma-
tion of new MS lesions in humans.548

10.3.8.4 Nrf2  in Fetal Neurodevelopmental Deficits 
Preliminary evidence suggests that Nrf2 is expressed in 
the fetus and plays an important role in protecting the 



280  NEuRODEGENERATION FROM DRuGS AND AGING-DERIVED FREE RADICAlS 

In aged untreated animals, myelin degeneration in 
Nrf2-null mice was seen in the striatum, hippocampus, 
cerebellum, and corpus callosum, but importantly, the 
cortex and brainstem were spared, suggesting a region-
ally specific impact of chronic Nrf2 deficiency.593 In addi-
tion, aged female Nrf2 –/– mice develop a multiorgan 
autoimmune disease similar to human systemic lupus 
erythematosus.594–596 The reason for possible gender 
specificity remains unclear and may depend on Nrf2-
regulated genes and their interactions with female-
specific genes.

On the basis of experiments with Nrf2 KO mice and 
cells derived from these mice, there is interest in the 
Nrf2 system not only in neurotoxicity, but also in cancer 
chemoprevention, which shares some features with the 
rapid cell division and differentiation that occurs during 
embryonic and fetal development. Nrf2 has been shown 
to be protective against benzo[a]pyrene carcinogenic-
ity.552 Nrf2 is constitutively activated in diverse human 
cancers, suggesting that Nrf2-mediated regulation of the 
antioxidant response pathway may play a role in cancer 
susceptibility.597 Cancer cells take control of the Nrf2 
pathway, apparently to protect themselves from cellular 
stresses, which may make chemotherapies ineffective. 
Nrf2 may also play a role in experimental models of 
pulmonary diseases such as asthma,598 inflammatory dis-
orders such as inflammatory bowel disease,599 acetamin-
ophen hepatotoxicity,600,601 and atherosclerosis.602

10.3.10 Evidence for Polymorphisms in the Keap1–
Nrf2–ARE Pathway

Single nucleotide polymorphisms have been identified 
within the promoter region of the human Nrf2 gene,491 
and genetic variation here along with polymorphisms in 
the ARE region of Nrf2 target genes603 may cause vari-
ability in Nrf2 activity, and hence the response to oxida-
tive stress and neurotoxicity. Three single nucleotide 
polymorphisms (–650C/A, –684G/A, –686A/G) and one 
triplet repeat polymorphism (CCG) have been identi-
fied in the promoter region of the Nrf2 gene.491 As dis-
cussed above, cancer cells with mutations to increase 
Nrf2 activity may promote their survival.597 Conversely, 
inherited DNA polymorphisms can reduce the abun-
dance of Nrf2. Promoter polymorphisms at positions 
–617 C/A or –651 G/A reduce the basal expression level 
of Nrf2, thereby resulting in attenuation of ARE-
mediated gene transcription. The allelic frequencies of 
these inhibitory polymorphisms are as high as 20% in 
Europeans, 40% in Asians, and 55% in Native Ameri-
cans.499 Moreover, Marzec et al. reported that the –617 
A single nucleotide polymorphism had a significantly 
higher risk for developing acute lung injury after major 
trauma.499

fetal brain from xenobiotic-enhanced oxidative stress.584 
METH-exposed –/– Nrf2-deficient KO fetuses were 
unable to increase transcription of the ROS-protective 
genes HO-1, NQO1, or OGG1, unlike wild-type con-
trols, and exhibited enhanced DNA oxidation, fetal 
resorptions, a red phenotype with edema, and reduced 
fetal weight, with greater toxicity in female –/– Nrf2 
fetuses. Postnatal neurodevelopmental deficits in activ-
ity and olfactory function were similarly enhanced, and 
the olfactory bulb GABAergic marker GAD-65 
decreased, in –/– Nrf2-deficient offspring exposed in 
utero to METH, suggesting that olfactory deficits 
provide a potentially sensitive biomarker for long-term 
neurotoxicity.586

10.3.9 Nrf KO Mouse Models

Several types of Nrf KO mice have been generated, 
including double KOs of Nrf1 and Nrf2, which have 
revealed that although all Nrf isoforms can regulate the 
ARE, they are not functionally redundant.479,490,526,587,588 
Nrf3 KO mice are viable and have no obvious pheno-
types.587 Nrf1 has been shown to be important for devel-
opment, as Nrf1 –/– mice die in utero due to anemia as 
a result of abnormal fetal liver erythropoiesis.479 The 
viability of mice lacking Nrf2 has been taken to indicate 
that Nrf2 plays no role in normal mouse develop-
ment.490,526 However, in the context of oxidative stress, 
Nrf2-deficient fetuses may be more susceptible to devel-
opmental toxicities. Nrf2 mRNA and protein are 
expressed during the period of organogenesis490; hence, 
Nrf2 may become activated and modulate toxicity 
during in utero exposure to oxidative stress. Selective 
upregulation of Nrf2 during fetal development in 
instances of increased oxidative stress may be protec-
tive, as shown in our laboratory, and in studies from 
another laboratory where activation of Nrf2 in embryos 
protected against ethanol-induced embryotoxicity.589 
On the other hand, constitutive activation of Nrf2 in 
Keap1 –/– mice is detrimental, presumably by causing 
hyperkeratotic lesions that block the esophagus and 
increase postnatal death, possibly due to starvation.590

Mice lacking Nrf2 are highly sensitive to toxic stress-
ors, some of which are neurotoxic, as discussed in the 
previous section. Primary astrocytes and neurons derived 
from Nrf2 KO mice are more sensitive than wild-type 
controls to oxidative damage, calcium disturbance and 
mitochondrial toxins,591 and Nrf2 –/– stable cells are 
more sensitive to NO•-induced apoptosis.592 Recent 
data suggest that Nrf2 plays an essential role in oligo-
dendrocyte function and myelination, as Nrf2 KO mice 
exhibit severe myelin degeneration and oxidative damage 
to the myelin sheath, and aged Nrf2 KO animals develop 
vacuolar leukoencephalopathy and astrogliosis.593
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fetal damage, and neurodevelopmental deficits caused 
by exogenous and endogenous initiators of oxidative 
stress. In such cases, variations in drug abuse patterns, 
dietary exposures, and genetic predisposition may alter 
the induction and duration of enzymes like PHS involved 
in ROS production, and ROS-detoxifying enzymes and 
enzymes for the repair of DNA damage, including those 
regulated by Nrf2 activation, thereby varying the sus-
ceptibility to ROS-initiating compounds. Hence, genetic 
and environmental differences in PHS, G6PD, Nrf2, and 
the other ROS-related enzymes discussed herein likely 
constitute important determinants of neurodegenera-
tive and neurodevelopmental risk from oxidative stress, 
which may be reduced by novel therapeutic strategies 
that limit PHS activity and/or enhance protective 
antioxidative/repair responses including G6PD and 
related ROS-protective proteins regulated by Nrf2.
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   OVERVIEW 

 Coronary artery disease and secondary acute myocar-
dial infarction are among the most prevalent health 
problems in the world, and are leading causes of mor-
bidity and mortality.  1   Myocardial infarction is the 
leading cause of heart failure.  1   Worldwide, 22 million 
individuals are affl icted and are living with heart failure.  2   
In the United States alone, nearly 5 million people live 
with heart failure, and about 550,000 new cases are diag-
nosed annually.  2   

 Current therapy for acute myocardial infarction is to 
reopen the occluded coronary artery and reperfuse the 
effected myocardium in an effort to salvage the heart 
muscle at risk.  3,4   However, this process is associated 
with oxygen radical generation and secondary reperfu-
sion injury.  1,5,6   Research over the last two decades has 
focused on understanding reperfusion injury and the 
role of free radicals and their mechanisms of formation 
in this process.  5,7,8   Through understanding the process of 
free radical generation in the ischemic and postischemic 
heart, salvage of heart muscle at risk can be achieved 
with prevention of secondary heart failure.  

  11.1     OXYGEN IN THE HEART 

  11.1.1     Benefi cial and Deleterious Effects of Oxygen 
in the Heart 

 Molecular oxygen (O 2 ) is essential for cellular respira-
tion in all aerobic organisms. In humans, the consump-
tion of oxygen by the heart is 11.6% of the total oxygen 

consumed by the body. The heart has the highest oxygen 
consumption among all the organs in the human body.  9   
The oxygen consumption increases eightfold or more 
under maximal workload conditions.  9   Oxygen is used as 
an electron acceptor in mitochondria to generate chem-
ical energy. Its reduction to water by the mitochondrial 
 electron transport chain  ( ETC ) helps supply the meta-
bolic demands of human life.  10   Although oxygen is 
essential for cell survival, it can be toxic to cells because 
of its ability to generate free radicals or  reactive oxygen 
species  ( ROS ). Interestingly, both increases and 
decreases in cellular oxygen levels result in the genera-
tion of ROS.  11   ROS are known to cause cell death via 
oxidative stress. Oxidative stress is recognized to have 
a central role in the development and progression of 
myocardial dysfunction, but the molecular targets of 
ROS remain unclear.  

  11.1.2     Ischemia and Reperfusion 

 Blood fl ow blockage in a coronary artery leads to myo-
cardial infarction with ischemic death of cardiomyo-
cytes that increases as a function of the duration of 
ischemia.  12   Limitation of myocardial infarct size has 
major ramifi cations on clinical outcomes.  13   Therefore, 
timely reperfusion of acute ischemic myocardium is 
essential for myocardial salvage.  5,13   In patients with 
acute myocardial infarction, reperfusion is typically 
achieved through interventional procedures such as 
balloon angioplasty or the use of thrombolytic agents.  4   
However, there is evidence that reperfusion itself con-
tributes to oxidative damage to endothelial cells, cardio-
myocytes, and myocardium.  5,7,8   This process has been 
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fi ed. The massive burst of ROS during reperfusion has 
been shown to originate from several cellular sources. 
As described below, a number of molecular mechanisms 
have been shown to contribute to and mediate reperfu-
sion injury. Several other mechanisms remain under 
investigation. 

  11.2.1     Cellular Organelles 

  11.2.1.1     Mitochondria       In mammalian cells, mi-
tochondria are the major source of ROS under physi-
ological and pathophysiological conditions.  26   Under 
normal physiological conditions  ∼ 1–2% of the oxygen 
consumed by the heart is converted into ROS.  27   In the 
heart,  ∼ 30% of the total volume is occupied by mito-
chondria.  28   Electron leakage from the ETC in mito-
chondria occurs with partial reduction of oxygen with 
generation of ROS (see Fig.  11.1 ).  29   Under physiological 
conditions, in mitochondria, complex I and complex III 
produce ROS (see Fig.  11.1 ).  26,30   In addition, sulfhydryl 
oxidases generate disulfi de bonds with the reduction of 
oxygen to hydrogen peroxide (H 2 O 2 ) in the mitochon-
drial  intermembrane space  ( IMS ).  31   Cardiac ischemia 
leads to a decline in mitochondrial respiratory function 
that can be exacerbated upon reperfusion.  5   During  isch-
emia  ( I ) and  reperfusion  ( R ) in the heart, the mitochon-
drial production of ROS increases.  5,32   

    11.2.1.2     Endoplasmic Reticulum ( ER )     The ER is a 
continuous membrane network in the cytosol. Several 
biochemical reactions and processes of cell biology are 
compartmentalized in the ER. In eukaryotes, up to 30% 
of newly synthesized proteins traffi c through the ER. 

termed reperfusion injury. Reperfusion of the ischemic 
myocardium results in irreversible tissue injury and cell 
necrosis, leading to decreased cardiac performance. 

 Ischemia and reperfusion also occurs with surgical 
procedures on the heart with cardiac arrest or with 
heart transplantation.  14–17   Protection of the native or 
donor heart by a preservation solution that will ensure 
rapid and complete recovery of normal myocardial 
function is essential for successful clinical cardiovascu-
lar surgical procedures and transplantation.  18   In clinical 
heart transplantation, the donor hearts are stored in 
ice-cold cardioplegic solution, supplemented with 
various antioxidants, for 4–5 hours.  14,19,20   The hearts are 
also under cardioplegic arrest in various cardiovascular 
surgical procedures. The restoration of blood fl ow, fol-
lowing cardioplegic ischemia, can result in ischemia and 
reperfusion injury.  21     

  11.1.3     Oxidative Stress and Injury 

 It has been reported that oxidative stress or damage is 
increased in heart disease patients and during surgical 
reperfusion of the whole heart.  22–24   Oxidative stress is 
defi ned as the imbalance of pro- and antioxidants in a 
biological system in favor of the former. Oxidative stress 
is associated with increased formation of ROS. The level 
of ROS is increased under various  in vivo  pathophysi-
ological conditions such as ischemia and greatly acceler-
ated with the sudden reintroduction of oxygen at the 
onset of reperfusion.  5   The levels of ROS in the myocar-
dium are also increased in the failing human heart.  25   The 
increased production of ROS leads to oxidative damage 
of various biomolecules, cells, and tissues. The recurring 
or prolonged oxidative damage results in organ failure 
and death. Thus, ROS are an important contributing 
factor in the development of ischemia and reperfusion 
injuries.   

  11.2     SOURCES OF  ROS  DURING ISCHEMIA 
AND REPERFUSION 

 Under normal cellular physiological conditions, ROS 
are formed continuously in small amounts and inacti-
vated by endogenous antioxidant enzymes and small 
molecule antioxidants. Thus, ROS are important media-
tors linking metabolic activity to various cell signaling 
pathways, and a number of these pathways affect cells 
and tissues. Under pathophysiological conditions such 
as cardiac ischemia and reperfusion, the generation of 
ROS is greatly increased. The massive production of 
ROS during ischemia and reperfusion in turn leads to 
tissue injury causing organ failure. During myocardial 
ischemia, sources of ROS formation have been identi-

  Figure 11.1         Complete and partial reduction of molecular 
oxygen in the mitochondrial electron transport chain. Partial 
(one-electron) reduction of oxygen produces superoxide 
radical (O 2  • −  ). 
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oxidase  ( GPx ). Catalase is the most abundant antioxi-
dant enzyme in mammalian peroxisomes. Catalase 
decomposes H 2 O 2  to water and oxygen. SOD1 dis-
mutates O 2  • −   to H 2 O 2  and oxygen.  39   Therefore, peroxi-
somes play an important role in the generation and 
decomposition of ROS. This implies considerable 
involvement of peroxisomes in processes leading to oxi-
dative stress. However, the role of peroxisomes in the 
ROS-mediated oxidative damage in the heart remains 
unclear.   

  11.2.2     Cellular Enzymes 

  11.2.2.1     Xanthine Oxidoreductase ( XOR )     Pharma-
cologic and biochemical studies implicate XO as a major 
source of ROS in the cardiovascular system.  5,40,41   XOR 
exists in two forms,  xanthine dehydrogenase  ( XDH ) 
and XO, which are interconvertible.  42   In humans, both 
forms of XOR are involved in the catabolism of purine, 
oxidizing hypoxanthine to xanthine, and fi nally xanthine 
to its terminal catabolite, uric acid, Figure  11.2 . Mam-
malian XDH can be readily converted to XO by oxida-
tion of sulfhydryl residues (reversible) or by proteolysis 
during extraction or purifi cation procedures (irrevers-
ible). Classically, XDH is considered to be NAD  +  -
dependent catalyzing the oxidative reaction of xanthine 
to urate with reduction of NAD  +   to NADH, whereas 
XO reduces oxygen with the production of O 2  • −   and 
H 2 O 2 , Figure  11.2 . While the activity of XO was reported 
to be low in human heart compared to other species, 
most recently, XO has been shown to be upregulated in 
human dilated cardiomyopathy patients.  43   Inhibition of 

Proteins enter this compartment as extended polypep-
tides and fold into their functional state in a process that 
is assisted by luminal chaperones. The ER is the major 
site for protein disulfi de introduction and isomerization 
in eukaryotes. Oxidative protein folding in the ER 
lumen is one of the main sources of production of 
H 2 O 2 .  33   Recent observations suggest that the luminal 
H 2 O 2  concentration is higher than that in the cytosol.  34   
However, ER is an underappreciated source of ROS. 

 The ER lumen microenvironment is characteristi-
cally different from the cytosol. The major redox buffer 
of the ER lumen is composed of GSH and GSSG and 
the ratio of GSH/GSSG is nearly one hundred times 
lower in ER lumen as compared to cytosol.  35   The pos-
sible interference between the GSH/GSSG system and 
both oxidation and reduction of protein thiols under-
scores the importance of a tight regulation of the ER 
redox milieu, since changes in either direction drasti-
cally interfere with ER function. Failure of the adaptive 
capacity of the ER results in activation of the  unfolded 
protein response  ( UPR ), which increases the stress sig-
naling pathways. Increased ER stress plays an important 
role in atherosclerosis.  36   In addition, ER stress-induced 
apoptosis is implicated in the pathophysiology of car-
diovascular diseases.  37   Therefore, ER is an emerging 
player in redox pathophysiology. However, the role of 
ER stress-induced generation of ROS in oxidative 
damage during cardiac ischemia and reperfusion is not 
known.  

  11.2.1.3     Peroxisomes     In mammals, the peroxisomes 
are essential cellular organelles in mammals.  38   Peroxi-
somes are multifunctional organelles with an important 
role in cellular metabolism and physiology.  38   The unique 
characteristic of peroxisomes is their central role in the 
metabolism of compounds with low solubility in water 
or lipids.  38   They contain more than 100 enzymes and 
other proteins. Mammalian peroxisomes carry out a 
wide range of reactions such as the oxidation of purines, 
 l - α -hydroxy acids, fatty acids, polyamines, and amino 
acids.  38   Importantly, peroxisomes harbor several ROS 
generating and powerful antioxidant defense systems.  38   
The ROS-generating systems present in peroxisomes 
are acyl-CoA oxidases, 2-hydroxyacid oxidase, poly-
amine oxidase, amino acid oxidase,  xanthine oxidase  
( XO ), and inducible nitric oxide synthase (NOS2). Per-
oxisomes are also equipped with antioxidant defense 
systems composed mainly of enzymes involved in the 
decomposition of H 2 O 2  and superoxide radical (O 2  • −  ). It 
is predicted that peroxisomes serve as an intracellular 
sink for H 2 O 2 . The antioxidant enzymes present in per-
oxisomes are catalase, Cu,Zn superoxide dismutase 
(SOD1),  peroxiredoxin V  ( PrxV ), epoxide hydrolase, 
 glutathione  S -transferase  ( GST ), and  glutathione per-

  Figure 11.2         Generation of superoxide radical anion (O 2  • −  ) 
and hydrogen peroxide (H 2 O 2 ) by  xanthine oxidoreductase  
( XOR ). XOR catalyzes the oxidation of hypoxanthine to xan-
thine and subsequently to uric acid. NADH is oxidized to 
NAD  +  . 
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    11.2.2.3      NADPH  Oxidase ( Nox )     In myocytes 
damaged by ischemia, the innate immune system plays 
a crucial role in both initiation and progression of the 
subsequent repair response, which involves immune 
cells such as neutrophils and macrophages.  55,56   Whether 
these repair mechanisms are favorable or harmful to 
cardiac function is partly dependent on the amount of 
tissue damage that is caused by infl ammatory cells early 
after ischemia. Nox is best known for its role in neutro-
phil and macrophage phagocytosis.  57,58   In macrophages, 
 mitochondrial-derived ROS  ( mROS ) is also involved in 
phagocytocis.  59   There are a total of seven Nox isoforms 
that are present in phagocytic and nonphagocytic cells.  58   
The Nox family generate ROS (O 2  • −   and H 2 O 2 ) through 
electron transfer from NADPH to oxygen.  58   The two 
Nox isoforms for which there are good data on expres-
sion and functional effects in cardiac myocytes are 
Nox2  60   and Nox4.  61   Nox2 is normally quiescent and is 
acutely activated by stimuli such as angiotensin II and 
endothelin-1.  58   Nox4 has a constitutive, low-level activ-
ity and seems to be regulated largely by changes in 
abundance.  58   Therefore, Nox4 may be regarded as an 
inducible isoform. The intracellular locations of the two 
isoforms in cardiomyocytes are distinct. Nox2 is found 
predominantly on the plasma membrane.  62   Nox4 is 
found intracellularly in ER  63   and mitochondria.  61   Nox2 
may be activated by several different cardiac stresses 
and plays important pathophysiological roles in cardiac 
disease.  62   Myocardial Nox4 expression increases during 
hypoxia, myocardial ischemia, or  in vivo  pressure over-
load.  63,64   Nox2 activity in myocardium is increased in the 
failing human heart.  60    

  11.2.2.4      NADH  Oxidase(s)     NADH is an endoge-
nous substrate of complex I in the ETC in the mitochon-
dria.  65   The level of NADH increases during ischemia 
and reperfusion in isolated rabbit heart.  66   It has been 
demonstrated that the mitochondrial NADH-oxidase 
activity increases during ischemia in rat and dog 
hearts.  32,67   The production of O 2  • −   increases with the 
duration of ischemia and increased oxidation of 
NADH.  32   It has been proposed that the activity of 
enzyme NADH oxidases could play an important role 
in the damage caused by ROS in cardiac cells during 
ischemic conditions.  32,67   However, the questions remain 
regarding the molecular enzyme responsible for the oxi-
dation of NADH and generation of O 2  • −  . Various studies 
have shown that both XOR and AO catalyze the oxida-
tion of NADH and generate O 2  • −   and H 2 O 2 , (Fig.  11.2  
and Fig.  11.3 ).  52,68,69   Recently, it has also been shown that 
the oxidation of NADH by Fe 3 +  cytochrome  c  (cyt  c ) in 
the presence of H 2 O 2  increases the generation of O 2  • −   
(Fig.  11.4 ).  70   

XO has been shown to improve postoperative recov-
ery  44,45   and reduce lipid peroxidation  44   in open-heart 
surgery patients. Reduction of reperfusion injury in 
human myocardium has also been reported.  46   Recently, 
it has been reported that XO activity contributes to 
exercise-induced myocardial ischemia in patients with 
chronic stable angina.  47   Despite the presence of numer-
ous supporting studies, there have also been negative 
reports, such that the role of XO in human cardiovas-
cular disease remains controversial and merits further 
investigation.  48   XO can also simultaneously reduce both 
nitrite and oxygen to  nitric oxide  ( NO ) and O 2  • −  , respec-
tively, in the presence of electron donors such as xan-
thine or NADH.  49,50   The products, NO and O 2  • −  , react 
with each other to form peroxynitrite (ONOO  −  ). 

    11.2.2.2     Aldehyde Oxidase ( AO )     AO and XO are 
related enzymes in terms of their general structure, bio-
chemical characteristics, and amino acid sequences, but 
their substrate specifi city and inhibitor susceptibility are 
different.  51   Unlike XOR, AO catalyzes a diverse range of 
endogenous aldehydes derived from lipid peroxidation, 
glycation,  α -amino acid oxidation, biogenic amine 
metabolism, and ethanol metabolism. AO not only cata-
lyzes the oxidation of aldehydes but also the oxidation 
of NADH, aromatic azaheterocyclic compounds, and 
certain drugs of pharmacological and toxicological 
importance.  52,53   AO is a permanent oxidase and trans-
fers its electrons exclusively to oxygen with concomitant 
formation of O 2  • −   and H 2 O 2  (Fig.  11.3 ).  53   AO is predomi-
nantly present in the liver, but it is also present in other 
tissues, such as lung, kidney, and heart.  54   Compared to 
XOR, the levels and activities of AO in freshly prepared 
rat liver and heart are found to be higher.  53   Hence, AO 
is predicted to be an important enzyme playing a major 
role in oxidative damage during cardiac ischemia and 
reperfusion. 

  Figure 11.3         Generation of superoxide radical anion (O 2  • −  ) 
and hydrogen peroxide (H 2 O 2 ) by aldehyde oxidase (AO). AO 
catalyzes the oxidation of aldehydes and NADH to acids and 
NAD  +  , respectively. 
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cardiolipin.  81,82   Upon interaction with cardiolipin, cyt  c  
has been shown to alter its tertiary structure and gain 
peroxidase activity.  80   Under conditions of oxidative and 
nitrative stress, the peroxidase activity of cyt  c  also 
increases.  83,84   Importantly, the oxidative stress is 
increased during ischemia and reperfusion in the heart.  5   
Recently, it has also been shown that the peroxidase 
activity of cyt  c  increases the O 2  • −   production in the 
presence of endogenous electron donors such as NADH 
(Fig.  11.4 ).  70   Hence, it has been suggested that cyt  c  
could have a novel role in the deleterious effects of 
ischemia and postischemic reperfusion.  

  11.2.2.6      NOS s     To date, three major NOS isoforms 
have been identifi ed. Two of these (NOS1 and NOS3) 
are constitutive and calcium and calmodulin dependent. 
Cardiomyocytes constitutively express both neuronal 
(nNOS/NOS1) and endothelial (eNOS/NOS3) isoforms. 
The third isoform, iNOS/NOS2, is inducible and calcium 
independent and is primarily involved in infl ammation. 
NOS converts  l -arginine to  l -citrulline and NO, and 
requires the substrates NADPH and oxygen as well as 
the cofactor tetrahydrobiopterin (BH 4 ) (Fig.  11.5 ). Cor-
onary endothelium, endocardial endothelium, cardiac 
nerves, and cardiomyocytes of the normal heart all 
express constitutive NOS and have basal production of 

    11.2.2.5     Cyt  c      A high concentration of cyt  c  is 
present in human heart.  71   In heart,  ∼ 30% of the total 
volume is occupied by mitochondria.  28   Cyt  c  is a small, 
globular heme protein which exists in high concentra-
tion (0.5–5 mM) in the inner membrane of mitochon-
dria.  72   At least 15% of cyt  c  is tightly bound to the inner 
membrane, and the remainder is loosely attached to the 
inner membrane and can be readily mobilized.  73   Physi-
ologically, cyt  c  mediates electron shuttling between cyt 
 c  reductase (complex III) and cyt  c  oxidase (complex 
IV) during mitochondrial respiration.  73   The loosely 
associated cyt  c  participates in electron transport, medi-
ates O 2  • −   removal, and prevents oxidative stress,  73,74   
while the tightly bound cyt  c  accounts for the peroxidase 
activity.  75   Cyt  c  is also a key player in cell death through 
apoptosis, sometimes known as programmed cell 
death.  76,77   Release of cyt  c  from the inner mitochondrial 
membrane into the cytosol is a proapoptotic factor.  78,79   
In the early event of apoptosis, the redox function of cyt 
 c  in the respiratory chain switches to a peroxidase 
function.  80   

  Cardiolipin  ( CL ) is an acidic phospholipid found pri-
marily in the inner mitochondrial membrane, and 
confers fl uidity and stability to the membrane.  81,82   Cyt  c  
is anchored to the mitochondrial membrane through 
both electrostatic and hydrophobic interactions with 

  Figure 11.4         Proposed model of cytochrome  c  mediated removal of H 2 O 2 , oxidation of NADH, generation of superoxide radical 
(O 2  • −  ), and alternative electron transfer pathway in mitochondria. 
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      11.3     MODULATION OF SUBSTRATES, 
METABOLITES, AND COFACTORS DURING  I - R  

  11.3.1      ROS  

 The formation of ROS increases under ischemia and 
postischemic reperfusion.  5,97   Several studies have shown 
that in cardiac myocytes a distinct molecular mechanism 
is involved in increased ROS generation during exces-
sive oxidative stress conditions such as ischemia and 
reperfusion.  98–100   In this mechanism, mitochondria can 
signifi cantly amplify a low level of ROS in or around 
mitochondria as a cellular signal amplifi er which is con-
verted into a pathological ROS signal. It has been shown 
that the mitochondrial transition pore opening and 
ETC uncoupling are the main sources of increased ROS 
generation during oxidative stress. The increased gen-
eration of ROS couples mitochondria through “ ROS-
induced ROS-release ” ( RIRR ) signaling. The increased 
generation of ROS by the mitochondrial RIRR signal-
ing results in mitochondrial and cellular injury/death 
and fatal arrhythmias. Recently, it has been shown that, 
in the presence of H 2 O 2  (ROS), the oxidation of NADH 
by Fe 3 +  cyt  c  results in the generation of O 2  • −   (ROS).  70    

  11.3.2     Hypoxanthine and Xanthine 

 During ischemia, the substrates for XOR, hypoxanthine 
and xanthine, accumulate.  41   In isolated ischemic hearts 
and hypoxic endothelial cells, ATP is metabolized to 
ADP, AMP, adenosine, inosine, and fi nally the XO sub-
strates hypoxanthine and xanthine, which react with XO 
upon reoxygenation or refl ow resulting in O 2  • −   and H 2 O 2  
generation (see Fig.  11.2 ).  101,102   This substrate availabil-
ity is of critical importance in controlling the magnitude 
and time course of endothelial radical generation. Thus, 
in the postischemic heart, increased XO formation 
occurs due to conversion of XDH to XO, and there is 
marked XO substrate formation due to ischemic ATP 
degradation (Fig.  11.7 ).  41   

    11.3.3      NADH  

 Under physiological conditions, NADH is a substrate 
for complex I (NADH: ubiquinone oxidoreductase) in 
the ETC in mitochondria.  65   In normal tissues, the cel-
lular levels of NADH have been measured in the range 
of 0.33–0.83 mM.  103   In the heart, the level of NADH 
increases during ischemia (reaching 1.85 mM) as a con-
sequence of anaerobic glycolysis.  103–106   The levels of 
NADH in the ischemic and postischemic heart are 
higher than in the normal heart.  66   During postischemic 
reperfusion of the isolated heart, the levels of O 2  • −   
generation and NADH are increased and decreased, 

NO.  85   This process of vascular and myocardial NOS 
generation of NO is greatly altered by ischemia.  5   
During ischemia, the rise in myocardial calcium leads to 
initial activation; however, subsequently, oxygen levels 
fall, limiting its availability as a substrate. In addition, 
marked intracellular acidosis occurs, with prolonged 
ischemia rendering the enzyme inactive. Moreover, 
postischemic oxidants alter NOS function and endothe-
lial reactivity.  5   

  NOSs require a tightly bound BH 4  for activity. It has 
been observed that NOS can become “uncoupled” and 
generate O 2  • −   (Fig.  11.5 ).  5   NOS can become a potent 
source of O 2  • −  , with depletion of either the substrate 
 l -arginine or the cofactor BH 4  triggering this funda-
mental alteration in NOS function.  5,86   There are other 
mechanisms that could trigger uncontrolled production, 
including release of fl avin adenine nucleotide (FAD) 
from the enzyme, disruption of the active dimer, struc-
tural changes resulting in uncoupling of the reductase 
and oxygenase sites.  5   ROS production by uncoupled 
NOS can act as an amplifying mechanism for deleteri-
ous effects of ROS. Partially or fully uncoupled eNOS 
can also generate peroxynitrite (Fig.  11.5 ).  87,88    

  11.2.2.7     Nitrate/Nitrite Reductase(s)     Studies have 
reported that nitrate and nitrite are important sources 
of NO in the cardiovascular system.  89,90   Two- and one-
electron reduction of nitrate and nitrite form nitrite and 
NO, respectively (Fig.  11.6 ). In mammalian tissues, 
nitrate can be enzymatically reduced to nitrite and then 
to NO under hypoxic or normoxic conditions.  91–93   
Further, various enzymes such as hemoglobin, deoxy-
myoglobin, XOR, AO, and mitochondrial enzymes are 
involved in the reduction of nitrite to NO.  89–96   

  Figure 11.5         Generation of superoxide radical anion (O 2  • −  ) 
and nitric oxide (NO) by  nitric oxide synthase  ( NOS ). NOS 
catalyzes the conversion of  l -arginine to  l -citruline and NO 
in the presence of tetrahydrobiopterin (BH 4 ). In the absence 
of BH 4  NOS uncouples and generates O 2  • −  . Under pathophysi-
ological conditions, the products NO and O 2  • −   react with each 
other to form peroxynitrite (ONOO  −  ). 
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  Figure 11.6         Reduction of nitrate to nitrite and subsequently 
to NO. 
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  11.3.5      NO  

 In tissues, nitrite can be nonenzymatically reduced to 
NO.  110   Under acidic conditions, nitrite is reduced to 
NO.  110   Myocardial ischemia results in intracellular aci-
dosis and severe hypoxia leading to a highly reduced 
state that subsequently leads to nitrite reduction.  110   An 
electron paramagnetic resonance (EPR) spectroscopic 
study has shown that NO is generated in isolated rat 
hearts subjected to ischemia in the presence of nitrite.  110   
This nonenzymatic reduction of nitrite to NO results in 
myocardial injury with a loss of contractile function.  110   

 EPR spin trapping using Fe-MGD (Fe 2 +  -MGD 2 ) 
has shown that the generation of NO increases in isch-
emic rat hearts.  5   The generation of NO increases as a 
function of the duration of ischemia.  5   It has been shown 
that the generation of NO during ischemia is largely 
NOS dependent by using inhibitors, such as N-nitro-
L-arginine methyl ester (L-NAME) or N-monomethyl-
L-arginine (L-NMMA).  5   

respectively.  5,66,106   In addition, the level of NAD  +   is 
increased during postischemic reperfusion.  66   Therefore, 
NADH is oxidized to NAD  +   during reperfusion. 
Recently, it was reported that the increase in NADH 
oxidation induces a concurrent increase in O 2  • −   produc-
tion during ischemia.  32    

  11.3.4      BH 4   

 BH 4  serves as an important cofactor for aromatic amino 
acid hydroxylases as well as for all three NOS isoforms. 
BH 4  is highly redox-sensitive and is readily oxidized. In 
the ischemic and reperfused heart, there is a marked 
increase in oxidants.  5   BH 4  can be readily depleted by 
oxidants.  107   In isolated rat hearts, the level of BH 4  
decreased,  ≥ 95%, during global ischemia.   108   In addition, 
BH 4  is irreversibly oxidized in postischemic hearts.  108   
Thus, reduced BH 4  levels, or its oxidation to dihydrobi-
opterin (BH 2 ) and other metabolites uncouple NOS, 
resulting in increased formation of O 2  • −   (ROS).  108,109    

  Figure 11.7         Molecular mechanisms involved in the generation of reactive oxygen species (ROS) in cardiac cells. Cellular com-
munication involved in the generation of ROS during ischemia and reperfusion. 
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cardiac ischemia and reperfusion are not presently 
known and require further investigation.   

  11.4      ROS -MEDIATED CELLULAR 
COMMUNICATION DURING  I - R  

 As summarized above, it is clear that in the ischemic and 
reperfused heart, a number of pathways of ROS forma-
tion are activated, giving rise to high levels of oxidative 
stress. An isolated focus on ROS formation as detrimen-
tal is far too simplistic. Importantly, the functional com-
munication, integrated cellular signaling, and cross talk 
among the various cardiac cell types (i.e., cardiomyo-
cytes, and endothelial cells) and infl ammatory cells are 
also critical for the generation of ROS during ischemia 
and reperfusion. This integrated cellular communication 
leads to myocardial infarction and heart failure. 

 XO is highly expressed within the capillary endothe-
lium of the heart (Fig.  11.7 ).  5   In human aortic or venous 
endothelial cells, XO-mediated radical generation has 
been shown to be a central mechanism of oxygen radical 
generation upon anoxia and postischemic reoxygen-
ation.  117,118   It has been suggested that in ischemic tissues, 
XDH is converted via proteolytic cleavage to XO.  40   XO 
inhibition with allopurinol or oxypurinol has benefi cial 
effects on the failing heart by preventing high-energy 
phosphate depletion and decreasing O 2  • −   production.  101   
Systemic allopurinol, an XO inhibitor, reduces markers 
of oxidative stress and improves endothelial function in 
patients diagnosed with chronic heart failure.  119   

 In isolated rat heart, the substrates of XOR, hypo-
xanthine and xanthine, are not present prior to isch-
emia.  41   However, in ischemic heart and hypoxic 
endothelial cells, ATP is metabolized to ADP, AMP, 
adenosine, inosine, and fi nally the XOR substrates 
hypoxanthine and xanthine (Fig.  11.7 ).  40,41   In the isch-
emic heart, it has been shown that myocytes are the 
main sources of XO substrates.  40,41,120   Another substrate 
for XO, molecular oxygen, is supplied during reperfu-
sion of the heart.  5   It has been shown that blocking XO 
substrate formation with inhibition of  adenosine deami-
nase  ( AD ) or blocking  nucleotide transport  ( NT ) from 
the myocytes to the endothelium decreases ROS gen-
eration in the heart.  102   Moreover, the mitochondrial 
ETC is also an important source of ROS formation in 
myocytes.  121   Hence, the communication between myo-
cytes and endothelium is important for the generation 
of ROS during ischemia and reperfusion. 

 Importantly, necrotic cardiomyocytes are eliminated 
slowly by infi ltrating infl ammatory cells.  122   The oxidative 
stress signals triggered by the endangered myocardium 
infl uence the behavior of nonimmune cells such as 
endothelial cells and myofi broblasts.  55   The ROS genera-

 Nitrate/nitrite reductase reduces nitrate/nitrite to 
NO under anaerobic conditions.  93   The molybdenum 
enzymes XOR and AO can catalyze the reduction of 
nitrite to NO under hypoxia/anaerobic conditions.  91,92   
XOR and AO can be seen as complementary to NOS. 
XOR and AO could promote NO-induced vasodilation 
in ischemia when NOS activity is low. Therefore, XOR 
and AO are potentially important sources of NO in 
ischemic biological tissues. The mitochondrial protein 
cyt  c  also reduces nitrite to NO under hypoxia.  94    

  11.3.6     Peroxynitrite ( ONOO   −  ) 

 In isolated rat hearts, the production of NO and O 2  • −   are 
increased during the early period of postischemic reper-
fusion.  111   Both XOR and AO increase the generation of 
O 2  • −   during ischemia and reperfusion. The increased 
production of NO reacts rapidly with O 2  • −   to produce 
highly reactive ONOO  −  .  111   The concomitant production 
of NO and O 2  • −   is generally associated with nitroxida-
tive stress and protein nitration via ONOO  −   or heme 
peroxidase-dependent nitration.  112   3-Nitrotyrosine pro-
vides a useful marker for NO-associated stress in various 
diseases and increased levels are found in failing hearts.  112   

 ONOO  −   reacts with Fe 3 +  cyt  c  and increases the per-
oxidase activity.  84   The increased peroxidase activity of 
Fe 3 +  cyt  c  increases the oxidation of NADH and forma-
tion of O 2  • −  .  70   Moreover, ONOO  −   uncouples eNOS 
(NOS3) and increases the generation of O 2  • −  .  113,114   In 
addition, ONOO  −   oxidizes free and eNOS-bound 
BH 4 .  113,114   During ischemia and reperfusion, the 
decreased level of BH 4  and uncoupled eNOS increase 
the generation of ROS.  108    

  11.3.7     Free Amino Acids 

 Taurine, glutamine, glutamate, aspartate, and alanine 
are the most abundant intracellular free amino acids in 
the human heart.  16   The level of taurine, glutamine, and 
glutamate are decreased during cardiac ischemia and 
reperfusion.  16   The metabolic by-product of glutamate is 
alanine and hence, the level of alanine is increased 
during ischemia and reperfusion. Glutamate has an anti-
oxidant activity in cardiomyocytes.  20   Due to its cardio-
protective effects, glutamate has been used in 
cardioplegic buffer during cardioplegic arrest.  20   

 In tissues and endothelial cells, amino acids  l -arginine 
and  asymmetric dimethylarginine  ( ADMA ) are intrin-
sically present.  115,116    l -arginine, BH 4 , and ADMA are 
substrate, cofactor, and inhibitor of eNOS, respectively. 
In the heart, the level of BH 4  decreases due to irrevers-
ible oxidation during ischemia and reperfusion.  108,109   
With limited BH 4 , both  l -arginine and ADMA increase 
eNOS-derived O 2  • −  .  115   However, the molecular mecha-
nisms and effect of amino acids on oxidative damage in 



ROS AND CELL DEATH DURING ISCHEMIA AND REPERFUSION  319

cardial infarction in humans, apoptosis has been 
observed in three different regions: (1) in the core of 
the ischemic myocardial area, (2) in the border zone of 
the infarction, and (3) in the viable myocardium, remote 
from the ischemic area.  131   Unfortunately, the relative 
contribution of apoptosis to the total amount of cardiac 
cell death is still not clear. In addition, whether or not 
preventing apoptosis would lead to functional improve-
ment is also not known.  

