








Let us compare the rates (mol L�1 s�1) of these four reactions under fixed conditions of

catalyzed oxidation for the studied amines (T-6, T¼ 398 K, pO2¼ 98 kPa, [ROOH]¼ 1� 10�3

mol L�1, [InH]¼ 1� 10�3 mol L�1, SCu¼ 3000 cm2 L�1).

Reaction InH + O2 InH + O2 (Cu) InH + ROOH InH + ROOH (Cu)

N

H

N

H

1.7 � 10−10 1.8 � 10−9 1.6 � 10−7 4.0 � 10−5

1.4 � 10−10 2.2 � 10−9 1.3 � 10−7
1.5 � 10−5

OH

N

H

20.3 DIOXYGEN ACCEPTORS AS STABILIZERS OF POLYMERS

The oxidative destruction of polymer occurs only in the presence of dioxygen. Principally, one

can prevent destruction by introducing an acceptor of dioxygen into the polymer . When the

temperature is not high the oxidation of polymer occurs much more slowly than the diffusion

of dioxygen into the polymer bulk. Therefore, antioxidants reacting with free radicals are

more efficient. At elevated temperatures (T> 500 K) oxidation occurs so rapidly that diffu-

sion of dioxygen into the polymer bulk becomes the limiting step of the process. Acceptors of

dioxygen can effectively retard the oxidation of polymer under such conditions. However, the

introduction of an acceptor of dioxygen beforehand is unreasonable because it will be

consumed by dioxygen during the time of storage. This acceptor is needed in the very moment

of polymer heating.

The original method of polymers stabilization was invented by Gladyshev and coworkers

[14–18]. They proposed to introduce in polymer a metal compound inert toward dioxygen.

This compound is decomposed at elevated temperatures with production of a thin metal

powder. Formates, oxalates, and carbonyls of metals were suggested as predecessors of an

active metal powder. For example, ferrous oxalate decomposes at 600–630 K with the

formation of pyrofore iron and ferrous oxide

FeC2O4 �! Feþ 2CO2

FeC2O4 �! FeOþ COþ CO2

Oxalates of transition metals (Fe, Co, Mn, and Cu) decompose with the formation of a thin

powder of metal and gaseous products, such as CO2, CO, CH4, and H2, at 500–650 K. This is

the temperature when degradation of thermostable polymers begins. The formed metal is

oxidized and accepting dioxygen prevents the polymer from oxidative degradation. In add-

ition, metals accept alkyl and peroxyl radicals terminating chains. Hence, the retarding action

of such antioxidants is complex. The temperatures of metal formates and oxalates degrad-

ation are given in Table 20.3.

Oxidation of polymer in the presence of dioxygen acceptors is limited by the diffusion of

dioxygen into the polymer bulk. The lifetime of polymer does not depend on the acceptor

concentration at [acceptor] � [acceptor]min. The lifetime of a polymer sample t depends on

pO2, l, D, and the thickness of the sample l according to the parabolic equation [14–18]
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t ¼ tdegr þ
fl2[acceptor]0

8lDpO2

, (20:14)

where tdegr is the time of polymer degradation in the absence of acceptor and D is the diffusion

coefficient of dioxygen in the polymer.

REFERENCES

1. ET Denisov, GI Kovalev. Oxidation and Stabilization of Jet Fuels. Moscow: Khimiya, 1983 [in

Russian].

2. EA Blumberg, YuD Norikov. Heterogeneous catalysis and inhibition of liquid-phase oxidation of

organic compounds. In: Itogi Nauki i Tekhniki, Ser Kinetika i Kataliz, vol. 12. Moscow: VINITI,

1984, pp. 3–143 [in Russian].

3. ET Denisov, VV Azatyan. Inhibition of Chain Reaction. London: Gordon and Breach, 2000.

4. GI Kovalev, LD Gogitidze, VI Kuranova, ET Denisov. Neftekhimiya 19:237–243, 1979.

5. GI Kovalev. Neftekhimiya 18:584–589, 1978.

6. AL Smirnova, LA Tavadyan, EA Blumberg. Neftekhimiya 22:513–515, 1982.

7. GI Kovalev, LD Gogitidze, VI Kuranova, YuN Dyshlevskii, ET Denisov. Neftekhimiya 17:

438–443, 1977.

8. NT Silakhtaryan, LV Salukhvadze, YuD Norikov, EA Blumberg, NM Emanuel. Kinet Katal 23:

77–82, 1982.

9. GI Kovalev, LD Gogitidze, VI Kuranova, ET Denisov. Neftekhimiya 19:88–91, 1979.

10. GI Kovalev, YuN Dyshlevskii, ET Denisov. Neftekhimiya 20:446–450, 1980.

11. AM Rubinstein, AA Dulov, AA Slinkin, LA Abramova. J Catal 35:80–91, 1974.

12. AV Gerasimova, GI Kovalev, ET Denisov, NS Zvereva. Neftekhimiya 22:516–521, 1982.

13. AV Gerasimova, GI Kovalev, LD Gogitidze, VI Kuranova, NS Zvereva, ET Denisov. Neftekhimiya

25:555–561, 1985.

14. GP Gladyshev. Thermodynamics and Kinetics of Nature Hierarchical Processes. Moscow: Nauka,

1988 [in Russian].

15. GP Gladyshev. Stabilization of polymers, vol 4. In: Khimicheskaya Encyclopediya. Moscow:

Bol’shaya Rossiyskaya Encyclopediya, 1995, pp. 411–413.

16. GP Gladyshev, OA Vasnetsova. In: G Scott (ed.), Developments in Polymer Stabilization—6.

London: Applied Science, 1983, pp. 295–334.

17. GP Gladyshev, YuA Ershov, OA Shustova. Stabilization of Thermostable Polymers. Moscow:

Khimiya, 1979, pp. 1–271 [in Russian].

18. OA Shustova, GP Gladyshev. Usp Khim 45:1695–1724, 1976.

TABLE 20.3
Temperature Limits for Decay of Metal Formates and Oxalates [16]

Formates T (K) Oxalates T (K)

Cd(HCOO)2 500–580 CoC2O4 580–600

Cu(HCOO)2 440–500 NiC2O4 590–620

Co(HCOO)2 520–570 MnC2O4 610–640

Fe(HCOO)2 550–690 PbC2O4 580–640

Mn(HCOO)2 530–680 FeC2O4 590–680

Ni(HCOO)2 530–560 AgC2O4 370–430

Pb(HCOO)2 530–610 ZnC2O4 580–620

Zn(HCOO)2 480–630 CuC2O4 540–600
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Part III

Biological Oxidation
and Antioxidants
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21 Initiators of Free
Radical-Mediated Processes

Numerous initiators of free radical-mediated processes, lipid peroxidation, oxidative destruc-

tion of proteins and DNA, cell damage, and others are now well known. Among them are free

radicals, transition metals, pollutants, drugs, food components, radiation, and even magnetic

field. Despite a great number of initiators, all of them are the producers of free radicals, such

as superoxide, hydroxyl radical, perhydroxyl radical, and nitric oxide. We will discuss many

of these species and their major reactions excluding the effects of UV, visible, and high-energy

radiation, which are mainly relevant to the field of radiation biology.