  11.5.2     Necrosis 

 Mitochondria also play a key role in necrosis, involving 
uncontrolled cell death in response to a severe insult 
that leads to plasma membrane rupture and an infl am-
matory response. In necrosis, the opening of  mitochon-
drial permeability transition pore  ( MPTP ) in the  inner 
mitochondrial membrane  ( IMM ) plays a major role.  121   
MPTP causes necrotic cell death of the heart that occurs 
during reperfusion after a long period of ischemia. Oxi-
dative stress is one of the potent activators of MPTP 
opening. The peroxidation of lipids occurs upon reper-
fusion.  132   The peroxidation of lipids triggers loss of 
membrane integrity, necrosis, and cell death.  133   In a 
canine model, the majority of myocytes died during the 
early phase of reperfusion due to the necrotic pathway.  123   
In another study, it has been shown that cell death in 
acute global ischemia followed by reperfusion occurs 
predominantly by the necrosis pathway.  134   Neutrophils 
and macrophages have also been associated with isch-
emia and reperfusion-induced necrotic myocyte cell 
death.  123   Reducing oxidative stress during reperfusion 
represents a potential target for cardioprotection.  

  11.5.3     Autophagy 

 Autophagy has evolved as a conserved process for bulk 
degradation and recycling of cytoplasmic components, 
such as long-lived proteins and organelles.  135,136   In 
nutrient-deprived cells, autophagy is a long term cell-
survival mechanism.  136   In autophagy, amino acids and 
fatty acids are recycled for ATP generation.  135   However, 
excessive activation of autophagy can be toxic and may 
even induce cell death.  137   In the heart, autophagy is 
important for the turnover of organelles at low basal 
levels under normal conditions. In the heart, autophagy 
is upregulated in response to stresses such as ischemia/
reperfusion.  135,136   Autophagy can be protective during 
acute myocardial ischemia and detrimental during myo-
cardial reperfusion after a short period of ischemia.  138   
Studies have suggested that autophagy may be involved 
in non-apoptotic cell death by ischemia/reperfusion.  136   
However, it is unclear as to whether autophagy is a sign 
of failed cardiomyocyte repair or is a suicide pathway 

tion by myocytes and endothelial cells during ischemia 
activates chemotaxis of  polymorphonuclear leukocyte s 
( PMN s) in the postischemic hearts.  56   In a canine model, 
it has been suggested that infl ammatory cells may par-
ticipate in ischemia and reperfusion induced myocyte 
cell death.  123   The increased generation of ROS triggers 
PMN adhesion molecule expression and PMN adhe-
sion.  55,56,69,124   Thus, endothelial or myocyte-derived ROS 
trigger PMN-mediated injury with adhesion to the 
endothelium followed by transmigration to the cardiac 
myocyte (see Fig.  11.7 ). In injured myocytes, leukocytes 
can increase the generation of ROS once the oxygen 
supply is restored during reperfusion. However, in view 
of several negative clinical studies, the importance of 
leukocytes in clinical reperfusion injury has been 
questioned.  125    

  11.5      ROS  AND CELL DEATH DURING 
ISCHEMIA AND REPERFUSION 

 The increased production of ROS leads to oxidative 
damage of various biomolecules, cells, and tissues. The 
increased generation of ROS during ischemia and 
reperfusion may injure cells by causing peroxidation of 
membrane lipids, denaturation of proteins including 
enzymes and ion channels, and strand breaks in DNA.  5   
Moreover, intracellular organelles such as mitochondria 
are damaged during ischemia and reperfusion.  121   Mito-
chondria are recognized as a key player in cell death 
through apoptosis, necrosis, and autophagy.  121   The recur-
ring or prolonged oxidative damage results in organ 
failure and death. 

  11.5.1     Apoptosis 

 Several studies have established that apoptosis, some-
times called “programmed cell death,” occurs in cardiac 
pathologies, such as ischemia and reperfusion injury, 
myocardial infarction, and heart failure.  126   Myocardial 
apoptosis contributes signifi cantly to ischemia and 
reperfusion induced myocardial injury. Mitochondria 
are now recognized to play a critical role in mediating 
apoptotic cell death. In apoptosis, a selective permeabi-
lization of the  outer mitochondrial membrane  ( OMM ) 
occurs that releases cyt  c  and other apoptotic factors.  121,127   
The release of cyt  c  is an early step in apoptosis.  78,79   In 
animal models, it has been demonstrated that apoptosis 
occurs during ischemia and reperfusion.  123,126,128–130   It has 
also been reported that apoptosis is a signifi cant con-
tributor to myocardial cell death as a result of reperfu-
sion injury.  128   In addition, it has been suggested that 
macrophages may be involved in induction of apoptotic 
cell death in the later phase of reperfusion.  123   In myo-
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of XO, for the chronic management of gout.  142   Uloric 
is structurally unrelated to allopurinol. Importantly, 
febuxostat is a potent and selective inhibitor of both the 
oxidized and reduced forms of XO. Febuxostat effec-
tively blocks substrate access to the active site.  143   Febux-
ostat binding is not affected by the redox state of XO 
and does not induce ROS generation. Febuxostat is also 
a more effi cient (6000 times) XO inhibitor than allopu-
rinol.  144   Therefore, febuxostat is a promising drug for 
the protection of the heart from oxidative damage due 
to ischemia and reperfusion injury.  

  11.6.2      BH 4   Supplementation 

 In order to increase the tissue level of BH 4 , supplemen-
tation with BH 4  and its various analogues have been 
employed.  145,146   In isolated postichemic reperfused rat 
hearts, BH 4  supplementation is effective in NO produc-
tion and partial restoration of endothelium-dependent 
coronary fl ow.  108,146   Therefore, supplementation of BH 4  
may be an important therapeutic approach to reverse 
endothelial dysfunction in postischemic tissues as 
well as in other oxidant-associated cardiovascular dis-
eases.  109,147   However, the uptake of BH 4  by myocytes of 
the failing or ischemic heart needs to be explored. 

 Many patients with a severe defi ciency of BH 4  have 
received BH 4  therapy and have had their quality of life 
greatly improved. BH 4  supplementation reduces isch-
emia and reperfusion induced endothelial dysfunction 
and injury in patients with type 2 diabetes and coronary 
artery disease.  148    

  11.6.3     Nitrate/Nitrite Supplementation 

 Nitrate is abundant in many vegetables such as spinach, 
lettuce, and beetroot.  93   Nitrate is reduced to nitrite and 
further to NO by various molecular mechanisms. Dietary 
nitrates improve mitochondrial effi ciency in humans.  149   
In rats,  in vivo  administration of nitrate decreases blood 
pressure and enhanced postischemic blood fl ow.  93   A 
substantial amount of ingested nitrate is actively taken 
up from the circulation by the salivary glands and con-
centrated in saliva. Salivary nitrate is then effi ciently 
reduced to nitrite by commensal bacteria in the oral 
cavity. The concentration of nitrite is 1000-fold higher 
in saliva compared to plasma.  89   Nitrite protects against 
ischemia and reperfusion injury in the heart.  89,90   Acidic 
conditions during tissue ischemia and reperfusion or 
chronic ischemia are optimal for the reduction of nitrite 
to NO.  110   Various enzymes are also involved in the 
reduction of nitrite to NO.  89–92,94–96,110   Hence, there is a 
therapeutic potential for nitrates and nitrites in condi-
tions involving ischemia and reperfusion.  150    

for failing cardiomyocytes. Suppression of oxidative 
stress during the reperfusion phase inhibits autophagy 
and prevents myocardial injury.  135   Hence, oxidative 
stress regulates cell survival/death through autophagy. 
It has also been demonstrated that a regulatory link 
exists between mitochondrial function and autophagy.  139   
The functional role of autophagy during IR in the heart 
is complex. It is possible that the extent of autophagy 
and its pathophysiological function depend on the 
severity and duration of ischemia and consequent tissue 
damage during reperfusion in the heart. The level of 
autophagy may determine whether autophagy is protec-
tive or detrimental in response to ischemia and reperfu-
sion in the heart. At present, the contribution of 
autophagic cell death to overall myocardial injury is 
unknown. 

 Ischemia and reperfusion leading to cardiomyocyte 
cell death has been reported as a combination of apop-
tosis, necrosis, and autophagy. Nevertheless, further 
research is needed for a better understanding of the role 
of apoptosis, necrosis, and autophagy in myocardial 
injury during ischemia and reperfusion and heart failure.   

  11.6     POTENTIAL THERAPEUTIC STRATEGIES 

 Cardioprotective strategies against ischemia and reper-
fusion are aimed at inhibiting the formation of deleteri-
ous metabolites or preserving intracellular metabolites 
by supplementation. 

  11.6.1     Inhibitors of  XDH / XO  (Allopurinol/
Febuxostat) 

 Allopurinol (Zyloprim), a potent inhibitor of XO, has 
been shown to improve postoperative recovery  44,45   and 
reduce lipid peroxidation  44   in open-heart surgery 
patients. Reduction of reperfusion injury in human 
myocardium has also been reported.  46   Allopurinol is a 
useful, inexpensive, well-tolerated, and safe anti-
ischemic drug for patients with angina.  47   Allopurinol 
exerts relatively weak competitive inhibition on activity 
of the oxidized form of XO.  140   Allopurinol is, however, 
rapidly oxidized by XO to the active inhibitor, oxypuri-
nol. Oxidation of allopurinol by XO results in the gen-
eration of O 2  • −   (ROS).  141   Oxypurinol binds tightly to the 
reduced form of XO, coordinating to the reduced 
molybdenum center and acting as a suicide inhibitor of 
XO.  140   However, oxypurinol binds only weakly to the 
oxidized form of XO. Moreover, oxypurinol is displaced 
from the enzyme during spontaneous reoxidation of 
molybdenum with accompanying reactivation of XO.  140   

 Recently, the U.S.  Food and Drug Administration  
( FDA ) approved Uloric (febuxostat), an oral inhibitor 
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surgical procedures, including both vascular and cardiac 
operations and transplantation.   

  SUMMARY AND CONCLUSION 

 Over the last three decades, studies have shown that 
ROS formation is increased in the ischemic and reper-
fused heart and are important mediators of myocardial 
injury. Various intracellular organelles and enzymatic 
and nonenzymatic processes are the main sources of 
ROS generation during ischemia and reperfusion. ROS 
formation or oxidative stress is greatly increased through 
a series of interacting enzymes and cellular pathways. 
At lower levels, the ROS have an important role in 
regulation of normal processes such as cell signaling. 
The concentrations of ROS under normal conditions 
are maintained at nontoxic levels by a variety of anti-
oxidant defenses and repair enzymes. The balance 
between antioxidant defenses and ROS production may 
be disrupted by inhibition of ETC in mitochondria, 
increased production of substrates, alterations of normal 
functions of organelles and enzymes, and defi cient anti-
oxidant defenses. This imbalance occurs in ischemia/
reperfusion injury in which the resulting oxidative insult 
causes tissue damage and, eventually, cell death. The 
role of various molecular mechanisms in the generation 
of ROS during ischemia and reperfusion have been 
explored, however; this process and the specifi c molecu-
lar targets of ROS are still not fully understood. Various 
pharmacological agents, supplements, and treatments 
such as IPC can protect the heart from ischemia and 
reperfusion injuries. Understanding the molecular 
mechanisms involved in the generation of ROS during 
ischemia and reperfusion and specifi c molecular targets 
of ROS will facilitate development of improved thera-
peutic treatments leading to the prevention of myocar-
dial injury.  
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   OVERVIEW 

 Peroxidation of  polyunsaturated fatty acid  ( PUFA ) 
containing lipids has been known for a long time. 
Numerous studies have documented that peroxidized 
lipids as well as products derived from their decomposi-
tion, particularly aldehydes, have deleterious biological 
properties. This concept has been exemplifi ed in the 
study of atherosclerosis. A plethora of  in vitro  and 
animal studies, as well as human epidemiological and 
correlatory studies have supported the notion that oxi-
dative processes may contribute to the disease process. 
Yet the negative outcome of human clinical trials with 
 α -tocopherol and other antioxidants has convinced 
even staunch supporters of the hypothesis to take a step 
backward and reconsider reasons of their failure and 
suggest alternative approaches. 

 In this chapter, based on our recent studies, we point 
out that lipid peroxidation-derived aldehydes are readily 
oxidized to carboxylic acids, and many enzyme systems 
that are suggested to be involved in the oxidation of 
lipids themselves are capable of accelerating this con-
version. Presence of antioxidants prevented such con-
versions suggesting that toxic aldehydes that are not 
only pro-atherogenic but also pro-infl ammatory and 
could accumulate under such conditions. Considering 
the literature that human fatty streak foam cell lesions 
abound even early in life and that the antioxidant trials 
were conducted in adult clinical population late in life, 
it is likely that antioxidants could have interfered with 
the oxidative clearance of toxic aldehydes and exacer-
bated plaque vulnerability.  

  12.1     LIPID PEROXIDATION 

 Lipid peroxidation has been a topic of interest for 
decades. Countless studies have documented that the 
presence of PUFA in esterifi ed lipids make them vul-
nerable for oxidative damage.   Edible oil industry has 
long been aware of the sensitivity of plant-derived oils 
to oxidation and the plethora of side products that could 
be formed if PUFA containing oils are left to become 
rancid. Elegant chemistry has elucidated the position, 
stereochemistry, and the mechanisms of oxidation as 
well as the products generated from almost all PUFAs 
that are commonly present in cooking oils, cell mem-
branes, and lipoproteins. Innumerable oxidation systems, 
from exposure to air and ozone to complex enzyme 
systems have been described in the literature.  1–11   Basi-
cally, they can be divided into two groups: those that 
generate oxidants such as oxygen free radicals and those 
which directly act on the fatty acids. NADPH oxidase 
and  xanthine oxidase  ( XAO ) are examples of the 
former, while lipoxygenases represent the latter. Oxida-
tion of lipids by the former is nonselective and could 
cause oxidation at random double bond positions 
depending on how the lipids are presented. True lipid 
oxygenases are highly specifi c enzymes that catalyze the 
oxygenation in a site and stereospecifi c manner. There 
are also peroxidases, for example,  myeloperoxidase  
( MPO ), which utilize hydrogen peroxide and generate 
products that are capable of oxidizing a variety of bio-
logical molecules, including lipids. In general, the type 
of fatty acid, its esterifi cation status and to which mol-
ecule it is esterifi ed to, oxygen tension, presence/absence 
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  Figure 12.1         Oxidative stress affectors. 
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of redox metals, the nature and specifi city of the enzymes, 
and the composition of the surrounding milieu could 
infl uence the oxidation of PUFA. While the vulnerabil-
ity of PUFA is extensively discussed about, monoun-
saturated fatty acids as well as the carboxylic group 
itself can undergo oxidation. In addition, oxidation also 
affects other non-fatty acid-containing lipids such as 
cholesterol. 

 The realization that lipid peroxides are relatively 
unstable and gave rise to secondary decomposition 
products led to the identifi cation of a variety of end 
products. These include carbonyl compounds such as 
aldehydes and ketones, hydrocarbons, epoxides, alco-
hols, carboxylic acids, and several types of polymerized 
products. In addition, the chemical reactivity of some of 
these products led to their interaction with many differ-
ent types of biological molecules, for example, amine- 
and thiol-containing macromolecules with the formation 
of novel adducts. Of these, the aldehydes are considered 
biologically important. 

 For reasons that are not obvious, it was always felt 
that oxidative stress is harmful and that products of 
oxidative stress are etiological in many disease pro-
cesses. The etiology of almost every major human path-
ological condition has been linked to oxidative stress. In 
addition, many benefi cial cultural, social, and nutritional 
trends around the world have been attributed to anti-
oxidative aspects. For example, aspects of Mediterra-
nean diet, yoga, vegetarianism, curry powder, red wine 
and chocolate consumption, physical activity, zinc, sele-
nium or lack of it in the soil, and so on (Fig.  12.1 ) have 
been attributed to their abilities to affect oxidative 
stress and thereby infl uence the disease process. Like-

wise, there are constant attempts to link proven thera-
pies and lifestyle modalities to their potential antioxidant 
effects. Exercise, statins,  12,13   many antihypertensive 
drugs, drugs that contain a phenolic hydroxyl group or 
thiol function,  14–29   and so on have been suggested to 
have antioxidant effects. On the contrary, exposure to 
radiation, environmental pollutants and toxins, expo-
sure to carcinogenic chemicals, exposure to viruses, bac-
teria, or other pathogens are suggested to be oxidative, 
and their physiological effects have been suggested to 
be linked to such stress. One would expect from the long 
list of antioxidant compounds that we consume that the 
human race would be free of chronic diseases and would 
have a very long life expectancy. 

    12.2     OXIDATION HYPOTHESIS OF 
ATHEROSCLEROSIS 

 Atherosclerosis is the major manifestation of  cardiovas-
cular diseases  ( CVD s) and is also one of the major risk 
factors for heart failure. For a long time, the disease was 
considered as a natural consequence of the aging 
process. However, recent evidence indicates that young 
adults and even neonates may have substantial athero-
sclerosis,  30–32   suggesting that the aging process itself 
might promote clinically relevant effects of atheroscle-
rosis such as calcifi cation, infl ammation, thrombosis, and 
poor heart function.  33–35   Diabetes,  36–46   hypertension,  47–51   
smoking,  52–58   environmental pollutants,  59   lack of physi-
cal activity/obesity,  60   food rich in cholesterol leading to 
hypercholesterolemia, consumption of fried food, 
certain chemical pollutants, and so on (Fig.  12.2 ) are 
suggested to increase oxidative stress and perhaps exac-
erbate the progression of the early atherosclerotic 
lesions to advanced lesions. 

  The role of lipoproteins in atherosclerosis develop-
ment has been a topic of interest for several decades. It 
is now established beyond doubt that high levels of  low-
density lipoprotein  ( LDL ) and low levels of  high-density 
lipoprotein  ( HDL ) contribute signifi cantly to the devel-
opment and progression of cardiovascular diseases.  33, 61–65   
While the former might promote progression, the latter 
might be intricately involved in not only preventing the 
progression but also in promoting regression. 

  12.2.1     The Oxidized  LDL  ( Ox - LDL ) 

 The biochemical processes that contribute to the forma-
tion of early atherosclerotic lesions, the fatty streak 
lesions, are still under debate. The LDL oxidation 
hypothesis was put forward in the eighties to explain the 
formation of fatty streak lesions.  34,35,66–68   Countless 
reviews and over 5000 articles have appeared on the 
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  Figure 12.2         Atherosclerosis-causing agents. 
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 TABLE 12.1       Biologically Relevant, Lipid-Peroxidation-
Derived Aldehydes 

Aldehyde References

Hexanal   5, 6  
2-Hydroxyhexanal   5, 6  
4-Hydroxynonenal   75–85  
Malondialdehyde   69–77  
Oxo-valeric acid   86  
Oxo-nonanoic acid   86  
Acrolein   87–90  

topic to date providing evidence for the involvement of 
oxidative processes in animal and human atheroscle-
rotic disease. 

 The oxidation of LDL is a complex process during 
which both the protein and lipids undergo oxidative 
changes and form complex products. The peroxidized 
PUFA containing lipids decompose, generating both 
free and core aldehydes that covalently modify  ε -amino 
groups of lysine residues of the protein moiety. The 
latter not only generates Schiff ’ s bases, thus modifying 
charges on the amino acids, but also results in both 
intra- and intermolecular cross-links between proteo-
lyzed apo B. Biologically relevant aldehydes formed 
during the oxidation of LDL are described in Table 
 12.1 .  69–90   The take-home message from these studies was 
that the modifi cation of apoprotein B might be the key 

determinant of lipid uptake by macrophages. However, 
there is also evidence in the literature for the oxidized 
lipid-mediated uptake of oxidized LDL.  91–94   If so, oxi-
dized lipoproteins other than oxidized LDL as well 
as cells and membranes that contain similar oxidized 
lipids might also contribute to lipid accumulation in 
macrophages. 

  The oxidation of HDL also has been noted to affect 
its biological properties. For example, oxidized HDL has 
been noted to be a poor promoter of reverse cholesterol 
transport.  95   Despite enormous earlier interest on the 
topic, it is still not clear whether oxidation of the apo-
protein alone is suffi cient to infl uence cellular processes, 
although it is claimed that chlorination of tyrosines or 
oxidation of specifi c methionine residues of apoproteins 
could render HDL dysfunctional.   

  12.3     ANIMAL MODELS OF 
ATHEROSCLEROSIS 

 There are innumerable animal models of atherosclerosis.  96–101   
The necessity to study the disease in a short and mean-
ingful period of time has created numerous models that 
have shrunk the atherogenic process to a mere few 
weeks. All these models depend on the increases in 
plasma cholesterol levels beyond what one would see in 
a human being after feeding a diet rich in saturated fat 
and cholesterol. These models were developed with the 
sole purpose of studying the contribution of cholesterol 
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   12.3.1     Human Atherosclerosis and Animal Models 

 The human form of atherosclerotic disease differs con-
siderably from the disease models in animals. As men-
tioned before, the animal models are predominantly set 
up to develop and study the very early fatty streak 
lesions with macrophage foam cells. Such lesions start 
very early in life in humans (even in infants and chil-
dren) below the age of 15.  30,104–108   Maternal hypercholes-
terolemia seems to strongly infl uence the development 
of atherosclerotic lesions in the young.  105–107   Interest-
ingly, while plasma LDL levels positively correlate to 
the severity of coronary artery disease,  31,108,109   infants 
and children have much lower LDL levels as compared 
to adults and the elderly population, suggesting that the 
correlation between age and plasma LDL levels could 
be a statistical coincidence rather than one of clinical 
signifi cance except when specifi c subfractions with 
increased atherogenic potency such as oxidized low 
density lipoprotein (Ox-LDL) or small, dense LDL 
account for the increase.  110–112   Moreover,  paraoxonase 1  
( PON 1 ), a key enzyme that is implicated in the detoxi-
fi cation of lipid peroxides, is nearly absent in early 
human life.  113–117   However, the presence of fatty streak 
atherosclerotic lesions alone in the absence of signifi -
cant other risk factors might be clinically inconsequen-
tial especially considering lower plasma lipid levels and 
compounding risk factors in children as compared to 
adults. Also, quantitatively, adults may have greater 
lesion surface area as compared to children, in addition 
to differences in the type of lesions. Acquisition of addi-
tional risk factors might signifi cantly affect the progres-
sion or regression of the early childhood lesions.  

  12.3.2     Progression of Human Disease Calcifi cation 

 The progression of human atherosclerotic lesions has 
been well established by pathologists.  118–121   They unani-
mously conclude that the macrophage-lipid-rich early 
fatty streak lesions progress to extracellular lipid-rich 
raised complex lesions later in adult life with or without 
calcifi cation. Atherosclerotic calcifi cation begins as 
early as the second decade of life, just after fatty streak 
formation. The lesions of younger adults have revealed 
small aggregates of crystalline calcium among the lipid 
particles of lipid cores. Calcium deposits are found more 
frequently and in greater amounts in elderly individuals 
and in more advanced lesions. In most advanced lesions, 
when calcifi cation dominates, components such as lipid 
deposits and increased fi brous tissue may also be 
present. The extent of calcifi cation also has been cor-
related with plaque burden.  118   It has been demonstrated 
that coronary calcifi cation is detected in the vast major-
ity of patients with a fi rst myocardial infarction. Age-
related calcium score is highly predictive for myocardial 

carrying lipoproteins or other associated processes to 
the formation of macrophage-rich fatty streak lesions 
and have performed remarkably well to this end. These 
models also permit studying the contribution of indi-
vidual risk factors and associated biochemical events. 
They were also developed for studying the molecular 
aspects of the development of atherosclerosis and their 
prevention by pharmacological agents in a reasonably 
short period of time. As a result, they represent “acceler-
ated atherosclerosis” with end point of histopathologi-
cally established fatty streak lesions. What happens 
afterward as the disease progresses is overwhelmingly 
ignored. These short-term animal models of atheroscle-
rosis have performed well to establish and test the oxi-
dation hypothesis. The model provided evidence of lipid 
peroxidation and aldehyde accumulation, evidence for 
the presence of aldehyde–protein adducts, evidence for 
the presence of core-aldehydes and, above all, evidence 
for the attenuation of atherosclerosis by a number of 
antioxidants. 

 What is interesting in these models is that the athero-
genic diet contains far less unsaturated fat than what 
might be required to generate quantities of aldehydes 
comparable to what is seen with human LDL oxidized 
 in vitro . This might suggest that the degree of oxidation 
seen  in vitro  is unrealistic or additional changes that 
accompany during oxidation might contribute a lot 
more signifi cantly than originally believed. Conversely, 
aldehydes might be constantly released by the cells from 
the digested lipoprotein due to lysosomal acidifi cation 
to promote additional modifi cation of extracellular lipo-
proteins (Fig.  12.3 ) and that even small amounts of alde-
hydes generated could be “recycled.” Considering the 
fi ndings that increasing the amount of PUFA or 
increased unsaturation, as in fi sh oil-derived PUFA, in 
the diet could actually decrease atherosclerosis in 
experimental animals.  102,103   one might suggest there is a 
threshold beyond which PUFA might have additional 
benefi cial effects. It is also possible that in highly unsat-
urated PUFA, the aldehydes generated are less lipo-
philic and are eliminated easily as compared to lipophilic 
aldehydes. 

  Figure 12.3         Aldehydes released from the digested lipopro-
tein due to lysosomal acidifi cation. 
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been successful in preventing human cardiovascular 
complications, they have been reported to reduce the 
level of infl ammatory cytokines.  169–171   Thus there is yet 
another paradox questioning whether the infl ammation 
per se is responsible for cardiovascular outcome or is 
yet another manifestation of the disease process.   

  12.4     ALDEHYDE GENERATION FROM 
PEROXIDIZED LIPIDS 

 The breakdown of peroxidized lipids into aldehydes has 
been well documented.  69,172–174   The unsaturated alde-
hydes produced from these reactions have been impli-
cated in modifi cation of cellular proteins and other 
materials. The mechanism(s) by which aldehydes are 
generated from peroxidized lipids are still unclear. Both 
radical dependent and independent mechanisms have 
been suggested (Table  12.2 ).  5,6,173,174   Based on simple cal-
culations, we predicted a glut of aldehyde products 
during the oxidative decomposition of LDL. Aldehydes 
are extremely oxidation-labile and are readily con-
verted into carboxylic acids. Based on this, we consid-
ered the possibility that the oxidation hypothesis did not 
extend “far” enough to include the decomposition of 
peroxidized lipids. 

   12.4.1     The Oxidation of Aldehydes to Carboxylic 
Acids 

 While  4-hydroxynonenal  ( 4-HNE ) attracted consider-
able attention, the other half of the decomposition 
product of oxidized linoleic acid (oxo-valeric acid, oxo-
nonanoic acid and other oxo-acids and core aldehydes) 
has attracted little attention.  175   The core aldehydes 
(which are esterifi ed to lipids such as cholesterol or 
lysophospholipids) are seen only as markers of oxida-
tion or as antigenic lipids or as substrates for enzymes 
such as  platelet activating factor  acetyl hydrolase ( PAF -
acetyl hydrolase) or phospholipases. One such product 

infarction event risk in prospective studies, and the asso-
ciation between coronary calcium and coronary heart 
disease (CHD) events usually remains signifi cant after 
adjusting for other CHD risk factors. These study results 
support the concept that coronary calcium is associated 
with a relatively profound independent increased risk 
of CHD events in women and men. However, there has 
been a great deal of debate about the role of calcifi ca-
tion in plaque rupture.  122–127   

 Calcifi cation has been noted as both intra- and extra-
cellular deposits,  125   with the latter predominantly associ-
ated with extracellular lipids. Many researchers believe 
that coronary arterial calcifi cation may represent an 
attempt to protect the weakened atherosclerotic plaque 
prone to rupture.  125,127   Calcifi ed lesions and fi brotic lesions 
are much stiffer than cellular lesions and are unlikely to 
be associated with sites of plaque rupture.  125,128   In fact, 
a recent study showed that less than 15% of the rup-
tured human lesions showed evidence of associated cal-
cifi cation.  127   It is speculated that the plaque rupture 
often occurs at the interface between a calcifi ed and 
noncalcifi ed atherosclerotic areas of the lesion. Thus, 
calcifi cation could be seen as a potential stabilizing 
force that may increase the biochemical stability of the 
plaque by imparting rigidity while at the same time 
decreasing the plaque ’ s mechanical stability. The mech-
anism involved in atherosclerotic calcifi cation or the 
nature of its deposition has not yet been determined. It 
is generally assumed that calcium phosphate precipi-
tates in diseased coronary arteries by a mechanism 
similar to that found in active bone formation.  122,128–134   
Some of the studies suggested the involvement of spe-
cifi c sulfated proteoglycans in the deposition of calcium 
in lesion areas.  135–138   Calcium is generally identifi ed 
by van kossa stain or by computerized tomography 
(methods that detect calcium and not the molecule to 
which it is attached to). Currently, there is no hypothesis 
that would explain the association of calcium with lipid-
rich domains.  

  12.3.3     Infl ammation and Atherosclerosis 

 Yet another major difference between human and 
animal atherosclerosis is the contribution of infl amma-
tory cytokines and  matrix digesting enzyme s (matrix 
metalloprotease [ MMP ]s) to the advancement of the 
vulnerable plaque.  139–145   Most of these cytokines and 
MMPs are induced by oxidative stress  146–171   suggesting 
that ongoing oxidative processes might be involved in 
the generation of the vulnerable plaque, infl ammatory 
cytokines and matrix disruption, release of lytic lipids 
such as lyso phosphatidylcholine, aldehydes, release of 
reactive oxygen species, and proteolytic enzymes. It is 
interesting to note that while antioxidants have not 

 TABLE 12.2       Potential Enzymes and Oxidants Involved in 
the Oxidation of Lipid Peroxide-Derived Aldehydes 

Type of Enzyme and Oxidant References

1. Increased oxygenation   2–7  
2. Oxygen radicals   5,6  
3. Peroxides and peracids   2–4,7  
4. Peroxynitrite   5,6  
5. Copper and other metal oxides   4,6  
6. Xanthine oxidase, MPO, and other oxidases   2,3,4,7  
7. Many fl avin-containing enzymes   5,6  
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cytokine production by macrophages and infl ammatory 
cells.  194–196   It also has been noted to reduce oxidant pro-
duction by leukocytes.  194   Thus, it has been added as an 
active ingredient in topical skin medications, particu-
larly as anti-acne agent.  195–197   

 The oxidation of oxo-nonanoic acid to AZA is a 
simple oxidation step and is inhibited by antioxidants  198   
analogous to the oxidation of other aldehydes.  199–201   The 
oxidation of aldehydes into acids is catalyzed by both 
enzymatic (aldehydes oxidase, aldehyde dehydroge-
nase, MPO, xanthine oxidase) as well as by nonenzy-
matic oxidation.  

  12.4.4     Could Antioxidants Inhibit the Conversion of 
Aldehydes to Carboxylic Acids? 

 Thus, in human secondary prevention trials with anti-
oxidants, there is a distinct possibility that the high 
levels of antioxidants could have prevented the genera-
tion of antiatherogenic and anti-infl ammatory dicarbox-
ylic acids. Such dicarboxylic acids also might be involved 
in calcifi cation process, and the inhibition of their for-
mation by antioxidants would be conducive to the for-
mation of noncalcifi ed vulnerable plaque (Fig.  12.4 ). 
Until the specifi c nature of calcium deposits are identi-
fi ed in human lesions, one could only speculate the role 
of such dicarboxylic acids in calcifi cation. Either they 
can complex calcium and thus could represent calcifi ed 
lesions, or they could destabilize the calcium phosphate/
calcium extracellular proteoglycan complex, thus acting 
against calcifi cation. It remains to be seen whether 
agents that would prevent the decomposition of lipid 
peroxides into long-chain aldehydes or enhance the 
conversion of aldehydes into dicarboxylic acids would 
have a better cardiovascular outcome (Table  12.4 ). The 
carboxylic acids, including dicarboxylic acids, are readily 
oxidized in the mitochondria and peroxisomes and thus 
could be readily eliminated. Molecules such as apo A1/
HDL or enzymes such as paraoxonases or glutathione 
peroxidase might be inherently anti-atherogenic by not 
only promoting the conversion of hydroperoxides into 
hydroxides as well as by complexing with the aldehyde 
products but also by removing the hydroxides from the 
artery for elimination  114–117   as suggested by Fogelman 
and associates.  

     SUMMARY 

 Oxidative stress in general and lipid peroxidation, in 
particular, has been implicated in CVD. While most of 
the  in vitro  and animal studies support the involvement 
of such processes, the absence of clinically benefi cial 
effects of antioxidants in humans has been taken as 

(oxo-nonanoic acid) that is derived from the oxidation 
of linoleic acid is of great biological signifi cance as it 
gets readily oxidized to nonane dioic acid (azelaic acid 
[AZA]). AZA is a lipophilic dicarboxylic acid as 
opposed to short-chain dicarboxylic acids such as 
malonic acid, despite the reactive methylene group 
reactivity of the latter. Therefore, it would be expected 
to be formed and to accumulate in greater amounts in 
lipid-rich domains.  

  12.4.2     Proatherogenic Effects of Aldehydes 

 The proatherogenic effects of aldehyde products have 
received relatively little attention as compared to the 
oxidized lipids themselves. The initial burst of activities 
centered on the modifi cation process per se, and the 
results seemed to indicate that small molecular water-
soluble aldehydes such as  malondialdehyde  ( MDA ) 
readily diffused from the lipoprotein particle.  176   Pio-
neering studies by Esterbauer and coworkers brought 
attention to more reactive and lipophilic aldehydes such 
as 4-HNE into focus.  177–180   Besides being capable of 
protein modifi cation and cross-linking, 4-HNE is now 
recognized to affect the atherogenic process by a 
number of different ways. Aldehydes such as 4-HNE 
might cause enzyme inactivation, apoptosis, modify pro-
teins associated with cell signaling, and induce proin-
fl ammatory cytokines (Table  12.3 ).  177–188   

    12.4.3      AZA : A Lipid Peroxidation-Derived 
Lipophilic Dicarboxylic Acid 

 AZA would have two important antiatherogenic prop-
erties. One, as other dicarboxylic acids, it would have 
great affi nity for calcium and precipitate calcium in 
lipid-rich domains.  189–193   This might account for the 
unusually high calcifi cation associated with lipid core 
domains. Second, AZA has been noted to have anti-
infl ammatory properties and has been noted to decrease 

 TABLE 12.3       Proatherogenic Effects of Aldehydes 

Effects References

1. Modifi cation of apoproteins leading to 
macrophage recognition and foam cells 
formation

  69–72,80  

2. Modifi cation of apoproteins leading to 
immunogenicity and antibody formation

  73,74  

3. Induction of chemotaxis and adhesion-
related proteins

  75,77,85,179,171  

4. Cytotoxicity and apoptosis   82,84,187  
5. Initiation of oxygen radical formation   87  
6. Enzyme inactivation   70,75  
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evidence against the oxidative theory of CVD. In this 
review, we point out that antioxidants could also inhibit 
the oxidation of toxic lipid peroxidation-derived alde-
hydes and could prevent the generation of potentially 
plaque stabilizing anti-infl ammatory molecules.  
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OVERVIEW

Cystic fibrosis (CF) is an autosomal recessive genetic 
disorder that affects roughly 70,000 children and adults 
worldwide with nearly 30,000 of those in the United 
States.1 CF is typically diagnosed by age 2 and the 
median life expectancy is limited to only 3 or 4 decades. 
CF is a debilitating multiorgan disease with the most 
serious manifestations resulting in progressive weaken-
ing of lung host defense, chronic lung infections, and loss 
of lung function. Other symptoms of CF include poor 
weight gain, malnutrition, and fibrosis of the pancreas. 
Many of the symptoms of CF have been known since at 
least the early 1900s, but they were not identified as CF. 
Beginning in the 1930s, the connection between CF of 
the pancreas and the effects on the lung and GI tract 
was made by Anderson.2 Diagnosis of CF was advanced 
with the finding that excessive salt loss occurs in the 
sweat of CF patients.3 The biochemical basis for CF was 
largely unknown until 1983 when Quinton reported that 
sweat duct cells from a CF subject lacked chloride 
efflux.4 However, since the initial discovery of a defect 
in chloride transport, a number of other functions for 
the CF protein have also been described. The CF gene 
was identified in 1989 with the most common CF muta-
tion having a deletion of phenylalanine at position 508 
of the protein, ΔF508.5–7

CF is caused by mutations in the CF gene encoding 
for the cystic fibrosis transmembrane regulator (CFTR) 
protein. CFTR is an apically located ATP-binding cas-
sette (ABC) transporter in the C-subfamily (ABCC7). 
CFTR was originally identified as a chloride channel 

due to the high salt concentration in the sweat of CF 
patients, but CFTR is most closely related to the MRP 
family of transporters best known for xenobiotic trans-
port.8 Over 1300 mutations have been identified in the 
CFTR gene that lead to CF, many of which consist of 
deletion, insertion, or truncation mutations.9 CFTR 
mutations are commonly divided into five major groups 
according to their effect on CFTR function.10 The CFTR 
mutation classes include Class I, defective protein syn-
thesis; Class II, defective protein processing; Class III, 
defective protein regulation; Class IV, altered conduc-
tance; and Class V, reduced CFTR abundance. The most 
common mutation, known as the ΔF508 mutation, 
occurs in roughly 70% of CF patients. The ΔF508 muta-
tion is a class II trafficking mutation, which means that 
a fully functional CFTR protein is synthesized but is not 
correctly packaged to the apical membrane, and it 
remains in the ER and is tagged for degradation.11,12 
Other frequent CFTR defects include truncation muta-
tions (G542X, W1282X, S480X), substitution mutation 
(G551D, R347P), or splice variants, but each only makes 
up 1–2% or less of the mutations that cause CF.13

13.1 LUNG DISEASE CHARACTERISTICS 
IN CF

There are a number of physiological manifestations of 
CF, including effects on the pancreas, GI, and lung. The 
CF clinical phenotype is highly variable and complex 
due to the many genotypes and corresponding pheno-
types that result in differing levels of organ involvement 
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13.1.2 Lung Infection and Reactive Oxygen Species 
(ROS) in CF

The lungs of CF individuals are uniquely susceptible to 
bacterial infection and over time become chronically 
colonized with bacteria. Pseudomonas aeruginosa infec-
tions are the most common in older CF subjects that 
acquire a mucoid phenotype with the formation of a 
biofilm in the lung. Infections trigger a persistent neu-
trophilic inflammatory response in the lung. The CF 
lung is hypersensitive to inflammatory stimuli with 
exaggerated release of proinflammatory cytokines such 
as interleukin (IL)-8 and decreased release of anti-
inflammatory cytokines such as IL-10.23,24 Much of the 
hypersensitivity to inflammatory stimuli is thought to be 
due to increased activity of transcriptional factors 
NF-kB and AP-1 and associated signaling pathways that 
regulate their activity.25 These same inflammatory 
stimuli activate both leukocytes and epithelium to 
release ROS and reactive nitrogen species (RNS), 
including superoxide, hydrogen peroxide, hydroxyl 
radical, hypochlorous (HOCl) acid, nitric oxide (NO), 
and peroxynitrite.