21.1 SUPEROXIDE

It has already been stressed that the discovery of superoxide as the enzymatically produced

diffusion-free dioxygen radical anion [1–3] was a pivotal event in the study of free radical

processes in biology. It is not of course that the McCord and Fridovich works were the first

ones in free radical biology, but the previous works were more of hypothetical character, and

only after the identification of superoxide by physicochemical, spectral, and biochemical

analytical methods the enzymatic superoxide production became a proven fact.

Chemical and biochemical properties of superoxide have already been considered earlier

[4,5]. It is now understood that in spite of its pompous name superoxide is a relatively innocuous

free radical and that its main role is to be a precursor of other much more reactive species (see

below). At the same time, many new findings have been obtained concerning biological activity

of superoxide. Due to its mainly harmless nature, superoxide nonetheless is able to interact with

some biological molecules and affect various biological systems. For example, superoxide

produced by stimulated neutrophils is able to damage erythrocytes [6]. Shibanuma et al. [7]

has shown that superoxide increases intracellular pH of human leukemia cells. Everett et al. [8]

has studied the interaction of superoxide with Nw-hydroxy-L-arginine (NHA), a stable inter-

mediate formed in the oxidation of L-arginine to L-citrulline and NO. It has earlier been

suggested that superoxide might mediate the oxidative denitrification of NHA catalyzed by

NO synthase and cytochromeP-450. However, the rate constant for reaction of O2
.�with NHA

was estimated as 200–500 l mol�1 s�1 that is a too small value to be of importance for this

enzymatic process. Similarly, it was found [9] that the reaction of superoxide with another

important substrate S-nitrosoglutathione has a rate constant of 300+100 l mol�1 s�1 that is

much slower that it has been proposed earlier and therefore, is unlikely to be of biological

importance. It has long been known that superoxide is able to release iron from ferritin

[10,11]. To exclude possible superoxide-independent contribution of xanthine oxidase-

stimulated iron release from ferritin, Paul [12] applied a new chemical source of superoxide,

di-(4-carboxybenzyl) hyponitrite (SOTS-1). It was found that prolonged superoxide flux on

ferritin stimulated the release of as many as 130 iron atoms from the ferritin molecule.
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The most interesting current findings concerning the biological role of superoxide are

connected with its signaling function [13]. Below are several examples from numerous up-

to-date works. Superoxide enhanced the migration of monocytes across blood–brain barrier

upon its exposition to cerebral endothelial cells [14]. Kulisz et al. [15] suggested that superoxide

participated together with hydrogen peroxide in the activation of phosphorylation of p38 MAP

kinase during hypoxia in cardiomyocytes. Zhang et al. [16] has found that superoxide activated

myocardial mitochondrial ATP-sensitive potassium channels. Similarly, superoxide and

hydrogen peroxide enhanced channel activity in rat and cat cerebral arteriols [17]. Unfortu-

nately, the mechanisms of superoxide signaling are mainly unknown, and therefore, the

detailed consideration of signaling functions of superoxide is outside the scope of this book.

21.2 HYDROXYL RADICAL

It has been thought for a long time that the major route from superoxide to reactive free

radicals is the superoxide-dependent Fenton reaction (Reactions 1 and 2):

O2
.� þ Fe3þ ¼) O2 þ Fe2þ (1)

Fe2þ þH2O2 ¼) Fe3þ þHO
. þHO

�
(2)

This mode of superoxide-dependent free radical-mediated damaging activity remains an

important one although the nature of the generated reactive species (free hydroxyl radicals

or perferryl, or ferryl ions) is still obscure. However, after the discovery of the fact that many

cells produce nitric oxide in relatively large amounts (see below), it became clear that there is

another and possibly a more portent mechanism of superoxide-induced free radical damage,

namely, the formation of highly reactive peroxynitrite.

For a long time one question remained unanswered: the efficiency of the Fenton reaction

as the in vivo producer of hydroxyl radicals due to the low rate of Reaction (2) (the rate

constant is equal to 42.1 l mol�1 s�1 [18]). It is known that under in vitro conditions the rate of

Fenton reaction can be sharply enhanced by chelators such as EDTA, but for a long time no

effective in vivo chelators have been found. From this point of view new findings obtained by

Chen and Schopfer [19] who found that peroxidases catalyze hydroxyl radical formation in

plants deserve consideration. These authors showed that horseradish peroxidase (HRP)

compound III is a catalyst of the Fenton reaction and that this compound is one to two

orders of magnitude more active than Fe–EDTA.

Another possible pathway of accelerating the in vivo Fenton reaction has been proposed

previously [20]. It was suggested that the level of catalytically active ferrous ions may be

enhanced as a result of the interaction of superoxide with the [4Fe�4S] clusters of dehydra-

tases such as aconitases. In accord with this mechanism, superoxide reacts with aconitase to

oxidize ferrous ion inside of the [4Fe�4S] cluster. In the next step, the remaining ferrous ion is

released from the cluster and is capable of participating in Reaction (2):

O2
.� þ [2Fe2þ2Fe3þ�4S]þ 2Hþ ¼) H2O2 þ [Fe2þ3Fe3þ�4S] (3)

[Fe2þ3Fe3þ�4S] ¼) [3Fe3þ�4S]þ Fe
2þ

(4)

The rate constant for Reaction (3) is in the range of 108 to 109 l mol�1 s�1 [20]. Therefore,

Reactions (3) and (4) may significantly enhance the concentration of ferrous ions and make

Fenton reaction a better competitor with the peroxynitrite-inducible damage [21]. The for-

mation of hydroxyl radicals in the reaction of superoxide with mitochondrial aconitase has
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been confirmed by ESR spectroscopy [22]. Unfortunately, at present, it is very difficult to

estimate the real effect of the interaction of superoxide with aconitase on hydroxyl radical

production.

Formation of hydroxyl radicals has been suggested in many studies, which are considered in

subsequent chapters in connection with the mechanisms of lipid peroxidation and protein and

DNA destruction as well as the mechanisms of free radical pathologies. Furthermore, hydroxyl

radical generation occurs under the conditions of iron overload and is considered below.

21.3 PERHYDROXYL RADICAL

Recently, perhydroxyl (hydroperoxyl) radical HOO
.
has been wittily named by de Grey [23]

as ‘‘the forgotten radical.’’ Although the concentration of perhydroxyl radical should be

many times lower than that of the superoxide (about 1000 times smaller at pH 7.8), this

radical always presents in solution, in equilibrium with superoxide:

O2
.� þHþ () HOO

.
pKa(HOO

.
) ¼ 4:8 (5)

de Grey believes that despite a low concentration, perhydroxyl could be even more important

radical than superoxide due to its greater reactivity in hydrogen abstraction reaction and

therefore, it has been ‘‘forgotten’’ unfairly.

This conclusion is partly true because superoxide is unable to abstract hydrogen atom

even from the most active bisallylic positions of unsaturated compounds, while perhydroxyl

radical abstracts H atom from linoleic, linolenic, and arachidonic fatty acids with the rate

constants of 1–3� 103 l mol�1 s�1 [24]. However, the superoxide damaging activity does not

originate from hydrogen atom abstraction reactions but from one-electron reduction pro-

cesses, leading to the formation of hydroxyl radicals, peroxynitrite, etc, and in these reactions

perhydroxyl cannot compete with superoxide.

Another reason for neglecting perhydroxyl radical is a big difficulty to distinguish it

from the much more abundant and more reactive peroxyl radicals. Nonetheless, in several

works perhydroxyl radical was considered as a possible initiator of lipid peroxidation

(see Chapter 25). It should be noted that at least two biological systems were described

where the participation of perhydroxyl radicals seems to be possible. Thus, it has been

shown [25,26] that perhydroxyl radical is able to abstract hydrogen atom from NADH

(Reaction 6) and the glyceraldehyde-3-phosphate dehydrogenase–NADH (GAPDH–

NADH) complex (Reaction 7).

HOO
. þNADH ¼) H2O2 þNAD

.
, k6 ¼ 2� 105 l mol�1s�1 (6)

HOO
. þGAPDH�NADH ¼) H2O2 þGAPDH�NAD

.
, k7 ¼ 2� 107 l mol�1s

�1
(7)

As can be seen from Reaction (3), the free radical capable of oxidizing aconitase

[2Fe2þ2Fe3þ�4S] center is HOO
.
and not O2

.�.

21.4 NITRIC OXIDE

21.4.1 FORMATION AND LIFETIME OF NITRIC OXIDE

The discovery of nitric oxide in living organisms was a great event in the development of free

radical studies in biology. NO is a gaseous neutral free radical with relatively long lifetime and

at the same time is an active species capable of participating in many chemical reactions.
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A great attention has been drawn to the discovery that NO is the endothelium-derived

relaxing factor (EDRF) [27]. Now, it is known that nitric oxide is synthesized by many

cells, including macrophages, endothelial cells, neutrophils, neurons, hepatocytes, and others.

NO formation was experimentally shown in all tissues and organs, for example, the hypoxic

lung [28] or the ischemic heart [29]. Nitric oxide has been shown to be involved in many

physiological functions such as blood pressure regulation, inhibition of platelet aggregation,

neurotransmission, etc. [30]. At the same time, enhanced NO concentrations exhibit cytotoxic

and mutagenic effects.

Major producers of nitric oxide are constitutive and inducible isoforms of NO synthase

(Chapter 22). However, it has been proposed that there are other enzymatic and nonenzymatic

sources of NO generation. Godber et al. [31] found that xanthine oxidase reduced nitrite to

nitric oxide under anaerobic conditions in the presence of NADH or xanthine. Nagase et al.

[32] suggested that NO is formed in the reaction of hydrogen peroxide with D- and L-arginine.

One of the important sources of NO production is S-nitrosothiols such as S-nitrosoglutathione

and S-nitrosocysteine, which can participate in storage and transport of nitric oxide. It has been

shown [33] that S-nitrosothiols are decomposed to form nitric oxide in the presence of

transition metal ions and reductants. Trujillo et al. [34] has shown that the decomposition

of S-nitrosothiols may be induced by superoxide generated by xanthine oxidase.

Lifetime of nitric oxide is an important parameter of its reactivity. Measurement of NO in

intact tissue yielded a value in the order of 0.1 s [35] although preliminary estimates gave a

much bigger lifetime. It has been accepted that the main reason for the rapid disappearance of

NO in tissue is its reaction with dioxygen, which proceeds in aqueous solution with the

following overall stoichiometry:

4NOþO2 þ 2H2O ¼) 4NO2
� þ 4Hþ (8)

However, this reaction is too slow with physiologically relevant NO concentrations, even

though its rate in hydrophobic biological membranes can be about 300 times higher [36].

Therefore, it has been proposed [37] that the accelerated disappearance of nitric oxide in

tissue is explained by its interaction with superoxide. The extravascular lifetime of nitric oxide

is estimated to be in the range from 0.09 to> 2 s, depending on the dioxygen concentration

and distance from the vessel.

Brovkovych et al. [38] applied the electrochemical porphyrinic sensor technique for the

direct measurement of NO concentrations in the single endothelial cell. It was found that NO

concentration was the highest at the cell membrane (about 1 mmol l�1) and decreased expo-

nentially with distance from the cell, becoming undetectable at the distance of 50 mm. Now we

will consider the principal reactions of nitric oxide relevant to real biological systems.

21.4.2 REACTION WITH DIOXYGEN

NO reacts with dioxygen to form nitrite (Reaction 8) with the rate constant equal to

8�9� 106 l2 mol�2 s�1 [39,40]. Although this reaction is a rather slow one, Goldstein and

Czapski [41] proposed that the first step (Reaction 9) could be fast, and the oxidation of NO

by O2 may be of importance in biological systems.

NOþO2 ¼) O2NO (9)

21.4.3 REACTION WITH SUPEROXIDE AND INORGANIC NITROGEN COMPOUNDS

NOþO2
.� ¼) ONOO� (10)
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Reaction of nitric oxide with superoxide is undoubtedly the most important reaction of nitric

oxide, resulting in the formation of peroxynitrite, one of the main reactive species in free

radical-mediated damaging processes. This reaction is a diffusion-controlled one, with the

rate constant (which has been measured by many workers, see, for example, Ref. [41] ), of

about 2� 109 l mol�1 s�1. Goldstein and Czapski [41] also measured the rate constant for

Reaction (11):

NOþHOO
. ¼) ONOOH k11 ¼ (3:2� 0:3)� 109 l mol�1s�1 (11)

The chemistry of inorganic nitrogen compounds is very complicated, and therefore, it is

difficult to prove which of these compounds is of a real importance in biological systems. In

addition to NO and peroxynitrite, the formation of NO2, N2O3, and NO� might be of

importance in biological systems. Some reactions of nitrogen oxide species are cited below.

4NOþO2 ¼) 2N2O3 (12)

ONOOH ¼) HNO3 (13)

ONOOHþNO ¼) NO2 þHNO2 (14)

NO2 þNO ¼) N2O3 (15)

NOþONOO� ¼) NO2 þNO2
� (16)

It has been shown [42] that NO2
� and NO3

� are formed by stimulated macrophages simul-

taneously with nitric oxide supposedly via the interaction of NO with superoxide. Not all of

the above mentioned reactions are rapid processes. For example, Reaction (16) is rather slow

(k16 < 1.3� 10�3 l mol�1 s�1 [43]).

21.4.4 REACTIONS WITH BIOMOLECULES

Nitric oxide is capable of reacting with some low-molecular-weight substrates and enzymes.

(Reactions of NO with antioxidants are considered in Chapter 29). The interaction of NO

with thiols is an important in vivo process due to the biological role of the nitrosothiols

formed. It has been established that S-nitrosothiols play an important role in the storage and

transport of nitric oxide. Two mechanisms of the reaction of NO with thiols have been

proposed. Wink et al. [44] suggested that at the first step of the reaction, NO is oxidized by

dioxygen to form the genuine nitrosation species N2O3, which reacts further with thiol:

4NOþO2 ¼) 2N2O3 (12)

N2O3 þGSH ¼) GSNO þHNO2 (17)

Gow et al. [45] proposed that NO may directly react with thiols because the formation of

nitrosothiols is possible under anaerobic conditions in the presence of another dioxygen

electron acceptor.