Leukocytes contain NADPH oxidases (NOXs) that 
upon activation produce superoxide that is rapidly con-
verted to hydrogen peroxide by either spontaneous dis-
mutation or through reaction with superoxide 
dismutases. Many of the signals elicited during lung 
infection can activate NOXs that include toll receptor 
ligands, cytokines, and growth factors.26 Infiltrating neu-
trophils are a hallmark of CF lung disease and they 
release myeloperoxidase (MPO) that generates halous 
acids, including HOCl acid, that is very damaging to the 
lung epithelium, or hypothiocyanate (HOSCN), which 

affected by the lack of functional CFTR activity.14 The 
most common cause of death among CF individuals is 
due to progressive obstructive lung disease associated 
with chronic infection and inflammation; thus, we will 
primarily focus on the disease characteristics in the lung.

13.1.1 Lung Epithelial Lining Fluid (ELF), Host 
Defense, and CFTR

The lung epithelium is responsible for the composition 
and sustenance of the thin fluid that bathes the airway 
surface. The ELF contains a number of components that 
defends the lung from inhaled agents, including antimi-
crobial peptides and proteins, antioxidants, and mucus.15 
CFTR contributes some of these key components to the 
ELF, including GSH, a major lung antioxidant,16 and 
thiocyanate (SCN), a key component of host defense 
with antioxidant properties (Table 13.1).17,18 The lung 
also uses mucociliary clearance to remove inhaled par-
ticles and pathogens. In normal individuals, the muco-
ciliary clearance mechanism traps bacteria and particles, 
preventing them from reaching the lower airways.19 In 
CF individuals, the imbalance in ion transport leads to 
dehydration of the mucus.20,21 This dehydration results 
in thick mucus, impaired mucociliary clearance, and 
defective host defense.22 In CF individuals, the thick 
mucus layers provide a rich media for bacteria coloniza-
tion that leads to chronic infections. The dehydrated and 
thick mucus stimulates bacteria to form biofilms that 
make it difficult for conventional antibiotic treatments 
to reach and kill the pathogens. The chronic exposure 
of the lung to bacteria sets up a chronic inflammatory 
and oxidative environment that is thought to result in 
much of the CF lung pathology.

TABLE 13.1 Glutathione (GSH) and Thiocyanate (SCN) are Two Major Thiols in the Lung 
Epithelial Lining Fluid (ELF)

-S-C N=

Properties Glutathione (GSH) Thiocyanate (−SCN)

Molecular weight 307 58
Compound class Peptide Cyanate
Thiol pKa 8.6 4
ELF levels (μM) 150–300 60–160
Synthesis γ-GCL and GS dietary (??)
Function Antioxidant, cofactor host defense, antioxidant (?)

Note: GSH and SCN share functions as being essential cofactors or substrates for enzymes and have direct 
and indirect antioxidant effects.
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tumor necrosis factor alpha (TNFα), which have the 
ability to propagate the inflammatory response by acti-
vating macrophages and recruiting neutrophils, result-
ing in even more cytokine release in the airways.36 
Neutrophils release elastase that damages the mucocili-
ary clearance system and stimulates mucus production, 
both of which are hallmarks of CF lung disease,37 which 
can be reversed by antioxidants.38 There is also a unique 
balance in which proinflammatory cytokine levels can 
be suppressed by the available of antioxidants like glu-
tathione (GSH) in the airways. Studies have shown that 
thiols can negatively modulate NF-kB activity in the 
lung which results in less cytokine production upon 
stimulation.39,40 Individuals with CF are at a unique dis-
advantage because GSH is low in the CF airway due to 
the loss of functional CFTR.16,41

13.1.4 Airway Antioxidants in CF

There are a number of airway antioxidants (ascorbate, 
GSH, uric acid, and α-tocopherol) along with surfactant 
proteins, albumin, and mucus that protect the airway 
surfaces in the lung.42 Antioxidants in the airways 
are secreted by the lung epithelium to provide a protec-
tive barrier against inhaled oxidants. In the CF lung,  
the levels of GSH are abnormally low. This decrease is 
due to a multitude of factors, including decreased trans-
port capability as well as increased oxidative stress  
that consumes much of the available airway GSH. 
Another issue in CF is the poor absorption of fat-soluble 
antioxidant vitamins, including α-tocopherol, vitamin D, 
and β-carotene,43 as well as other elements of antioxi-
dant systems such as ferritin44 and selenium.45,46 This 
decrease in airway antioxidants leaves the CF lung com-
promised and severely susceptible to oxidants from the 
atmospheric environment as well as those produced 
endogenously.

is less damaging and functions as an antimicrobial 
(Figure 13.1). The lung epithelium can contribute to 
ROS production through the activation of dual oxidases 
(Duox) which are structurally and functionally related 
to NOXs and are highly expressed on the surface of lung 
epithelium.27 Bacterial products are known to activate 
Duox formation of H2O2 by the lung epithelium.28 The 
lung epithelium also secretes lactoperoxidase (LPO) 
into the airways that generates HOSCN (Fig. 13.1). One 
of the biological functions of NOX and Duox is to 
provide hydrogen peroxide, a required substrate for 
MPO and LPO activity.28 Both the lung leukocytes and 
lung tissues express nitric oxide synthetase (NOS) that 
can be a source of both NO and superoxide.29 CF 
patients have lower levels of exhaled NO but higher 
levels of NO metabolites, including nitrite, nitrate, and 
peroxynitrite in their lungs.30,31 CF patients have eleva-
tions of markers of lung oxidative stress even early in 
life that is thought to be due to lung inflammation.32 
CFTR KO mice have increased levels of markers of 
mitochondrial oxidative stress even under pathogen-
free conditions.33 Under oxidative damage, free radicals 
can be formed from damaged tissue, with the mitochon-
dria being a major source of ROS.34 Furthermore, over-
production of ROS/RNS can deplete tissue and airway 
antioxidant defenses, essentially perpetuating the oxida-
tive environment.

13.1.3 Inflammation in CF

Airway inflammation is a major component of CF lung 
disease. Signs of airway inflammation are present even 
in young children without evidence for bacterial coloni-
zation.35 Airway inflammation is also enhanced as a 
result of recurrent infections and the persistence of the 
infections in CF individuals. These inflammatory signals 
include proinflammatory cytokines, including IL-8 and 

Figure 13.1 Formation of oxidants by major peroxidases in the airways. Reaction (1) illustrates the myeloperoxidase (MPO)-
mediated formation of either hypochlorous (HOCl) or hypothiocyanate (HOSCN) from hydrogen peroxide (H2O2) based on 
available substrates. HOCl can also be converted to HOSCN by available thiocyanate (SCN-). Reaction (2) illustrates the less 
reactive pathway of hydrogen peroxide utilization by lactoperoxidase (LPO) to only form HOSCN.
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proof that CFTR is not just a chloride channel but can 
also be actively involved in the transport of other mol-
ecules. It has even been suggested that CFTR function 
can vary based on the type of nucleotide that is bound, 
with some configurations favoring transport of chloride 
while others facilitate the transport of GSH.61 Currently, 
CFTR is the only known lung apical transporter of GSH 
that regulates both basal and GSH adaptive response 
levels.16,18,62,63

13.2.3 SCN Transport

SCN is another thiol-containing molecule that has also 
been shown to be transported by CFTR.17,18,64 Similar to 
chloride and bicarbonate, SCN is a charged anion. In 
vitro studies examining anion pore properties of CFTR 
have shown that SCN is transported in a selective 
manner comparable to chloride. In fact, using biological 
modeling and patch clamp techniques, it has been sug-
gested that under steady-state conditions, SCN can 
enter the pore and bind with more affinity to CFTR 
than chloride.64 This is an interesting proposition, but in 
whole cell systems, chloride has been shown to still have 
a greater conductance through CFTR than SCN.65 SCN 
can act as both an antioxidant18 and as an alternative 
substrate for MPO in host defense mechanisms.17,66 SCN 
is best known as a detoxification product of cyanide67 
and a specific substrate for LPO.68 LPO generates 
HOSCN from H2O2 and SCN, which has antimicrobial 
properties. SCN is an important antioxidant when it 
comes to protecting the lung during infections and can 
detoxify MPO and hypochlorite-mediated cell injury.18 
In the mouse lung, SCN is roughly the same level as 
GSH in the normal ELF, but with a deficiency in CFTR, 
SCN levels fall to roughly 20% normal levels.18 Other 
transporters such as pendrin have been suggested to be 
involved in the transport of SCN in vitro,69 which may 
explain why CFTR KO mice still have some SCN in the 
airways, but it is unclear to what degree this occurs in 
vivo. Nevertheless, SCN transport relies heavily on 
CFTR and is a crucial aspect necessary for host defense 
that is defective in CF.70

13.3 OXIDATIVE STRESS IN THE CFTR-
DEFICIENT LUNG

It is well known that there is increased oxidative stress 
in the lungs of CF patients42,51,71,72 and CFTR KO 
mice.33,73 The occurrence of oxidative stress in the lungs 
is actually due to several different factors, including 
increased oxidant burden from infection and host 
defense and decreased antioxidant transport capability 
into the ELF.

13.2 ROLE OF CFTR IN THE LUNG

CFTR is not an abundantly expressed protein in the 
lung. Relative protein expression of CFTR makes up 
only a very small fraction of the total proteins that are 
normally expressed in the lung epithelium.47 yet, the 
loss of lung CFTR function results in dramatic and 
lethal lung disease. Thus, it is important to realize that 
the expression level of a protein does not always dictate 
the importance it has on overall lung function. Despite 
decades of study, there are still many unknown func-
tions and interactions that CFTR has within the lung. 
However, there are several well-known aspects of CFTR 
function in the lung that contribute to the detrimental 
effects of CF lung disease.

13.2.1 Chloride Transport

CFTR was first identified as a chloride transporter.48 
Early diagnostic tests were developed to identify indi-
viduals with CF by measuring elevated chloride concen-
trations in sweat.49 CFTR is classically thought of as a 
chloride transporter, but it also has a number of other 
diverse transport and protein scaffold functions.50–52 The 
ability to transport sodium and chloride are essential in 
regulating water balance and hydration of the epithelial 
lining fluid in the lung.53 This imbalance in hydration 
leads to the classic thick mucus in the airways of CF 
individuals.54 The thick mucus is also a cause of the 
persistent lung infections as well as many of the airway 
obstructions found in CF patients.55 It is these chronic 
airway obstructions that are most commonly associated 
with mortality in CF.56

13.2.2 GSH Transport

With the proliferation of molecular biology techniques 
in science, CFTR was sequenced and found to be most 
closely associated with the multidrug resistance associ-
ated proteins (MRP, ABCC) family rather than classical 
chloride transporters.57 The MRP family is better known 
for xenobiotic transport function and is the major group 
of proteins involved in the liver’s transport of GSH into 
the plasma and bile.58 Early studies found decreased 
levels of GSH in the airway fluids of CF patients, but 
whether this was due to oxidative conditions that 
deplete the GSH or defective transport was not known.41 
Consequently, several studies have shown CFTR medi-
ates GSH export in cell lines expressing normal CFTR 
and decreased GSH export in cell with mutant forms of 
CFTR.59,60 While CFTR was shown to be involved in the 
transport of GSH, the mechanism by which this occurs 
was not known but, using purified membrane vesicles 
expressing CFTR protein, the nucleotide-mediated 
transport of GSH was directly shown.61 This gave further 
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tion. Furthermore, in vitro studies have shown elevated 
ROS levels in the mitochondria of CFTR deficient 
cells.33 Taken together, these data suggest that while the 
most drastic effect CFTR mutations have is on the 
extracellular environment, the intracellular environ-
ment is also affected as well. Furthermore, it is plausible 
that the increase in cellular ROS, particularly in the 
mitochondria, can affect cellular function resulting in 
altered respiratory function in the lung.

13.3.3 NO and CF

The dual role of NO is perplexing from the standpoint 
of understanding the pathophysiology of CF. Under 
normal circumstances, NO is an essential signaling mol-
ecule, antimicrobial, bronchodilator, and modulator of 
immune responses.84 High NO concentrations can cause 
cytotoxic effects in the airways, suppress the effects of 
TH1 CD4+ cells, and react with superoxide to form 
ONOO− (Fig. 13.2). In fact, the role of NO in the airways 
may actually be quite dependant on the GSH content 
where NO stimulates the expression of γ-glutamylcysteine 
ligase, the rate-limiting enzyme in GSH synthesis.85,86 
The enzymes involved in GSH synthesis are induced by 
NO presumably to keep its cytotoxic effects at bay. NO 
and GSH can form S-nitrosoglutathione (GSNO) in 
both extracellular and intracellular compartments.87 
GSNO can act as a readily available source of NO as 
well as GSH. GSNO itself can act as a bronchodilator 
which can help prevent airway obstruction.88 The 
paradox with NO in CF is that in CF patients, NO and 
GSNO have been shown to be decreased compared to 
controls, and inducible nitric oxide synthase (NOS2) 
expression has been shown to be decreased in CF as 
well.89–94 This phenomenon is in stark contrast to other 
inflammatory diseases such as asthma where NO levels 
are increased.95 For a disease that causes such a shift in 
redox balance and an increase in ROS, one would not 
think that NO would actually be decreased. Several 
theories have been postulated as to why NO might be 
decreased, one of which is that the decrease in GSH in 
CF leads to the preferential reaction of NO with super-
oxide to form ONOO− and other nitrites thereby 
decreasing the parent NO levels.96 The positive signaling 
effects of NO are lost in CF, which potentially contrib-
utes to the increase in airway obstruction with the loss 
of the bronchodilation properties and the decrease in 
bacterial clearance without the antimicrobial properties.

13.3.4 Oxidative Stress Due to Persistent Lung 
Infection

A common trait among almost all individuals with CF 
is chronic persistent lung infections. Nearly 70% of 

13.3.1 The Importance of ELF Redox Status

The ELF redox state is a highly regulated process, and 
even under high oxidant burdens the redox state of 
GSH in the ELF is not generally shifted.74,75 While there 
are many redox-active molecules and proteins in the 
ELF, the most abundant is GSH, which makes it a good 
marker of overall redox status of the ELF. GSH is main-
tained predominately in the reduced form through the 
action of reductases that reduce the oxidized forms 
(GSSG) as well as resynthesis and transport of reduced 
GSH. With a shift to more oxidizing conditions, the 
functions of many molecules are compromised. Under 
oxidative conditions there can be increases in ROS/
RNS, including ONOO−, O2

•−, and H2O2. The formation 
of these reactive species is especially important in the 
airways since the lung is one of the few organs with a 
high oxygen concentration, which facilitates the forma-
tion of these reactive species. ROS/RNS can readily 
cause DNA damage and lipid peroxidation which can 
lead to cytotoxicity. During the repair process, increased 
fibrosis can occur which can limit the elasticity of the 
lung. Furthermore, the formation of ROS/RNS can 
cause damage to the pulmonary vasculature, causing an 
increase in vascular permeability and potentially edema. 
The lung uses the ELF to quickly adapt to its changing 
atmospheric environment by regulating the levels of 
antioxidants such as GSH.76

13.3.2 Cellular Oxidative Stress

The shift in redox status in whole organs like the lung 
is well known in CF, but what happens on a cellular level 
is commonly overlooked. It is known that CFTR can 
become inactivated with oxidants and that oxidative 
stress conditions inhibit the maturation of CFTR.77 In 
CF patients, plasma lipid peroxides and oxidized pro-
teins have been detected.78,79 In addition, elevated urine 
8-hydroxy-2-deoxyguanosine has been measured in CF 
subjects.80 While these markers do not point to a specific 
organ, they are good general biomarkers of oxidative 
stress. These biomarkers suggest that there is quite a lot 
of lipid, protein, and DNA damage that occurs in CF. In 
studies examining the lungs of mice deficient in CFTR, 
in agreement with patient data, increased lipid peroxi-
dation and DNA oxidation have been shown.33 Further-
more, cells deficient in CFTR have increased cellular 
H2O2 production.81 Mitochondria can be a major source 
of endogenous ROS release, especially if mitochondrial 
respiration is affected and the mitochondria has been 
shown to be affected by CFTR mutations.33,82,83 Despite 
similar intracellular GSH levels in both normal and 
CFTR-deficient lungs, decreased mitochondrial GSH 
has been shown in CFTR KO mice.33 This decrease coin-
cides with elevated levels of mitochondrial DNA oxida-
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consume antioxidants, and at high enough concentra-
tions can cause cytotoxicity.98 HOCl is localized in small 
microenvironments in the lung, and it is easily conceiv-
able that if HOCl concentrations reach high enough 
levels, lung damage can occur. The direct measurement 
of HOCl in the airways is not currently possible, and 
only estimations can be made either from stable prod-
ucts formed or MPO activity. In CF individuals, the 
MPO that is recovered in the airways is much greater 
than normal individuals.99 Based on estimations of the 
amount of HOCl formed by MPO and the activity of 
MPO in the sputum of CF individuals, HOCl concentra-
tions have been estimated to reach as high as 8 mM 
during infection in CF patients, more than enough to 
cause localized cellular toxicity. The lung is protected 
from excess MPO-mediated cytotoxicty with high con-
centrations of SCN to compete with chloride as a sub-
strate for MPO (Fig. 13.1). When SCN is utilized by 
MPO, the resulting product is HOSCN, a product that 
is still an effective antimicrobial but much less damaging 
to cells than HOCl.18,100 Additionally, HOCl can be 
detoxified by antioxidants like SCN and the ever-present 

people with CF have some form of lung infection. While 
the infectious pathogen itself can cause a variety of 
damage to the lung, in many instances, it is the attempts 
by the immune system to fight off the infection that can 
be just as damaging. It is thought that the dehydration 
of the mucus layer provides an ideal environment for 
pathogens to survive and evade attempts to rid the lung 
of these infections. The dehydrated mucus prevents 
either the immune cells or conventional antibiotics to 
eradicate the pathogens. As a result of the inability to 
effectively kill and clear the opportunistic pathogens, 
inflammatory signals are amplified. The amplification of 
inflammatory signals can result in increased numbers of 
macrophages and neutropil infiltration into the lung. 
Neutrophils are the main cell type that is mobilized to 
fight off bacterial pathogens, and they synthesize a spe-
cific enzyme called MPO that catalyzes the reaction 
between halides and hydrogen peroxide to form hypo-
halous acids, the most common of which is HOCl, a 
compound equivalent to household bleach solutions 
(Fig. 13.1).97 HOCl is an extremely reactive and damag-
ing oxidant, it can readily oxidize macromolecules, 

Figure 13.2 Schematic depicts reactive nitrogen and oxygen species formation in healthy and cystic fibrosis (CF) lungs and their 
modulation by antioxidants such as glutathione (GSH) and other antioxidants such as extracellular superoxide dismutase (EC-
SOD). Under normal conditions, neuronal and endothelial forms of nitric oxide synthase (nNOS and eNOS) generate low amounts 
of nitric oxide (NO). Under chronic infection and inflammation seen in most CF subjects, there is increased conversion of NO to 
oxidative products such as peroxynitrite (ONOO−) and loss of beneficial NO products such as S-nitrosoglutathione (GSNO) that 
has bronchodilator and anti-inflammatory effects.
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cytoskeleton components.107 It has been suggested that 
aquaporins are involved in the increased hydration of 
the epithelial lining fluid with hypertonic saline, but this 
has been debated.108 However, it has been shown that 
hypertonic saline does increase the volume of the ELF 
and that it could be a result of increased CFTR protein 
on the plasma membrane. In addition to potentially 
pulling water into the airways, there has been recent 
research to show that GSH and SCN are also increased 
in the airways of mice that have inhaled hypertonic 
saline.18 While it is not known whether this phenomenon 
exists in humans, it is another interesting aspect of 
hypertonic saline treatment that may contribute to its 
ability to improve lung function. Another interesting 
effect of osmotic stress is its ability to increase CFTR 
maturation. Osmotic agents like sorbitol and inositol 
have been shown to promote maturation of CFTR to 
the plasma membrane, which may contribute to some 
of its beneficial effects.109 Hypertonic saline has other 
effects besides maturation based on its ability to work 
in CF subjects with a wide range of mutations.110 While 
there are many facets of the effect of hypertonic saline 
on the airways in CF, it is one of the most well tolerated 
cost-effective treatments that increase lung function for 
many CF patients.110

13.4.2 Pharmacologic Intervention

Along the same concept of an osmotic agent causing the 
maturation of CFTR, some compounds have been 
shown to cause the maturation of CFTR to the plasma 
membrane, increase CFTR function, and promote the 
complete synthesis of CFTR protein. Pharmacologic 
intervention to try to restore CFTR protein function has 
become increasingly a popular target of researchers and 
pharmaceutical companies alike. Aminoglycoside anti-
biotics have been shown to suppress premature stop 
codons that result in truncated proteins.111 Aminoglyco-
sides have been shown to bind to a specific site on 
ribosomal RNA that disrupts the proofreading capabil-
ity which causes misreading of the mRNA enabling pre-
mature stop codons to be misread. In vitro and in vivo, 
aminoglycosides have been shown to increase cAMP-
mediated chloride transport and increase CFTR expres-
sion as well.112 In a pilot study of CF patients, the 
aminoglycoside gentamicin was shown to stimulate 
nasal chloride transport.113 In further placebo controlled 
double blind studies, gentamicin was shown to normal-
ize defects in either sodium conductance, chloride con-
ductance, or both in over 60% of the patients. While the 
use of gentamicin has been shown to be beneficial, there 
are issues with toxicity, potency, and uptake.114 Pharma-
ceutical companies have begun to develop similar com-
pounds, one of which is called Ataluren, which has also 

GSH in the airways.101,102 This presents an interesting 
conundrum for CF individuals; they have persistent 
infections that mobilize the immune system, but their 
antioxidant capacity is greatly decreased in the airways. 
This imbalance in oxidants formed and defective capac-
ity to maintain high levels of extracellular antioxidants 
can easily lead to a shift toward more oxidizing environ-
ments in the airways, which is a common finding and 
attractive therapeutic target in CF lung disease.

13.4 ANTIOXIDANT THERAPIES FOR CF

Several antioxidant therapies have emerged in recent 
years for the treatment of CF with mixed successes. 
While there are numerous therapies and treatments 
(including antibiotics, mucolytics, and gene therapy) 
that are either in the preclinical or early clinical trials, 
only those that target (or have the possibility of target-
ing) the antioxidant deficiencies of CF will be discussed 
(Table 13.2).

13.4.1 Hypertonic Saline Inhalation

The inhalation of hypertonic saline has been used as a 
therapy for CF patients for a number of years. Despite 
years of clinical use to improve lung function and mucus 
clearance, the exact mechanism of the beneficial effects 
of hypertonic saline is not known. It is thought that 
hypertonic saline helps to rehydrate the airways by cre-
ating an osmotic gradient and pulling more water into 
the airways.103 Hyperosmotic agents have been shown 
to induce a wide array of different gene products which 
include aquaporins,104 various transporters including 
CFTR,105 membrane-associated binding proteins,106 and 

TABLE 13.2 CF Therapies That May Target Oxidative 
Stress

Therapies Effect on CFTR Effect on 
Antioxidants

Hypertonic saline ↑ CFTR trafficking ↑ GSH
↑ SCN

Aminoglycosides ↑ CFTR expression 
and function

↑ GSHa

↑ SCNa

Flavonoid 
compounds

↑ CFTR function ↑ GSHa

↑ SCNa

GSH N/A ↑ GSH
NAC N/A ↑ GSH

↑ NAC

aPresumed effect on antioxidants based on increase in CFTR expres-
sion and/or function.
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precursor for GSH synthesis and has been examined 
with good results over short-term study. In a study of 18 
CF patients that received high doses of oral NAC, blood 
neutrophil GSH was improved and overall neutrophil 
burden was improved as well.124 Over the short time 
period of 4 weeks that this study covered, there was no 
increase in pulmonary function. However, longer treat-
ment times are needed to properly evaluate this end 
point.

Oral administration alone of GSH has not been rig-
orously examined in CF; it has, however, been used in 
combination with inhaled GSH which improved both 
pulmonary exacerbations and function.125 While it is not 
possible to discern the effects or oral versus inhaled 
GSH on the pulmonary function, it does highlight the 
ability for GSH rather than a precursor to be beneficial. 
There are some caveats to oral administration of any 
therapy and the major one in CF is absorption. The 
absorption of any compound into the plasma can be 
potentially affected by CFTR mutations, which would 
render the treatments ineffective if a high enough dose 
cannot be maintained. There is some evidence in CFTR 
KO mice that oral GSH absorption is impaired when 
CFTR function is defective.63

13.4.4 Inhaled Antioxidants

While not as convenient as orally administered thera-
pies, aerosolized therapies utilizing GSH or precursors 
have an added benefit because they are delivered 
directly to the intended site of action, and the potential 
for malabsorption in CF patients is not a concern. Both 
NAC and GSH have been administered through an 
aerosol to treat the redox status and function of the lung 
in CF patients. In a small study of patients aged 16–37, 
aerosolized GSH was given for up to 2 weeks and was 
shown to increase the lung function measured by FEV1 
and forced vital capacity (FVC).78 Lung function did 
seem to improve in this study, but there was little 
improvement on oxidative stress markers, including 
protein carbonyls, thiols, and lipid peroxides. Interest-
ingly, after inhaling either 300 or 450 mg GSH three 
times per day, total GSH in the bronchoalveolar lavage 
fluid (BALF) went up, but the percentage of reduced 
glutathione actually went down, suggesting that the 
majority of the GSH that is inhaled and is in the airways 
is in the oxidized form. Another study also found that 
oxidative markers were not changed with GSH inhala-
tion, but it did increase lymphocytes in the BALF.126 In 
another placebo-controlled trial, patients were given 
66 mg kg−1 GSH spaced over four inhalations per day 
for 8 weeks, and again there was improvement in peak 
flow measurements as well as a general feeling of lung 
function improvement as rated by the patients.127 These 

been shown to normalize CFTR function in nasal 
epithelium.115,116

Other targets to correct CFTR function are through 
CFTR modulators. These types of compounds are meant 
to restore function in people with reduced or defective 
chloride transport. Genistein, a flavonoid compound, 
has been shown to stimulate wild-type CFTR chan-
nels.117 It is thought that flavonoid compounds can bind 
within the channel pore and increase the open time of 
the channel. In G551D mutations, ATP binding is 
severely affected, but genistein in combination with for-
skolin or protein kinase A, both cAMP-regulating mol-
ecules, can restore channel open time.118 A modest 
repolarization of the nasal epithelium was also seen in 
patients with at least one copy of the G551D muta-
tion.119 Pharmacologic agents have also begun to be 
developed that are termed CFTR potentiators that may 
act on CFTR to keep it in the open state. Phase 2 trials 
of these compounds resulted in improvements in CFTR 
function as measured by nasal epithelium potential and 
sweat chloride as well as lung function measured by 
forced expiratory volume in 1 minute (FEV1).120

While the majority of the investigation of these com-
pounds establish changes in chloride conductance or 
potential, it is conceivable that GSH may also be altered 
in many instances. A number of flavonoids can directly 
stimulate GSH transport through related MRP trans-
porters121 and ABCG2.122 Changes in CFTR-mediated 
GSH transport with these types of compounds have not 
been examined, but if there is an increase in CFTR 
protein at the plasma membrane or increases in CFTR 
function, there is a good chance that GSH and SCN 
transport may also be improved. One of the major ques-
tions facing the pharmacologic approach at restoring 
CFTR protein or function is how much of an increase 
in function is necessary to improve lung function and 
quality of life.

13.4.3 Oral Antioxidants

One of the easiest ways to maintain compliance with 
patients during a treatment regimen is through the oral 
administration of the therapeutic. This is not lost in the 
CF field, where despite the varying treatment options, 
many are inhaled and patients might not follow the 
treatment regimen completely in all cases. The altera-
tion of diet, including taking supplements, has been 
established as one way to help treat some of the symp-
toms of CF. Malnourishment is a major concern in CF 
due to the decreased uptake of many essential fat-
soluble vitamins and antioxidants.123 Due to the multi-
tude of various vitamins and dietary changes that have 
been tried with CF, this review will focus primarily on 
GSH and GSH precursors. N-acetylcysteine (NAC) is a 
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ment to cure CF is not yet available, treatments to 
improve the quality of life of CF individuals are being 
formulated and tested worldwide, several of which focus 
on controlling the immune response and correcting the 
oxidative environment in the lung.
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   OVERVIEW 

 The involvement of oxidative stress in Alzheimer ’ s 
disease (AD), Parkinson ’ s disease (PD), and amyo-
trophic lateral sclerosis (ALS), suggest that free radicals 
play important roles in the onset and progress of neu-
rodegenerative process. Understanding the molecular 
and biochemical basis of disease pathogenesis is critical 
for the development of potential neuroprotective thera-
pies for neurodegenerative diseases (AD, PD, and ALS). 
In this chapter we discuss current knowledge of oxida-
tive stress in relation to neurodegeneration.  

  14.1     INTRODUCTION 

 A large number of diseases have been described that 
involve oxidative and nitrosative stress.  1,2   Therefore, at 
present it is important to clarify if oxidative and nitrosa-
tive stress are strictly involved in onset and progression 
of diseases, and if oxidative and nitrosative stress prod-
ucts could be used for the identifi cation and diagnosis 
of a specifi c pathological condition. Many products of 
oxidative and nitrosative stress have been proposed and 
studied in order to fi nd biomarkers of disease, since a 
validated biomarker is especially important in the case 
of neurodegenerative diseases (Table  14.1 ). In order 
that an oxidative and nitrosative stress product could be 
used as a marker of disease, it is fundamental that it be 
chemically stable, accurately quantifi ed, refl ect specifi c 

oxidation pathways, and have its concentration in bio-
logical samples correlated with the severity of the 
disease.  3   By general defi nition (from NIH),  4   a biomarker 
is an indicator of normal processes, pathogenic pro-
cesses, or pharmacological responses to a therapeutic 
intervention that is objectively measured. It is believed 
that biomarkers have great potential in predicting chances 
for diseases, early diagnosis, and setting standards for 
the development of new pharmacological treatments. 

  Neurodegenerative diseases are a varied group of 
central nervous system disorders all characterized by 
the progressive loss of neuronal tissues.  5   Tremendous 
efforts have been made in the past years to identify 
neuropathological, biochemical, and genetic biomarkers 
of neurodegenerative diseases for a diagnosis at earlier 
stages, which presumably would be more amenable to 
therapy. At the moment, the only way to do a valid 
neuropathological diagnosis of AD is a postmortem 
autopsy.  6   Having an early diagnosis of the disease might 
help in the early treatments of the disease or to slow 
down the progression of the disease (Fig.  14.1 ). 

  The brain is particularly sensitive to oxidative damage 
because of its high oxygen consumption, relatively low 
levels of antioxidant defenses, and a high content of 
polyunsaturated lipids that are easily oxidized.  7   Free 
radicals have been directly or indirectly implicated in 
the pathogenesis of several neurodegenerative disease 
associated to aging, such as AD, PD, and ALS.  8,9   Whether 
oxidative and nitrosative stress in these disease is casual 
or a secondary consequence of other processes remains 
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 AD is the most prevalent form of dementia in the 
elderly population. In the United States, over 5 million 
people suffer from AD. This disorder is a progressive 
disease characterized by death of neurons and synapses 
mainly in cerebral cortex and hippocampus regions, 
resulting in deterioration of cognitive functions.  11   The 
main neuropathological hallmarks of AD are extracel-
lular  senile plaques  ( SP s) and intracellular  neurofi bril-
lary tangle s ( NFT s). The major components of the SP 
are   β -amyloid peptides  ( A β  ), while the NFT are funda-
mentally constituted by hyperphosphorylated-insoluble 
forms of the tau protein.  12   

 PD is a neurodegenerative disease that affects more 
than 1% of all people over the age of 55. Pathological 
hallmarks include degeneration of dopaminergic 
neurons between the  substantia nigra  ( SN ) and the 
striatum that causes the characteristic clinical signs 
(slowed movements, rigidity, tremors).  13,14   Another key 
neuropathological mark of PD is the formation of Lewy 
bodies (LBs), which are cytoplasmic inclusions, com-
posed of  α -synuclein protein in the dopaminergic 
neurons of substantia nigra and other brain regions 
(cortex and magnocellular basal forebrain nuclei).  15   In 
a small number of families, PD is inherited in a Mende-
lian autosomal dominant or autosomal recessive way,  16   
while AD is inherited in an autosomally dominant 
manner. 

 ALS is an age-dependent motor neuron neurodegen-
erative disease characterized by neuronal death of the 
upper and lower motor neurons, skeletal muscle atrophy, 

 TABLE 14.1       Summary of Oxidative and Nitrosative Stress 
Markers in the Central and Peripheral Compartments in 
Neurodegenerative Diseases 

Brain Blood

Lipid peroxidation
AD HNE, MDA, Acrolein, 

TBARs, F2-IsoPs, F4-NP
HNE, MDA, TBARs

PD HNE, MDA, Acrolein, 
IsoPs, TBARs

HNE, MDA, 
TBARs, F 2 -IsoPs

ALS HNE, MDA HNE, MDA, TBARs

Protein oxidation and nitration
AD PC, 3NT
PD PC, 3NT
ALS PC, 3NT

Carbohydrates oxidation
AD AGEs, RAGE AGEs
PD AGEs, RAGE
ALS AGEs, RAGE AGE. RAGE

DNA/RNA oxidation
AD 8-OHG, 8-OHdG, NPrG 8-OHG, 8-OHdG
PD 8-OHG, 8-OHdG 8-OHdG
ALS 8-OHdG 8-OHdG

  Figure 14.1         Potential use of oxidative and nitrosative markers. 

ROS/RNS

DNA/RNA CARBOHYDRATESLIPID

HNE  MDA
Isoprostanes

Neuroprostanes
Acrolein

TBARS

Protein carbonyls

3-nitrotyrosine
S-nitrosothiol S-nitrosylation

glutamic aminoadipic

semialdehydes
N-(carboxymethyl)-lysine

N-(carboxyethyl)-lysine
N-(malondialdehyde)-lysine
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to be determined. However, monitoring the levels of 
indicators of such damage might be useful both to follow 
disease progression and to assess the effi cacy of antioxi-
dant treatments.  10   Hence, in this chapter, involvement 
of oxidative stress in neurodegenerative diseases such 
as AD, PD, and ALS is reviewed. 
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carbonyls or decreased clearance of this protein which 
might have underwent oxidation. Reed et al. showed 
that CR is HNE-modifi ed in mild cognitive impairment 
(MPI) brain,  28   which arguably is the earliest form of AD. 
Studies of animal models of amyloid beta-peptide 
showed increased levels of protein carbonyls, suggesting 
that amyloid beta-peptide plays an important role in 
elevating the protein carbonyls and consequently oxida-
tive stress, cell loss, and AD pathogenesis.  29   

 Our laboratory is the fi rst to use redox proteomics 
techniques to identify carbonylated proteins in the IPL 
region of AD.  30,31   The redox proteomics approach led to 
the identifi cation of a number of targets of protein car-
bonylation in AD brain. The identifi ed proteins perform 
a wide variety of cellular functions such as energy 
metabolism, protein degradation, structural, neuro-
transmission, lipid asymmetry, pH regulation, cell cycle, 
tau phosphorylation, Abeta production, and mitochon-
drial function, all of which relate well with the histo-
pathological, biochemical, and clinical presentation of 
AD.  30–33   For example, energy metabolic alterations in 
AD brain due to oxidative modifi cation can be corre-
lated well with the positron emission tomography (PET) 
studies that showed decreased glucose utilization in AD 
brain.  34   Further, the identifi cation of an oxidatively 
modifi ed brain protein does not only affect the function 
of this protein, but it also affects the function of other 
proteins that interact with it. Studies showed that some-
times a protein could perform multiple functions in a 
cell. For example, enolase, a protein known to be 
involved in the glycolytic cycle of glucose metabolism, 
has been reported to have a number of other nonglyco-
lytic functions such as hypoxic-stress protein,  35   binding 
to polynucleotides,  36   and  c-Myc  binding and transcrip-
tion protein,  37   and so on. Hence, oxidation of one protein 
could dampen a number of cellular functions in neurons 
and consequently be involved in AD.  38   Redox pro-
teomics approaches also led to identifi cation of peptid-
ylprolyl  cis/trans  isomerase (Pin1) as oxidatively 
modifi ed protein in AD and also in MCI. Pin1 function 
is critical for proper protein assembly and folding, intra-
cellular transport, intracellular signaling, transcription, 
cell cycle progression, and apoptosis. Studies demon-
strated that Pin1 has the ability to regulate APP pro-
cessing, also phosphorylation of tau protein  39,40  ; hence 
the oxidation of this protein could be a potential mecha-
nism in the progression of AD. A recent study from our 
laboratory on APP(NLh)/APP(NLh)  ×  PS-1(P264L)/
PS-1(P264L) human double mutant knockin mice model 
of AD suggests that amyloid beta-peptide is involved in 
oxidative modifi cation of this protein.  41   Our laboratory 
is further exploring the importance of Pin1 and other 
oxidatively modifi ed proteins in the progression and 
pathogenesis of AD. 

paralysis, and death.  17   The primary goal for scientists 
with regard to the biomarkers of ALS is to show direct 
evidence of motor neuronal degeneration within the 
brain or spinal cord. Approximately 2% of all ALS and 
20% of familial cases are associated with mutations in 
the gene for copper, zinc superoxide dismutase (SOD1).  18    

  14.2     BIOMARKERS OF PROTEIN OXIDATION/
NITRATION 

  14.2.1     Protein Carbonyls 

 Oxidative modifi cation of proteins in most cases is 
known to affect their function. In this section of protein 
oxidation, we discuss protein carbonylation and protein 
nitration that have been used as common makers to 
study the effect of reactive oxygen species/reactive 
nitrogen species (ROS/RNS) on proteins. Protein car-
bonyls are formed by either the direct oxidation of 
certain amino acid side chains such as Lys, Arg, Pro, Thr, 
His, and so on, among others, by peptide backbone scis-
sion, by Michael addition reactions of His, Lys, and Cys 
residues with products of lipid peroxidation (e.g., 
4-hydroxy-2-nonenal [HNE]), or by glycoxidation 
reactions with the Lys  ε -amino group.  19,20   Protein car-
bonyls are generally detoxifi ed by enzymes such as 
 aldehyde dehydrogenase  ( ALDH ) or by reduction to 
their corresponding alcohols by  carbonyl reductase  
( CR ).  21   The most commonly used approach for the 
detection of protein carbonyls is by derivatization of the 
carbonyl groups with hydrazine compounds such as 
2,4-dinitrophenylhydrazine, followed by spectrometry, 
high-performance liquid chromatography (HPLC), or 
immunochemical detection.  22–24   In the postmortem 
frontal- and occipital-pole brain samples from AD, 
young, and age-matched controls, the levels of protein 
carbonyls showed an exponential increase with age, at 
double the rate in the frontal pole compared with the 
occipital pole.  23   Studies from our laboratory showed an 
increase of 42 and 37% of protein carbonyls in AD hip-
pocampus and  inferior parietal lobule  ( IPL ), respec-
tively, compared to age-matched controls.  25   Furthermore, 
the levels of protein carbonyls were also found to be 
increased in the frontal cortex of Swedish APP670/671 
FAD mutation.  26   Using immunoprecipitation technique 
followed by Western blot we found increased oxidation 
of  glutamine synthetase  ( GS ),  creatine kinase  ( CK ), and 
beta actin in AD-affected region, and decreased activi-
ties of GS and CK were related to the increased oxida-
tion of these proteins.  25,27   

 The levels of CR were found to be increased in brain 
of AD and Down subjects (trisomy of chromosome 21, 
which harbor the gene for APP),  21   suggesting that it 
might be a response to the increased levels of protein 
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cellular process due to oxidative modifi cation of pro-
teins might be important in the pathogenesis of PD.  51   

 Oxidative stress is also implicated in the pathogen-
esis of ALS. Postmortem brain tissue from ALS showed 
increased oxidative stress.  52   The levels of protein car-
bonyls have been shown to be elevated in the spinal 
cord  53   and motor cortex  54   from familial ALS (fALS)  55   
and sporadic amyotrophic lateral sclerosis (sALS)  53,56   
subjects. Using redox proteomics, our laboratory found 
SOD1,  translationally controlled tumor protein  ( TCTP ), 
UCH-L1, and  α B-crystallin as proteins with elevated 
carbonyl levels in the spinal cord of G93A-SOD1 trans-
genic mice compared to wild-type mice.  57   The identifi ca-
tion of these proteins suggests the involvement of the 
protein carbonyl modifi cation and thereby oxidation 
stress in altering the normal biological functions in the 
cell, which may be critical in the pathogenesis of ALS.  