NOþRSH ¼) (RSNOH)
.

(18)

(RSNOH)
. þO2 ¼) RSNOþO2

.� (19)

In contrast to superoxide, which participates in one-electron transfer reactions as a reductant,

nitric oxide is apparently able to oxidize various transition metal-containing proteins and

enzymes. The study of NO reaction with hemoglobin has been started many years ago when
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numerous in vivo functions of nitric oxide were unknown. In 1976 and 1977 Maxwell and

Caughey [46] and Hille et al. [47] showed by the use of ESR and optical spectroscopies that

NO formed with hemoglobin the ferroheme–NO complex (nitrosylhemoglobin). There are

two major pathways of the interaction of nitric oxide with hemoproteins: the reversible NO

binding and NO-induced oxidation. (The reversible formation of the protein–NO complex in

the reaction of NO with ferric hemoglobin, myoglobin, and ferric enzyme microperoxidase

was demonstrated by Sharma et al. [48] in 1983.) Both reactions occur in two steps: binding of

NO to the distal portion of the heme pockets and the rapid reaction of bound NO with iron

atom to produce the Fe2þ(heme)NO complex or ferric heme and nitrate [49]:

NOþ Fe2þ(heme) () Fe2þ(heme)NO (20)

NOþ Fe2þ(heme) ¼) Fe3þ(heme)H2OþNO3
� (21)

Both reactions are rapid, with the rate constants equal to 3�5� 107 l mol�1 s�1.

Herod et al. [50] has studied the kinetics and mechanism of oxyhemoglobin (HbO2) and

oxymyoglobin (MbO2) oxidation by nitric oxide. At pH 7.0 the rate constants for these reactions

were equal to 43.6+0.5� 106 l mol�1 s�1 for MbO2 and 89+3� 106 l mol�1 s�1 for HbO2. It

has been suggested that these reactions proceed via the formation of intermediate peroxynitrito

complexes, which were rapidly decomposed to the Met-form of proteins, for example:

NOþHbO2 () Hb(Fe3þ)OONO ¼) MetHbþNO3
�: (22)

MetMb is also able to bind reversibly NO, yielding a nitrosyl adduct [51]:

NOþmetMb () metMbNO (23)

Nitric oxide reacts not only with free hemoglobin but also with hemoglobin inside the

erythrocyte. Although the reaction of NO with erythrocytes is rapid enough, its rate is

about 650 times slower than that with free hemoglobin [52]. It has been suggested that the

interaction of nitric oxide with hemoglobin may be limited by the diffusion of NO into the cell

[52,53] or the resistance of the erythrocyte membrane to the NO uptake [54]. Although a

major in vivo nitrating agent is probably peroxynitrite (see later), Gunther et al. [55] suggested

that nitric oxide and not peroxynitrite is an intermediate in the nitration of tyrosine by

prostaglandin H synthase.

At present, new developments challenge previous ideas concerning the role of nitric oxide

in oxidative processes. The capacity of nitric oxide to oxidize substrates by a one-electron

transfer mechanism was supported by the suggestion that its reduction potential is positive

and relatively high. However, recent determinations based on the combination of quantum

mechanical calculations, cyclic voltammetry, and chemical experiments suggest that E0(NO/

NO�)¼�0.8+0.2 V [56]. This new value of the NO reduction potential apparently denies the

possibility for NO to react as a one-electron oxidant with biomolecules. However, it should be

noted that such reactions are described in several studies. Thus, Sharpe and Cooper [57]

showed that nitric oxide oxidized ferrocytochrome c to ferricytochrome c to form nitroxyl

anion. These authors also proposed that the nitroxyl anion formed subsequently reacted with

dioxygen, yielding peroxynitrite. If it is true, then Reactions (24) and (25) may represent a new

pathway of peroxynitrite formation in mitochondria without the participation of superoxide.

NOþ cyt:(Fe2þ) ¼) NO� þ cyt:(Fe3þ) (24)

NO� þO2 ¼) ONOO� (25)
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Furthermore, Laranjinha and Cadenas [58] have recently showed that nitric oxide oxidizes

3,4-dihydroxyphenylacetic acid (DOPAC) to form nitrosyl anion and the DOPAC semiqui-

none supposedly by one-electron transfer mechanism.

21.4.5 INTERACTION WITH ENZYMES

Nitric oxide is able to activate enzymes, be a physiological substrate, protect enzymes against

free radical damage, or inhibit enzymatic activity. Probably, the most important enzymatic

activity of nitric oxide is the interaction with soluble guanylyl cyclase. This enzyme is the main

receptor for NO, and it mediates many physiological and pathophysiological functions such

as vasodilation, platelet disaggregation, and neutral signaling through cGMP accumulation

and protein kinase activation. For example, NO prevents oxidized LDL-stimulated p53

accumulation and apoptosis in macrophages via guanylyl cyclase stimulation [59].

Nitric oxide is a physiological substrate for mammalian peroxidases [myeloperoxide

(MPO), eosinophil peroxide, and lactoperoxide), which catalytically consume NO in the

presence of hydrogen peroxide [60]. On the other hand, NO does not affect the activity of

xanthine oxidase while peroxynitrite inhibits it [61]. Nitric oxide suppresses the inactivation of

CuZnSOD and NO synthase supposedly via the reaction with hydroxyl radicals [62,63]. On

the other hand, SOD is able to modulate the nitrosation reactions of nitric oxide [64].

The inhibitory effect of nitric oxide on the enzymes aconitases (a family of dehydratases

catalyzing the reversible isomerization of citrate and isocitrate) is probably an important

physiological process. It has been found [65] that NO inactivated mitochondrial and cytosolic

aconitases by the oxidation of the enzyme [4Fe�4S] cluster into the [3Fe�4S] cluster losing

one Fe atom. In the case of cytosolic aconitase, the inactivated apo-form of enzyme is

identical to iron-regulatory protein IRP-1, a RNA-binding protein, which is involved in

iron and energy metabolism. The reaction of nitric oxide with aconitases proceeds with the

intermediate formation of the iron–nitrosyl–thiol–aconitase complex with a g ~ 2.04 ESR

signal [65,66]. In subsequent studies [67,68] the ability of nitric oxide to inactivate cytosolic

aconitase has been confirmed although it was proposed that peroxynitrite may be a more

important inactivated agent [69]. However, Bouton et al. [70] earlier concluded that only

nitric oxide and not superoxide or peroxynitrite is able to convert aconitase into the iron

responsible element-binding protein.

In addition to aconitases, nitric oxide is an inhibitor of many other enzymes such as

ribonucleotide reductase [71], glutathione peroxidase [72,73], cytochrome c oxidase [74],

NADPH oxidase [75], xanthine oxidase [76], and lipoxygenase [77] but not prostaglandin

synthase [78]. (Mechanism of lipoxygenase inhibition by nitric oxide is considered in Chapter

26.) It is usually believed that NO inhibits enzymes by reacting with heme or nonheme iron or

copper or via the S-nitrosilation or oxidation of sulfhydryl groups, although precise mech-

anisms are not always evident. By the use of ESR spectroscopy, Ichimori et al. [76] has

showed that NO reacts with the sulfur atom coordinated to the xanthine oxidase molyb-

denum center, converting xanthine oxidase into a desulfo-type enzyme. Similarly, Sommer

et al. [79] proposed that nitric oxide and superoxide inhibited calcineurin, one of the major

serine and threonine phosphatases, by oxidation of metal ions or thiols.