  14.2.2     Protein Nitration 

 The other marker of protein oxidation, that is, protein 
nitration, was reported to be increased in AD brain and 
 ventricular cerebrospinal fl uid  ( VF ),  58,59   which corre-
lated with increased levels of  nitric oxide synthase  
( NOS ) reported in AD brain.  60,61   Furthermore, immu-
nohistochemical studies showed the presence of nitrated 
tau in pre-tangles, tangles, and tau inclusions in the AD 
brain, suggesting nitration of tau nitration as an early 
event in AD pathogenesis.  62,63   Nitration of proteins led 
to loss of activity of glutamine synthase,  64   ubiquitin,  65   
and Mn superoxide dismutase.  66,67   

 Proteomics approach led to the identifi cation of large 
number of proteins that are excessively nitrated in AD 
brain.  68,69   These proteins include alpha- and gamma-
enolase,  lactate dehydrogenase  ( LDH ), neuropolypep-
tide h3,  triose phosphate isomerase  ( TPI ), alpha-actin, 
 glyceraldehyde-3-phosphate dehydrogenase  ( GAPDH ), 
ATP synthase alpha-chain, carbonic anhydrase-II, and 
 voltage-dependent anion channel  ( VDAC ).  68,69   The 
identifi ed nitrated proteins are involved in regulating 
various cellular functions such as energy metabolism, 
maintenance of structure, pH regulation, and mitochon-
drial functions. As stated above, nitration of proteins 
also leads to loss of functionality,  69   and the identifi ed 
nitrated proteins also correlated with AD pathology, 
biochemical changes, and clinical presentation. Guix et 
al. confi rmed our fi nding of excess nitration of TPI in 
hippocampus and frontal cortex of AD subjects.  70   
However, unlike other proteins, TPI activity was unaf-
fected in AD brain. It is not clear why nitration does not 
affect the function of this protein, and we speculate that 
the structure of TPI provides protection against loss of 
function. Guix et al. suggested a possible link between 
decreased glucose metabolism, nitrosylation of TPI, and 

 The levels of protein carbonyls were also found to be 
elevated in MCI brain.  42,43   Furthermore, redox pro-
teomics studies from our laboratory in MCI brain led to 
the identifi cation of a number of common targets of 
protein carbonylation, between AD and MCI, such as 
enolase, Pin1, and GS, consistent with the hypothesis 
that oxidative stress is critical to the pathogenesis of 
AD  33   and might play an important role in the progres-
sion of AD.  43,44   

 Oxidative stress is elevated in PD brain, and this has 
been associated with mitochondrial complex I dysfunc-
tion.  45   A study using human fetal dopaminergic primary 
neuronal cultures overexpressing wild-type  α -synuclein 
showed decreased mitochondrial complex I activity and 
increased ROS production. The increase in the ROS 
production is related to the metabolism of dopamine by 
the mitochondrial enzyme  monoamine oxidase  ( MAO ) 
during which molecular oxygen is converted to hydro-
gen peroxide (H 2 O 2 ), an ROS. This increase in ROS is 
an essential component of oxidative stress. Postmortem 
PD brain showed increased levels of protein carbonyls 
in substantia nigra pars compacta compared to controls 
and other brain regions.  46   The increase in protein car-
bonyls is reported in dopaminergic neurons and has 
been shown to be mostly associated with high-molecular-
weight proteins.  46   A recent study in PD subjects showed 
that increase of protein carbonyls is associated with 
short telomere length, suggesting that oxidative stress 
may be involved in the telomere abrasion in PD and 
consequently in the pathogenesis of PD.  47   

 Both hereditary and sporadic PD demonstrate loss 
of dopaminergic neurons that is accompanied by oxida-
tive stress and preceded by  glutathione  ( GSH ) deple-
tion. GSH, the tripeptide  γ -glutamyl-cysteine-glycine, is 
important in maintaining the proper redox balance of 
the cell, and in the case of neurons, it is also important 
in the regulation of neuronal excitability and viability. 
In PD brain the levels of GSH and  cysteinyl-glycine  
( Cys-Gly ) were reported to be reduced further, suggest-
ing a role of oxidative stress in pathophysiological 
mechanisms of PD.  48   An  in vivo  study from our labora-
tory showed that  gamma-glutamylcysteinyl ethyl ester  
( GCEE ), a precursor for GSH synthesis, reduces 
dopamine-associated striatal neuron loss in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-treated mice.  49   

 In the hemiparkinsonian animal model, two proteins, 
that is,  α -enolase and  β -actin, were identifi ed as being 
oxidatively modifi ed.  50   Using a redox proteomics 
approach, we identifi ed carbonic anhydrase (CA-II), 
alpha-enolase, and  lactate dehydrogenase 2  ( LDH2 )  51   
as excessively carbonylated proteins with reduced activ-
ity in the brain stem of symptomatic mice with overex-
pression of an A30P mutation in  α -synuclein compared 
to nontransgenic mice, suggesting that alteration in the 
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tion of peroxynitrate and enhanced protein nitration in 
PD. PD pathogenesis appears to be dependent on 
NO-related events; hence, compounds that prevent 
nitrosative damage might have therapeutic value in 
neurological conditions such as PD. Mythri et al. showed 
that curcumin protects complex I against peroxynitrite-
mediated mitochondrial toxicity and oxidative stress.  83   

 Spinal cords of sporadic ALS subjects showed 
increased levels of nitrotyrosine and NOS in the motor 
neurons, suggesting upregulation of protein nitration 
ALS.  84   So far, no proteomics studies have been per-
formed to identify the specifi c target of protein nitration 
in ALS. 

 Taken together, studies conducted thus far suggest 
that oxidation and nitration of proteins are involved in 
the progression and pathology of AD, PD, and ALS. 
Further studies are needed to provide potential path-
ways involved in the progression of these diseases.   

  14.3     BIOMARKERS OF LIPID PEROXIDATION 

 Lipid peroxidation is a process resulting from damage 
to cellular membranes mediated by ROS that generate 
several relatively stable end products, including alde-
hydes, such as  malondialdehyde  ( MDA ), HNE, acrolein 
kong,  85   and isoprostanes,  86   which can be measured in 
plasma or tissues as markers of oxidative stress. MDA, 
HNE, and acrolein are able to bind DNA and proteins, 
in particular nucleophilic aminoacidic residues like Cys, 
His, and Lys generally inducing an alteration of protein 
conformation and function.  87   Lipid hydroperoxides and 
aldehydes can also be adsorbed from the diet, and then 
excreted in urine. For this reason, the measurements of 
urinary MDA and HNE can be confounded by diet and 
should not be used as an index of whole-body lipid 
peroxidation unless diet is controlled. 

 There are many evidences that lipid peroxidation of 
 polyunsatured fatty acids  ( PUFA ) is involved in the 
onset and progression of many pathologies such as car-
diovascular (atherosclerosis, diabetes), and neurode-
generative diseases.  88,89   For example, in the pathogenesis 
of AD, lipid peroxidation plays a particular role.  90,91   In 
fact, a number of studies demonstrated increased levels 
of lipid peroxidation as indicated by elevated levels of 
the products of lipid peroxidation such as HNE, acro-
lein, F (2) -isoprostane, F (4) -isoprostane, and neuropros-
tanes in AD brain.  92–94   Further, increased levels of 
HNE-adducted GSH were found in human postmortem 
brains from AD patients.  95   Normally in cells, HNE–
GSH adducts are eliminated by the systems glutathione 
transferase (GST) and MRP-1. But in AD brain, this 
detoxifi cation system was found to be a target of HNE 
with consequent decreased effi ciency to eliminate HNE, 

the formation of A β  and paired helical fi laments.  70   
Further, Reyes et al. showed that nitrated tau protein is 
mostly associated with or in close proximity to amyloid 
plaques, implying a role of amyloid beta-peptide in 
inducing nitrosative stress.  71   As stated earlier in the 
section on protein carbonylation, the nitration of one 
protein could have implication in various cellular func-
tions. For example, GAPDH is well known for its func-
tion in the glycolytic pathway of glucose metabolism; 
however, this protein also has other functions such as 
GAPDH can bind to nucleic acid and regulate tran-
scription,  72,73   catalyze microtubule formation and 
polymerization,  74   bind integral membrane ion pumps 
associated with Ca 2 +   release,  75   and so on. Furthermore, 
GAPDH also interacts with a number of small mole-
cules such as  tumor necrosis factor  ( TNF )-alpha, GSH,  76   
and so on. Hence, nitration of one protein could have 
detrimental effect on normal cellular functions. The 
nitration of proteins like GAPDH and actin also raises 
a question of these proteins are good to be considered 
as loading controls in Western blot. 

 Our laboratory is the fi rst to show increased levels of 
3-NT in MCI, arguably the earliest form of AD.  77   Apply-
ing proteomics, we identifi ed increased nitration of 
MDH,  α -enolase,  multidrug resistant protein-3  ( MRP3 ), 
 glutathione- S -transferase Mu  ( GST M ),  glucose regu-
lated protein precursor  ( GRP ), aldolase, and 14-3-3 
protein gamma, peroxiredoxin 6 (PR VI), DRP-2, fascin 
1, and  heat shock protein A8  ( HSPA8 ) protein as spe-
cifi cally nitrated in MCI IPL.  78   The reported nitrated 
proteins are involved in the regulation of a number of 
important cellular functions, including energy metabo-
lism, structural functions, cellular signaling, and antioxi-
dant. Some of the targets of protein nitration are 
common between AD and MCI brain, suggesting poten-
tial involvement of these pathways in the transition of 
MCI to AD.  68,69,78   Further studies are required to delin-
eate the role of nitration in the progression of the AD. 

 Postmortem PD brain also shows increased levels of 
protein nitration as indexed by increased levels of 
protein nitration and NOS.  79   Previous studies showed 
increased nitration of  α -synuclein in brain of individuals 
with synucleinopathy, suggesting a direct link between 
oxidative and nitrative damage to the onset and pro-
gression of neurodegenerative synucleinopathies.  80   A 
recent study showed that increased nitration of alpha-
synuclein could induce dopaminergic neuronal death.  81   
Further, an  in vitro  study showed increased nitration of 
mitochondrial complex I, suggesting the involvement of 
 nitric oxide  ( NO )-related events in the pathogenesis of 
PD.  82   Since the mitochondrial electron transport chain 
is critical for superoxide production, nitration of 
complex I might lead to increase production or leakage 
of superoxide consequently leading to increase produc-
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plasma and CSF concentrations of HNE between 
patients with untreated PD and those receiving  l -DOPA 
therapy.  108   

 HNE plays a critical role also in the motor neuron 
degeneration in ALS. By immunohistochemistry, HNE-
protein modifi cation was detected in ventral horn motor 
neurons, and immunoprecipitation analysis revealed 
that one of the proteins modifi ed by HNE was the astro-
cytic glutamate transporter EAAT2 causing impairment 
of glutamate transport and excitotoxic motor neuron 
degeneration in ALS.  109   HNE was also found elevated 
in CSF of patients with sALS compared with that of the 
control subjects and other neurological disease.  110,111   By 
proteomics analysis we  112   analyzed spinal cord tissue of 
a model of fALS G93A-SOD1 Tg mice to study the 
HNE-modifi ed proteins. Three signifi cantly HNE-
modifi ed proteins in the spinal cord of G93A-SOD1 Tg 
mice in comparison to the non-Tg mice were identifi ed: 
 dihydropyrimidinase-related protein 2  ( DRP-2 ; neuro-
nal development and repair),  heat-shock protein 70  
( Hsp70 ; stress response), and possibly  α -enolase (energy 
metabolism). Since HNE-bound proteins present struc-
tural and function alterations, the data found demon-
strate that oxidative stress in the form of lipid 
peroxidation is implicated as a pivotal event in the 
motor neuron degeneration processes. Furthermore, 
many other studies were performed by proteomic anal-
ysis on CSF from a consistent group of ALS patients 
and healthy subjects, which identifi ed some proteins 
with signifi cantly different levels in ALS CSF compared 
to CSF from control subjects. Therefore, in ALS like in 
AD, proteomics analysis distinguished the disease con-
dition from the healthy condition.  113–115   At the serum 
level, HNE was found signifi cantly elevated in ALS 
patients compared to controls. These levels were higher 
even at early stages of the disease, and in the sporadic 
ALS serum than familial ALS, suggesting that familial 
and sporadic forms are qualitatively different in regard 
to oxidative stress.  110   This fi nding may refl ect the pres-
ence of different mechanisms in the pathogenesis of 
either form of ALS. Furthermore, the level of serum 
HNE in ALS patients was positively correlated with the 
stage of disease, implicating HNE as a possible early 
indicator of oxidative stress and marker of the disease. 
The systemic presence of increased HNE in the serum 
of ALS patients may refl ect either the presence of lipid 
peroxidation in the CNS with diffusion to the peripheral 
circulation or the activation of additional pathways 
originating outside the CNS, leading to the formation of 
HNE and its related adducts. 

 Another main product of lipid peroxidation, MDA, 
that is able to form covalent adducts with lysine residues 
of proteins, was found higher in plasma and serum from 
AD patients compared to controls subjects.  116   Other 

and subsequent accumulation of HNE protein adducts 
in neuronal cells.  96,97   Even the proteosome, involved in 
the removal of damaged proteins from cells, has been 
demonstrated to form conjugates with HNE and neuro-
prostanes in both MCI and AD.  98   In addition, signifi cant 
increase of free HNE in cerebrospinal fl uid,  99   amygdala, 
hippocampus, and parahippocampal gyrus was detected 
in AD patients compared to control subjects.  100   More-
over, immunocytochemical studies demonstrated that 
HNE immunoreactivity is present in NFT, but only in 
some SPs in AD.  101   In blood, some studies demonstrated 
that HNE is signifi cantly higher in AD compared to 
healthy subjects.  102,103   Proteomics studies were able to 
identify regionally specifi c HNE modifi cation of pro-
teins, that is, ATP synthase, GS, MnSOD, DRP-2 in AD 
hippocampus, and alpha-enolase, aconitase, aldolase, 
peroxiredoxin-6, and alpha-tubulin in AD IPL.  104   Also 
in hippocampus and IPL from subjects with MCI, many 
proteins oxidatively modifi ed by HNE were identifi ed 
by proteomics (carbonyl reductase [NADPH], alpha-
enolase, lactate dehydrogenase B, phosphoglycerate 
kinase, heat shock protein 70, ATP synthase alpha chain, 
pyruvate kinase, actin, and elongation factor tau).  28   
Since most of the proteins that undergo HNE modifi ca-
tion have been shown to be dysfunctional, these results 
in the earliest form of AD suggest that HNE-bound 
proteins may play a key role in the progression and 
pathogenesis of AD. In addition, these results suggest 
that proteomics could be a valid method for identifi ca-
tion of new markers of neurodegenerative diseases 
including AD. 

 In PD–HNE adducts of brain proteins were found.  105   
Data from immunocytochemistry demonstrated that 
HNE levels were increased in dopaminergic cells in the 
substantia nigra and cerebrospinal fl uid in PD.  106   Incu-
bation of rat striatal synaptosomes with various concen-
trations of HNE induced a dose-dependent decrease of 
dopamine uptake and Na  +  /K  +   ATPase activity and loss 
of  sulfhydryl  ( SH ) groups.  107   These data suggest that 
HNE is an important mediator of oxidative stress that 
alters dopamine uptake, and HNE may contribute to 
the onset and progression of PD. Although the role of 
oxidation in substantia nigra is well established, the sig-
nifi cance of peripheral oxidative stress in PD is still 
unclear, and the results are apparently contradictory, 
most probably due to differences in the methods used 
to measure systemic oxidative stress. However, some 
studies reported that the concentration of HNE in the 
cerebrospinal fl uid (CSF) and in plasma of PD patients 
was signifi cantly higher than in control patients.  108   Fur-
thermore, no signifi cant correlation existed between the 
duration of symptoms and the age of the Parkinson 
patients with plasma or CSF concentrations of HNE.  108   
There also were not signifi cant differences between 
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nifi cantly higher in the plasma and serum of ALS 
patients than in either age-matched controls or young 
adults.  132–134   

 Acrolein has been reported to react with DNA bases 
like guanine, leading to increased formation of acrolein-
deoxyguanosine in AD brain.  135   In PD,  α -synuclein is 
modifi ed by  acrolein  ( ACR ) since histopathological 
observations in dopaminergic neurons from PD brains 
showed the colocalization of  α -synuclein and acrolein.  136   
Acrolein-adduct proteins, however, were not detectable 
in the spinal cord of sALS or fALS patients.  137   

 A longitudinal study showed that levels of CFS F (2) -
IsoPs in AD patients were signifi cantly increased during 
the follow-up period, and also signifi cantly declined in 
patients accepting antioxidant treatment.  138   Further-
more, other studies demonstrated higher levels of the 
isoprostane, 8,12-iso-iPF (2alpha)-VI in CSF in AD  139,140   
and MCI,  141   suggesting that this lipid peroxidation 
product could be another marker to identify AD at 
early stages. MCI brains showed increased levels of 
protein-bound HNE, TBARs, MDA, F (2) -IsoPs, and F (4) -
NP.  42,142   The signifi cance of F (2) -IsoPs in AD and MCI 
plasma is still controversial, because Pratico et al. found 
high levels of F (2) -IsoPs in plasma, CSF, and urine of 
MCI patients,  141   and the same research group showed 
similar results in AD patients.  143   However, in a 2007 
study, plasma F (2) -IsoPs levels were not increased in AD 
or MCI, and most probably, this result was affected by 
the high percentage of antioxidant used in MCI and AD 
patients studied.  92   Another research has reported that 
plasma and urine F (2) -IsoPs levels did not accurately 
refl ect CNS levels in AD patients.  144   At the present time, 
more work will be needed to support the validity of 
F (2) -IsoPs as a plasma biomarker for AD. Like other 
markers of lipid peroxidation, the  isofurans  ( IsoFs ) 
levels are also signifi cantly high in PD substantia nigra 
compared to other regions of the PD brain and com-
pared to control and also to AD.  138   On the contrary 
F (2) -isoprostanes (F (2) -IsoPs) levels do not change in 
substantia nigra of PD compared to control individu-
als.  145   In plasma, several studies found that the F (2) -IsoPs 
levels were unchanged in PD patients compared to 
control subjects.  92,146   But a recent study using more 
accurate methods demonstrated that F 2 -IsoPs levels 
were signifi cantly increased in plasma from PD 
patients.  147   Further analysis of the results revealed that 
most of the PD subjects analyzed had early PD, suggest-
ing that peripheral oxidative damage is higher in the 
early stages of PD. 

 Consequently, there is much evidence for the eleva-
tion of the peripheral lipoperoxidation markers in 
several neurodegenerative diseases. Although it is too 
early for any fi rm conclusions to be drawn, the measure-
ment of lipoperoxidation products, which is a simple 

studies confi rmed these results.  117–119   Further, in AD 
brain, the increased level of MDA is correlated to 
decreased levels of one of the most important antioxi-
dant enzymes,  superoxide dismutase  ( SOD ).  120   Immu-
nohistochemistry analysis has shown that MDA 
colocalized with NFT and SP.  121   

 MDA was found bound to  α -synuclein in the sub-
stantia nigra and frontal cortex of all dementia with LB 
dementias (LBDs) and PD cases examined. Further-
more, it was demonstrated that  α -synuclein lipoxidation 
is an early event in LBDs.  122,123   The basal MDA levels 
were increased in PD substantia nigra and also in CSF 
compared with other PD brain regions and control 
tissue.  124,125   All these observations give support not only 
to the concept that lipoperoxidation precedes 
 α -synuclein aggregation in LBDs, but also the idea that 
oxidative-altered proteins are present in cerebral cortex 
in preclinical PD. Like HNE, the MDA and  thiobarbituric-
acid-reactive substances  ( TBARS ) levels also were 
found increased in plasma of PD subjects compared to 
healthy subjects.  126,127   In addition, Navarro et al. found 
that the levels of TBARS in frontal cortex brain mito-
chondria were markedly increased in PD subjects com-
pared to controls, suggesting that PD is not only 
characterized by substantia nigra dysfunction, but also 
involves the cerebrum, leading to cognitive decline at 
the early stages of PD.  128   While plasma MDA levels 
were inversely related to the age of PD patients, there 
was no signifi cant correlation between plasma MDA 
levels and duration of the disease.  129   

 In ALS, Hall et al.  130   found an extant lipid peroxida-
tive damage in the spinal cords of a murine model of 
the disease, the TgN-(SOD1-G93A)G1H mice. Lipid 
peroxidation was investigated in terms of changes in 
vitamin E and MDA levels measured by HPLC methods 
and by MDA–protein adduct immunoreactivity. Com-
pared to non-Tg mice, the TgN-(SOD1-G93A)G1H 
mice showed an accumulation of spinal cord vitamin E 
and higher levels of MDA over the 30- to 120-day time 
span. In addition, MDA–protein adduct immunoreactiv-
ity was signifi cantly increased in the lumbar spinal cord 
and in the cervical cord of the same mice. These results 
clearly demonstrate an early increase of lipid peroxida-
tion in the lumbar spinal cord in the familial ALS trans-
genic model, which precedes the onset of clinical motor 
neuron disease. In another study conducted on TgN-
(SOD1-G93A)G1H mice, it was observed a signifi cant 
elevation in MDA in both red and white skeletal muscles 
was observed.  131   All these data on murine models were 
confi rmed in spinal cord from sporadic ALS and famil-
ial ALS subjects where MDA–adduct proteins were 
found increased in both neurons and endothelial cells 
when compared to normal controls.  54   In the periphery, 
MDA and 2-TBARS levels have been found to be sig-
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and dysfunction. In addition, by immunohistochemistry, 
it was demonstrated that RAGE levels are increased in 
microglia from AD brains compared to non-AD brains, 
especially microglia surrounding neuritic plaques.  162   
Moreover, double transgenic mice with neuronal over-
expression of neuronal RAGE and  mutant amyloid 
beta-protein precursor  ( mA β PP ) displayed early abnor-
malities in spatial learning/memory, accompanied by 
altered activation of markers of synaptic plasticity and 
exaggerated neuropathological fi ndings.  163   All these 
observations support the active participation of the 
AGE-RAGE system in AD. Researchers started to 
think that serum or CSF AGE could become a promis-
ing biomarker for early detection of AD. But the current 
results available about AGEs levels in blood from AD 
and non-AD patients are controversial. Many groups 
found that AGEs and  soluble RAGE  ( sRAGE , a 
C-terminal truncated isoform of RAGE) levels were 
lower in blood from AD patients and from MCI com-
pared to healthy control or other forms of demen-
tia,  164–166   but in contrast, some other groups demonstrated 
that AGEs and sRAGE blood levels did not change at 
all or increased.  167,168   Unfortunately, the blood circulat-
ing levels of AGEs do not refl ect completely what 
happens in the CNS. Perhaps it is just matter of methods 
used to measure AGEs or maybe such analyses are 
infl uenced by other external factors such as food intake. 

 The formation of LBs in PD is still unclear, but it 
seems that in addition to oxidation and phosphoryla-
tion, glycation might constitute another factor affecting 
the aggregation process. Glycation was fi rst reported in 
the substantia nigra and locus coeruleus, showing higher 
immunoreactivity at the periphery of LBs in PD 
patients.  169   These results suggest that glycation may be 
involved in the chemical cross-linking and proteolytic 
resistance of the protein deposits. Further, a study 
showed that AGEs and  α -synuclein are similarly distrib-
uted in very early LBs in the human brain in cases with 
incidental LBs disease, suggesting that most probably 
AGEs promote formation for LBs.  170   Although glyca-
tion was also detected in the cerebral cortex, amygdala, 
and substantia nigra of older control subjects, the 
number and levels of glycated proteins were signifi -
cantly higher in PD patients.  123   sRAGE was also highly 
expressed in cerebral cortex of PD patients when com-
pared to age-matched controls,  123   suggesting a role for 
AGEs in the disease. One important feature of PD is an 
acute decrease in the levels of cellular reduced glutathi-
one (GSH) in early stages of the disease, which results 
in a lower activity of the glyoxalase system, an impor-
tant catabolic pathway of the most important glycation 
agent  in vivo , that is, methylglyoxal.  171   This would cause 
an increase in AGEs concentration that would increase 
oxidative stress, which consequently induces AGEs for-

and cheap assay to perform, can and should be incorpo-
rated into future clinical trials. Such studies would 
clarify and likely support the hypothesis that oxidative 
stress is a key component for the evolution of neurode-
generative disease, and it could be considered as a 
marker of these pathologies.  

  14.4     BIOMARKERS OF CARBOHYDRATE 
OXIDATION 

 Reducing sugars play a pivotal role in modifying pro-
teins, forming  advanced glycation end product s ( AGE s) 
in a nonenzymatic reaction named glycation. Some of 
the biological associations of protein glycation include 
some diseases such as diabetes mellitus, cardiac dysfunc-
tion, neurodegenerative disease.  148,149   For this reason, 
glycation has an important clinical relevance, since it 
could be considered a potentially useful biomarker for 
monitoring several diseases. 

 In AD, glycation is believed to play an important role 
in NFT formation as well in the development of SPs. 
Involvement of AGEs in AD was fi rst suggested in 
several papers published successively during 1994–
1995.  150,151   Indeed, immunohistochemical studies showed 
the existence of AGEs such as pyrraline and pentosidine 
in SPs and NFTs.  152   Tau glycation enhances the forma-
tion of paired helical fi laments in AD frontal cortex, 
reduces its ability to bind microtubules  in vitro , and 
increase the fi brillization of tau.  151   Interestingly, glyca-
tion agents such as methyglyoxal are able to activate 
p38 MAP kinase, which is able to phosphorilate tau,  153   
an important step in the formation of NFTs.  154   Further-
more, AGE-modifi ed tau leads to an increase in the 
production and secretion of amyloid beta-peptide, fol-
lowed by formation of ROS.  150   Glycation by methylgly-
oxal promotes the formation of  β -sheets, oligomers, and 
protofi brils.  155   Glycation likely causes increased oxida-
tive stress, infl ammation, and apoptosis. However, is not 
clear if glycation is an early- or a late-stage marker for 
AD. Some data suggest that AGE formation is a late 
secondary event in AD, since amyloid beta-peptide 
alone induces free radical generation that can promote 
cross-linking between peptides and sugars.  156   But glyca-
tion of AT8, a known precursor of NFTs, suggests that 
it could be an early event.  157   Although AGE levels 
increase with age, in AD, the increase is much greater 
(37.5% and 72.6%, respectively).  158   In addition, AGEs 
were found in CSF of AD patients,  159,160   suggesting that 
this may be explored as a biomarker for AD.  Receptor 
for AGE  ( RAGE ) is normally expressed in a variety of 
cells, including microglia, neurons, and pericytes,  161   and 
has been found to be a specifi c cell surface receptor for 
amyloid beta-peptide, promoting neuronal cell death 
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logical cascade of neurodegeneration, especially in AD. 
RNA oxidation has been observed in postmortem 
brains of cases with early stage AD,  182   a presymptomatic 
case with familial AD mutation,  183   and Down syndrome 
cases with early stage AD pathology.  184   One of the 
markers of RNA oxidation, 8-hydroxyguanosine 
(8OHG), is inversely correlated to A β  deposits, NFT, 
and duration of dementia.  185   Increased level of 8-OHG 
and 1- N 2-propanodeoxyguanosine (NPrG) were found 
not only in MCI, but also in AD brains at latest stages, 
suggesting that mRNA is highly sensitive to oxidative 
damage.  186   Ribosomal RNA also was oxidatively modi-
fi ed in AD brain, and oxidation of rRNA by bound 
redox-active iron suggested its role in impairments in 
protein synthesis also in MCI.  187   A decreased level of 
ribosomal RNA and protein synthesis rate were 
reported in MCI. Furthermore, approximately fi vefold 
increased levels of oxidized RNA in CFS were reported 
for AD cases than controls.  188   

 Elevated RNA oxidation has also been observed in 
both postmortem substantia nigra tissue and CSF from 
living PD patients. Studies about the correlation between 
levels of 8-OHG in the CFS and the duration of the 
disease suggest that RNA oxidation may occur at the 
early stage of the disease.  189,190   

 The role of mRNA oxidation in ALS was demon-
strated for the fi rst time in the transgenic mouse model 
of ALS TgN-(SOD1-G93A)G1H.  191   RNA oxidation in 
ALS is an early event, at presymptomatic stage, before 
the degeneration of motor neurons. Many mRNA 
species that have been found oxidized in TgN-(SOD1-
G93A)G1H mice are related to ALS, included SOD1, 
dynactin 1,  vesicle-associated membrane protein  1 
( VAMP ), and neurofi lament subunit.  191   Moreover, 
protein levels as a consequence of oxidized mRNA 
species are signifi cantly decreased.  192   

 All the data about RNA oxidation in neurodegenera-
tive diseases suggest that oxidative modifi cation of 
mRNA causes not only reduction of protein levels, but 
it also induces translation errors  in vivo  with alteration 
of protein structure and function. 

 A substantial body of evidence indicates that oxida-
tive DNA damage is a feature of AD in the brain as well 
in peripheral tissues.  193,194   Higher concentrations of oxi-
dized pyridines and purines were detected in lympho-
cytes and leukocytes of AD patients compared to 
controls,  195–197   and in DNA from ventricular CSF of AD 
patients.  198   Mecocci et al were the fi rst to demonstrate 
the mitochondrial DNA oxidation in AD.  199   Later, it was 
reported that a DNA oxidation was not limited only to 
the mitochondrial compartment, but also at the nuclear 
level in both MCI and AD brain.  182,193   No difference in 
DNA oxidation in the cerebellum was observed in AD, 
consistent with lack of A β  pathology and other markers 

mation. This vicious cycle would contribute to cell 
damage in dopaminergic neurons and death, that is, this 
glycation-prone environment promotes development of 
PD. 

 Glycation was fi rst detected in both sporadic and 
familial forms of ALS, in spinal cord, and brain 
samples.  172   Initially, it was hypothesized that glycation 
could be involved in the cross-linking of neurofi lament 
protein.  173   Subsequent studies have revealed that AGEs 
levels in spinal cord were higher in patients carrying 
SOD1 mutations and in mutant SOD1 transgenic mice 
compared to control cases.  174   Glycation, although it is a 
random process, affects superoxide dismutase 1at lysine 
residues level, causing a decrease of its activity.  175   This 
could justify the observed oxidative stress in ALS. Sur-
prisingly, levels of soluble RAGE (sRAGE) are signifi -
cantly lower in the serum of ALS patients.  176   Furthermore 
sRAGE, lacking the transmembrane-anchoring domain, 
was found to ameliorate the deleterious effects of 
RAGE by scavenging its ligands without further activat-
ing RAGE mediated-processes.  177   Thus, sRAGE may 
function as an endogenous protection factor in ALS, 
indicating that the low sRAGE levels may pose a risk 
factor in the disease. Moreover, it was demonstrated 
that the concentration of N- ε -(carboxymethyl)lysine 
(CML, an AGE derived from the reaction between 
glyoxal and the side chain of lysine residues) was sig-
nifi cantly increased in serum and CSF of ALS patients. 
This result could be a potential biomarker for diagnosis 
of ALS, as well as point out the relevance of glycation 
in ALS.  178    

  14.5     BIOMARKERS OF NUCLEIC ACID 
OXIDATION 

 Among all the free radicals produced during normal 
metabolism and/or by exogenous sources, the hydroxyl 
radical (HO • ) is the most toxic and most highly reactive, 
and it conceivably could be responsible for the most 
oxidative damage to biological molecules, including 
nucleic acids (RNA and DNA). Hydroxyl radical, pro-
duced in the vicinity of nucleic acid, can easily modify 
RNA and DNA because they are reactive and cannot 
diffuse from their site of formation. More than 20 dif-
ferent types of base damage by hydroxyl radicals have 
been identifi ed,  179   but guanine is the most reactive of 
the nucleic acid bases.  180   Therefore, the oxidized bases 
8-hydroxyguanosine (8-OHG) and 8-hydroxy-2 ′ -
deoxyguanosine (8-OHdG) are the most abundant 
among the oxidized bases, and they are used as markers 
of RNA and DNA oxidation, respectively.  181   

 There is a considerable amount of evidence support-
ing early involvement of RNA oxidation in the patho-
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of oxidative stress in this brain region.  25   Both RNA and 
DNA oxidation markers were found in MCI and also in 
AD, suggesting that nucleic acid oxidation may be an 
early event in the progression of AD.  200   Furthermore, 
the levels of  base excision repair  ( BER ) enzymes that 
are correlated with the number of NFTs, but not SPs, were 
found signifi cantly decreased in both MCI and AD.  201   

 DNA damage in PD appears to occur as the levels of 
8-OHdG are increased in the substantia nigra and some 
other brain regions.  190,202   However, levels of another 
product of guanine oxidation, fapyguanine, were decrease 
in substantia nigra in PD.  202   The oxidative damage to the 
DNA occurs widely in PD brain, but the substantia 
nigra is particularly vulnerable. One explanation could 
be that one of the drugs used for PD treatment,  levodopa  
(  l -DOPA ), might lead to the formation of ROS and 
widespread oxidative damage. In fact, it was demonstrated 
that levodopa induces oxidative stress and degeneration 
of cultured dopaminergic neurons.  203,204   Moreover, the 
8-OHdG levels in serum, CFS, and urine are increased 
in PD patients compared to healthy people.  189,205,206   
Based on this background, 8-OHdG potentially could 
be a good biomarker for PD. 

 Also familial and sporadic ALS subjects had an 
increased level of nuclear 8-OHdG in the motor cortex  54  ; 
it was also 10-fold higher in the spinal cord tissue in ALS 
than in controls.  207   In plasma, urine, and CSF, levels of 
8-OHdG are higher in ALS subjects compared to healthy 
people.  208–210   In addition, all these data were confi rmed 
in a mouse model of ALS, TgN-(SOD1-G93A).  211   

 Oxidative stress is involved in a number of diseases, 
including neurodegenerative diseases discussed above. 
However, so far, there are no unique set of markers that 
can help to differentiate these diseases or to use of the 
above discussed oxidative stress markers as specifi c bio-
markers of the disease. Studies are ongoing in our labo-
ratory to identify disease-specifi c biomarkers which can be 
used in both diagnosis or to monitor the protective effi cacy 
of therapeutic agents. A recent comprehensive review 
of redox proteomics in neurodegenerative disorders from 
our laboratory has been accepted for publication.  212    
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   OVERVIEW 

 According to Halliwell and Gutteridge, “any substance 
that delays, prevents or removes oxidative damage to a 
target molecule” is an antioxidant.  1   Such a protection 
can either be achieved (a) by scavenging  reactive oxygen 
species  ( ROS ); (b) by inhibiting enzymatic processes 
that lead to the formation of ROS or by chelating trace 
elements involved in ROS formation, or (c) by upregu-
lating and protecting endogenous antioxidant defenses. 
Aerobic organisms have progressively evolved with an 
antioxidant system to ensure protection against ROS, 
and this system can be divided in two classes. The fi rst 
class is an endogenous system, which includes enzymatic 
defenses such as  superoxide dismutase  ( SOD ),  catalase  
( Cat ) and peroxidases (Gpx), and nonenzymatic 
defenses such as  glutathion  ( GSH ),  lipoic acid  ( LA ) and 
its reduced form (DHLA), coenzymes Q10, melatonine, 
uric acid, and plasma protein thiols to name a few. The 
second class comprises exogenous antioxidants that are 
obtained from the diet. To prevent oxidative damage, 
therapeutic strategies using natural antioxidants have 
been extensively developed, and promising results have 
been reported on animal models with vitamin E, vitamin 
C, and fl avonoids, for instance. Unfortunately, clinical 
trials assessing the effi ciency of antioxidant supplemen-
tation have provided inconsistent results.  2–5    

  15.1     ENDOGENOUS ENZYMATIC SYSTEM OF 
DEFENSE 

 Let us start with a very brief introduction on the enzy-
matic system of defense. SOD and catalase are metal-

loproteins that effi ciently catalyze the dismutation of 
ROS in all aerobic cells. Any reaction of the type 
depicted in Figure  15.1 A is called a dismutation or dis-
propornation reaction. 

  The dismutation reactions that SOD and catalase 
catalyze involve a series of one- or two-electron trans-
fers, but they do not require any reducing equivalents 
and therefore do not need energy from the cell to 
operate. SOD enzymes, which contain either Cu–Zn, Fe, 
Mn, or Ni at the active site of the enzyme, catalyze the 
dismutation of superoxide radical anion (O 2  • −  ) to the 
nonradical hydrogen peroxide (H 2 O 2 ) and dioxygen 
(O 2 ) as depicted in Figure  15.1 B. 