21.5 OTHER REACTIVE NITROGEN OXIDE SPECIES

In contrast to nitric oxide, which is firmly identified in biological systems and for which

numerous (but not all) functions are known, the participation of other nitrogen species in

biological processes is still hypothetical. At present, the most interest is drawn to the very

reactive nitroxyl anion NO�. It has been shown that nitroxyl (or its conjugate acid, HNO)
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formed by the decomposition of Angeli’s salt (Reaction 26) is a much more damaging species

than NO itself [80].

N2O3
2� þHþ ¼) HNOþNO2

� (26)

However, the in vivo sources of nitroxyl production remain uncertain. Some authors sug-

gested that nitroxyl anion might be generated by NO synthases [81,82] or during the decom-

position of nitrosothiols [83]. It has also been proposed [81] that the primary product of NO

synthase is not nitric acid but nitroxyl anion, which is next oxidized by SOD to NO:

NO� þ Cu(II)SOD () .
NOþ Cu(I)SOD (27)

Another suggested mechanism of nitroxyl formation is the decomposition of peroxynitrite

[84]. It is of interest that this proposal is connected with the old discussion of a possible role of

singlet oxygen in biology. Singlet dioxygen 1O2 is an extremely reactive species, but it forms

only in highly exothermic reactions. Unfortunately, at present, many nominees for the

sources of singlet oxygen production (for example, the reaction of superoxide with hydrogen

peroxide) turn out to be the false ones, and therefore, the possibility of singlet oxygen

formation in biological processes remains highly questionable. (Of course, it is not true for

the processes initiated by light, for example, the carotene-sensibilized oxidation in the skin,

which is mediated by the singlet oxygen.) Nonetheless, Khan et al. [84] recently suggested that

the decomposition of peroxynitrite in acidic solution leads to the formation of nitroxyl radical

(as peroxynitrous acid) and singlet oxygen:

ONOOH ¼) HNO þ1O2 (28)

However, it has been shown that this proposal is wrong and is explained by some analytical

errors of HNO and 1O2 detection [85,86].

It should be noted that a major difficulty in the detection of nitroxyl anion is explained by

the impossibility to apply ESR spectroscopy because nitroxyl is not a free radical. Moreover,

the use of spin traps such as iron N-methyl-D-glucamine dithiocarbamate (Fe-MGD) to

distinguish NO and NO� production by NO synthase failed because both nitrogen species

reacted with this spin trap [87].

Another free radical, which is supposedly formed in biological systems is the nitric dioxide
.
NO2. This radical is much more reactive than nitric oxide; its rate constants with thiols, urate,

and Trolox C are about 107�108 l mol�1 s�1 [88,89] (Table 21.1). It has been proposed [88]

that thiols are dominant acceptors of NO2
.
in cells and tissues while urate is a major scavenger

TABLE 21.1
Bimolecular Rate Constants for the

Reactions of .NO2 Radical

k (3107) (l mol21 s21) Ref.

Glutathione 2 [88]

Cysteine 5 [88]

Urate 2 [88]

Trolox C 50 [89]
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suspensions. This proposal was based on experimental findings that LDL oxidation proceeds

more effectively in the presence of a-tocopherol than in its absence. In contrast, available

kinetic and thermodynamic data indicate that the abstraction reactions of a-tocopheroxyl

radical are very slow.

a-Toc
. þ LH ¼) a-TocHþ L

.
(10)

(Here, LH is a lipid-containing bisallylic methylene groups.)

The rate constant for the reaction of a-tocopheroxyl radical with unsaturated fatty acids is

very small (k10¼ 0.02–0.08 l mol�1 s�1 [23,24]. The dissociation energy of the a-Toc–H bond

is also relatively low (76 kcal mol�1 [25]). In contrast, the rate constants for the reactions of

free radicals with a-tocopherol are about 106 to 107 times higher (for example, k7 is about

2� 105 l mol�1 s�1 [10]). Therefore, the antioxidant activity of a-tocopherol must prevail on

its activity as a chain transfer agent. However, Ingold et al. [22] pointed out that a mean

lifetime of tocopheroxyl radical in the LDL particle could be as high as 12.5 s, and due to this

Reaction (10) might be significant.

Although vitamin E and a-tocopherol are frequently considered to be synonyms, vitamin

E is actually a name corresponding to a group of natural phenolic compounds comprising

four tocopherols (a, b, d, g, distinguished by a number of methyl substituents) and four

tocotrienols. In addition, it has been assumed that the by-products of a-tocopherol oxidation

a-tocopherolquinone and a-tocopherolhydroquinone (Figure 29.1) can also be the very

effective inhibitors of lipid peroxidation [26]. Shi et al. compared the antioxidant activities

of a-tocopherol, a-tocopherolhydroquinone, and ubihydroquinone Q10 in several model

systems [27]. It is interesting that although the relative reactivities of a-tocopherolhydroqui-

none and ubihydroquinone Q10 toward galvinoxyl (a stable phenoxyl radical) and peroxyl

radicals were much greater than that of a-tocopherol, the latter was the most efficient

antioxidant in the oxidation of methyl linoleate. Both a-tocopherolhydroquinone and ubihy-

droquinone Q10 reduced a-tocopheroxyl radical into a-tocopherol. Neuzil et al. [28] found

that a-tocopherolhydroquinone effectively inhibited LDL oxidation. This compound associ-

ated with LDL, reduced the LDL’s ubiquinone to ubihydroquinone, and suppressed the

formation of a-tocopheroxyl radical. Appenroth et al. [29] showed that the metabolite of

g-tocopherol LLU-a [2,7,7-trimethyl-2-(carboxyethyl)-6-hydroxychroman] is a more effective

inhibitor of iron-stimulated lipid peroxidation and luminol- or lucigenin-amplified CL than

a- and g-tocopherols. These authors also showed that LLU-a was protective against

T1-stimulated nephrotoxicity at least partly due to its antioxidant activity.

It should be noted that pharmacological vitamin E is not a free natural RRR-a-tocopherol

or synthetic All rac a-tocopherol but its acetate ester. a-Tocopheryl acetate has the phenolic

hydroxyl group blocked and therefore, is not a genuine antioxidant, but this compound is

very rapidly hydrolyzed in vivo into a-tocopherol. It is interesting that the biological activity

of a-tocopheryl acetate is the same as that of a-tocopherol in humans but significantly lower

in rats [30]. (‘‘A man is not a rat!’’ Professor KU Ingold.)