 The superoxide anion radical (O 2  • −  ) spontaneously 
dismutes to O 2  and hydrogen peroxide (H 2 O 2 ) quite 
rapidly ( ∼ 105 M  − 1 s  − 1  at pH 7), and the dismutation rate 
is second order with respect to initial superoxide con-
centration. In contrast, the reaction of superoxide with 
SOD is fi rst order with respect to superoxide concentra-
tion, and SOD has the largest reaction rate of any 
known enzyme ( ∼ 10  − 9  M  − 1 s  − 1 ), this reaction being “dif-
fusion limited”. *  Catalase enzymes contain four por-
phyrins heme (Fe) groups bound to the catalytic site, 
which allow the enzyme to dismute H 2 O 2  in O 2  and H 2 O 
as depicted in Figure  15.1 C. 

 Another class of endogenous catalytic-H 2 O 2  scaven-
gers is the peroxidases. Peroxidases are tetrameric pro-
teins whose each monomer contains one atom of 
selenium at the catalytic site. Glutathion peroxydases 

 *     The reaction rate is only limited by the frequency of collision 
between the enzyme and superoxide. This is an approximation made 
when reaction rates are very high. 
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  Figure 15.1         General equation of a dismutation reaction and 
two exemples of dismutation reaction catalyzed by enzymes. 

A + A A′ + A″

2 O2
2H+

O2 + H2O2

2 H2OO2 +2 H2O2

(A)

(B)

(C)

•−

  Figure 15.2         Catalytic mechanisms of superoxide dismutation 
by copper superoxide dismutase. 

SOD1-Cu2+ SOD1-Cu+

H2O2

O2

O2      + 2H+

O2
•−

•−

  Figure 15.3         Catalytic mechanisms of superoxide dismutation by manganese superoxide dismutase. 
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SOD2-Mn2+ + O2
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  Figure 15.4         Catalytic mechanism of lipidic hydroperoxides 
reduction by selenium glutathion peroxidase. 
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possess a selenocystein at their active site and detoxify 
hydrogen peroxide and lipidic hydroperoxides through 
reduction of the peroxide and oxidation of glutathion 
as substrate. A brief overview of the catalytic mecha-
nisms of copper superoxide dismutase, manganese 
superoxide dismutase, and selenium glutathione peroxi-
dase are given in Figure  15.2 , Figure  15.3 , and Figure 
 15.4 , respectively. 

      15.2     METAL-BASED SYNTHETIC 
ANTIOXIDANTS 

 The use of native SOD and catalase as therapeutics to 
attenuate oxidative stress-mediated damages has been 
developed but has met limitations, one of them being 
the very large size and the fragility of such enzymes. 
Therefore, considering the deleterious effect of ROS 
and the lack of effi ciency of using natural detoxifi cation 
enzymes as therapeutic agents, synthetic antioxidants 
have emerged as a promising strategy for the treatment 
of diseases in which an overproduction of ROS is 
observed. There has been extensive research in the 

development of effective molecules that can provide 
antioxidant protection and can be used as therapeutic 
agents. Efforts have mainly been focused on the design 
of intrinsically more potent compounds compared to 
natural antioxidants. In this search for novel synthetic 
antioxidants, scientists have notably worked on the 
development of molecules able to mimic natural anti-
oxidants. Among the advantages of using mimics over 
natural enzymes, one can cite a longer half-life, a higher 
cellular permeability, lower costs, as well as the lack of 
immunogenecity. It has been demonstrated that simple 
metal chelates (e.g., Mn, Fe, Cu) can react with O 2  • −   and 
H 2 O 2  but generally at low rates. Moreover, the com-
plexes formed are relatively unstable. A particular 
attention was fi rst paid to copper complexes in the 
development of mimics; however, since aqueous Cu (II) 
ions can themselves dismutate superoxide very effi -
ciently, the study of copper mimics was complicated. 
Another aspect that has to be considered in the design 
of mimics as pharmaceutical is their toxicity. Since 
copper and iron ions can promote the Fenton reaction, 
which produces hydroxyl radicals, a metal-based drug 
must be very stable in its complexed state in biological 
milieu and should not release its redox-active ions. As 
Mn 2 +   is much less prone to induce hydroxyl radical pro-
duction through the Fenton reaction than Cu 2 +   and Fe 2 +  , 
manganese has been widely favored in the design of 
synthetic catalytic antioxidants. The search for active 
and nontoxic metal containing catalytic antioxidants has 
resulted in the design of several series of mimics among 
which are the salen, the metalloporphyrin, and the mac-
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sented the general synthesis of salen EUK-8 as described 
by Boucher.  13   This synthetic route was further used and 
modifi ed in order to synthesize EUK-8 analogues. 

  The EUK-8 complex has been widely tested in bio-
logical models against oxidative stress-mediated toxic-
ity.  In vitro , EUK-8 was shown to protect organotypic 
hippocampal cultures from the toxicity of the  β -amyloid 
peptide in a model of Alzheimer ’ s disease  14   as well as 
hippocampal slices from hypoxia- and acidosis-induced 
damage.  15   It also showed potency in preventing toxin-
induced cellular damage  in vivo . Indeed, in two  in vivo  
models of Parkinson ’ s disease, a signifi cant protection 
was observed either when administered by intraperito-
neal injections or in the drinking water. The 3,3 ′ -methoxy 
salen ring-disubstitued EUK-8 derivative, called 
EUK-134 (Fig.  15.5 ), was found more neuroprotective 
in a rodent stroke model.  16   The administration of 
EUK-134 signifi cantly reduced brain infarct size while 
that of EUK-8 was substantially less effective. The 
enhanced activity of EUK-134 compared to EUK-8 was 
explained based on its greater catalase activity as they 
both exhibit equivalent SOD activities. Worth noting is 

rocyclic series, and several good reviews have been pub-
lished on this topic.  6–9   

  15.2.1      M n III  Complexes (Salens) 

 Initially, the Mn III  complexes (salens) were developed 
by Jacobsen as catalysts for chiral expoxidation, but 
they were also reported to be SOD and catalase mimics 
with a broad pharmacological effi cacy.  10,11   Salens are 
aromatic, substituted ethylenediamine Mn III  complexes 
in which the metal center is coordinated by four axial 
ligands to oxygen and nitrogen atoms (Fig.  15.5 ). The 
coordination of Mn by four axial ligands results in the 
formation of possible several valence states that provide 
to salens their broad ROS-scavenging properties. In 
addition to their ability to scavenge O 2  • −   and H 2 O 2 , it 
has been shown that they also react with peroxynitrite 
(ONOO  −  ).  12   

  Several salen–maganese complexes have been syn-
thesized, with a particular attention to the EUK series. 
The EUK series is currently being developed by Pro-
teome Systems (Australia). In Scheme  15.1  is repre-

  Figure 15.5         Chemical structures of salens and metalloporphyrin. 

  Scheme 15.1            Synthetic route of Salem EUK-8. 
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that in certain experimental systems, administration of 
SOD was found ineffective or even deleterious, whereas 
EUK-8 was protective,  17   clearly demonstrating that 
catalase activity is an important element of the protec-
tive activity of salen–manganese complexes. In order to 
establish a structure–activity relationship, several salen-
ring substituted series bearing electro-donating or 
electro-withdrawing substituents and exhibiting various 
degree of amphiphilicity were next synthesized. Doctrow 
et al. showed that ring substitution as well as bridge 
modifi cation did not affect the SOD activity of salen–
manganese complexes.  18   In contrast, the hydrogen 
peroxide-scavenging activities was signifi cantly affected 
by the ligand structure, the catalase activity being 
increased by symmetrical 3- or 5-alkoxy substituents 
and by aromatic bridge structures. Surprisingly, the lipo-
philicity of the salen–maganese complexes did not 
appear to play a role in the protection of human dermal 
fi broblasts against hydrogen peroxide toxicity. Indeed, 
EUK-134, its ethoxy analogue EUK-189 (Fig.  15.5 ), and 
the cyclohexyl bridged EUK-159 exhibited similar pro-
tection consistent with their catalase activity. EUK-134 
and EUK-189 exhibited also very similar activity in a 
rodent stroke model. One of the limitations of the 
salen–maganese complexes is their stability in biological 
milieu which makes diffi cult the determination of tissues 
levels and half-lives. Recently, a novel class of Mn por-
phyrins, the EUK-400 series, which exhibits SOD- and 
catalase-like activity was reported.  19   Unlike EUK-189, 
these new compounds are detected in the plasma after 
oral administration, suggesting that they are potentially 
orally administered drugs for oxidative stress-mediated 
diseases.  

  15.2.2      M n III  (Porphyrinato) Complexes (Also Called 
Metalloporhyrins) 

 Metalloporphyrins contain either a Mn or a Fe moiety 
that is coordinated by four nitrogen axial ligands. In 
contrast to salen complexes in which the metal center is 
coordinated to oxygen and nitrogen atoms, the metal 
center of metalloporphyrins is coordinated only to 
nitrogen atoms (Fig.  15.5 ). Metalloporphyrins catalyze 
the dismutation of O 2  • −   through the alternate reduction 
and oxidation of the Mn moiety similar to what occurs 
in SOD (Fig.  15.2  and Fig.  15.3 ). The alternate reduction-
oxidation of Mn results in an alternate change in the 
valence of the complexes between Mn(III) and Mn(II). 

 Pasternack and Skowronek reported for the fi rst time 
the superoxide scavenging activity of metalloporphyrins 
more than three decades ago with the tetrakis(4- N -
methylpyridyl)porphin complex of Mn III .  20,21   Metallo-
proteins also exhibit a catalase-like activity,  22   and this 
catalase activity is believed to be due to reversible one-

electron oxidation that can undergo along the conju-
gated ring system. This is equivalent to what occurs for 
the heme prosthetic groups of endogenous catalases 
and peroxidases (Fig.  15.4 ). Groves and colleagues 
reported the high reactivity of metalloporphyrins 
(Mn(III)TMPyP) with peroxynitrite.  23   The reaction of 
Mn(III)TMPyP with ONOO  −   lead to an oxomaganese 
(IV) porphyrins species with a second-order rate con-
stant of 1.8 10 6  M  − 1 s  − 1 .  24   The very slow fi rst-order rate 
constant of reduction ( ∼ 0.018 s  − 1 ) of this oxoMn(IV) 
back to its Mn(III) oxidation state is much slower than 
the spontaneous decay of ONOO  −   (0.35 s  − 1 ), rendering 
Mn(III)TMPyP unable to catalytically scavenge 
ONOO  −  .  25   In contrast, when coupled with antioxidants 
such as ascorbate, gluthathione (GSH), or Trolox, 
Mn(III)TMPyP becomes a very effi cient peroxynitrite 
reductase as shown in Figure  15.6 .  26   

  Moreover, aside from the SOD-like activity of 
Mn(III)TMPyP as demonstrated by various methods 
such as pulse radiolysis and stopped fl ow experiments, 
it was shown that O 2  • −   can rapidly reduce oxoMn(IV) 
to Mn(III) oxidation state like ascorbate, gluthathione, 
or Trolox do. Therefore, the ability of Mn(III)TMPyP 
to both remove O 2  • −   and ONOO  −   under severe condi-
tions of oxidative stress suggests a high potency of 
Mn(III)TMPyP and related metalloporphyrins in 
preventing oxidative stress-mediated damages. The 
metalloporphyrins-mediated inhibition of lipid peroxi-
dation has also been reported.  27   Their ability in inhibit-
ing Fe 3 +  -ascorbate induced lipid peroxidation was found 
to be dependent on the transition metal ligated to the 
porphyrin, demonstrating the importance of the nature 
of the metal and its related redox chemistry in the anti-
oxidant properties of the complexes.  27   As discussed 
earlier, the chemical properties of the ligated metal 
center is of importance to produce a nontoxic and cata-
lytically active antioxidant. Although both iron and 
manganese have three accessible valence states, iron has 
a stronger preference for axial coordination than man-
ganese, and this makes it less suitable for antioxidant 
properties.  28   

 Manganese porphyrins were shown to be the most 
potent with IC 50  of 1.0 and 16  μ M for MnTM-2-PyP and 
MnTM-4-PyP, respectively, while that of the native 
CuZnSOD is 15  μ M. In addition, the position of the 
 N -methylpyridyl group was also found to affect the 
SOD activity, with the ortho-derivative MnTM-2-PyP 
exhibiting a 15-fold increase in the SOD activity com-
pared to that of the para-derivative MnTM-4-PyP (Fig. 
 15.5 ). The more positive redox potential of MnTM-2-
PyP ( + 0.22 V) versus MnTM-4-PyP ( + 0.06 V) suggests 
an “ortho” effect, which may play a role in the SOD 
activity and in the inhibition of lipid peroxidation.  29   The 
presence of an alkylpyridinium group close to the metal 
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organs. In contrast, the accumulation in the liver was 
slower (maximal concentration after 8 hours) yet impor-
tant, demonstrating a high affi nity of this drug to this 
organ. Due to its strong binding to tissues, the elimina-
tion was slow (t 1/2   =  55–135 h), therefore, confi rming that 
there is no need for frequent dosing. After an initial high 
loading dose, the treatment may be followed by periodic 
small “maintenance” doses. The lipophilicity of metal-
loporphyrins has been identifi ed as a critical parameter 
that dominates their effi cacy in blocking the develop-
ment of morphine antinociceptive tolerance through 
peroxynitrite-mediated pathways.  32   While MnTE-2PyP 
and its lipophilic derivative MnTnHex-2PyP (Fig.  15.5 ) 
exhibited similar rate constant of peroxynitrite scaveng-
ing ( ∼ 10 7  M  − 1  s  − 1 ), MnTnHex-2PyP was found 30-fold 
more effective than the ethyl derivative. Moreover, it 
was also shown that it distributes in the brain at more 
than 10-fold higher levels than MnTE-2PyP. Very 
recently, Aeolus Pharmaceuticals, Inc. announced that a 
second study of its lead drug, AEOL 10150, has been 
initiated by the National Institutes of Health ’ s and the 
National Institute of Allergy and Infectious Diseases to 
test the effi cacy of AEOL 10150 as a treatment for 
damage to the gastrointestinal tract due to exposure to 
radiation. Treatment with AEOL 10150 has been shown 
to reduce infl ammation and oxidative stress due to inha-
lation of a sulfur mustard analogue.  33    

center contributes to both thermodynamic  29   (favorable 
redox potential) and kinetic  30   (electrostatic attraction of 
negatively charged species) facilitation of O 2  • −   dismuta-
tion and ONOO  −   reduction. A more detailed study of 
the mechanism of inhibition of lipid peroxidation by 
metalloporphyrins was next examined on various lipid 
systems.  28   It was demonstrated that in the absence of 
reductants, the 5,10,15,20-tetrakis( N -ethylpyridinium-
2-yl)porphyrin (MnTE-2-PyP) promotes lipid oxidation 
through an oxidation/reduction mechanism. However, 
in the presence of reductants at biological relevant con-
centration, it was shown that MnTE-2-PyP inhibits lipid 
oxidation most likely by redox cycling between the Mn 3 +   
and Mn 2 +   redox status. It has to be underlined that the 
carbonate radical scavenging ability of MnTE-2-PyP 
was also demonstrated. 

 A pharmacokinetic study of MnTE-2-PyP in mouse 
has been conducted.  31   After a single intraperitoneal 
injection of MnTE-2-PyP at 10 mg/kg, the drug is rapidly 
absorbed into the plasma reaching its maximal concen-
tration only 15 minutes after the injection. The maximal 
levels in spleen, kidney, heart, and lung were also 
reached rapidly within a period of 15–45 minutes, likely 
through a passive diffusion mechanism. However, 
among these organs, the levels of lung and heart were 
much lower than those of kidney and spleen, demon-
strating both high penetration and affi nity for the latter 

  Figure 15.6         Redox antioxidant-coupled peroxynitrite reductase activity of Mn(III)TMPyP. k 1   =  1.8  ×  10 6  M  − 1  s  − 1 ; k 2   =  0.018 s  − 1 ; 
k 3   =  5.4  ×  10 7 , 1.3  ×  10 5 , and 7.0  ×  10 6  M  − 1  s  − 1  for ascorbate, glutathione, and Trolox, respectively.  (Adapted with permission from 
 J. Am. Chem. Soc.   1998 ,  120 (24), 6053–6061. Copyright 1998 American Chemical Society.)  
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limitation. Nevertheless, some iron macrocyclic com-
plexes have been developed among which is the tetraa-
zannulene derivative (TAA1/Fe) (Fig.  15.7 ).  39   This 
complex has a good catalase-mimetic activity at physi-
ological pH, and it protects endothelial cells against 
H 2 O 2  toxicity. Moreover, its ligand (and not the complex) 
was found to strongly protect cells against iron- and/or 
hydrogen peroxide-mediated damages very likely by 
both iron chelation and hydrogen peroxide degrada-
tion.  39   Water-soluble iron porphyrins have also been 
developed.  40   The 5,10,15,20-tetrakis ( N -methyl-4 ′ -
pyridyl)porphinatoiron(III) (Fe(III)TMPyP) and the 
5,10,15,20-tetrakis (2,4,6-trimethyl-3,5-sulfonatophenyl)
porphinatoiron(III) (Fe(III)TMPS) catalyse effi ciently 
the decomposition of ONOO  −   almost exclusively to 
nitrate. There is strong evidence that the catalytic per-
oxynitrite turnover occurs through reversible oxidation 
of the complex to the Fe (IV).  40   A one-electron oxida-
tion of the porphyrins to form an oxo Fe(II) intermedi-
ate and nitrogen dioxide was proposed as a common 
pathway for the decomposition of ONOO  −  . However, 
after the formation of this oxo Fe(II) intermediate, two 
different processes may operate. A fast and stoechio-
metric pathway would dominate when the peroxynitrite 
concentration is comparable or lower than that of the 
porphyrins, whereas a 10-fold slower catalytic pathway 
would dominate when ONOO  −   is in large excess.  41   The 
potency of these iron (III) porphyrins was further dem-
onstrated in  in vitro  and  in vivo  models.  42   Cytoprotec-
tion by the FeTMPS was observed at a concentration 
approximately 50 times lower than that of ONOO  −  . A 
rodent model of acute infl ammation was used to dem-
onstrate the potency of these two catalysts  in vivo  and 
a dose-dependant reduction of the carrageenan-induced 
paw swelling was observed in treated animals, while 
neither the ligands themselves nor the free Fe exhibited 
protective effects.  42     

  15.3     NONMETAL-BASED ANTIOXIDANTS 

  15.3.1     Ebselen 

 The 2-phenyl-1,2-benzisoselenazol-3(2 H )-one, also 
known as ebselen or PZ51, is one of the most studied 
gluthation peroxidase mimics in which the selenium 
possesses the oxidation number  + 2. By various redox 
reactions, ebselen can be converted to several com-
pounds, which represent the oxidation states of selenic 
acid ( + 4), selenol ( − 2), diselenide ( − 1), and selenenyl-
sulphides ( ± 0). As a consequence of the energetically 
favored fi ve-membered ring formed with the selenium 
atom, ebselen possesses a high thermodynamic stability 
and a relatively long half-life in animals and humans, 

  15.2.3     Other Metal Complexes 

 There are a number of other metal complexes that 
exhibit antioxidant properties. The Mn II (pentaazacyclo
pentadecane) complexes (Fig.  15.7 ) have been demon-
strated to possess catalytic SOD activity and  in vivo  
activity against oxidative stress-mediated damages.  34,35   
The parent unsubstituted compound, Mn([15]aneN 5 )Cl 2  
has a superoxide dismutation rate of 4.0 10 7  M  − 1  s  − 1  at 
pH  =  7.4. It has shown for instance high potency as anti-
infl ammatory agent  35   or in a canine model of cardiac 
reperfusion injury  36   to name a few. Since in the penta-
azamacrocyclic ligand-based mimetics, fi ve coordination 
points hold the manganese atoms, only one-electron 
transfer reactions are available providing to this class of 
antioxidants the unique feature of being specifi c super-
oxide scavengers  in vitro . Indeed, while the scavenging 
of H 2 O 2  and ONOO  −   requires transfer of two electrons 
(this can be achieved by Mn(III) containing complexes), 
that of superoxide requires only the transfer of one 
electron. The dismutation of O 2  • −   proceeds through 
alternate oxidation and reduction of the manganese 
atom at the center of the macrocyclic structure, resulting 
in an interchange valence state between Mn(II) and Mn 
(III). Mechanistic studies have shown the existence of 
two pathways for the electron transfer form Mn(II) to 
O 2  • −    37,38  : (a) a hydrogen atom transfer from a bound 
water on Mn(II) to HO 2  •  to yield a Mn(III) hydroxo 
intermediate and (b) a dissociative pathway in which 
superoxide anion binds to a vacant coordination site on 
Mn(II) followed by protonation/oxidation to yield a 
Mn(III) hydroperoxo species. 

  Since iron-based natural enzymes exist, iron (III) 
complexes would be attractive as catalytic antioxidants 
and would exhibit greater kinetic and thermodynamic 
stability than Mn(II) complexes for instance. However, 
as previously mentioned aquo iron (II and III) and iron 
complexes are prone to convert hydrogen peroxide to 
hydroxyl radicals, the so-called Fenton reaction. There-
fore, the development of such iron complexes has met 

  Figure 15.7         Chemical structures of the pentacoordinated 
maganese complex Mn([15]aneN 3 )Cl 2  and the iron complex 
TAA-1/Fe. 
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conditions of typical peroxidase assay, selenol was esti-
mated to be responsible for the most part of the glutha-
thione-(70%) and dithiotheitol-dependant peroxidase 
activities of ebselen.  49   Dihydrolipoate, the reduced form 
of lipoic acid, has been shown to be a more effi cient 
cofactor than glutathione for the peroxidase activity of 
ebselen.  53   Indeed, GSH reacts with ebselen to give a 
selenenylsulfi de, which is subsequently converted into 
the diselenide form of ebselen; however, the formation 
of the diselenide from the GSH-selenenyl sulfi de is 
quite slow. On the contrary, after reaction between 
ebselen and dihydrolipoate, the diselenide form is 
immediately detected, and its fast formation compared 
to that observed with GSH demonstrates that dihydro-
lipoate is a better cofactor than GSH. It is also impor-
tant to stress that the peroxidase activity of ebselen is 
not only limited to hydrogen peroxide as organic hydro-
peroxides can also be reduced with rates of reaction 
more than 10 times higher than that of H 2 O 2 . The hydro-
phobic nature of ebselen is believed to favor the reduc-
tion of lipophilic substrates.  54   Pulse radiolysis 
experiments showed that ebselen reacts with trichloro-
methylperoxyl radical with a rate constant of 2.9 
10 8  M  − 1  s  − 1  as well as with other halogenated radicals.  55   
However, its reaction with peroxyl radical is not a 
radical scavenging reaction,  56   suggesting that ebselen 
does not exhibit a pronounced free radical scavenging 
activity. This was further confi rmed by Nogochi et al. 
who found out that it does not inhibit AIBN initiated 
lipid peroxidation.  57   The quenching of singlet oxygen by 
ebselen was also reported but with a modest rate con-
stant of 2.5 10 6  M  − 1  s  − 1  compared to other singlet oxygen 
scavenger.  58   As concluded by Schewe in his review, the 
radical scavenging activity of ebselen “appears to be –if 
any– of minor importance for the pharmacological 

and therefore, the selenium atom is not liberated and 
does not enter the selenium metabolism. Because of its 
unique stability and despite its pronounced redox activ-
ity, it does not exhibit toxicity unlike other selenium 
compounds. Because of its good lipid solubility with a 
log  P  O/W   ∼ 2.8,  43   it can easily diffuse into the cells. Neu-
roprotective effects of ebselen have been observed at 
 ∼ 10  μ M of plasma level, and its brain level can reach 
 ∼ 20% of the plasma level.  44,45   

 Several syntheses of ebselen have been described 
and the large-scale synthesis pathway that has been 
patented is based on those by Lesser and Weiss  46   
and Weber and Renson (Scheme  15.2 A).  47   The latter 
strategy involves a three-step conversion of 2,2 ′ -
diselenobis(benzoic acid) to 2-(methylseleno)benzani-
lide, which is next cyclized to give ebselen.  47   Later on, a 
one-pot synthetic route from benzanilide involving 
ortholithiation, selenium insertion, and oxidative cycli-
zation was reported (Scheme  15.2 B).  48   

  Ebselen is capable of reducing hydroperoxides to 
their corresponding hydroxy compounds with, for 
instance, a second-order rate constant of reaction with 
hydrogen peroxide of 0.29 mM  − 1  min  − 1 .  49   Ebselen also 
reacts with thiols such as gluthation,  N -acetyl-L-cysteine 
or dihydrolipoate to form selenenylsulfi des, which in the 
presence of an excess of thiol can be converted to 
ebselen selenol and ebselen diselenide. The discovery of 
the peroxidase-like activity of ebselen was made in 1984 
and since then, extensive researches have been con-
ducted to understand the catalytic mechanism, yet it 
remains unclear. Good reviews on ebselen have sum-
marized its enzyme like-catalytic activity  50,51   as well as 
its antiinfl ammatory action.  52   It has been unequivocally 
demonstrated that the transient formation of the ebselen 
selenol occurred in aqueous systems.  49   Moreover, under 

  Scheme 15.2            Synthetic routes of Ebselen by (A) Weber and Renson and by (B) Engman and Hallberg. 

(A)

(B)

′
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a similar retention time to that of the ebselen–cysteine 
adduct. Therefore, the ability of ebselen to react with 
cellular thiol groups on proteins has made the interpre-
tation of biological effect diffi cult since many enzymes 
possess at least a reactive thiol group in their catalytic 
domains. It is now admitted that the general molecular 
mechanism of the ebselen-mediated inhibition of several 
enzymes is through its reaction with essential thiol 
groups of these enzymes. Since the majority of these 
enzymes such as lipoxygenases,  62   NADPH oxidases,  63   
and nitric oxide synthases  64   are implicated in infl amma-
tion, it was suggested that this may provide to ebselen 
its anti-infl ammatory action.  52   Two mechanisms for the 
inhibition of lipoxygenase have been proposed, either 
directly by formation of an ebselen–enzyme complex or 
indirectly by lowering the hydroperoxide level. In the 
absence of glutathion, ebselen inhibits directly the pure 
15-lipoxygenase with an IC 50  of 0.17  μ M whereas, in the 
presence of glutathione, it acts indirectly by lowering 
hydroperoxide level with an IC 50  of 234  μ M.  62    In vitro  
contradictory results were observed probably due to 
fact that in cells, lipoxygenases are regulated via the 
level of hydroperoxides. Whatever its mode of action, 
the ability of ebselen to inhibit lipoxygenase opens new 
preventive and therapeutic applications in atherosclero-
sis. Nitric oxide, a relevant signaling molecule, is gener-
ated in various cell types in the central nervous system. 
Its production by the  inducible nitric oxide synthase 
 ( iNOS ) is a consequence of infl ammation and has been 
associated with brain ischemia. Ebselen was found to 
decrease the iNOS expression in rat hippocampal slices 
submitted to oxygen-glucose deprivation, a model of 
ischemic insults.  65   These fi ndings were in agreement 
with  in vivo  studies that demonstrated that ebselen also 
abolished lipid peroxidation induced by a quinolinic 
acid-induced overstimulation of  N -methyl- d -aspartate 
receptors.  66   

 Because of its anti-infl ammatory activity, ebselen has 
been used in clinical trials for the treatment of acute 
ischemic stroke  67   and delayed neurological defi cits after 
aneurismal subarachnoid hemorrhage.  68   When given at 
a dosage of 150 mg twice a day for 2 weeks to patients 
with acute ischemic stroke, a signifi cant protection was 
observed at 1 month. Unfortunately, although improve-
ment was maintained at 3 months, this failed to reach 
statistical signifi cance. Post hoc analysis showed that 
protection was effective for those having the treatment 
started within 24 hours after the stroke onset.  67   

 Holmgren and his colleagues have shown that ebselen 
is an excellent substrate for mammalian  thioredoxin 
reductase  ( TrxR) , which is reduced by NADPH forming 
selenol.  69,70   They also showed that ebselen strongly 
enhance hydrogen peroxide reductase activity of mam-
malian TrxR in the presence of Trx, acting like a perox-

activity of this drug”.  52   Later on, the ability of ebselen to 
scavenge peroxynitrite has also been demonstrated.  59,60   
Ebselen rapidly reacts with peroxynitrite with a second 
order rate constant of  ∼ 2.0 10 6  M  − 1  s  − 1  yielding the selen-
oxide derivative, 2-phenyl-1,2-benzisoselenazol-3( 2H )-
one 1-oxide, as the sole selenium-containing product at 
1 : 1 stoechiometry (Fig.  15.8 A). 

  Daider et al. demonstrated however, that in cellular 
systems, ebselen is mostly present as thiol adducts and 
therefore loses its high reactivity toward peroxynitrite.  61   
They observed that free ebselen quickly reacted with 
thiols in both coronary strips and in aortic microsomes 
to form two metabolites, one of which was identifi ed as 
the ebselen–glutathione adduct, whereas the other had 

  Figure 15.8         (A) Peroxynitrite-dependent oxidation of 
ebselen and (B) H 2 O 2  reductase activity of ebselen. 

(A)

(B)
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  Figure 15.9         Chemical structures of the ebselen analogues 
BXT-51072 and BXT-51077. 

iredoxin. While the reduction of ebselen by NAPDH 
and catalyzed by TrxR has a  K  M  value of 2.5  μ M and a 
 k  cat  of 588 min  − 1 , that of ebselen diselenide, which is also 
a substrate of TrxR, is 100 times slower with a  K  M  value 
of 40  μ M and a  k  cat  of 79 min  − 1 . Ebselen diselenide was 
also shown to have a higher H 2 O 2  reductase activity 
than that of ebselen. Figure  15.8 B summarizes the anti-
oxidant mechanisms of ebselen and ebselen diselenide 
proposed by Holmgren and colleagues. 

 Several analogues of ebselen have been developed, 
including the BXT series (Fig.  15.9 ).  71   BXT-51072 was 
able to inhibit both H 2 O 2 - and TNF α -induced altera-
tions of cytoskeleton.  72   BXT-51072 and its methoxy ana-
logues BXT-51077 were found to be effi cient inhibitors 
of the TNF α -induced endothelial expression of P- and 
E-selectin, two adhesion molecules that mediate and 
amplify specifi c tissue adhesion.  71   This clearly demon-
strated the potency of these new ebselen analogues in 
inhibiting TNF α -induced proinfl ammatory responses of 
endothelial cells.  71,73   The BXT-series is currently being 
developed by Oxis International, Foster City, CA. Other 
organoselenides and organotellurides have also been 
reported to catalytically scavenge peroxides through a 
peroxidase-like activity.  74   

    15.3.2     Edaravone 

 The 3-methyl-1-phenyl-2-pyrazolin-5-one, also called 
edaravone, Radicut, or MC-186, has been developed by 
Mitsubishi-Tokyo Pharmaceuticals Inc (Tokyo, Japan) 
and has been used in Japan to treat patients with acute 
brain infarction and stroke since 2001. For a recent 
review on the development of edaravone, see the review 
article by Watanabe et al.  75   Moreover, it has been shown 
that edaravone has also protective effects on patients 
with acute myocardial infarction.  76   Edaravone is a small 
amphipathic molecule (Molecular weight  =  174.2) both 
soluble in water (3 g/L at 20°C) and in lipidic phase with 
a log  P  1.28 for its neutral form.  77   Therefore, it exhibits 
good cell membrane permeability, and its ability to pass 
through the blood–brain barrier was further confi rmed 
in dogs. The plasma concentration of edaravone in clini-

cal cases has been estimated around 10  μ M.  78   Edara-
vone is metabolized to its glucoronide and sulfate 
conjuguates in the liver and is rapidly excreted in the 
urine.  79   Edaravone can exist in three tautomeric forms 
as shown in Figure  15.10 .  77,80,81   While in polar media the 
anionic form is believed to be responsible for the scav-
enging activity of edaravone through a one-electron 
transfer mechanism,  81   in lipidic phase, the mechanism 
of H-atom abstraction has been hypothesized to be 
predominant.  77,81   

  Edaravone is able to scavenge several free radicals 
such as hydroxyl radical, azide radical (N 3  • ), sulfate 
radical (SO 4  • −  ), trichloroperoxyl radical (CCl 3 OO • ), 
and DPPH radical.  80,82–84   The rate constant of radical 
reaction with edaravone was determined by indirect 
method using EPR  80,85   as well as pulse radiolysis 
experiments.  82   A summary of the rate constants is pre-
sented in Table  15.1 . Its ability to directly scavenge 
nitric oxide in a dose-dependent manner was also dem-
onstrated using ESR and 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxy-3-oxide (carboxy-PTIO).  86   
This indicates the additional possibility of novel neuro-
protective activities against brain injury and focal cere-
bral ischemia through nitric oxide scavenging. Very 
recently, reaction of singlet oxygen ( 1 O 2 ) with edara-
vone was demonstrated in a cell-free system as well as 
in the presence of cells, leading to the formation of a 
nonidentifi ed compound.  78   It was further demonstrated 
that because of its singlet oxygen scavenging, edaravone 
prevented  1 O 2 -induced cell death, which may contribute 
to its pharmacological activity. Anzai et al. demonstrated 
that edaravone exhibits radioprotective effects on a 
mice model in a dose- and injection time-dependent 
manner. Injection 30 minutes before the irradiation led 
to the greatest protection, likely by quenching short life 
radicals generated by the irradiation.  87   

  The antioxidant action of edaravone includes the 
conversion of arachidonic acid to prostacyclin and the 
inhibition of lipoxygenase metabolism of arachidonic 
acid, which is mediated by hydroxyl radical trapping. 
Indeed, edaravone was found to directly prevent 
hydroxyl radical-induced injury of bovine aortic endo-
thelial cells.  88,89   Yoshida et al. reported its ability to 
enhance eNOS expression; likely because of increased 
stability of eNOS mRNA, and its ability to reverse oxi-
dized LDL-mediated reduction in the expression of 
eNOS in endothelial cells. Therefore, the preventive 
action of edaravone from ischemic disease consequence 
may be attributed to this eNOS upregulation with 
decreased oxidation.  90   The therapeutic effect of edara-
vone on alterations in endothelium-dependent relax-
ation as well as eNOS expression in the rabbit ear 
central artery after irradiation was also demonstrated. 
The reduced level of eNOS mRNA in irradiated vessels 
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 TABLE 15.1       Rate Constants, Oxidation Potential, and 
Dissociation Constant of Edaravone. 

Rate constants HO • 3.0 10 10  M  − 1  s  − 1    a   
8.5 10 9  M  − 1  s  − 1    b   

N 3  • 5.8 10 9  M  − 1  s  − 1  (at pH 9)   b   
SO 4  • −  6.0 10 8  M  − 1  s  − 1  (at pH 9)   b   
CCl 3 OO • 5.0 10 8  M  − 1  s  − 1    b   
e  −   aq 2.4 10 9  M  − 1  s  − 1  (at pH 7)   b   

Oxidation 
potential

E pa 483 (at pH 7)   c   
480 (at pH 7.8)   c   

Dissociation 
constant

p K a 6.9   d,e   
7.0   f   

     a   Determined by EPR from Abe et al.  80   
    b   Determined by pulse radiolysis from Lin et al.  82   
    c   vs Ag  +  /AgCl from Nakagawa et al.  85   
    d   From Chegaev et al.  77   
    e   From Lin et al.  82   
    f   From Yamamoto et al.  83    

  Figure 15.10         Tautomeric equilibrium of 3-methyl-1-phenyl-2-pyrazoline-5-one and its free radical scavenging mechanisms. A, 
amine form; B, keto form; C, enol form; D, enolate form; E, radical form; OPB, 2-oxo-3-(phenylhydrazono)1-butanoic acid; R • , 
peroxyl, alcoxyl or hydroxyl radical. 

was almost completely normalized by edaravone treat-
ment.  91   Moreover, treatment with edaravone resulted in 
the prevention of spinal cord damages in rabbits increas-
ing the number of motor neurons after ischemia. While 
the treatment of edaravone resulted in a signifi cantly 
reduced induction of  neuronal nitric oxide synthase  
( nNOS ), those of eNOS and Cu/Zn SOD were increased. 

These results suggest that edaravone may be a strong 
candidate as therapeutic agent in the treatment of isch-
emic spinal cord injury.  92   

 Figure  15.11  shows the putative mechanisms as pro-
posed by Higashi et al. by which edaravone improves 
endothelial function in patients with cardiovascular dis-
eases.  76   Indeed, several studies have reported that admin-
istration of edaravone before reperfusion decreases 
cardiac injuries in myocardial ischemia–reperfusion 
animal models. Intravenous infusion of edaravone at a 
dose of 3 mg/kg reduced the infarct size by  ∼ 50% com-
pared to the vehicle group in rats subjected to coronary 
artery occlusion for 10 minutes followed by 24-hour 
reperfusion.  93   Reduction of myocardial damage was 
also demonstrated by Minhaz et al. who reported that 
edaravone reduced by  ∼ 50% necrotic area in isolated 
reperfused rat hearts after coronary artery occlusion.  94   
Moreover, intraperitoneal administration of edaravone 
at 10 mg kg  − 1  twice a day and for 7 days attenuated 
pressure overloaded-induced cardiac hypertrophy by 
 ∼ 30% to mice subjected to thoracic aorta constriction.  95   
Tsujita et al. reported for the fi rst time in 2004 that 
edaravone is effi cient in the treatment of myocardial 
reperfusion injury in humans.  96   This randomized, con-
trolled, and open-label study in 80 patients with acute 
myocardial infarction demonstrated that administration 
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( ALS ).  100   A small-sized open trial suggested that edara-
vone is safe and may delay the progression of functional 
motor disturbances in ALS patients.  101   Ito et al. con-
fi rmed the potency of edaravone in preventing motor 
neuron degeneration using a mutant SOD1 mouse 
model.  102   Edaravone signifi cantly slowed down the 
motor function decline; however, no difference of the 
life span was observed between the edaravone-treated 
group and the control. This suggests that pathways 
causing motor function decline may be not independent 
to those causing death, generally by respiratory muscle 
failure. 

 The protective effect of edaravone against retinal 
damages  in vitro  and  in vivo  has been reported.  103   For 
instance, retinal damages induced by intravitreous injec-
tion of  N -methyl- d -aspartate at 5 nmol were prevented 
by simultaneous injection of edaravone at 5 or 50 nmol, 
while no protection was observed by treatment with 
 N -acetyl cysteine (10–1000 nmol). Moreover, when 
administered intravenously at 1 and 3 mg kg  − 1  immedi-
ately before NMDA injection, edaravone signifi cantly 
inhibited cell death compared to the control. The pro-
tective effects of edaravone against light-induced retinal 
damages in mice were also demonstrated.  104   Photore-
ceptor damages were evaluated by measuring the outer 
nuclear layer thickness 5 days after light exposure and 
by recording the electroretinogram. Edaravone admin-
istered intraperitoneally at 3 mg kg  − 1  or intravenously 

of edaravone at a dose of 30 mg for 10 minutes before 
reperfusion inhibits all the manifestations of reperfu-
sion injury such as reperfusion arrhythmias, myocardial 
stunning, and lethal reperfusion injury. Indeed, serum 
concentration of creatine kinase-MB isoenzymes was 
decreased while left ventricular ejection fraction was 
improved. 