29.1.2 BIOLOGICAL ACTIVITY

As already mentioned, a great deal of work has been dedicated to the study of biological

activity of vitamin E under physiological and pathophysiological conditions. The efficiency of

vitamin E in suppressing free radical-mediated damage and the complete absence of toxicity

together with its important vitamin activity makes this compound a potential important

medicine in the treatment of many pathologies associated with the overproduction of free

radicals.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c029 Final Proof page 838 2.2.2005 5:56pm

© 2005 by Taylor & Francis Group.



a-Tocopherol is the most abundant and probably most effective in vivo antioxidant from

all the forms of vitamin E. For a long time this fact was not fully understood because from the

chemical point of view, missing one or two methyl substituents in the phenolic nucleus, should

not strongly affect the free radical scavenging activity of the tocopherol molecule. Nonethe-

less, it was found that in humans a-tocopherol preferably appears in the plasma after passage

of all components of vitamin E through the liver [31]. Later on, it has been shown that the

plasma preference for a-tocopherol is a consequence of the selection by the hepatic a-

tocopherol transfer protein [32]. It is now known that two a-tocopherol-binding proteins

(TBP) are responsible for the regulation of a-tocopherol concentrations in plasma (30 kDa

TBP) and for its intracellular distribution (15 kDa TBP) [33]. The 30-kDa TBP is unique to

hepatocytes while 15 kDa presents in all major tissues.

Although a-tocopherol is considered to be the most effective antioxidant form of vitamin

E group, the effects of other tocopherols continue to draw attention. Thus, Li et al. [34]

studied the effects of a-, g-, and d-tocopherols on human platelets. It was found that all

tocopherols are equally efficient in suppression of lipid peroxidation and platelet aggregation,

but their combination in the concentrations found in nature was more potent than individual

tocopherols. The activities of different tocopherols may significantly differ in the processes

initiated by peroxynitrite and other nitrogen species. Thus, Christen et al. [35] found that

g-tocopherol was a more effective inhibitor of liposomal peroxidation (but not LDL oxida-

tion) initiated by peroxynitrite than a-tocopherol. Furthermore, the mechanisms of inhibitory

action of these tocopherols are different: a-tocopherol reacts as a free radical scavenger

oxidizing into a-tocopherolquinone while g-tocopherol is nitrated at 5-position by a nucleo-

philic mechanism forming o-quinone as the end-product. Christen et al. believe that nucleo-

philic trapping of lipid-soluble nitrogen species and other electrophilic mutagens may be still

unknown nonantioxidant inhibitory activity of g-tocopherol and some other classic antioxi-

dants. It was suggested that the presence of both tocopherols is needed in vivo for optimal

protection from free radical-mediated damage. The authors also argue that g-tocopherol is

more important than a-tocopherol for the prevention of cardiovascular disease.

It is important that there is equilibrium in the distribution of vitamin E between the

plasma and erythrocytes in a living organism, with the content of vitamin in plasma about

threefold higher [12]. The membrane structure is a critical factor for recognition of how much

vitamin E the membrane may absorb. It means that notwithstanding how much vitamin was

consumed, its content in the membrane is inherently limited.

Numerous studies demonstrate inhibitory effects of vitamin E on free radical-mediated

processes. For example, Zhang et al. [36] showed that the pretreatment of isolated rat

hepatocytes with a-tocopheryl succinate protected mitochondria from oxidative damage. In

another study [37] these authors showed that a-tocopheryl succinate inhibited rotenone-

induced mitochondrial lipid peroxidation. Cachia et al. [38] found that the normal content

of a-tocopherol in LDL (the a-tocopherol/apoB molar ratio is 6 to 8) is important for a

decrease in monocyte superoxide production, which is involved in LDL oxidation. Beharka

et al. [39] showed that vitamin E inhibited cyclooxygenase activity in macrophages from old

mice, which responsible for the production of proinflammatory prostaglandin PGE2 through

the interaction with peroxynitrite. Vitamin E supplementation diminished enzymatic and

nonenzymatic lipid peroxidation in rats (measured by the levels of F2-isoprostanes and

PGF2a metabolite) in blood, urine, and liver [40]. Intraperitoneal administration of

a-tocopherol to rats suppressed ascorbate-initiated lipid peroxidation in mitochondria and

microsomes isolated from rat liver [41]. Similarly, vitamin E effectively inhibited carbon

tetrachloride-initiated lipid peroxidation in mice [42]. It was found that intravenous therapy

with vitamin E-containing liposomes decreased mouse mortality by nearly 90% when a lethal

dose of carbon tetrachloride was given. Endogenous vitamin E is apparently the most efficient
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antioxidant in rat brain homogenate because it is first depleted before membrane lipid and

membrane-bound proteins showed some oxidative destruction [43]. Vitamin E was effective in

suppression of oxidative damage to rat blood and tissue in in vivo experiments in diets

supplemented with both fat-soluble and water-soluble antioxidants (selenium, Trolox C,

ascorbate palmitate, acetylcysteine, ubiquinone Qo, ubiquinone Q10, b-carotene, canthax-

anthin, and (þ)-catechin) [44].

To estimate the importance of structural factors on the inhibitory activity of vitamin E in

free radical-mediated damaging processes, Kaneko et al. [45] studied protection by a-toco-

pherol and its model analogs tocol, 2,2,5,7,8-pentamethylchroman-6-ol (PMC), and trolox C

(Figure 29.2) against linoleic acid hydroperoxide-induced toxicity to cultured human umbil-

ical vein cells. Preincubation of cells with antioxidants resulted in efficient protection by

a-tocopherol and PMC but not with tocol and Trolox C. Although the loss of three methyl

substituents in tocol may affect the reactivity of the phenolic hydroxyl in this compound, free

radical scavenging activity of water-soluble Trolox C should be equal to that of a-tocopherol.

Therefore, the inhibitory effects of phenolic compounds in cells depend not only on their

reactivity as free radical scavengers but also on their incorporation rate into cells.

The efficiency of vitamin E in the suppression of free radical-mediated damage induced by

iron overload has been studied in animals and humans. Galleano and Puntarulo [46] showed

that iron overload increased lipid and protein peroxidation in rat liver. Vitamin E supple-

mentation successfully suppressed these effects and led to an increase in a-tocopherol,

ubiquinone-9, and ubiquinone-10 contents in liver. Important results were obtained by

Roob et al. [47] who found that vitamin E supplementation attenuated lipid peroxidation

(measured as plasma MDA and plasma lipid peroxides) in patients on hemodialysis after

receiving iron hydroxide sucrose complex intravenously during hemodialysis session. These

findings support the proposal that iron overload enhances free radical-mediated damage in

humans.

29.1.3 EFFECTS OF VITAMIN E SUPPLEMENTATION IN AGING AND HEART DISEASES

Many studies are dedicated to the study of favorable effects of vitamin E on various

pathological disorders in humans and animals. As mentioned, the effects of vitamin E

supplementation during the treatment of various pathological processes are mostly consid-

ered in Chapter 29. In this chapter, I would like only to draw attention to some findings

describing the effects of vitamin E in aging and heart diseases because these data characterize

its in vivo antioxidant activity. Unfortunately, the data on the protective effects of vitamin E

in humans and animals remain highly controversial. For example, it was found that healthy,

very old people with the highest plasma vitamin E level have the lowest risk of cardiovascular

events [48]. On the other hand, no significant effects of vitamin E on lipid peroxidation in

healthy people measured via urinary 4-hydroxynonenal and isoprostane formation was found

[49].

Recently, it has been found that the content of vitamin E in the aorta of old rats is

extremely high (about 70 times greater) as compared with young animals [50]. An increase

in vitamin E was paralleled by an increase in superoxide production. The authors assumed

that vitamin E content increases with age in order to diminish oxidative damage to vascular

tissue. These findings also suggest that high levels of vitamin E can be accumulated from a

normal diet to suppress oxidative stress-associated vascular aging. Critical consideration of

the effects of vitamin E, vitamin C, and b-carotene on oxidative damage in humans is given by

McCall and Frei [51]. These authors concluded that there are scarce evidences of positive

effects of these antioxidants on lipid damage in both smokers and nonsmokers. However,

much more favorite conclusions were made by Pryor [52] based on clinical trials on the

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c029 Final Proof page 840 2.2.2005 5:56pm

© 2005 by Taylor & Francis Group.



supplementation of vitamin E to patients with heart disease. He pointed out that there is

‘‘little doubt that vitamin E provides significant protection both to those (patients) without

diagnosed heart conditions and to those with proven heart disease.’’ Furthermore, it was

concluded that the supplemental level of vitamin E from 100 to 800 IU a day is safe. It must

be also noted that surprisingly good results have been obtained in Cambridge Heart Anti-

oxidant Study (CHAOS) [6], where it was found that high doses (400–800 IU/day) of vitamin

E produced a 77% reduction in the occurrence of myocardial infraction and a 50% reduction

in all cardiovascular events.

29.1.4 SYNTHETIC ANALOGS OF VITAMIN E

For a long time attempts have been made to develop synthetic analogs of vitamin E with

improved antioxidant activities or different physicochemical properties. The most known

synthetic analog of a-tocopherol is probably Trolox (Trolox C, Figure 29.2), which was

synthesized with the purpose to have a water-soluble antioxidant with the properties of

vitamin E. Some findings obtained with the use of Trolox are cited above. Recently, the

novel analog of vitamin E has been synthesized, which contains two active parts: the

a-tocopheryl moiety and the NO synthase inhibitor pharmacophore [53] (Figure 29.3). This

compound turns out to be a very efficient antioxidant (with I50 value equal to 0.29 mmol l�1

for the inhibition of iron-initiated lipid peroxidation of rat brain homogenate) and a neuro-

protective agent.

a-Tocopherol may exhibit physiological functions distinct from its antioxidant effects,

and acts as a signaling molecule in vascular smooth muscle cells (5,6), suppressing cell–cell

adhesion [54], inactivating protein kinase c [55], etc., but similar topics are naturally out of the

scope of this book.

29.2 VITAMIN C

29.2.1 ANTIOXIDANT AND PROOXIDANT ACTIVITY OF VITAMIN C

Vitamin C (ascorbic acid) is probably the most known vitamin in the world. Its legendary

fame is based on the two events: its exceptionally important role in the treatment of scurvy

and Linus Pauling’s proposal to use the huge doses of ascorbic acid for the prevention of

common cold. The latter proposal, based obviously on the antioxidant properties of ascorbic

acid, generated numerous studies and was frequently disputed, but many people (me includ-

ing) successfully apply ascorbic acid for the treatment of starting stage of common cold.
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FIGURE 29.3 Analog of vitamin E-containing the a-tocopheryl moiety and the NO synthase inhibitor

pharmacophore.
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Ascorbic acid (which mostly present in biological systems as ascorbate anion (pKa¼ 4.25)

has a very active hydroxyl group and therefore, is a very efficient free radical scavenger

(Figure 29.4). On the other hand, ascorbic acid is the very reactive reductant easily reducing

ferric into ferrous ions, the catalysts of the Fenton reaction. Oxidation and reduction

reactions of ascorbic acid with numerous oxidants and reductants are widely studied [2]. It

is interesting that similar to a-tocopherol (see, above) ascorbic acid reacts with superoxide

very slowly (k¼ 0.32+0.08 l mol�1 s�1) and only by deprotonation [11] but relatively quickly

with perhydroxyl radical (k¼ 1.6�104 l mol�1 s�1) [56]. Thus, ascorbic acid may be an

antioxidant or a prooxidant depending on conditions. It is interesting that the efficacy of

ascorbic acid in the treatment of scurvy is due to its ‘‘prooxidant’’ properties because ascorbic

acid is needed to reduce the active center metal ions of hydroxylases and oxygenases involved

in the biosynthesis of procollagen, carnitine, and neurotransmitters. Depletion in ascorbic

acid decreases the activities of these enzymes and causes the development of scurvy [57].

In vitro antioxidant and prooxidant properties of ascorbic acid have been clearly demon-

strated. It is understandable that the competition between antioxidant and prooxidant

activities of ascorbic acid depends on the rates of Reactions (11) and (12).

AH2 þR
. ¼) AH

. þRH (11)

AH2 þ Fe3þ ¼) AH
. þ Fe2þ þHþ (12)

Therefore, the total effect of ascorbic acid will depend on many factors, first of all, its

concentration and the concentrations of iron ions. For example, ascorbic acid in low con-

centrations enhanced lipid peroxidation in rat lung microsomes but inhibited it at higher

(above 4mM) concentrations [58]. Similarly, ascorbic acid stimulated iron-dependent liposo-

mal lipid peroxidation at low ferrous ion concentrations and inhibited it at higher ferrous ion

concentrations [59]. Opposite effects of ascorbic acid on free radical generation are typical not

only for lipid peroxidation. For example, ascorbic acid induced sister-chromatid exchanges in

cultured mammalian cells [60] but inhibited oxygen radical-mediated mutagenic effect of

fibers and particles on human lymphocytes [61]. In vitro prooxidant effects of ascorbic acid

have also been shown in hydroperoxide-initiated lipid peroxidation in rat liver microsomes

[62] and human lung cells [63]. Recently, it has been shown [64] that ascorbate increased

‘‘free’’ iron content and in vitro lipid peroxidation in the serum from iron-loading guinea pig.

29.2.2 BIOLOGICAL ACTIVITY

There are contradictory data on the effects of dietary ascorbic acid on free radical-mediated

damage in animals. Barja et al. [65] found that the administration of 660 mg/kg vitamin C to

guinea pigs for 5 weeks significantly decreased the levels of protein carbonyls and lipid

peroxidation products. On the other hand, the administration of 500 mg/kg vitamin C to

Ascorbic acid Ascorbate free radical

O
O

HO OH

CH(OH)CH2OH
O

O

HO O.

CH(OH)CH2OH

FIGURE 29.4 Ascorbic acid and ascorbate free radical.
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rats for 4 days markedly induced hepatic cytochrome P-450-linked monooxygenases and

stimulated the formation of large amounts of superoxide [66]. Origins of antioxidant or

prooxidant activity of vitamin C in these animal experiments are still unknown.

Despite numerous examples of prooxidant effects of ascorbic acid under the in vitro condi-

tions, there are still no irrefutable evidences of its prooxidant activity in humans. It might be

expected that the most pronounced prooxidant effect of ascorbic acid will be observed under

iron-overloading conditions. Thus, it has been proposed that ascorbate supplementation can be

harmful for persons with plasma containing ‘‘free’’ iron (nontransferrin-bound bleomycin-

chelatable iron). This form of iron was detected in patients with iron overload such as hemo-

chromatosis [67] or rheumatoid arthritis patients [68]. However, recent study [69] has shown

that despite the high levels of ascorbic acid and ‘‘free’’ iron in the plasma of preterm infants,

there was no difference in the lipid peroxidation end products such as F2-isoprostanes in the

plasma of those infants and infants without iron overload. This work and other studies [8]

showed that even under iron-overloading conditions ascorbic acid mainly exhibits antioxidant

effect although in the pathologies associated with iron overload, for example in thalassemia,

ascorbic acid supplementation could be dangerous [70] (see Chapter 29).