  Aside from its ability to prevent myocardial injury, 
edaravone exerts neuroprotective effects by inhibiting 
endothelial injury and by ameliorating neuronal damage 
in brain ischemia.  97   It provides the desirable features of 
NOS as it increases the benefi cial eNOS whereas a 
decrease of the detrimental nNOS and iNOS occurs at 
the same time.  97   Indeed, transient ischemia in rat brain 
increases the expression of the three NOS isoforms at 
protein levels when evaluated 4 days after the ischemic 
insult. Treatment with edaravone immediately after the 
reperfusion (on day 0) downregulates the expression of 
nNOS and iNOS while that of eNOS is upregulated.  98   
The Edaravone Acute Brain Infarction Study Group 
reported in a multicenter randomized clinical trial that 
when administered 72 hours after the onset of ischemic 
stroke at a dose of 30 mg twice a day for 14 days, edara-
vone reduced brain infarct volume and produced sus-
tained benefi ts in functional outcome compared to the 
placebo group.  99   Recently, edaravone has been identi-
fi ed as a promising therapeutic agent for human motor 
neuron diseases including  amyotrophic lateral sclerosis  

  Figure 15.11         The potential mechanisms of edaravone on endothelial functions.  (Adapted from reference  76 .)  
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iron-dependant lipid peroxides  109   as well as a potent 
scavenger of hydroxyl, superoxide, and lipid peroxyl and 
phenoxy radicals.  110   

  Due to its high lipophilicity, which enables a deep 
insertion within the lipid bilayer of cell membranes, the 
physical membrane stabilizing effect of tirilazad mesyl-
ate has been demonstrated.  111   It has to be noted that in 
solution, tirilazad mesylate is a weak radical scavenger. 
On the contrary, it can exert a substantial antioxidant 
effect in membranes and especially by a sparing and 
synergic effect for  α -tocopherol, although it is not medi-
ated through a reduction mechanism.  112   Moreover, 
U74006F has also been shown to decrease membrane 
fl uidity, which may limit lipid peroxidation reactions. 
Lazaroids have been shown to locate preferentially in 
vascular endothelial cell membranes.  113   The ability to 
block arachidonic acid release from mouse tumor cells  114   
and to inhibit injury-induced calcium infl ux may also 
contribute to the benefi cial effects of U74006F.  115   
Indeed, there is strong evidence that the benefi cial 
effects of lazaroids are mediated through endothelium 
protection by preventing direct damaging effects of 
ischemia, infl ammation, and oxidative stress.  108   

 Lazaroids were initially developed as an alternative 
for glucocorticoids in the treatment of central nervous 
disorders. For instance, tirilazad reduced cerebral infarct 
size in rabbit. Indeed, both acute and sustained U74006F 
treatments with tirilazad produced a signifi cant reduc-
tion in the severity of neuronal damage in the neocortex 
of rats.  116   Neurological functions were also preserved by 
treatment with tirilazad in a model of acute cerebral 
ischemia in dogs.  117   The protection effi cacy of tirilazad 
has also been demonstrated in mouse, rat, and cat 
models of acute traumatic brain injury.  118   Pretreatment 

at 1 mg kg  − 1  signifi cantly inhibited the reduction of the 
outer nuclear layer thickness compared to the saline 
group. 

 Because of its antioxidant properties, topical admin-
istration of edaravone has been shown to prevent noise-
induced hearing loss, especially if given within 21 hours 
of noise exposure.  105   Indeed, it is now admitted that 
noise exposure leads to increased levels of ROS in the 
cochlea, and noise-induced hearing loss have been suc-
cessfully reduced by treatment with antioxidants. This 
suggests that edaravone may be clinically effective in 
the treatment of acoustic trauma. Protective effects 
against cisplatin-induced nephrotoxicity in rats by eda-
ravone have also been demonstrated.  106   In addition, 
edaravone has been reported to counteract the develop-
ment of multiple low-dose streptozotocin-induced dia-
betes in mice.  107    

  15.3.3     Lazaroids 

 Lazaroids are 21-aminosteroids derived from glucocor-
ticosteroids, but they do not exhibit glucocorticoid 
and mineralocorticoid activities. Belonging to this 
family, the tirilazad mesylate (U74006F, 21-[4-(2,6-di-1-
pyrrolidinyl-4-pyrimidinyl)-1-piperazinyl]-16 α -methyl-
pregna-l,4,9 (11)-triene-3,20-dione) is derived from 
methylprednisolone in which two hydroxyl groups have 
been removed in 11-C and 17-C positions (Fig.  15.12 ). 
The addition at the 21-C position of a side chain com-
prising amino groups is responsible for the absence of 
any corticosteroid receptor activity.  108   Moreover, the 
presence of the side chain is also responsible for 
enhanced lipid peroxidation-inhibiting activity. Indeed, 
tirilazad mesylate was found to be a potent inhibitor of 

  Figure 15.12         Chemical structures of methylprednisolone, tirilazad mesylate, and two analogues. 
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  Figure 15.13         (A) The spin trapping mechanisms of PBN and 
(B) the two resonance structures of a nitroxide. 

(A)

(B)

with U74006F reduced myocardial ischemia reperfusion 
in dogs  119  ; however, when administered after the coro-
nary artery occlusion, no signifi cant reduction of the infarct 
size was observed.  120   Pretreatment with lazaroid U-74500A 
(Fig.  15.12 ), a fi rst-generation methylprednisolone-
related lazaroid, reduced signifi cantly myocardial isch-
emia reperfusion in rats.  121   Administration of lazaroids 
in several experimental endotoxemia and other forms 
of sepsis showed benefi cial effects as reviewed by 
Spapen, Zhang, and Vincent.  108   For instance, lazaroid 
treatment in a rat model of hepatic ischemia and reper-
fusion followed by endotoxin challenge resulted in a 
signifi cant reduction of hepatic  122   and lung injuries.  123   
U74006F was found to provide hepatic protection 
through stabilization of endothelial cell membranes 
rather than by inhibiting lipid peroxidation.  124   U74006F 
was also shown to prolong survival in a dog model of 
endotoxic shock even when administered 30 minutes 
after endotoxin injection. The protection of dogs was 
associated with a decrease of cytokines production 
compared to control which demonstrates the anti-
infl ammatory effect of U74006F.  125   

 Several phase II and III clinical trials have been 
undertaken with tirilazad in patients with ischemic 
stroke.  126   Among six randomized and controlled trials 
assessing tirilazad in 1757 patients with presumed or 
confi rmed acute ischemic stroke, none of them showed 
effi cacy of tirilazad in ischemic stroke. Moreover, it was 
found that tirilazad worsened outcome after stroke, 
increasing death and disability by about 20% when 
given to patients with acute ischemic stroke. Although 
tirilazad was neuroprotective in experimental stroke,  116,127   
controversial results were also reported,  128   suggesting 
that tirilazad could, in certain conditions, lack benefi cial 
effect. For instance, tirilazad had no effect on infarct 
volume in 2 of 4 phase III trials, but it has to be noted 
that more than 75% of patients received treatment after 
3 hours, a time when neuroprotection is less likely to be 
effective. One can also cite that tirilazad caused throm-
bophlebitis and might have induced fever, a systemic 
infl ammatory state, which is known to be associated 
with poor outcome.  129   

 Tirilazad was also used in clinical trials of traumatic 
brain injury.  118   A phase II dose–escalation study fi rstly 
demonstrated its safety in TBI patients. Two phase II 
multicenter clinical trials next examined its ability as 
therapeutic in moderately and severely injured closed 
TBI patients. While the trial conducted in North America 
has never been published, the one conducted in Europe 
failed to show a signifi cant benefi cial effect in moderate 
or severe patient categories.  130   This is in agreement with 
the lack of potency of tirilazad in patients with ischemic 
stroke as TBI is a condition known to involve cerebral 
ischemia. However, it was shown that moderately 

injured male TBI patients with traumatic  subarchanoid 
hemorrhage  ( SAH ) had signifi cantly less mortality 
when treated with tirilazad (6%) than those of the 
placebo group (24%;  p   <  0.026). Tirilazad also lessened 
the mortality of severely injured male with traumatic 
SAH (34%) compared to placebo (43%;  p   <  0.071). Sur-
prisingly, two similar trials of tirilazad in patients with 
SAH provided confl icting results. Patients were treated 
at a dose of 6 mg/kg per day for 10 days. The trial con-
ducted in North America showed no difference between 
patients treated with tirilazad and those receiving 
placebo.  131   However, this absence of protection may be 
related to the fact that patients were treated with phe-
nytoin, which is known to decrease the bioavailability 
of tirilazad. On the contrary, the cooperative study con-
ducted in Europe, Australia, and New Zealand showed 
reduction of mortality and a better 3-month outcome in 
the tirilazad-treated group compared to the vehicle 
group, the effect being more pronounced in men.  132–134   
Based on these data, tirilazad was successfully approved 
and marketed for use in aneurysmal SAH in several 
western European and Australian countries.   

  15.4     NITRONES 

 Nitrones were initially designed as spin traps for detect-
ing transient free radicals using electron paramagnetic 
resonance.  135,136   As shown in Figure  15.13 , free radicals 
react with the diamagnetic nitrone to from a paramag-
netic spin adduct whose half-life is signifi cantly longer 
than that of the parent radical. Among the family of 
nitrone, two classes have been widely employed, the 
cyclic nitrones derived from the  5,5-dimethyl-1-
pyrroline- N -oxide  ( DMPO ) and the linear ones derived 
from the   α -phenyl- N - tert -butyl nitrone  ( PBN ) (Fig. 
 15.14 ). 

   Cyclic nitrones have been mainly employed as probes 
for the detection of free radicals because of their better 
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of linear nitrones. The “one-pot” synthesis (Fig.  15.3 A) 
proceeds through the  in situ  reduction of a nitro group 
to its hydroxylamine, which is subsequently condensed 
with a benzaldehyde derivative. 

  This method has several advantages: (a) it is not 
expensive, (b) the reaction time is relatively short, and 
(c) a large number of substrates are stable under these 
conditions. In the case of more sensitive substituents to 
the reduction conditions, the second method as described 
in Scheme  15.2 B is preferentially chosen. The  N - tert -
butylhydroxylamine is fi rst obtained by reduction of its 
nitro derivative and can be purifi ed and stored. Then, in 
a second step, the hydroxylamine is condensed with the 
benzaldehyde derivative. This allows milder conditions 
of coupling and an easy monitoring of the reaction. We 
showed in our laboratory that even bulky  N - tert -butyl-
hydroxylamines can be grafted onto bulky benzalde-
hydes. In such conditions, the use of acetic acid as a 
catalyst and molecular sieves signifi cantly increase the 
kinetics and the yield of coupling.  146–149   Another method 
consists in the formation of an imine intermediate after 
reaction of the amino group on the carbonyl function. 
The imine can be oxidized with 3-chloroperbenzoic 
acid, for instance, followed by a thermal rearrangement 
of the resulting oxaziridine. Other oxidants such as 
H 2 O 2  can also be used. However, the oxidation is some-
times diffi cult, requiring long reaction times and large 
excess of oxidant. Therefore, an alternative way is to 
fi rst reduce the imine to its amino form and then oxidize 
it up to the nitrone.  150   The preparation of the cyclic 
5,5-dimethyl-1-pyrroline- N -oxide can be achieved in a 
relatively simple manner (Scheme  15.3 D).  145   The initial 
reaction is a Michael addition of the anion of 
2-nitropropane onto acrolein to give 4-methyl-4-nitro-
1-pentanal, and several conditions have been used. 
However, during the purifi cation of the pentanal deriva-
tive by distillation under vacuum, explosion due to 
polymerization of unreacted acrolein may happen, and 

ability to trap oxygen-centered radicals compared to linear 
nitrones. Therefore, several analogues of DMPO have 
been designed for the past two decades. One can cite 
the phospshorylated analogue  5-diethoxyphosphoryl-5-
methyl-1pyrroline  N -oxide  ( DEPMPO ) developed by 
Tordo and colleagues.  137   DEPMPO leads to the forma-
tion of very stable spin-adducts. For instance it was dem-
onstrated that its superoxide adduct is very stable and 
not reduced into an hydroxyl spin adduct as it is observed 
with DMPO. Ester analogues were also developed, such 
as the 5-ethoxycarbonyl-5-methyl-1pyrroline  N -oxide  138   
or the  2- tert -butoxycarbonyl-5-methyl-1pyrroline  N -
oxide  ( BocMPO ).  139   More recently, an amido derivative 
(AMPO) was also reported. Using a stopped fl ow 
UV-vis kinetic method and an EPR-based competition 
kinetic method, the rate constant values of several cyclic 
nitrones were determined, the highest being that of 
AMPO, followed by EMPO, both DEPMPO and DMPO 
having the slowest reactivity.  140,141   

 Although linear nitrones are considered as weaker 
traps compared to cyclic ones, they have been also 
employed in spin-trapping experiments. Indeed, PBN 
and its analogues effi ciently trap carbone-centered 
radicals either in organic or aqueous phase. Moreover 
because of its lipophilicity, the PBN distribution within 
tissues and cells is much higher than that of the hydro-
philic DMPO. Therefore, PBN has been successfully 
employed for  in vivo  experiments. In order to improve 
the trapping ability of PBN, several analogues were 
next developed, such as a phosphorylated derivative 
(PPN), which exhibits improved superoxide trapping 
capacities.  142,143   

 Several methods for the synthesis of nitrones are 
available.  144,145   Nitrones have been used as synthetic 
intermediate due to their ability to react in 1,3 dipolar 
cycloaddition, but we will focus our attention on nitrone 
as spin traps and therapeutics only. In Scheme  15.3 A–C 
are represented three general methods for the synthesis 

  Figure 15.14         Chemical structures of simple nitrones agents. 
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  Scheme 15.3            Examples of methods for the synthesis of nitrones. (A) The “one-pot” method, (B) by condensation of  N - tert -
butylhydroxylamine, (C) by formation of an imine intermediate form, (D) the synthesis of DMPO. 

(A)

(B)

(C)

(D)

therefore the purifi cation requires considerable atten-
tion. Then a protection of the aldehyde function as a 
dioxolane group is achieved before cyclization, thereby 
avoiding the formation side products. Finally, reduction 
of the nitro group in the presence of zinc dust and 
ammonium chloride leads to the hydroxylamine, which, 
after acidic removal of the dioxolane group, reacts with 
the aldehyde function to form the cyclic DMPO. 

 Cellular toxicity of nitrone compounds such as 
DMPO, PBN, or their anolgues is low, rendering their 
use in biological systems possible without inducing any 
severe side effect. Janzen et al. studied the effect of 
intraperitoneal injection of nitrones at very high doses 
in rats.  151   The lethal dose of PBN was found to be 
approximately 100 g/100 g body weight while with 
DMPO at twice the lethal dose of PBN, no toxic signs 
were observed. A second study on the effects of nitrones 
on the blood chemistry in rats confi rmed these fi ndings. 

Neither DMPO at 232 mg/100 g body weight nor PBN 
at 100 g/100 g body weight were lethal.  152   Moreover, 
gross pathology and histopathological examinations 
failed to show any cellular damages with these two spin 
traps even at very high doses. Haseloff et al. performed 
cytotoxicity studies on bovine aortic endothelial cells 
and showed IC 50  of 140  μ M and 9  μ M for DMPO and 
PBN, respectively, confi rming  in vivo  studies.  153   

 Using radiolabeled PBN, Chen et al. determined the 
tissue biodistribution, excretion, and metabolism of 
PBN in rats and showed that it is rapidly absorbed after 
intraperitoneal injection.  154   After 1 hour, 31.5% of the 
radioactivity was found in liver, 8.5% in kidney, and 3% 
in lung. Microdialysis technique coupled with HPLC 
was utilized to determine blood and brain distribution 
of PBN and POBN in the rats after intraperitoneal 
administration.  155   The results for PBN indicate a rapid 
localization in blood and brain, reaching a maximal 
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  15.4.1.3     Protection against Xenobiotic-Induced 
Damages     Interestingly, PBN was found effective in 
preventing doxorubicin-induced cardiotoxicity without 
altering the doxorubicin cytotoxicity. On the contrary 
DMPO did not provide any protection.  170   Kotamraju et 
al. demonstrated that PBN inhibits the doxorubicin-
induced apoptotic signaling mechanism and that this 
antiapoptotic mechanism may be linked in part to the 
inhibition in formation or scavenging of hydrogen per-
oxide. Again DMPO was found ineffi cient.  171   Similarly, 
protection from thalidomide-induced birth defects in 
rabbits was observed after pretreatment with PBN, 
demonstrating that teratogenicity of thalidomide may 
involve free radical-mediated oxidative damage to 
embryonic cellular macromolecules.  172    

  15.4.1.4     Protection against Noise-Induced Hearing 
Loss     There is evidence that hearing loss caused by 
exposure to noise involves oxidative stress. Indeed, 
 acute acoustic trauma  ( AAT ) induced by steady-state 
noise is associated with the production of ROS both 
with the onset of the noise trauma and some days after 
cessation of noise exposure as well as with a signifi cant 
upregulation of iNOS activity. Therefore, several studies 
have been conducted to evaluate the potency of nitrones 
to prevent hearing loss. Fechter and colleagues showed 
that PBN was effective in mitigating hearing loss that 
occurs in rats exposed to high-level noise and to carbon 
dioxide  173   or acrylonitrile,  174   these two toxins strength-
ening the hearing loss associated with acoustic overex-
posure likely by increasing cochlear oxidative stress. 
Similar observations were made in a guinea pig model.  175   
However, PBN failed to reduce auditory threshold 
shifts induced by noise alone. Surprisingly, recent fi nd-
ings by Choi et al. demonstrated that 4-hydroxyPBN 
decreased permanent hearing loss chinchilla exposed to 
high-level steady-state noise for 6 hours.  176   In animals 
treated with intraperitoneal injections of 4-hydroxyPBN 
4 hours after the cessation of noise exposure and twice 
daily for another 48 hours, a dose-dependent reduction 
of permanent hearing threshold shifts and hair cell loss 
was observed. When-hydroxyPBN was combined with 
either  N -acetylcysteine, or   N -acetylcysteine plus acetyl-
 l -carnitine  ( ALCAR ), the protection was even much 
more pronounced. Unpublished data suggest that reduc-
tion in permanent hearing loss can still be obtained by 
this combination of three antioxidants when given even 
24 hours after the noise exposure.  

  15.4.1.5     Protection against Light-Induced Retinal 
Degeneration     Retinal degeneration is characterized 
by a progressive loss of photoreceptor cells leading to 
visual loss. Although, the primary function of photore-
ceptors is to absorb light, they are very sensitive to light, 

concentration in less than 20 minutes. After 100 minutes, 
the PBN concentration in brain was twice than that of 
POBN, which is closely correlated to the highest lipo-
philicity of the former nitrone. The pharmacokinetics of 
nitrone spin traps was also determined using HPLC, 
showing that most of the spin traps were rapidly distrib-
uted in liver, heart, and blood, with a maximum concen-
tration at 30 minutes for PBN.  156   Its plasma concentration 
after i.v. administration at 10 mg/kg was found to decline 
monoexponentially with a terminal half-life of 
2.01  ±  0.35 hour.  157   The total plasma clearance value 
(CL P   =  12.37  ±  3.82 mL/min/kg) was close to the pre-
dicted blood clearance value (CL B   =  11.5 mL/min/kg), 
suggesting that PBN CL P  in rats is predominantly due 
to hepatic metabolism. Cellular distribution was also 
investigated by Cova et al. who found a better cellular 
penetration for PBN compared to DMPO, very likely 
related to its higher lipophilicity.  158   The primary metab-
olite of PBN, formed in the liver microsomal system, 
was identifi ed as 4-hydroxyPBN, and since it circulates 
in body fl uids and has free radical trapping ability, it was 
believed to provide additional effects to the pharmaco-
logical properties of PBN  in vivo .  157,159   

  15.4.1     Protective Effects of Nitrones (with 
Particular Attention to  PBN ) 

  15.4.1.1     Protection against Endotoxic Shock     Since 
the seminal work of Novelli et al.  160   nitrone spin traps, 
typifi ed by  α -phenyl- N - tert -butylnitrone (PBN), have 
been widely used as antioxidants in several biological 
models, and their use as pharmaceutical agents have 
been reviewed several times.  161–164   Novelli et al. fi rst 
demonstrated that PBN afforded protection against 
death after traumatic shock, which was further con-
fi rmed by more rigorous experiments of endotoxic 
shock.  165–167   However, it was shown that PBN was pro-
tective in these models only if administered before the 
 lipopolysaccharide  ( LPS ) challenge.  

  15.4.1.2     Protection against Diabetes-Induced 
Damages     PBN was found to inhibit lipid peroxidation 
associated with type 1 diabetes.  168   Type 1 diabetes is 
characterized by a massive destruction of pancreatic  β  
cells, which are responsible for the production of insulin. 
There is growing evidence implicating free radicals in 
the destruction of these cells. Pretreatment with PBN at 
150 mg/kg i.p. reduced the severity of hyperglycemia in 
two distinct chemically induced model of diabetes using 
alloxan and  streptozotocin  ( STZ ). The protective effect 
of PBN in this model was demonstrated to be through 
inhibition of NF-  κ  B, a transcription factor activated by 
both alloxan and STZ.  169    
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Under similar conditions, PBN also exhibited protective 
activity at 9 mM but not at 1 mM, suggesting that this 
cholesterol-based nitrone may be a good candidate for 
the treatment of retinal diseases. PBN failed to show 
protective effects in two animal models of retinitis pig-
mentosa, P23H and S334ter.  Retinitis pigmentosa  ( RP ) 
is a genetic disease resulting in a progressive loss of 
peripheral and eventually central vision caused by 
mutations in rhodopsin. However, when the animals 
were exposed for 24 hours to 2700-lux light, PBN 
showed protection in the P23H mutant but not in the 
S334ter mutant.  180   

    15.4.1.6     Protection against Fulminant Hepatitis     
The effects of PBN against fulminant hepatitis with 
jaundice in   Long-Evans  cinnamon  ( LEC ) rats have 
been reported.  181   LEC rats are mutants developing 
hereditary hepatitis and also exhibiting abnormal accu-
mulation of copper in the liver. Therefore, LEC rats are 
considered as a model of human Wilson ’ s disease. PBN 
was administered intraperitoneally every 2 days at the 
concentration of 128 mg/kg beginning with 13-week-old 
rats and continuing for 17 weeks. Treatment with PBN 
prevented body weight loss, reduced death rate and 
hepatic cell destruction. Ocular inspection also con-
fi rmed the benefi cial effect of PBN on jaundice. Protec-
tive effect of PBN on the formation of oxidative damages 

and it has been demonstrated that excessive light expo-
sure induces ROS overproduction, which can lead to 
retinal dysfunction and cell death. Intraperitoneal 
administration of PBN in rats at 50 mg kg  − 1 , 30 minutes 
before exposure to 2700-lux light for 24 hours resulted 
in a signifi cant protection of the retina compared to 
control.  177   Indeed, the thickness of the  outer nuclear 
layer  ( ONL ), a measure of photoreceptor cell number, 
was signifi cantly reduced in nontreated rats exposed to 
light. In contrast, when the rats were treated with PBN, 
the ONL was preserved. The retinal function and sensi-
tivity of the retina was also preserved by treatment with 
PBN as demonstrated by electroretinograms. Tomita et 
al. reported later on that although PBN prevents 
caspase-3 gene expression in rat retinas exposed to fl uo-
rescent light, neither PBN nor light exposure had any 
effect on caspase-3 activity.  178   In addition, Western blot 
analysis showed that the c-fos protein level increased in 
the nuclear fraction after exposure to light and that 
PBN treatment decreased it. Therefore, it was concluded 
that inhibition of c-fos activation by PBN may be the 
key event in protection against light-induced retinal cell 
death. Recent studies in our group showed that a newly 
designed amphiphilic cholesterol-based  α -phenyl- N -
 tert -butyl nitrone, called CholPBNL (Fig.  15.15 ), signifi -
cantly protects retina against bright fl uorescent light 
exposure when injected into the vitreous at 1 mM.  179   

  Figure 15.15         Chemical structures of the CPI-1429 nitrone and the amphiphilic derivatives ChPBNL, LPBNSH, LPBNAH, and 
LPBNH15. 
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1429 or vehicle for 2 weeks before testing and the daily 
treatment was maintained for a period of up to 27 
weeks. While the results of the behavioral studies indi-
cated that the performance of vehicle-treated old mice 
was impaired compared to that of younger mice, old 
mice treated with CPI-1429 (0.1 or 10 mg/kg/day) exhib-
ited comparable rates of learning to those of young mice 
receiving chronic treatment with the vehicle. CPI-1429 
treatment also resulted in a signifi cant lengthening in 
the mortality curve of the mice. 

 The amphiphilic amide nitrone LPBNAH  146–148   has 
been shown to increase life-extension in aquatic organ-
isms, the Bdelloid rotifer  Philodina acuticornis odiosa  
Milne (Fig.  15.15 ).  149   Single-housed animals can be 
exposed to exactly the same drug regime in a controlled 
environment; moreover, their dates of birth and death 
can be precisely determined. Although this rotifer 
system may have limitations, such as unknown meta-
bolic pathway, it allows a rapid screening of drugs for 
bioactivity, toxicity, and bioavailability. Daily treatment 
with PBN and LPBNAH at 5  μ M from day 1 enhanced 
rotifer longevity, with LPBNAH being far more effi cient 
than PBN. The life span of LPBNAH-treated rotifer 
group was extended to 57.2  ±  10.4 days while those of 
the PBN-treated and vehicle-treated rotifer group were 
26.7  ±  5.2 and 22.8  ±  4.4 days, respectively. Interestingly, 
the total number of viable offspring per rotifer during 
a lifetime rose to 54  ±  1.6 animals after treatment with 
LPBNAH versus 18  ±  0.6 for control, but PBN treat-
ment failed to show any effect on fecundity (16  ±  1.4). 
LPBNAH also increased the duration of the reproduc-
tive period per rotifer (fertile days in culture during a 
lifetime) to 18  ±  0.7 versus 5  ±  0.3 days for controls. 
Once again, the parent compound PBN has no signifi -
cant effect on the duration of the reproductive period 
(5  ±  0.4 days). Growth effects of LPBNAH were also 
demonstrated in rotifer cultures. The treatment of roti-
fers at 5  μ M per day for 15 days dramatically increased 
the size of these animals, which grow throughout the 
entire life. The average length of rotifers determined on 
day 15 of treatment was increased from 342  ±  8  μ M for 
the control group to 547  ±  6  μ M for the LPBNAH-
treated group and PBN was without effect.  

  15.4.3     Neuroprotective Effects of Nitrones 

 Robert Floyd and John Carney were the fi rst to discover 
the high potency of PBN in preventing stroke-induced 
damages and impairment in gerbils. The fact that PBN 
administered up to 1 hour after an ischemia reperfusion 
insult to the brain of mongolian gerbils led to protection 
of the animals opened a new therapeutic strategy for 
acute ischemic stroke in humans.  192,193   These preliminary 
observations were soon confi rmed  194   and extended by 

was observed by reducing lipid peroxidation and DNA 
damage. Administration of a newly designed amphiphi-
lic PBN derivative called LPBNSH  147,148   (Fig.  15.15 ), at 
extremely low concentration (0.1 mg kg  − 1  and 0.5 mg 
kg  − 1  every other day), resulted in a very signifi cant pro-
tection of LEC rats, similar to that observed with PBN 
at 150 mg kg  − 1 .  182    

  15.4.1.7     Cardioprotective Effects     The cardiopro-
tective effects of the cyclic nitrone DMPO have also 
been demonstrated in isolated working rat hearts.  183   In 
a recent report, it was shown that the protective effects 
of the DMPO in myocardial ischemia reperfusion syn-
drome are mediated through mitochondrial respiratory 
chain protection against oxidative damages.  184   The 
amphiphilic amide nitrone referred to as LPBNAH  146–148   
(Fig.  15.15 ) also showed protection in a rat model of 
reperfused isolated rats after 30 minutes of total global 
ischemia.  185   The addition of LPBNAH in the perfusion 
buffer during the fi rst 5 minutes of postischemic reper-
fusion led to signifi cant increase in functional recovery 
throughout the reperfusion period.   

  15.4.2     Antiaging Effects of Nitrones 

 Several studies indicated that PBN was also potent in 
increasing life span of mice  186,187   and rats.  188   Although 
the two studies with mice suffered from a lack of animal 
husbandry parameters and caloric intake evaluations, 
the data clearly showed that chronic administration of 
PBN prolonged signifi cantly the mean life span. The 
study by Sack et al. showed that PBN administration 
(p.o. at 32mg/kg/day) to 24-month-old rats improved 
memory retention as measured using a Morris water 
maze, but also delayed death. The effects of PBN on 
cellular aging under culture conditions were also 
reported. Ames and collegues reported that PBN, and 
to a better extent, its hydrolysis product, the  N - tert -
butylhydroxylamine, both delay replicative senescence 
in human fi broblasts, the antioxidant activity being 
likely mediated through an inhibition of the mitochon-
drial superoxide production.  189   Von Zglinicki et al. con-
fi rmed the effect of PBN on senescence on human 
fi broblasts demonstrating the correlation between 
increased cellular longevity and decreased rates of telo-
mere shortening.  190   A novel nitrone referred to as CPI-
1429 has been shown to delay mortality as well as 
memory impairment in an ageing mouse model (Fig. 
 15.15 ).  161,191   The potential for CPI-1429 to ameliorate or 
delay progression of the learning and memory defi cits 
associated with normal aging in C57BL/6 mice were 
evaluated. Separate groups of young (4–5 months) and 
old (23–24 months) mice were treated daily with CPI-
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  15.4.4     Clinical Development of the Disulfonyl 
Nitrone,  NXY -059 

 The pharmacokinetic of NXY-059 was investigated in 
young healthy and eldery volunteers.  209   Mean volume of 
distribution at steady state (V ss ) was lower in the elderly 
subjects than in the young ones (13 L vs. 16 L) with a 
plasma elimination half-life relatively short (2–3 hours). 
Renal elimination was found predominant and 80–90% 
of the nitrone was excreted in the urine without being 
metabolized irrespective of the age of the subjects. 
When infused i.v. at 20 mg/kg/h, it took  ∼ 300 minutes to 
reach a steady state plasma level, but when a loading 
infusion rate, that is, three times the maintenance infu-
sion rate, was done, NXY-059 reached its steady-state 
level within 1 hour.  209   The tolerability of NXY-059 was 
next studied at various concentration in patients with 
acute stroke.  210   Interestingly, even at very high concen-
tration, a loading dose of 1820 mg followed by 844 mg/h 
i.v., the incidence of adverse events was similar in the 
treated group than in the placebo one.  211   Overall, the 
most frequent adverse events were headache, fever, and 
hypertension, but in a similar manner as observed in the 
placebo groups, these events being generally encoun-
tered in patients with acute stroke. Although the study 
by Lees et al. was not designed to determine effi cacy, 
there were more subjects among those exhibiting sig-
nifi cant stroke severity with a good or very good 
outcome in the NXY-059 treated group than in the 
placebo.  211   There were, however, no statistically signifi -
cant differences on either functional and neurological 
recovery.  211   Phase III clinical trials, coded SAINT for 
Stroke-Acute Ischemic NXY treatment, were next con-
ducted as a series of two major studies, SAINT I  212   and 
SAINT II.  213   Patients with a clinical diagnosis of acute 
stroke were randomly assigned to receive an i.v. infusion 
of NXY-059 or placebo within 6 hours after the onset 
of stoke. The initial infusion rate was 2270 mg/hour and 
then reduced to 480 to 960 mg for further 71 hours with 
the aim of maintaining NXY-059 plasma concentration 
of 260  μ M. In the SAINT I trial, 1699 subjects were 
included in the effi cacy analysis, and a reduction in dis-
ability as measured by the modifi ed Rankin score at 90 
days was noted for the treated patients. However, the 
treatment failed to improve other outcomes such as 
neurological functioning. A much more thorough analy-
sis of the data in which the outcome parameters were 
evaluated at 7, 30, and 90 days allowed to conclude that 
NXY-059 provided benefi cial effects at 7 and 30 days 
after the stroke but not at 90 days.  214   In the SAINT II 
trial, the effi cacy analysis was based on 3195 patients. 
Unfortunately, the distribution of scores on the modi-
fi ed Rankin scale did not differ between the NXY-059 
treated group and the placebo group. Mortality was 

others.  195–197   Indeed, neuroprotective activity of PBN in 
stroke model was demonstrated when given 30 minutes 
after the stroke in gerbils and even up to 3 hours in 
rats.  198   Intensive researches were next conducted on the 
neuroprotective activity of PBN and related compounds. 
For instance, PBN was found to protect cultured striatal 
neurons against NMDA-induced excitotoxicity.  199   More-
over, treatment with PBN also reduced the size of 
quinolinic acid-induced striatal lesion in rats, a model of 
the Huntington ’ s disease.  200   PBN and  2-sulfophenyl- N -
 tert -butylnitrone  ( S-PBN ) administration attenuated 
the damages produced by the mitochondrial toxin malo-
nate, as well as those induced by 1-methyl-4-
phenylpyridinium (MPP + ) and NMDA in rats.  201   In a 
model of traumatic brain injury, PBN reduced the loss 
of ipsilateral hemispheric tissue when administered 30 
minutes after a fl uid percussion injury.  202   The 
2-sulfophenyl- N - tert -butylnitrone led to similar protec-
tion; however, while PBN was detected in cerebral 
tissue, no trace of S-PBN was detected. It was concluded 
that the major site of free radical production in TBI is 
at the blood–endothetial interface.  203   Further studies on 
stroke demonstrated the superiority of the 2,5-disulfonate 
PBN (2,4-disulfophenyl- N - tert -butylnitrone), also 
referred to as NXY-059, compared to PBN. An exten-
sive and general review on the neuroprotective actions 
of PBN, NXY-059, and S-PBN by Richard Green and 
colleagues sumarizes the outcomes of preclinical 
studies.  204   Brain damage was reduced in a rat model of 
transient occlusive middle cerebral arterial stroke when 
NXY-059 was administered up to 5 hours after the 
stroke, while no protection was observed with equimo-
lar concentration of PBN.  205   Later on, Sydserff et al. 
reported the dose-dependant protective effects of 
NXY-059 in a rat model of permanent occlusive middle 
cerebral arterial stroke.  206   The NXY-059 plasma concen-
tration was linearly correlated to dose, and a linear rela-
tionship between injected dose and neuroprotection 
was also observed. With regard to the therapeutic time 
window in this model, substantial neuroprotection was 
observed up to 4 hours after the stroke. Signifi cant pro-
tection was also observed in a marmoset model of per-
manent occlusive middle cerebral arterial stroke.  207   Due 
to clinical relevance time point, NXY-059 was adminis-
tered 4 hours postocclusion, and high dose was injected 
(85 mol/kg per hour) in order to ensure a plasma level 
of 200  μ M after 24-hour infusion.  208   While the degree of 
motor impairment in the control animals was almost 
total at both 3 and 10 weeks, NXY-059 treatment 
resulted in a signifi cant use of the paretic arm, and his-
tological observations demonstrated a 28% smaller 
infarct in the treated animals as well. All these critical 
preclinical experiments conducted in several indepen-
dent laboratories led to clinical trials.  
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of nitrones. Another demonstration by Floyd and 
Carney was provided with aging gerbils that were 
chronically administered with PBN for 14 days.  217   
Although the treatment ceased several days before the 
stroke, treated animals were more resistant than 
untreated ones. Considering the half-life of PBN  ∼ 2 
hours, it is very likely that none of the nitrone is still 
present 3 days after cessation of the treatment, thus 
demonstrating that the classical mass action of spin 
traps is not solely responsible for the pharmacological 
activities of nitrones. 

  15.4.5.1     Antioxidant Property of  PBN  against Lipid 
Peroxydation     Its very poor antioxidant activity have 
been observed in simple models of lipid peroxidation 
demonstrating that nitrones do not act as classical chain-
breaking antioxidants.  218,219   While PBN inhibited lipid 
peroxidation at 5 mM, antioxidants such as  γ -tocopherol 
or BHT were a thousand-fold more effi cient, exhibiting 
antioxidant protection at only 5  μ M.  218    

  15.4.5.2     Anti-Infl ammatory and Anti-Apopotic 
Properties of Nitrones     There is strong evidence that 
PBN acts to quell signal transduction processes and 
therefore provides potent anti-infl ammatory and anti-
apoptotic properties.  161,162,164,191   PBN has been shown to 
inhibit the activity of cytokines and transcription factors 
such as NF- κ B, which can rapidly activate the expres-
sion of genes involved in infl ammation.  220–222   The inhibi-
tion of the COX2 catalytic activity and the decrease of 
the steady state COX2 mRNA level was also demon-
strated. Other rationales for nitrone protection in 
animal models showing that PBN can inhibit gene 
induction of heat shock proteins include c-fos and 
inducible nitric oxide synthase as well. One of the fi rst 
and yet convincing study that illustrated the importance 
of neuro-infl ammation in brain injury and the potency 
of PBN to preserve brain function by quelling exacer-
bated signal transduction processes is that by Floyd et 
al. in 2000.  223   Kainate administration to rats led to injury 
to the hippocampus providing a good experimental 
model of epilepsy. Administration of PBN prevented 
apoptotic neuron loss and mortality, and immunohisto-
chemical examination showed that the Kainate-induced 
activation of p38 MAP kinase and NF- κ B was sup-
pressed by PBN. Since then, numerous reports have 
shown the ability of nitrone to suppress the proinfl am-
matory cytokine and stressors mediated induction of 
genes in a wide range of biological systems. In the review 
by Green et al. are listed some important biochemical 
consequences of nitrone administration  in vitro ,  ex vivo , 
and  in vivo , which may be associated with neuroprotec-
tion (Table  15.2 ).  204   

equal in the two groups, and no evidence of effi cacy for 
any secondary end points, including scores on neuro-
logic and activities of daily living scales, was observed. 
A pooled analysis of the SAINT I and II trials further 
concluded that NXY-059 was not effective in the com-
bined trials.  215   Although both preclinical and clinical 
trials were supposed to be developed in accordance with 
the  Stroke Therapy Academic Industry Roundtable  
( STAIR ), the very disappointing outcome of the SAINT 
II trial led to the termination of NXY-059 as therapeu-
tics for acute ischemic stroke. Critiques on how the 
development of NXY-059 was conducted have been 
raised. Savitz pointed out the need for more rigorous 
and strenuous testing at the preclinical stage.  216   Among 
Savitz ’ s critiques about the preclinical studies, one can 
cite the lack of suffi cient independent studies in differ-
ent laboratories in order to confi rm preliminary fi ndings 
as well as the absence of information on NXY-059 
mechanisms of action and whether it enters the brain 
parenchyma after embolic stroke. Clinical trial also 
appeared to be inadequately designed because of inap-
propriate treatment windows and inclusion of diverse 
stroke patients.  

  15.4.5     The Controversial Mode of Action of Nitrones 

 Considering the very broad activity of nitrones as dis-
cussed above and reviewed by others, there had been 
controversy on the mechanism of action of nitrone in 
biological systems. Since they were initially employed as 
probes for spin-trapping experiments, their biological 
activity had been fi rst explained based on their radical 
trapping activity. However, several experimental evi-
dences have strongly put aside the trapping activity and 
other mechanisms have been suggested. For instance, 
the rate of reaction of PBN with radical is quite slow,  135   
that is, 10 5 –10 7  M  − 1 .s  − 1  and therefore, during spin trap-
ping experiments in chemical milieu, PBN must be 
present at high concentration (10–50 mM) to trap a sig-
nifi cant fraction of free radicals. These concentrations 
used are roughly 1000 times higher than those com-
monly employed in biological studies of protection 
(10–50  μ M). Moreover, the concentration of nitrones in 
the target tissues is usually inferior at 0.5 mM, which is 
not suffi cient to quench all the radical species. As previ-
ously discussed above, in experimental stroke model, it 
had been observed that PBN led to protection even if 
administered up to 2 hours after the start of reperfu-
sion.  198   Preclinical and clinical studies with PBN and 
NXY-059 confi rmed without any doubt the ability of 
nitrones to prevent stroke induced-damages even when 
administered of few hours after the onset of stroke. 
These fi ndings further support the invalidation of the 
spin-trapping mechanism as the primary mode of action 
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thecal injection of complex III inhibitor antimycin A, 
has been demonstrated to induce hyperalgesia in mice.  227   
PBN signifi cantly reduced hyperalgesia 30 and 60 
minutes following the treatment providing transient 
antinociception irrespective to the administration mode 
of PBN, that is, intraperitoneal or intrathecal. Mitochon-
drial impairment has been associated with cardiac dys-
function in Chagas ’  disease, a parasitic disease whose 
about 40% of seropositive patients develop cardiomy-
opathy. In infected mice, oxidative stress and alteration 
of mitochondrial functions in the myocardium are 
observed as well as similar cardiac dysfunction to what 
is observed in human chagasic patients. Treatment of 
infected mice with PBN prevented mitochondrial oxida-
tive damage and signifi cantly improved respiratory 
complex activities.  228,229   The impairment of a specifi c site 
of complex III was identifi ed as the main target in 
infected myocardium, leading to an increased electron 
leakage and O 2  production. Treatment with PBN 
improved the respiratory chain function by preserving 
 electron transport chain  ( ETC ) activity thereby limiting 
electron leakage and mitochondrial ROS production. 
The two amphiphilic amide nitrones, the LPBNAH and 
its reverse analogue the LPBNH15 (Fig.  15.15 ), have 
recently shown very promising results.  230   These two 
compounds exhibited hydroxyl radical scavenging 
activity and radical reducing potency in ABTS assays. 
Experimental and theoretical data showed that substi-
tution of the PBN by hydrophilic and lipophilic groups 
alters its redox properties, with the amphiphilic amide 
nitrones being easier to oxidize and reduce than the 
parent PBN. Moreover, very high protective effects 

    15.4.5.3     Action on Membrane Enzymes     PBN was 
shown to act as a reversible calcium channel blocker at 
concentrations far lower than those required for free 
radical detection by EPR, and it was concluded that 
removal of free radicals may not contribute to the 
nitrone-induced vasorelaxation.  224   The potency of PBN 
to inhibit acetylcholinesterase activity, an enzyme that 
converts acetylcholine into the inactive metabolites 
choline and acetate, with a  K i of 0.58 mM, was also 
reported.  225    

  15.4.5.4     Interaction with the Mitochondrial Metabo-
lism     Hensley et al. demonstrated that PBN interacts 
with the mitochondrial complex I, inhibiting complex-I 
stimulated H 2 O 2  fl ux and nitro blue tetrazolium reduc-
tion.  226   This site-specifi c interaction of PBN with mito-
chondrial fl avin deshydrogenases, which leads to 
alteration of the electron transit within the enzymes, is 
believed to participate to the broad antioxidant and 
anti-infl ammatory action of nitrones. Interaction of 
PBN with mitochondrial complex I was also demon-
strated in the prevention of the doxorubicin-induced 
apoptosis in bovine aortic endothelial cells.  171   Indeed, it 
was shown that doxorubicin inactivated complex-I by a 
superoxide-dependant mechanism and that complex-I 
activity was restored by PBN, confi rming the fi rst obser-
vations by Hensley et al. Pretreatment of cells with PBN 
also resulted in a full inhibition of DOX-induced cyto-
chrome  c  release and a complete restoration of GSH 
levels. Other mitochondrial-specifi c interactions of 
nitrones were next reported. An increase of endogenous 
mitochondrial superoxide production, following intra-

 TABLE 15.2       Some Biochemical Consequences of PBN Administration  In Vitro ,  In Vivo , and  Ex Vivo . (Adapted from Green 
et al.  204  ) 

 In vitro 1. Inhibition of iNOS induction in HIV-1 envelope

2. Potentiation of H 2 O 2 -induced Erk and Src kinase in human

3. Stimulation of H 2 O 2 -induced activation of the prosurvival Erk signal transduction pathway

4. Protection of primary cerebellar neurones from glutamate toxicity

 In vivo  or  ex vivo 5. Facilitation of postischemic reperfusion following transient MCAO
6. Inhibition of apoptosis-associated gene expression in endotoxin-treated rats
7. Suppression of caspase-3 activation following global ischemia
8. Prevention of the decrease in stimulated ( + ADP), nonstimulated (–ADP) and uncoupled 

rats following transient MCAO
9. Inhibition of endotoxin-induced induction of nitric oxide synthase
10. Improvement of the rate of metabolic recovery, acidosis rebound, and ATP renewal in rat 

brain following transient focal ischemia
11. Suppresion of c-fos expression in postischemic gerbil brain
12. Attenuation of the secondary mitochondrial dysfunction after transient focal ischemia
13. Reduction of the number of positive  τ -oligodendrocytes after focal ischemia
14. Prevention of cytotoxic ischemia following malonate
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were demonstrated both in  in vitro  and  in vivo  experi-
ments. With regard to the mitochondrial interaction, 
these two nitrones showed interesting properties. They 
both decreased electron and proton leakage as well as 
hydrogen peroxide formation in isolated rat brain mito-
chondria at nanomolar concentration. They also signifi -
cantly enhanced mitochondrial membrane potential, 
and the dopamine-induced inhibition of complex I 
activity was antagonized by pretreatment with these 
agents. These fi ndings strongly suggest that new nitrone 
analogues are more than just radical scavenging antioxi-
dants but may act as a new class of bioenergetic agents 
directly interacting with mitochondrial electron and 
proton transport.    
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   ABCC7, 345 
  Acetylcholine,    194  
 Acetylsalicylic acid (ASA, aspirin),    248–249, 252–553, 262  
 Acidosis, intracellular,    317  
 Acrolein,    58, 61–62  
 Actin,    74, 78  
 Activator protein 1, 346 
 Adderall,    256  
 Adenine,    96  
 Adenosine,    316, 321  
 Adenosine diphosphate (ADP),    27, 114, 123–125, 316, 318  
 Adenosine monophosphate (AMP),    27, 316, 318  

  cyclic,    243, 245, 352    
  Adenosine triphosphate (ATP),    27, 73, 114, 123–125, 130, 

132, 190, 220, 238, 240–241, 316, 318–319, 352  
  synthase,    362–364, 397,    

  Adenylation,    78  
 ADMA,  see  Asymmetric dimethylarginine 
 Advanced lipidation end products (ALE),    80  
 Afl atoxin B1, 250 
 Aging,    237, 252  

  and DNA repair,    268–269  
 and METH,    262    

  Airway 
  infl ammation,    347  
 obstructions,    348    

  Alanine,    318  
 Alcohol dehydrogenase class III (ADH),    74  
 Aldehyde oxidase (AO),    314, 316, 318  
 Aldehydes 

  in atherosclerosis,    329–335  
 in I-R,    314    

  Alkoxyl radical,    51–52, 58, 62  
 Allopurinol,    318, 320 .  See also  Inhibitors 

 Allysine,    79  
 Alzheimer ’ s disease,    80, 194, 238–241, 250, 253–254, 263, 266, 

277–278, 360  
 Amadori rearrangements,    80  
 Amino acids, free,    318–319  
 Aminoglycoside,    351  
 2-amino-3-keto butyric acid,    80  
 3-amino-1,2,4-triazole,    117  
 Amphetamine(s),    252, 255–263  

  affi nities to uptake transporters,    260  
 bioactivation by PHSs,    252–253  
 history,    255–256  
 metabolism by CYPs,    257–259  
 neurotoxicity,    261–263  
 pharmacokinetics,    256–257  
 SOD protection against toxicity,    266  
 uses,    255–256    

  AMPO,    390 .  See also  Nitrones 
 Amyotrophic lateral sclerosis (ALS),    239, 241, 253–4, 

277–278, 360  
 Angiotensin II,    150, 152–156, 158  
 Antibiotics,    181  
 Antibody,    127–128  
 Antidepressants,    240  
 Antiinfl ammatory cytokines,    346  
 Antimicrobial,    346–350  
 Antioxidant response element (ARE),    269–270, 274–275  
 Antioxidants 

  in cell signaling,    179, 180, 182, 185–186, 188, 190, 193–195  
 enzymes,    94, 114–116, 263–268, 312–313, 318, 321  
 synthetic,    377–398    

  Antipsychotics,    240  
 AP-1,  see  Activator protein 1 
 Apical transporter,    348  
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 Apolipoprotein 
  A1 (apo A1),    334  
 B (apo B),    331    

  Apoptosis,    75, 216–219     
  Bcl-2, 218   

  Bcl-xl,    218  
 BH3-only proteins,    218  
 cytochrome c (Cyt c),    217–218  
 death receptors,    217–218  
 endoplasmic reticulum (ER) stress,    218–219  
 extrinsic pathway,  see  Death receptors 
 glutathione,    217–219  
 in I-R,    313, 315, 319, 320  
 intrinsic pathway,  see  Mitochondrial pathway 
 mitochondrial pathway,    218  
 multidrug-resistance proteins (MRP1),    220  
 from NADPH oxidases,    145, 146, 148, 155–156, 158  
 p53, 219 
 and PTM,    75  
 TNF-related apoptosis-inducing ligand (TRAIL),    

217–218    
  Apurinic/apyrimidinic (AP) sites,    99, 100–101  
 Aquaporins,    351  
 Arachidonic acid (AA),    50–52, 54, 57–65, 240, 242, 246–249, 

252  
 ARE,  see  Antioxidant response element 
 Arsenic,    94–95  
 Ascorbic acid,    262, 268, 347  
 Asparaginyl hydroxylase factor inhibiting HIF 

(FIH),    191–192  
 Aspartate,    318  
 Astrocytes,    239–241, 250, 254, 263, 266–268, 276–279  
 Asymmetric dimethylarginine (ADMA),    318  
 Ataluren,    351  
 Ataxia telangiectasia mutated (ATM),    238–239, 268  
 Atherosclerosis,    329–333, 384  
 Attention defi cit–hyperactivity disorder (ADHD),    256, 260  
 Autophagy,    219, 319–320 .  See also  Cell death 
 Azelaic acid (AZA),    334    

  Bacteria colonization,    346–347  
  BALF,  see  Broncho alveolar lavage fl uid 
 Benzo[a]pyrene-7,8-dihydrodiol,    250  
 Beta-amyloid (AB),    241, 250  
  β -carotene,    347  
 Beta-scission reactions 

  formation of fragmented lipid products,    51–52, 58–62  
 role of iron and copper,    50–51, 58, 61–62    

  Biomarker 
  for COPD,    349  
 for neurodegenerative disorders,    360    

  Biotin,    82  
 Blood–brain barrier (BBB),    263  

  and METH,    256    
  Brad 1, 189 
 Bradykinin,    321  
 Brain infarction,    385, 387  
 Breast cancer 1 (Brca1),    238–239, 269  
 Broncho alveolar lavage fl uid,    352  

 Bronchodilation,    349  
 Buthionine sulfoximine,    117–118    

  Calcifi cation,    331  
  Calcium 

  in cell signaling,    186–188  
 in dendritic spines,    250  
 in excitotoxicity,    241  
 homeostasis,    185, 188, 195  
 in mitochondria,    238    

  Calcium-dependent proteases,    241  
 Calicheamicin,    100  
 CAMP, see Adenosine monophosphate, cyclic 
 Cancer,    203–235  

  apoptosis,    216–219  
 autophagy,    219  
 catalase,    206  
 cell signaling,    193–194  
 cycloxygenases,    205  
 DNA methylation,    216  
 DNA methyl-transferases (DMTs),    216  
 drug resistance,    219–220  
 epigenetics,    213, 216  
 glucose-6-phosphate dehydrogenase,    206  
 glutathione,    205–206, 208, 217  
 glutathione peroxidases (GPx),    206  
 glutathione-SNO (S-nitrosoglutathione or GSNO),    208  
 glutathione-S-transferases,    216, 220  
 protein glutathionylation,    208  
  γ  -glutamylcysteine synthetase,    205    

  Carbohydrate oxidation biomarkers in neurodegenerative 
disorders,    366  

 Carcinogenesis,    203–235 .  See also  Cancer 
 Cardiac,    311–321 .  See also  Heart 

  ischemia,    311–314, 318  
 reperfusion,    311, 314, 318  
 transplantation,    321    

  Cardiolipin,    315  
 Cardiomyocyte(s),    311, 314–315, 318–320  
 Cardioplegic, 

  arrest,    312, 318  
 buffer,    318  
 ischemia,    312  
 solution,    312    

  Cardiovascular disease (CVD),    330, 334–335  
 Catalase,    114, 143–146, 159, 238–239, 251–252, 377–378  

  in brain,    262, 267  
 in cancer,    206  
 in I-R,    313  
 and NADPH,    264  
 mimetics,    380  
 in neurodegenerative disease,    278    

  Celecoxib (Celebrex),    249, 254  
 Cell death,    311, 315, 319–321  

  apoptosis,    319–320  
 autophagy,    319–320  
 necrosis,    319–320  
 programmed,    315, 319    

  Cell signaling,    179, 180, 184–186, 193–194, 317–318  
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 Cellular 
  enzymes,    313  
 organelles,    312–313  
 thiolstat,    71, 84    

  CF,  see  cystic fi brosis 
 CFTR,  see  Cystic fi brosis transmembrane regulator 
 CGMP-dependent protein kinase (PKG)I- α ,    85  
 Chemiluminescence,    32  
 Chemoprevention,    117  
 Chemoselective functionalization,    82  
 Chloride 

  channel,    345, 348  
 conductance,    351–352  
 transport,    348  
 transporter,    348, 351    

  ChPBNL,    393 .  See also  Nitrones 
 Chromium,    94–95, 98  
 Chronic 

  granulomatous disease (CGD),    138–141, 145–146, 154,  
 infections,    346  
 lung infections,    345  
 obstructive pulmonary disease COPD,    80    

  Citric acid cycle,    180, 192  
 Clorgyline,    240  
 Cockayne syndrome B (CSB),    238–239, 269  
 Cofactors,    316  

  BH 4 , 315, 317–318, 320   
  Colon epithelial cells,    186  
 Complex I,    123, 125–129, 133, 312, 314, 316  
 Complex II,    126, 129, 130, 133  
 Complex III,    125–126, 129–133, 312, 315  
 Complex IV,    125–126, 132–133, 315  
 Conserved sequence block,    96  
 Copper-zinc superoxide dismutase (CuZnSOD, SOD1),  see  

Superoxide dismutase 
 Coronary artery disease,    311, 320  
 Coronary heart disease (CHD),    333  
 COX,  see  Cyclooxygenase 
 CPI-1429, 393–394.  See also  Nitrones 
 C-Rel,  see  Proto-oncogene cRel 
 Cross-links, see Lesions 
 Cu,Zn superoxide dismutase (CuZnSOD, SOD1),    79, 253, 313  

  in neurodegenerative diseases,    278    
  Cyanuric acid,    102  
 Cyclooxygenase-1 (COX-1),    242 .  See also  PHS-1; 

prostaglandin H synthases 
 Cyclooxygenase-1b (COX-1b) (COX-3),    244  
 Cyclooygenase,    29.  See also  COX-1; COX-2  
 Cyclooxygenase-2 (COX-2),    242 .  See also  PHS-2; 

Prostaglandin H synthases 
 CYP1A2, 258.  See also  Cytochromes P450 
 CYP2D6, 240, 257–259.  See also  Cytochromes P450 

  expression in brain,    259    
  CYP2E1, 240.  See also  Cytochromes P450 
 Cysteinyl redox domains,    127  
 Cystic fi brosis (CF),    80, 345  

  diagnostic tests for,    348  
 gene,    345  
 lung disease,    345–347, 351    

  Cystic fi brosis transmembrane regulator (CFTR) 
  KO mice,    347–349, 352  
 mutations,    349, 351  
 potentiators,    352    

  Cytochrome b H  or heme b H ,    130–131  
 Cytochrome b L  or heme b L ,    130–133  
 Cytochrome c,    131–132  

  in I-R,    314–316, 318–319 .  See also  Nitrate/Nitrite 
reductase   

  Cytochromes P450 (CYPs),    240  
  metabolism of amphetamines,    257–259    

  Cytokine,    187, 193–194  
  and microglia,    241  
 and NOS,    240  
 as PHS activators,    245    

  Cytosolic phospholipase A2 (cPLA2),    240    

  Death receptors,    217, 219  
  Deoxymyoglobin,    316 .  See also  Nitrate/Nitrite 

reductase 
 2-deoxypentos-4-ulose abasic site,    96  
 2 ′ -deoxyribonolactone,    96,100  
 Deoxyribonucleic acid (DNA),    94–103  

  and histone proteins,    94  
 backbone reactivity,    96  
 damage,    349 .  See also  Oxidative DNA damage 
 duplex, kinetic changes to,    99  
 holes,    96  
 oxidation,    252–253  
 repair,    268–269    

  2 ′ -deoxyribose (dR),    99–102  
  and hydrogen abstraction,    100  
 lesions,    101  
 oxidation,    100  
 radical,    100    

  DEPMPO,    390 .  See also  Nitrones 
 Detection of reactive species,    31–38  

  in vitro,    32  
 in vivo,    38    

  Dexedrine,    256  
 Diabetes,    194  
 Dicumarol,    118  
 Dihydroxyphenylacetic acid (DOPAC),    251–252, 255  
 Dilated cardiomyopathy,    313  
 Dimedone,    82  
 Dimethyl fumarate (DMF),    276–277, 279  
 Dioxetane,    52, 59, 61  
 1,2-dioxilane ring,    52  
 1,2-dioxolanylcarbinyl,    52, 57  
 Diradical,    190  
 Dismutation,  see  Superoxide radical 
 Disulfi de,    19, 180  

  formation,    19  
 with nucleophiles,    19  
 oxidation,    19  
 reaction with thiols,    19  
 reduction,    20    

  3,3 ′ -dityrosine,    78  
 DJ-1, 269–270, 272, 277–278 
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 DMPO,    36  
  as antioxidant,    389–394    

  DNA,  see  Deoxyribonucleic acid 
 DNA-mediated charge transport,    96  
 Dopamine,    154, 156, 240, 251–252, 255, 259  

  and METH neurotoxicity,    261–262  
 quinones,    251, 254    

  Double strand breaks (DSBs),    100  
 DPI,    126–127  
 Drug resistance 

  in cancer,    219  
 glutathione,    219    

  Dual oxidases,    347.  See also  DUOX, DUOX1, 
DUOX2  

 DUOX,    147–148, 150, 152, 155–159  
 DUOX1, 147–148, 150, 152, 155, 159 
 DUOX2, 147–148, 150, 152, 155, 157, 159   

  Ebselen,    382–384     
  anti-infl ammatory effect of,    382, 384  
 BXT-51072, 385 
 BXT-51077, 385 
 clinical trial (ischemic stroke),    384  
 ebselen diselenide,    383–385  
 ebselen selenol,    383–384  
 ebselen Se-oxide,    384  
 glutathione peroxydase activity of,    382  
 inhibiting activity of lipoxygenases,    384  
 inhibition of iNOS by,    384  
 inhibition of lipid peroxidation by,    384  
 peroxynitrite scavenging by,    384  
 reaction with thiols,    383–384  
 reduction and scavenging properties of,    383  
 substrate for mammalian thioredoxin reductase,    

384–385  
 synthesis of,    382    

  Edaravone ( also  radicut, MC-186) , 385–388 
  enhancement of eNOS expression,    385, 387  
 inhibition of iNOS,    385, 387  
 neuroprotective effect of,    387  
 pharmacokinetics of,    385  
 protection against amyotrophic lateral sclerosis 

(ALS),    387  
 protection against brain infraction,    385, 387  
 protection against noise-induced hearing loss,    388  
 protection against retinal degeneration,    387  
 reduction of myocardial injuries,    385–387  
 scavenging properties of,    385–386    

  Eicosanoids,    241–242  
 Elastase,    347  
 Electron leakage,    28, 312  
 Electron paramagnetic resonance (EPR) 

  imaging,    38  
 oximetry,    38  
 spectroscopy,    34, 126–130, 317, 385–386, 389–390, 397    

  Electron transfer,    1  
 Electron transport chain (ETC),  see  Mitochondrial electron 

transport chain (METC) 
 Electronegative atoms,    1  

 Electronegativity,    1  
 Electrophile response element (EpRE),    269 .  See also  

Antioxidant response element 
 Electrospray ionization ( ESI) mass spectrometry,    81  
 EMPO,    390 .  See also  Nitrones 
 Endonuclease III ( NTH),    102  
 Endoperoxides,    52–54, 57, 61–62  
 Endoplasmic reticulum (ER),    29, 312  

  stress,    313    
  Endothelial,    311, 315–316, 318–320  

  cell(s),    311, 316, 318–319  
 dysfunction,    320    

  Endothelial nitric oxide synthase (eNOS, NOS3),  see  Nitric 
oxide synthase 

 Endothelin,    314, 321  
 Energy transduction,    125  
 ENOS/NOS3,  see  Nitric oxide synthase 
 Epithelial lining fl uid,    346, 349 .  See also  ELF 
 Epoxide hydrolase,    313  
 Epoxy 

  alcohols and peroxyls , 51–53, 57 
 aldehydes,    61  
 fatty acids,    59, 62  
 isoprostanes,    57    

  Erythorose abasic site,    96  
 Excision repair cross complementing 1 (ERCC1),    101  
 Excitotoxicity,    241, 253  

  source of ROS,    241    
  4-exo-cyclization,    52  
 5-exo-cyclization,    52, 55, 57    

   Δ F508 mutation,    345  
  FADH • −   or FADH •  semiquinone,    129  
 Fat soluble antioxidant vitamins,    347  
 Fe(IV) = O intermediate,  see  Iron-oxo intermediate 
 Febuxostat,    320 .  See also  Inhibitors 
 2Fe-2S, 3Fe-4S, 4Fe-4S,  see  Iron-sulfur cluster 
 Fe-DETC,  see  Iron diethyldithiocarbamate 
 Fe-MGD,  see  Iron methyldithiocarbamate 
 Fenton-type reaction,    125, 183–184, 378, 382  
 Ferritin,    116, 347  
 FIH,  see  Asparaginyl hydroxylase factor inhibiting 

HIF 
 Flavin adenine dinucleotide (FAD),    129–130, 

138–140, 147, 149, 152, 186  
 Flavin mononucleotide (FMN),    126–128  
 Flavocytochrome b,    138.  See also  Flavocytochrome b 558 , 

gp91 phox , NOX2  
 Flavocytochrome b 558 , 139.  See also  Flavocytochrome b, 

gp91 phox , NOX2 
 Fluorescence,    32  
 Fluoroquinolone,    181  
 FMN,  see  Flavin mononucleotide 
 FMNH • −   or FMNH •  semiquinone,    126  
 Forced vital capacity,    352  
 3-formyl phosphate,    96  
 Forskolin,    352  
 Fp subcomplex,    126–127  
 Fragmentation 



INDEX  411

  beta scission,    51–52, 58–62  
 formation of hydroxyalkenals,    59–61  
 products formed by,    58–62, 64    

  Free radicals 
  in cystic fi brosis,    347  
 defi nition of,    2  
 in DNA damage,    93, 95  
 in I-R,    311  
 origin of word,    2  
 stability,    2  
  π -radicals,    2  
  σ -radicals,    2    

  Fumarate and nitrate reduction (FNR),    181–182, 185  
 Funneling,    96  
 Fur proteins,    183    

  G551D mutation,    352  
  G6PD,  see  Glucose-6-phosphate dehydrogenase 
 Gamma irradiation,    96  
 Gamma-glutamylcysteine ligase,    114  
 G-content as predictor of damage,    95–96  
 Genistein,    352  
 Gentamicin,    351  
 Girard ’ s Reagent P,    83  
 Glial fi brillary acidic protein (GFAP),    237, 262, 279  
 Glucose-6-phosphate dehydrogenase (G6PD),    263–266  

  in cancer,    206  
 defi ciency,    264–265  
 enzymology,    264  
 expression in brain,    267  
 genetics,    263–264  
 protective role in blood,    265–266  
 protective role in brain,    267  
 protective role in development,    266  
 protein structure,    264  
 regulation,    264    

  Glutamate,    241, 318  
  concentrations in the brain,    241    

  Glutamic semialdehyde,    79  
 Glutamine,    318  
 Glutamine synthase (GS) , 78 
  γ  -glutamylcysteine 

  ligase,    349  
 synthetase in cancer,    205    

  Glutaredoxins (Grxs),    74–75, 208  
  in cancer,    208    

  Glutathione (GSH) 
  adaptive response,    348  
 apoptosis,    216–219  
 in cancer,    205–206  
 in cystic fi brosis,    346–347, 352  
 drug resistance,    219–220  
 glutathione-SNO (S-nitrosoglutathione or GSNO),    

208  
 in I-R,    313  
 in mitochondrial dysfunction,    125, 127, 130, 133–134  
 multidrug-resistance proteins (MRP1),    220  
 in neurodegeneration,    258, 267–268, 277  
 and NOX,    143  

 and Phase 2 proteins,    114–118  
 in PTM,    73–74  
 transport,    220    

  Glutathione peroxidase (GPx),    115, 313  
  in cancer,    206  
 in I-R,    313  
 in neurodegeneration,    262, 264, 267–268, 275, 278    

  Glutathione reductase (GR),    115  
 Glutathione S-transferase (GST),    114, 118  

  in cancer,    216, 219–220  
 in I-R,    313    

  Glutathionylation 
  in cancer,    208  
 p53, 219 
 in PTM,    74    

  Glycoprotein,    185  
 Glycosylases,    94, 98,–99  

  DNA,    209, 211, 213    
  Gp91 phox ,    137–138, 145–149.  See also  Flavocytochrome b, 

NOX2  
 GSH,  see  Glutathione 
 GSH/GSSG ratio,    313 .  See also  Redox buffer 
 GSSG,  see  Oxidized glutathione 
 GTPase,  see  Guanosine triphosphate hydrolase 
 Guanidinohydantoin,    95, 98, 102, 103  
 Guanine,    93–103  

  amino acids, specifi c of,    94  
 differentation of oxidation product,    94  
 DNA, specifi c of,    93–96  
 hyperoxidation of,    102  
 mechanism of oxidation,    94–95  
 oligonucleotides, specifi c of,    94–96  
 oxidation and disease,    95  
 proteins, specifi c of,    94    

  Guanosine triphosphate hydrolase (GTPase),    137–151    

  Haber-Weiss reaction,    125  
  Heart,    311–321 .  See also  Cardiac 

  failure,    311, 318–320  
 transplantation,    312    

  Heat shock proteins,    267  
 Heme a,    132  
 Heme a 3 , 132 
 Heme b,    129–132  
 Heme in signaling,    184–186  
 Heme oxygenases (HO-1, HO-2),    116  

  in cancer,    207  
 in neurodegeneration,    267, 275, 278, 280    

  Hemoglobin,    28, 316  
 Hexose monophosphate pathway,    264–265  
 High density lipoprotein (HDL),    330, 331, 334  
 High performance liquid chromatography (HPLC),    33  
 Histochemical detection of ROS,    38  
 Hock cleavage,    61  
 Holes,    96  
 Homovanillic acid (HVA),    252, 255  
 HNE,  see  4-hydroxy-2-nonenal 
 Hp, hydrophobic subcomplex of complex I,    126  
 Huntington ’ s disease (HD),    241, 277–278  
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 Hydrogen abstraction 
  in formation of lipid radicals,    49–50  
 by NO 2 , 63–64 
 in nucleotides,    100–101  
 position of abstraction,    49–50  
 reaction rate,    49    

  Hydrogen peroxide (H 2 O 2 ),    137, 142–144, 312–316  
  anions, reaction with 10 
 concentrations in mitochondrial matrix,    239  
 from CYPs,    240  
 in cystic fi brosis,    346–347, 350  
 detoxifi cation,    11, 264, 266–268  
 hydroxylation by,    11  
 iron ions, reaction with 10 
 from MAO,    240  
 from METH,    262  
 in neurodegeneration,    237–238, 251–252  
 quinones, reaction with 10 
 role in PTM,    71, 78  
 thiols, reaction with 11 
 from xanthine oxidoreductase,    240–241    

  5-hydroperoxyeicosatetraenoic acid (5-HPETE),    242  
 Hydroperoxyl radical, reactions with 

  catechols,    10  
 PUFA,    9    

  Hydroquinone and quinones 
  as products,    4  
 as reactants,    5    

  Hydroxy and hydroperoxy fatty acids,    50–51  
  isoHETEs,    51–52  
 isoHODEs,    52  
 lipoxygenase role in formation,    50  
 nitrohydroxy fatty acids,    64    

  5-hydroxyeicosatetraenoic acid (5-HETE),    242  
 4-hydroxy-2-nonenal (4-HNE),    59–61, 80, 333–334  
 5-hydroxytryptophan,    79  
 Hydroxylamine,    35, 390–391, 394  
 Hydroxyl radical (HO • ),    142–144,  

  alcohols, reactions with,    12  
 aromatic hydrocarbons, reactions with ,13 
 ascorbate, reactions with,    12  
 carbohydrates, reactions with,    12  
 carbonyls, ketones, and aldehydes, reactions with,    12  
 carboxylic acids, reactions with,    12  
 in cystic fi brosis,    346  
 in DNA damage,    94, 96, 100, 103  
 ions, reactions with,    11  
 from METH,    262  
 in neurodegeneration,    237–238, 251, 268  
 radicals, reactions with,    11  
 against synthetic antioxidants,    378–397  
 thiols, reactions with,    13  
 unsaturated hydrocarbons, alkenes, reactions with,    13    

  Hypertension,    152–156, 159  
 Hypertonic saline,    351  
 Hypochlorous acid 

  amino acids, reaction with,    20–21  
 anions, reaction with,    20  
 in cystic fi brosis,    346–347, 350  

 cytochrome c, reaction with,    21  
 lipids, reaction with,    22  
 metal ions, reaction with,    20  
 NADPH, reaction with,    22  
 from NOX,    142–144  
 nucleotides, reaction with,    22  
 ROS, reaction with,    20  
 thiols, reaction with,    21    

  Hypohalous acids,    350  
 Hypothiocyanate,    346–347  
 Hypoxanthine,    240–241, 313, 316, 318  
 Hypoxia,    190–195, 314, 317–318    

  I κ B,    189  
  Ibuprofen,    249, 254  
 IKK,    189  
 IL-8, see Interleukin-8 
 IL-10, see Interleukin-10 
 Immunocytochemical detection of ROS,    38  
 Immuno-spin trapping,    34  
 Indomethacin,    248–249, 254  
 Inducible nitric oxide synthase (iNOS, NOS2), 

 see  Nitric oxide synthase 
 Infl ammatory stimuli,    346  
 Inhibitor(s),    314, 317–318, 320–321  

  allopurinol,    318, 320  
 febuxostat,    320  
 oxypurinol,    318, 320  
 uloric,    320  
 zyloprim,    320    

  Inosine,    316, 318  
 Inositol,    351  
 Interferon-gamma (IFN- γ ),    241  
 Interleukin- 

  1 (IL-1),    241, 245  
 8 (IL-8),    347  
 10 (IL-10),    346    

  Intermembrane space (IMS),    312  
 Intracellular organelles,    319, 321  
 Ion transport,    346  
 Iron, role in lipid peroxidation,    50–51, 58, 61–62  
 Iron diethyldithiocarbamate (Fe-DETC),    37  
 Iron methyldithiocarbamate (Fe-MGD),    37, 317  
 Iron-oxo intermediate (Fe(IV) = O),    192  
 Iron-sulfur cluster 

  in cell signaling,    180  
 in mitochondrial dysfunction,    126–131    

  Ischemia,    241, 279  
 Ischemia and reperfusion (I-R),    130, 133, 241, 

311–321  
 Ischemic preconditioning (IPC),    321  
 Isofuran 

  biomarker of diseases,    57  
 mechanism of formation,    53, 57  
 oxygen dependence of formation,    57    

  Isolevuglandins,    54, 56  
 Isoprostane 

  A2- D2-, E2- F2-, G2-, H2-, J2-, 52–56 
 cis conformation abundance,    54  
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 formation pathway,    52–56  
 isomers,    54–55  
 thromboxane receptor,    54  
 use in monitoring oxidative stress,    54, 57  
 vasoconstrictors,    54–56    

  Isopyran,    53    

  Jab1, 189  

  Kelch-like erythroid cell-derived protein with CNC 
homolog (ECH)-associated protein 1 (Keap1),    
269–272, 276, 279     

  genetics 270, 281 
 knock-out mouse models,    280  
 negative regulation of Nrf2, 272   

   α -ketoglutarate ( α -KG),    190, 192  
 Kinetics 

  activation energies,    26  
 bimolecular (second-order reaction),    25  
 reaction coordinates,    26  
 transition state,    26  
 unimolecular (fi rst order reaction),    25    

  Kynurenine,    79    

  L-3,4-dihydroxyphenylalanine (L-DOPA),    78  
  Lactoperoxidase,    347  
 L-arginine,    28, 315–316, 318  
 Lazaroids ( also  methylprednisolone, U74006F),    

388–389  
  3-methyl-1-phenyl-2-pyrazoline-5-one,    386  
 anti-infl ammatory effect of,    388–389  
 clinical trial (ischemic stroke and traumatic brain 

injury),    389  
 endothelium protection by,    388  
 inhibition of lipid peroxidation by,    388  
 methylprednisolone,    388–389,  
 myocardial protection of,    388  
 neuroprotection of,    388  
 protection against amyotrophic lateral sclerosis 

(ALS),    389  
 protection against sepsis,    389  
 protection against traumatic brain injury by,    389  
 scavenging properties of,    388  
 tirilazad mesylate or U74006F,    388–389  
 U-74500A,    388–389  
 U78517F,    388    

  L-citrulline,    315–316  
 L-deprenyl (selegiline),    240, 279  
 L-dihydroxyphenylalanine (L-DOPA),    251–252, 255  
 Lesions,    93–103  

  alkaline treatment,    94  
 clustered,    101  
 cross-links,    95–96, 100–103  
 determining structure,    93  
 novel types,    101–103  
 tandem,    101    

  Leukocytes,    319, 346–347  
 Ligation-mediated polymerase chain reaction 

(LM-PCR),    94  

 Lipid 
  nitration,  see  Nitrated lipids 
 peroxides,    349  
 radicals,    5    

  Lipid peroxidation (lipoperoxidation, LPO),    49–62  
  in atherosclerosis,    329–334  
 in cancer,    209  
 in CF,    349  
 in neurodegenerative disorders,    363    

  Lipoic acid (LA),    377, 383  
 Lipopolysaccharide (LPS),    64, 240–241, 245, 250  
 Lipoxygenases (LOXs,   5-LOX),    50–51, 242  
 Low density lipoprotein (LDL),    330–333  
 LPBNAH,    393–394, 397 .  See also  Nitrones 
 LPBNH15, 393–394, 397.  See also  Nitrones 
 LPBNSH,    393–394 .  See also  Nitrones 
 Lung 

  disease of,    345  
 epithelium,    346–348  
 host defense,    346  
 infection,    346  
 infl ammation,    347  
 oxidative stress,    347–350    

  Lymphocytes,    352  
 Lysine,    95, 103    

  Macrophage,    137, 143–158, 314, 319, 347, 350  
  Malabsorption of aerosolized therapies,    352  
 Malaria,    265–266  
 Malnourishment,    352  
 Malondialdehyde (MDA),    58, 61  

  in atherosclerosis,    334  
 formation of,    12    

  Manganese superoxide dismutase (MnSOD),    239 .  See also  
Superoxide dismutases 

 Mass spectrometry and PTM,    81  
 Matrix-assisted laser desorption ionization (MALDI),    81  
 Matrix metalloprotease (MMP),    333  
 Metabolite(s),    316–317, 320  
 Metalloporhyrins,    380–382  

  anti-infl ammatory effect of,    381  
 antinociceptive properties,    381  
 catalase activity of,    380  
 inhibition of lipid peroxidation by,    380–381  
 lipophilicity of,    381  
 peroxynitrite scavenging by,    380  
 pharmacokinetic of,    381  
 scavenging properties of,    379–380  
 SOD activity of,    380    

  Metalloproteins,    180, 190, 194  
 Metazoans,    179, 181, 187, 189–190  
 Methamphetamine (METH),    252, 255 .  See also  

Amphetamine 
  activation of Nrf2, 279 
 adverse effects,    261  
 distribution,    257  
 effects of use,    260–261  
 pharmacokinetics,    256  
 pharmacology,    259    
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  Methionine sulfoxide (MetSO),    76–77, 208  
  in cancer,    208  
 reductases (MSRs),    76–77, 208    

  2-methoxyestradiol (2-ME),    194  
 3,4–methylenedioxyamphetamine (MDA),    252–253, 255, 258, 

262 .  See also  Amphetamine 
 3,4–methylenedioxymethamphetamine (MDMA),    252, 255–

256, 258 .  See also  Amphetamine 
  pharmacokinetics,    256–257    

  1-methyl-4-phenylpyridinium (MPP  +  ),    129  
 1-methyl-4-phenyl-1,2,3,6-tetrohydropyridine (MPTP),    129  

  G6PD protection,    266  
 and microglia,    241  
 neurotoxicity,    240–241, 254, 279  
 oxidation by MAO,    240  
 SOD protection,    266    

  Michael addition,    62  
 Microglia,    143, 156, 239–241, 250, 253–254, 262–263, 278  
 Mimetics of enzymes,    378–379, 382  
 Mitochondria 

  in cell signaling,    185, 188  
 in CF,    347, 349  
 dysfunction,    123–124  
 in I-R,    311–321  
 in neurodegeneration,    238  
 mutations,    205    

  Mitochondrial 
  disease,    129  
 DNA oxidation,    349  
 pathway,    217–219  
 stress,    125    

  Mitochondrial electron transport chain (METC),    28  
  in cancer,    205  
 in cell signaling,    185, 193  
 in I-R,    311–312, 314, 316, 318, 321  
 in neurodegeneration,    238    