Recently, Carr and Frei reviewed studies on the antioxidant and prooxidant effects of

ascorbic acid [8]. These authors pointed out that a ‘‘highly controversial’’ work by Podmore

and coworkers [71] who found that the prooxidant effect of ascorbic acid supplementation to

healthy volunteers is much questionable. These authors demonstrated that of the 44 in vivo

studies, 38 showed the antioxidant effect of ascorbic acid, 14 showed no change, and only six

showed the enhancement of oxidative damage after ascorbate supplementation. It was

concluded that ascorbic acid is an antioxidant in biological fluids, animals, and humans,

both with and without iron supplementation.

Ellis et al. [72] recently studied the effects of short- and long-term vitamin C therapy in the

patients with chronic heart failure (CHF). It was found that oxygen radical production and

TBAR product formation were higher in patients with CHF than in control subjects. Both

short-term (intravenous) and long-term (oral) vitamin C therapy exhibited favorable effects

on the parameters of oxidative stress in patients: the treatments decreased oxygen radical

formation and the level of lipid peroxidation and improved flow-mediated dilation in brachial

artery. However, there was no correlation between changes in endothelial function and

oxidative stress.

29.2.3 INTERACTION BETWEEN VITAMINS E AND C

For a long time a great interest has been drawn to the study of in vitro (and later in vivo)

interaction between lipid-soluble vitamin E and water-soluble vitamin C. As far back as 1941,

Columbic and Mattill [73] showed that ascorbic acid enhanced antioxidant effects of tocoph-

erols in lard and cottonseed oil. Later on, Tappel [74] suggested that the a-tocopheroxyl

radical may react with ascorbate to regenerate vitamin E in biological systems. Eleven years

later, Packer et al. [75] measured the rate constant for Reaction (13), which turns out to be

high enough (1.55� 106 l mol�1 s�1).

a-Toc
. þAsc ¼) a-TocþAsc

.
(13)

Thus, vitamin C is able to replenish vitamin E, making the latter a much more efficient free

radical inhibitor in lipid membranes. In addition, it has been suggested [9] that ascorbic acid

can directly interact with the plasma membrane giving electrons to a trans-plasma membrane

oxidoreductase activity. This ascorbate reducing capacity is apparently transmitted into and

across the plasma membrane.
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The interaction of vitamin C with vitamin E has been studied in numerous publications

[12]. Leung et al. [76] found that the total inhibitory effect of relatively small concentrations of

both vitamins on iron-initiated peroxidation of phospholipid liposomes was generally equal

to the sum of their individual effects. However, the synergistic effect was observed at vitamin

higher concentrations. Niki et al. [77] studied the reaction of a-tocopheroxyl radical with

ascorbic acid and glutathione by ESR spectroscopy. Scarpa et al. [16] showed that the

antioxidant effect of a-tocopherol on peroxidation of soybean phosphatidylcholine liposomes

was maintained as long as ascorbate acid was present. The rate constant for Reaction (13) in

this heterogeneous system was found to be equal to 5�105 l mol�1 s�1. Negre-Salvayre et al.

[78] showed that the triple combination of a-tocopherol, ascorbic acid, and bioflavonoid

rutin is most effective in the suppression of superoxide formation and lipid peroxidation.

Inhibitory effects of ascorbic acid on the peroxidation of dilinoleoylphosphatidylcholine

lamellar liposomes initiated by azobis(2,4-dimethylvaleronitrile) were studied in combination

with a-tocopherol and trolox [79]. Ascorbate was an effective inhibitor of peroxidation in

aqueous phase but a very poor one in lipid phase. At the same time, ascorbate was an

excellent synergist with a-tocopherol and trolox. Synergistic effect of ascorbic acid and

a-tocopherol has also been shown in human blood plasma [80,81]. It should be mentioned

that the enzymatic mechanisms of recycling of ascorbic acid may also take place in living

systems. For example, the NADH-dependent reductase of ascorbate free radical is able to

recycle ascorbic acid at the inner face of the plasma membrane [82].

In the recent review Carr et al. [54] considered potential antiatherogenic mechanisms of

a-tocopherol and ascorbic acid. These authors concluded that these antioxidants are able to

inhibit LDL oxidation, leukocyte adhesion to the endothelium, and vascular endothelial

dysfunction. They also believe that ascorbic acid is more effective than a-tocopherol in the

inhibition of these pathophysiological processes due to its capacity of reacting with a wide

spectrum of oxygen and nitrogen free radicals and its ability to regenerate a-tocopherol.

Both vitamin E and vitamin C are able to react with peroxynitrite and suppress its toxic

effects in biological systems. For example, it has been shown [83] that peroxynitrite efficiently

oxidized both mitochondrial and synaptosomal a-tocopherol. Ascorbate protected against

peroxynitrite-induced oxidation reactions by the interaction with free radicals formed in these

reactions [84].

29.3 FLAVONOIDS

Flavonoids are a group of naturally occurring, low molecular weight polyphenols of plant

origin, which are derivatives of benzo-g-pyrone. These compounds are present in fruits and

vegetables regularly consumed by humans. The main sources of flavonoids are apples, onions,

berries, tea, beer, and wine. Most of these compounds belong to four main groups: flavones

(I), flavonols (II), flavanone (III), and flavanols (IV) (Figure 29.5). Members of these groups

differ by the number and the positions of hydroxyl substituents in rings A and B. However,

there are flavonoids, which do not belong to these groups but are of biological and pharma-

cological importance, for example, catechin, (þ)-cianidanol, and others.

Huge literature on biological functions of flavonoids and their antioxidant and free

radical scavenging activities successfully competes with work on antioxidant effects of vit-

amins E and C. Flavonoids have been reported to exert multiple biological effects and exhibit

antiinflammatory, antiallergic, antiviral, and anticancer activities [85–89]. However, consid-

ering flavonoids as the inhibitors of free radical-mediated processes, two types of their

reactions should be discussed: flavonoids as free radical scavengers (antioxidants) and flavo-

noids as metal chelators.
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29.3.1 FREE RADICAL SCAVENGING ACTIVITY

Antioxidant activity of flavonoids has already been shown about 40 years ago [90,91]. (Early

data on antioxidant flavonoid activity are cited in Ref. [92].) Flavonoids are polyphenols, and

therefore, their antioxidant activity depends on the reactivity of hydroxyl substituents in

hydrogen atom abstraction reactions. As in the case of vitamins E and C, the most studied

(and most important) reactions are the reactions with peroxyl radicals [14], hydroxyl radicals

[15], and superoxide [16].

ROO
. þ FlOH ¼) ROOH þ FlO

.
(14)

HO
. þ FlOH ¼) H2Oþ FlO

.
(15)

(The values of rate constants for these reactions are cited in