  Mitochondrial permeability transition pore (MPTP),    319  
 Mitogen-activated protein kinase (MAPK),    140, 151  
 Molybdenum enzymes,    317 .  See also  Nitrate/Nitrite reductase 
 Monoamine oxidase,    240  

  isoforms,    240    
  MPP  +  ,  see  1-methyl-4-phenylpyridinium 
 MPTP,  see  1-methyl-4-phenyl-1,2,3,6-tetrohydropyridine 
 Mucociliary clearance,    346–347  
 Mucus,    347–348, 350–351, 353  
 Multidrug resistance proteins (MRP, MRP1),    220, 345, 348, 

352  
 Multiple sclerosis (MS),    238, 240, 253–254, 277–279  
 Myeloperoxidases (MPO),    10  

  in atherosclerosis,    329, 333–334  
 in cancer,    205  
 in CF,    346–348, 350  
 from NOX,    143–144    

  Myocardial 
  apoptosis,    319  
 cell death,    319  
 dysfunction,    311  
 infarction,    130, 311, 318–321  
 injury,    317, 319–321  

 ischemia,    312, 314, 317, 319, 321  
 preconditioning,    321  
 reperfusion,    319  
 salvage,    311    

  Myocardium,    311–312, 314, 318–320  
 Myocyte(s),    314, 316–320    

   N -acetylcysteine,    351–353 .  See also  NAC 
  NAD(P)H:quinone oxidoreductase 1 (NQO1),    116, 118, 

251–252, 267, 270, 272  
  in brain,    267    

  NADPH,  see  Nicotinamide adenine dinucleotide phosphate 
hydrogen 

 Naproxen,    249, 253–254  
 Nasal epithelium,    352  
 NDH, NADH dehydrogenase or Fp subcomplex,    126  
 Necrosis,    312, 319–320 .  See also  Cell death 
 Nei endonuclease VIII-like 1–3 (NEIL1–3),    98–99, 102  
 Neocarzinostatin,    100  
  N -ethylmaleimide ( NEM ),    83  
 Neuronal nitric oxide synthase (nNOS, NOS1),    240, 263 .  See 

also  Nitric oxide synthase 
 Neurotoxicity,    237  

  and DNA repair,    268–269  
 and METH,    256–259, 261–263  
 and Nrf2, 277–279 
 and PHS,    250–253  
 reactive intermediate-mediated,    238–239    

  Neurotransmitters 
  as substrates for, PHS 251   

  Neutrophil cytosolic factor 
  1 (NCF1),    139 .  See also  p47 phox  
 2 (NCF2),    139 .  See also  p67 phox    

  Neutrophils,    137–148, 157, 314, 319, 346–347  
 NF- κ B,  see  Nuclear factor kappa B 
  N –formylkynurenine,    79  
 Nicotinamide adenine dinucleotide phosphate hydrogen 

(NADPH),    239  
  and CYPs,    240  
 enzymes dependent on,    252, 264–265, 267  
 and NOS,    240    

  Nicotinamide adenine dinucleotide (NAD + ),    239–240, 
313–317  

 Nicotinamide adenine dinucleotide phosphate hydrogen 
(NADPH) cytochrome P450 reductase,    251–252, 259, 
266  

 Nicotinamide adenine dinucleotide phosphate hydrogen 
(NADPH) oxidase (NOX),    26, 143, 152–153, 159  

  in atherosclerosis,    329  
 in cancer,    203–204  
 in CF,    346–347  
 in I-R,    314  
 isoforms,    239  
 in microglia,    241  
 in neurodegeneration,    239, 265    

  Nitrate,    316, 317, 320, 347 . 
 Nitrate/nitrite reductase(s),    316–318  

  AO,    316, 318  
 cyt c,    318 .  See also  Cytochrome c 
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 deoxymyoglobin,    316  
 hemoglobin,    316  
 mitochondrial enzymes,    316  
 molybdenum enzymes,    317  
 XOR,    316, 318    

  Nitrated lipids,    63–64  
  bioactivities,    64  
 detection in vivo,    64  
 mechanisms of formation,    63    

  Nitric oxide ( • NO) 
  and antioxidants,    384–385  
 in brain,    238, 240–241  
 in cystic fi brosis,    347, 349–350  
 detection of by EPR,    36–37  
 in I-R,    314–321  
 in lipid nitration,    63  
 metal ions, reactions with,    15–16  
 in NOX,    142, 144, 152–156  
 oxygen, reaction with,    15  
 radicals, reaction with,    15    

  Nitric oxide synthase(s) (NOS),    28, 142, 156  
  in brain,    240  
 in cancer,    205  
 in cystic fi brosis,    349  
 eNOS/NOS3, 152–153, 315–316, 318 
 in I-R,    313–316, 318  
 iNOS in neurodegeneration,    240  
 iNOS/NOS2, 315 
 nNOS/NOS1, 315 
 and PTM,    73  
 uncoupling,    28, 318    

  Nitrite,    314, 316–318, 320, 347  
 Nitroalkanes and nitroalkenes,    63  
 Nitrogen dioxide (NO 2 ) 

  double bonds, reaction with,    16  
 in lipid nitration,    63  
 PUFA, reaction with,    16  
 radicals, reaction with,    16  
 thiols, reaction with,    17    

  Nitrones 
  anti-aging effects of,    394  
 anti-apoptotic effect of,    397  
 anti-infl ammatory effect of,    396  
 antinociceptive properties of,    397  
 cardioprotective effects of,    394  
 immune spin trapping, use in,    34  
 inhibition of lipid peroxidation by,    396  
 interaction with mitochondria,    397  
 mode of action of,    396  
 neuroprotective effects of,    394–396  
 pharmacokinetics of,    391–392, 395–396  
 protection against endotoxic shock. 392 
 protection against fulminant hepatitis. 393 
 protection against noise-induced hearing loss. 392 
 protection against retinal degeneration. 392–393 
 protection against Type 1 diabetes,    392  
 protection against xenobiotic-induced damages. 392, 397 
 SAINT clinical trials,    395–396  
 scavenging properties of,    389–390, 396  

 spin trapping, use in,    34–36  
 synthesis of,    391  
 toxicity of,    391, 395    

  Nitronyl nitroxides,    36  
 Nitrotryptophan,    79  
 3-nitrotyrosine 

  in I-R,    318  
 in neurodegenerative disorders,    362  
 in post-translational protein modifi cation,    78    

   N -monomethyl-L-arginine (L-NMMA),    317  
  N,N -diethyldithiocarbamate,    118  
  N -nitro-L-arginine methyl ester (L -NAME),    317  
 NO,  see  Nitric oxide 
 Nonheme iron,    184  
 Nonphagocyte NADPH Oxidase,    137, 139, 146–159  
 Nonsteroidal anti-infl ammatory drugs (NSAIDs),    248–249, 

253  
 Normoxia,    190–192  
 NOS,  see  Nitric oxide synthase 
 NOX,  see  Nicotinamide adenine dinucleotide phosphate 

hydrogen (NADPH) oxidase 
 NOX1, 147–158 
 NOX2, 137–158, 239.  See also  Flavocytochrome b; 

fl avocytochrome b 558 ; gp91 phox  
 NOX3, 147–152 
 NOX4, 147–159 
 NOX5, 147–158 
 NOXA1, 139, 147–153, 157 
 NOXO1, 139, 147–151, 157 
 Nrf(s),  see  p45-nuclear factor erythroid-derived 2 related 

factors 
 Nuclear factor kappa B (Nf- κ B) 

  in cell signaling,    194  
 in CF,    346–347  
 in neurodegeneration,    243–245, 253  
 in PTM,    85    

  Nucleic acid biomarkers in neurodegenerative disorders,    367  
 Nucleoside-5 ′ -aldehyde,    96, 101  
 Nucleotide excision repair,    101–103  
 NXY-059, 390, 395–396.  See also  Nitrones   

  Octatrienyl moiety and prostane ring formation,    52  
  Octopamine,    240  
 OGG1,  see  Oxoguanine glycosylase 1 
 OhrR,    74, 184  
 Oligonucleotide oxidation,    93–103  

  2 ′ -deoxyadenosine,    94  
 2 ′ -deoxycytidine,    94  
 2 ′ -deoxyguanosine,    93–94  
 2 ′ -deoxythymidine,    94  
 4 ′ -oxidation,    100  
 potentials,    93–94    

  Opioid agonists,    321  
 Organelles,    312–313, 319, 321  
 Osmotic 

  agents,    351  
 gradient,    351    

  Oxaluric acid,    102  
 Oxidation,    1  
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 Oxidation potentials,  see  Redox potentials 
 Oxidative and nitrosative stress biomarkers,    360  
 Oxidative DNA damage,    209–213, 219  

  apurinic/apyrimidinic (abasic; AP),    209–213  
 base excision repair pathway (BER),    210–211  
 2,6-diamino-4-hydroxy-5-

formamidopyrimidine(FapydG),    209  
 5,6-dihydroxy-5,6-dihydrothymine (thymine glycol; 

Tg),    209, 212–213  
 DNA-glycosylases,    209, 211, 213  
 double-stranded DNA breaks (DSB),    209, 211–212, 219  
 measurement,    213  
 mismatch repair (MMR),    212  
 nonhomologous end joining (NHEJ),    212  
 nucleotide excision repair (NER),    211  
 oxidatively induced bistranded clustered DNA lesions 

(OCDLs),    211–213  
 8-oxo-7,8-dihydro-2 ′  -deoxyguanosine (8-oxodG),    209, 

212–213  
 single-stranded DNA break s (SSB),    209–212  
 types,    209–211  
 X-ray repair cross-complementing protein 1 

(XRCC),    211–212    
  Oxidative post-translational protein modifi cations,    208  

  p53, 219 
 peroxiredoxins,    207  
 protein carbonylation,    208  
 protein glutathionylation,    208  
 protein nitration,    208  
 protein nitros(yl)ation,    208  
 superoxide dismutases,    206–207, 216  
 thioredoxin reducase,    207    

  Oxidative stress 
  activation of Nrf2, 276 
 in atherosclerosis,    330, 333–334  
 brain susceptibility,    238  
 from cell signaling,    179–195  
 detection,    269  
 and DNA damage,    94, 96, 98  
 in I-R,    311–321    

  Oxidized glutathione (GSSG) 
  in CF,    349  
 in I-R,    313  
 in mitochondrial dysfunction,    125, 127–128, 133–134    

  Oxidized low density lipoprotein (Ox-LDL),    330, 332  
 Oximetry,  see  Paramagnetic resonance oximetry 
 Oxoguanine glycosylase 1 (Ogg1),    238–239, 251, 268–269, 

275  
 8 ′ -oxo-2 ′ -deoxyguanosine (8-oxodG),  see  8-oxo-7,8-dihydro-

2 ′ -deoxyguanosine (8O-dG) 
 8-oxo-7,8-dihydro-2 ′ -deoxyguanosine (8O-dG,   8-oxodG),    93, 

95, 96–99, 251, 268, 349  
  and base excision repair,    98–99  
 chemistry of,    98  
 and disease states,    99  
 formation,    98  
 history of,    97–98  
 mechanism,    95  
 mutagenic properties,    98  

 oxidation potential of,    93–94  
 structure,    97    

  2-oxohistidine,    79  
 Oxygen (triplet oxygen, dioxygen),    4  

  in cell signaling,    190  
 defi nition of,    4  
 in I-R,    311–316, 318–319, 321  
 photosensitization of,    13–14  
 reactivity of with hydroquinones and semi-quinones,    4–5    

  Oxypurinol,    318, 320 .  See also  inhibitors 
 OxyR,    182–183    

  P21ras 
  P22 phox ,    137–156, 159  
 P40 phox ,    137–156  
 P45-nuclear factor erythroid-derived 2 (NF-E2),    269  
 P45-nuclear factor erythroid-derived 2 related factor 1 

(Nrf1),    269  
  genetics,    270    

  P45-nuclear factor erythroid-derived 2 related factor 2 
(Nrf2),    269–281  

  activators,    276–277  
 expression in brain,    277  
 genetics,    270  
 interactions,    272  
 knockout mouse models,    280  
 localization,    271  
 in neurodegenerative diseases,    277–278  
 and Phase 2 proteins,    116–117  
 polymorphisms,    280–281  
 posttranslational regulation,    271  
 proteasomal degradation of,    272  
 protein structure,    271  
 regulators of,    272    

  P45-nuclear factor erythroid-derived 2 related factor 3 
(Nrf3),    269  

  genetics,    270    
  P45-nuclear factor erythroid-derived 2 related factors 

(Nrfs),    269–281  
 P47 phox ,    137, 139–142, 145–151, 153–156, 158  
 P50, 188–189 
 P52, 188–189 
 P53, 85, 188 
 P65, 188–189 
 P67 phox ,    137, 139–142, 145, 147–149, 151, 154–156  
 PAF acetylhydrolase,  see  Platelet-activating factor 

acetylhydrolase 
 Pancreas,    348,  
 Paraoxonase1 (PON1),    332  
 Parkinson disease (autosomal recessive, early onset) 7 

(PARK7),    269.  See also  DJ-1  
 Parkinson ’ s disease,    129, 194, 238, 240, 253, 277–278, 360  
 Pathogens,    346, 350  
 PBN,    36, 389–397 .  See also  Nitrones 
 Pentadiene and pentadienyl radical 

  addition of molecular oxygen to,    50  
 multiple units give rise to additional products,    51  
 position in polyunsaturated fatty acids,    49  
 rate of hydrogen abstraction from,    49    
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  Pentose phosphate pathway,    264–265  
 Peroxidase,    315, 318, 377–378  

  mimetics,    380    
  Peroxidase activity,    315, 318  
 Peroxides 

  diepoxides,    52, 57  
 endoperoxides,    52–54, 57, 61–62  
 monocyclic peroxides,    52–53  
 serial cyclic peroxides,    52–53, 57    

  Peroxiredoxins (Prxs) 
  in brain,    267  
 in cancer,    207  
 2-cys peroxiredoxins (2-cys Prxs),    186–187  
 in I-R,    313  
 in PTM,    73, 75, 84    

  Peroxisome proliferator-activated receptors (PPARs),    52, 
58–59, 64, 242, 245, 253  

 Peroxisomes,    313  
 Peroxyl radical,    49–52, 54, 57–58, 64, 250  
 Peroxynitrite (OONO  −  ) 

  and NOX,    142, 144–145, 156  
 in brain,    240  
 in cystic fi brosis,    346–347, 350  
 decomposition of,    17  
 formation of,    17  
 in I-R,    314, 316, 318  
 in lipid nitration,    63  
 in PTM,    78  
 reaction with CO 2 , 17 
 reaction with inorganic radicals,    17  
 reaction with thiols,    17    

  PerR,    79, 182–184  
 Phagocyte,    137–139, 141–149, 153, 155–159  
 Phagosome,    138–141, 143–145  
 Phase 2 proteins,    113 .  See also  Antioxidant enzymes 
 PHD,  see  Prolyl hydroxylase domain 
 Phosphatidylinositol 

  3,4-bisphosphate,    141  
 4,5-bisphosphate,    150  
 3-phosphate,    141    

  Phosphodiesterase inhibitors,    321  
 Phosphodiesterases,    94  
 3 ′ -phosphoglycolate aldehyde,    96  
 Phospholipase A2 (PLA2),    239–240, 242  
 Phospholipids 

  carriers of polyunsaturated fatty acids,    50–51  
 oxidative fragmentation,    58  
 oxidative modifi cation of,    57–61  
 oxidized to PAF receptor agonists,    58–59  
 reactions with aldehydes,    56, 62    

  2-phosphoryl-1,4-dioxobutane,    101  
 Photooxidants,    100  
 Photosensitization,    14  
 Phox 

  and Bem (PB1) domain,    139–141, 151  
 and Cdc (PC) domain,    139, 141  
 homology (PX) domain,    139–141, 150    

  PHS-1, 242.  See also  Prostaglandin H synthase 
 PHS-2, 242.  See also  Prostaglandin H synthase 

 Piericidin A,    126–127  
 Pirin,    189  
 PK a ,    180  
 Platelet-activating factor acetylhydrolase (PAF-acetyl 

hydrolase),    59, 333  
 POBN,    390 .  See also  Nitrones 
 Polyaromatic hydrocarbons,    4  
 Polymerases,    94, 99, 101  
 Polymorphonuclear (PMN),    319  
 Polypeptide,    126–129  
 Polyphenols,    8  
 Polyunsaturated fatty acid (PUFA),    329–332  

  hydrogen abstraction from,    49  
 mechanisms of peroxidation,    50  
 peroxidation product dependence on,    50  
 prediction of fragmentation products,    58  
 species to give rise to prostane rings,    52    

  Postischemic,    311, 316–321  
  blood fl ow,    320  
 heart(s),    311, 316–321  
 oxidants,    316  
 reperfusion,    315–318, 321    

  Posttranslational protein modifi cation,    71–92, 181 . 
 See also  Oxidative post-translational protein 
modifi cations 

 PPARs,  see  Peroxisome proliferator-activated receptors 
 PPN,    390 .  See also  Nitrones 
 Preconditioning,    321  
 Primer extension,    94  
 Pro-infl ammatory cytokines,    346–347  
 Proliferation,    194–195  
 Prolyl hydroxylase domain (PHD),    190–192  
 Prostaglandin H synthase(s) (PHSs),    241–255  

  bioactivation of amphetamines,    252  
 cellular localization,    249  
 cyclooxygenase activity,    247–248  
 enzymology,    247  
 expression in the brain,    249  
 genetics of,    243  
 hydroperoxidase activity,    247–248  
 inactivation,    248  
 inhibition,    248–249  
 kinetics,    248  
 in neurodegenerative diseases,    253–255  
 post-transcriptional regulation,    245  
 protein structure,    246  
 substrates,    248, 251  
 transcriptional regulation,    244–245    

  Prostaglandins (PGs),    241  
  synthase,    242, 253  
 synthesis,    242–243  
 transport,    243    

  Prostanoid receptors,    243–244  
 Protein carbonylation,    80  

  in cancer,    208  
 in neurodegenerative disorders,    361    

  Protein carbonyls,    352  
 Protein disulfi de isomerase (PDI) , 73 
 Protein phosphorylation,    187  
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 Protein tyrosine kinase,    78  
  A (PKA),    85, 133, 352  
 C (PKC),    140, 151, 155    

  Protein tyrosine phosphatase (PTPs),    73–74, 84, 187  
 Proto-oncogene cRel,    188  
 PrxV,    313  
 Pseudomonas aeruginosa,    346  
 PTM,  see  Posttranslational protein modifi cation 
 2-pyrrolidone,    79    

  Q-cycle,    126, 130, 131, 132  
  Q d , ubiquinone-binding site of complex II,    129  
 Q i , ubiquinone-binding site of complex III,    131  
 Q o , ubiquinone-binding site of complex III,    131–132  
 Q p , ubiquinone-binding site of complex II,    129–130  
 Quinones,    252, 258, 267, 276  

  from amphetamine metabolites,    258–259     

  Rac,    137, 139, 140–142, 147, 149–151, 157  
  Rac1, 137, 141, 149, 151, 157.  See also  GTPase, Rac, Rac2 
 Rac2, 137, 141, 142, 147, 149.  See also  GTPase, Rac, Rac1 
 Radicals,  see  Free radicals 
 Radical generation 

  chemical,    30  
 electrochemical,    30  
 photochemical,    30  
 photolysis,    29  
 sonochemical,    30    

  Rap1A,    137, 142 .  See also  GTPase 
 Rate constants,    27  
 Reactive nitrogen species,    14  

  in CF,    346–347, 349  
 in lipid nitration,    63  
 in PTM,    71, 85    

  Reactive oxygen species (ROS),    4–14, 112, 114, 119, 237–238  
  in cell signaling,    179  
 in CF,    346–347  
 in I-R,    311–314, 316–319, 321  
 in the mitochondria,    123–125, 129–133  
 from NOX,    137, 142–159  
 in PTM,    71, 85  
 role in DNA damage,    93–95, 101, 103  
 sources in the brain,    238–263    

  Receptor protein tyrosine phosphatase (RPTP- α ),    73–74  
 Receptor tyrosine kinase (RTK),    187  
 Redox 

  buffer,    313  
 chemistry,    1–2  
 cycling,    31, 251–252, 258  
 domains,    127, 128  
 environment,    180, 186, 189, 195  
 equilibrium,    186  
 hemeostasis,    75  
 modifi cations,    128  
 and oxygen sensors,    179  
 potentials,    24  
 signaling,    71, 84–85  
 status,    349, 352    

  Reduction,    1  

 Reduction potentials,  see  Redox potentials 
 RelA,    188–189  
 RelB,    188  
 Renox,    149, 154.  See also  NOX4  
 Reperfusion,    311–321  
 Retinoic acid,    250  
 Rieske iron-sulfur protein (RISP),    130–131  
 RIRR,    316  
 RNS,  see  Reactive nitrogen species 
 Rofecoxib (Vioxx),    249, 253, 254  
 ROS,  see  Reactive oxygen species 
 ROS-induced ROS-release (RIRR),    316  
 Rotenone,    126–129  
 Ryanodine receptors (RyRs),    188    

  Salen,    378–380     
  AEOL 10150, 379–381 
 amphiphilic antioxidants,    380, 393–394, 397  
 catalase activity of,    380  
 EUK-134, 379–380 
 EUK-189, 379–380 
 EUK-8, 379–380 
 lipophilicity of,    380  
 scavenging properties of,    379–380  
 SOD activity of,    380  
 synthesis of,    379    

  Salicylamine,    56  
 SCN,  see  Thiocyanate 
 Selenium (Se),    330, 347  
 S-glutathionylation,    128  
 SIN-1, 31 
 Single strand break (SSB),    99–101  
 Singlet oxygen ( 1 O 2  * ),    13  

  detection of,    35  
 in DNA damage,    95  
 ISC,    14  
 and NOX,    144  
 sensitizer,    14  
 vibrational relaxation,    14    

   S –nitrosocysteine,    73  
  S –nitrosoglutathione,    73  

  in CF,    349–350    
   S –nitrosohomocysteine,    73  
  S –nitrosothiols,    73–74  
 S-nitrosylation of protein,    82  
 SOD1, 253, 266.  See also  Superoxide dismutase 
 SOD2, 239, 266.  See also  Superoxide dismutase 
 SOD3, 266.  See also  Superoxide dismutase 
 SOD mimetics,  see  Superoxide dismutase mimetics 
 Sodium conductance,    351  
 Sorbitol,    351  
 SoxR,    182, 185  
 SoxS,    181  
 S-PBN,    390, 395 .  See also  Nitrones 
 Spin trapping,    36, 317, 389–390, 396  

  ex-vivo,    38    
  Spin traps,  see  Nitrones 
 Spiroiminodihydantoin,    95, 98, 102–103  
 Sputum,    350, 353  
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 SQ, semiqinone,    5, 126–127  
 SQ Nf ,    127  
 SQ Ns ,    127  
 SQR, succinate-ubiquinone reductase or complex 

II,    129–130  
 Src homology 3 (SH3) domain,    139–141, 150–151  
 Stop codons,    351  
 Stroke,    379, 384–385, 387, 389, 394–396,  
 Submitochondrial particles,    123–124  
 Succinate dehydrogenase (SDH),    129  
 Sulfasalazine,118 
 Sulfenic acid 

  in PTM,    72–74  
 in signaling,    180–182, 186, 189    

  Sulfhydryl oxidases,    312  
 Sulfhydryl radical,  see  Thiyl radical 
 Sulfi redoxin (Srx) , 73 
 Sulfonamides,    73–74  
 Sulfonic acid,    73  
 Sulforaphane,    276–277, 279  
 Sulfoxide,    76  
 Superoxide anion (O 2  •

– ) 
  addition reaction,    7  
 alkyl halides, reaction with 7 
 antioxidants, reaction with 377–382, 388–390, 394, 

397 
 concentrations in mitochondrial matrix,    239  
 from CYPs,    240  
 in cystic fi brosis,    346–347, 349–350  
 dismutation reaction,    5–6, 377–382  
 fullerenes, reactions with,    6  
 generation of,    137, 142–144  
 in I-R,    312–320  
 iron-sulfur [Fe-S] cluster, reaction with,    9  
 metal ions, reactions with,    7  
 mitochondria,    125–126, 129, 131–133  
 from NADPH oxidases,    239  
 in neurodegeneration,    238  
 nitroxides, reactions with,    7  
 from NOS,    240  
 nucleophilic substitution,    7  
 phenols, reactions with,    8  
 proton-radical transfer,    7  
 role in DNA damage,    95, 98, 103  
 thiols, reactions with,    8  
 tyrosyl radical, reactions with,    7  
 from xanthine oxidoreductase,    240–241    

  Superoxide dismutase mimetics 
  anti-infl ammatory effect of,    382  
 cardiac reperfusion injury,    382  
 fullerene derivatives,    6  
 metal complexes,    7  
 Mn([15]aneN3)Cl2, 382 
 Mn(III)TMPyP,    379–381  
 MnTE-2-PyP,    379–381  
 MnTM-2-PyP,    379–380  
 MnTnHex-2-PyP,    379  
 nitroxides,    7  
 scavenging properties of,    382  

 SOD activity of,    382  
 TAA-1/Fe,    382    

  Superoxide dismutases (SOD),    114, 238, 253, 266, 275, 
377–378  

  in cell signaling,    180  
 in CF,    346  
 copper-zinc superoxide dismutase (CuZnSOD, SOD1) in 

cancer,    207  
 in I-R,    313  
 manganese superoxide dismutase (MnSOD, SOD2) in 

cáncer,    206–207  
 mimetics,    380, 386–387  
 NOX,    142–144, 152–159  
 role in DNA damage,    94–95    

  Survival,    181–182, 187–190, 194  
 Sweat duct cells,    346    

  Taurine,    318  
  Tetrahydrobiopterin (BH 4 ),    28, 315–318, 320  
 Tetratricopeptide repeat (TPR) motif,    139–140, 149, 

151  
 Thenoyltrifl uoroacetone (TTFA),    129  
 Thermodynamics 

  equilibrium,    23  
 free energy of reaction (DG),    22–24  
 half-cell reactions,    24  
 potential energy,    22  
 redox potentials,    24    

  Thiobarbituric acid reactive substances,    34, 61, 278  
 Thiocyanate,    346–347  

  transport,    348, 350    
  Thiols,    8  

  alcohols and ethers, reaction with,    18  
 alkenes, reaction with,    18  
 ascorbate, reaction with,    19  
 carbohydrates, reaction with,    19  
 in cell signaling,    180, 182, 186, 188  
 in CF,    346–347, 352  
 GS – , reaction with,    19  
 NO, reaction with,    19  
 O 2 , reaction with,    19  
 peptides, reaction with,    18  
 in PTM,    71  
 PUFA, reaction with,    18    

  Thioredoxin (Trx) 
  in brain,    267  
 in cancer,    207  
 in PTM,    73–75    

  Thrombin,    241  
 Thromboxanes (TXs),    241  
 Thyroid oxidase (ThOX),    150.  See also  DUOX, DUOX1, 

DUOX2  
 Tip60, 189 
 TNF- α ,  see  Tumor necrosis factor factor-alpha 
 TNF-related apoptosis-inducing ligand (TRAIL),    217  
  α -tocopherol,  see  Vitamin E 
 Transcription,    179–194  
 Transcriptional factors,    346  
 Transition metals,    180, 190, 238  
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 Transmembrane regulator in cystic fi brosis,    345–346  
  in oxidative stress,    348–349  
 in pharmacological intervention,    351–352  
 role of in the lung,    348    

  Transplantation,    312, 321  
 Trityl radical,    2, 35  
 Tryptophan,    79  
 Tryptophan hydroxylase,    79  
 TTFA,  see  Thenoyltrifl uoroacetone 
 Tumor necrosis factor factor-alpha (TNF- α ),    189, 193, 241, 

347  
 Tumors,    194  
 Tyramine,    240  
 Tyrosine,    98, 102–103  
 Tyrosine nitration,    128, 130  
 Tyrosyl radicals,    250    

  Ubiquinone-binding domain,    126–127  
  UDP-glucuronosyltransferase,    116  
 Uloric,    320  
 Unfolded protein response (UPR),    313  
 Urate,    313  
 Uric acid,    347  
 UV absorption of oxygenated lipids 

  conjugated dienes,    50  
 isoleukotrienes and leukotrienes,    51    

  UV-Vis spectrophotometry,    33    

  Vascular endothelial growth factor (VEGF),    194  
  Vascular smooth muscle cells (VSMCs),    186, 194  
 Vitamin C,  see  Ascorbic acid 
 Vitamin D,    347  
 Vitamin E,    268, 347  
 Vitiligo,    281  
 Voltage-dependent anion channel (VDAC),    185    

  Warburg effect,    194   

  Xanthine,    240, 313–318  
  Xanthine dehydrogenase (XDH),    240, 313, 316, 318, 320  
 Xanthine oxidase,    240  
 Xanthine oxidasereductase ( also  xanthine oxidase, 

XAO),    27, 240–241, 313–320, 329  
  inhibitor,    318, 320    

  Xeroderma pigmentosum, complementation group 
  C (XPC),    101  
 F (XPF),    101  
 G (XPG),    101     

  Zinc,    330  
  Zyloprim,    320 .  See also  Inhibitors    
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Figure 6.2 Schematic representation illustrating the relationship of oxidative phosphorylation, production of reactive oxygen 
species, and initiation of programmed cell death or apoptosis. (Adapted with permission from Science 1999, 283, 1482–1488. Copy-
right 1999 AAAS.)

Figure 6.3 (A) Homology model of the 75-kDa subunit using the crystal structure of T. thermophilus (2FUG) as a template. 
Arrows show the domains of pGSCB367 and p75, denoted by red and blue ribbons. (B) Homology model of the 51-kDa subunit. 
Arrows show the domains of pGSCA206 and p51, denoted by red and blue ribbons. (Adapted with permission from J. Pept. Sci. 
2011, 96, 207–221. Copyright 2011 John Wiley & Sons.)
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binding site of E. coli SQR. (Adapted with permission from Science 2003, 299, 700–704. Copyright 2003 AAAS.)
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Figure 6.5 (A) Superoxide generation mediated by the Q-cycle mechanism in the complex III. The scheme is adapted from 
Reference 31 with modifi cation. Gray areas symbolize the reactions involved in O2

•� production. P, O, and C represent positive, 
outside, and cytoplasmic side, respectively. N, I, and M stands for negative, inside, and matrix side, respectively. (B) X-ray structure 
(pdb 1PPJ) of complex III shows Qo site (occupied by Qo site inhibitor, stigmatellin in green color) is located immediately next 
to the intermembrane space. Structure also shows the Qi site (occupied by Qi site inhibitor, antimycin A in blue color) is located 
next to the matrix site. The subunits of cytochrome b, cytochrome c1, and Rieske iron–sulfur protein (RISP) are denoted by cyan, 
pale green, and yellow ribbons, respectively.



Figure 7.1 Model of phagocyte fl avocytochrome b and pro-
posed electron fl ow. Panel A. Flavocytochrome b is a heterodi-
mer of gp91phox/NOX2 and p22phox. The proposed sites of 
NOX2 glycosylation (Y) and general location of binding 
domains for other redox components (FAD, NADPH) are 
indicated. Panel B. Flavocytochrome b transfers electrons 
across the plasma membrane or phagosomal membrane. 
Redox components involved in this process. Flavocytochrome 
b hemes (H1 are H2) are coordinated by NOX2 transmem-
brane helices (TM-III and TM-V), resulting in a pathway for 
electron transfer across the membrane. The redox midpoint 
potentials at pH 7.0 (Em) shown for each step in the pathway 
indicate that the transfer electrons from NADPH to O2 is 
energetically favorable.

Figure 7.2 Structural models of the NADPH oxidase 
cytosolic cofactors. Major functional domains are indicated on 
these scale models of the phagocyte NADPH oxidase cytosolic 
proteins (Panel A) and the nonphagocyte homologs identifi ed 
(Panel B). Src homology 3 (SH3) domains are present in all 
cytosolic cofactors and play a role in protein–protein binding 
interactions by binding to proline-rich domains within and 
between proteins. The N-terminal phox homology (PX) 
domains present in p47phox, p40phox, and NOXO1 participate in 
phosphoinositide binding interactions involved in targeting to 
cellular locaction. The p47phox auto-inhibitory region (AIR) 
mediates an intramolecular interaction to sequester the 
tandem SH3 domains, which become exposed during 
activation. In addition, phosphorylation of p47phox releases an 
intramolecular autoinhibitory interaction between the PX 
domain and second SH3 domain. In p67phox and NOXA1, the 
N-terminal tetratricopeptide repeat (TPR) motifs mediate 
Rac GTPase binding, whereas the activation domains in these 
proteins participate in the regulation of electron fl ow from 
NADPH to FAD. The p67phox Phox and Bem (PB1) domain 
plays a role in binding to the p40phox N-terminal Phox and Cdc 
(PC) domain, whereas the role of the NOXA1 PB1 domain is 
undefi ned. See text for additional details.
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Figure 7.4 NOX family members and their proposed regulatory subunits. NOX proteins are believed to contain six transmem-
brane domains based on hydrophobicity analysis (seven for DUOX1/2). NADPH oxidase activity occurs when NADPH binds to 
the cytosolic tail of NOX, where it transfers electrons to FAD. From FAD, the electrons are transferred to the heme centers (refer 
to Fig. 7.1) and ultimately to oxygen near the outer membrane surface, resulting in O2

•– formation. The transmembrane subunit 
p22phox is associated with both active and inactive forms of NOX1–NOX4. During activation, NOX1/p22phox is believed to primarily 
assemble with the cytosolic subunits NOXO1, NOXA1, and Rac GTPase; however, p47phox and p67phox can substitute in some situ-
ations for NOXO1 and NOXA1, respectively. NOX2/p22phox activation involves assembly with p47phox, p67phox, p40phox, and Rac2 
GTPase. NOX3/p22phox activation is less well defi ned, but is believed to primarily involve NOXO1 and Rac GTPase in the inner 
ear. NOX4/p22phox is constitutively active in the absence of cytosolic cofactors. NOX5 and DUOX1/2 activation involves Ca2+ 
binding to EF-hand domains in the cytosol. In addition, DUOX1/2 require the association of DUOXA1/2, respectively, for local-
ization to the plasma membrane. (Adapted from Free Radic. Biol. Med. 2009, 47(9), 1239–1253. Copyright 2009 Elsevier).



Figure 7.5 A paradigm illustrating the role of ROS in the resolution of infection. Production of ROS by the phagocyte NADPH 
oxidase is essential for host defense against pathogens and is a key feature of the infl ammatory response. However, the presence 
of ROS is also required for inducing neutrophil apoptosis during resolution of the infl ammatory response. In the absence of 
phagocyte NADPH oxidase activity, neutrophil apoptosis is impaired, leading to excessive infl ammation and infl ammatory tissue 
damage. (Adapted from Clin. Sci. 2006, 111(1), 1–20. Copyright 2006 Biochemical Society.)

Figure 8.2 The structure of the regulatory metal site in PerR (left) and 2-oxo-histidine in oxidized PerR protein (right) (PDB 
codes: 3F8N and 2RGV, respectively).
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Figure 8.4 �-Ketoglutarate and Fe-dependent hydroxylation of 
HIF-� by prolyl hydroxylase. The mechanistic cycle shown in this 
model includes the following steps: (1) binding of co-substrate 
�-KG and replacing of the two water ligands at the Fe(II) center, 
(2) binding of the primary substrate HIF-� resulted in a confor-
mational change and lost of the third water ligand, (3) binding of 
O2 to the fi ve-coordinate Fe(II) center and production of a super-
oxo anion intermediate, (4) formation of an alkylperoxy interme-
diate, (5) O–O bond cleavage leads to an Fe(IV)-oxo intermediate 
while oxidative decarboxylation of the bound co-substrate pro-
duces CO2 and a bound succinate, (6) oxygen transfer from the 
high-valent Fe(IV)-oxo intermediate to a proline residue of 
HIF-�, and (7) succinate release resumes the initial 2-His-1-Asp 
ferrous center.

Figure 9.1 Cancer cells exhibit increased 
generation of ROS and RNS compared with 
normal cells, which provides favorable condi-
tions for cancer initiation, progression, or 
metastasis. This increased generation of RS 
is given particularly by alterations in the 
protein levels of RS generating enzymes such 
as NOX and NOS (1). In the mitochondria, 
O2

•� is formed by monoelectronic reduction 
of O2 by complexes I and III of the respira-
tory chain. Mutations in nuclear or mito-
chondrial genes encoding components of the 
ETC can lead to an increase in ROS genera-
tion by inhibition of electron transfer (2). 
Although oxidative DNA damage is a central 
element in the transformation process toward 
malignancy, it is also evident that RS can 
promote/predispose to cancer development 
by oxidative damage/modifi cation to lipids 
and proteins/enzymes (3).



Figure 9.2 Accumulation and persistence of oxidatively induced DNA damage can lead to cancer. Cells in every organism are 
exposed to various oxidizing and damaging agents ranging from exogenous sources like environmental, medical/diagnostic ionizing 
and nonionizing radiations (X- or �-rays, �-particles, UV radiation) or chemicals like benzo[a]pyrene, to intracellular (endogenous) 
sources of oxidative stress primarily produced by O2 metabolism, immune responses, and infl ammation. The fi nal outcome of the 
production of ROS, RNS, is the generation of oxidation by-products, including DNA lesions and adducts. Cellular defense against 
DNA damage consists of endogenous radical scavengers like GSH, antioxidant enzymes like SOD, catalase, PRDX, and GPXs, 
as well as DNA repair pathways. The major types of DNA damage include SSBs and oxidized bases like 8-oxodG and thymine 
glycol in a clustered (OCDLs) or isolated formation. These lesions are thought to be processed primarily by BER, although in 
some cases the involvement of NER cannot be excluded. Cells can bypass DNA damage and enter DNA replication. Lesions that 
escape repair and enter replication are expected to be primarily repaired by MMR. The participation of additional repair mecha-
nisms like GG-NER or TC-NER as subpathways of NER can also be involved depending on the effi ciency of the major repair 
pathways to correct the damage, or the location of the DNA lesions that are in actively transcribed DNA strands (TC-NER). 
Alternatively, the presence of unrepaired DNA lesions can activate cell death pathways. Chronic exposure to DNA lesions can 
lead to mutations and genomic instability (precancerous state) and eventually to malignant transformations (cancerous state).
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Figure 9.3 Apoptotic deregulation and multidrug resistance in cancer cells. In cancer cells, deregulation of apoptotic pathways 
is associated with cellular redox imbalance. High levels of both ROS/RNS and high intracellular GSH impair the activation of 
apoptotic enzymes by oxidative posttranslational modifi cations and/or scavenge pro-apoptotic oxidative damage (1). An increase 
in �-GCS levels in cancer cells augments GSH concentration, whose metabolism also contributes to multidrug resistance against 
chemotherapeutic agents (2). Increased expression of GSTs and MRPs is a common feature of transformed cells that are associ-
ated with high resistance to chemotherapy (3). SODs exert antitumorigenic effects by reduction of RS levels in cancer cells (4). 
Interestingly, SODs also protect against the activation of death receptor (TRAIL) and mitochondrial pathways of apoptosis 
induced by chemotherapeutic agents, which depend on the generation of RS (5). Thus, chemotherapeutic approaches involve both 
the depletion of intracellular GSH and/or increased oxidative damage (6).


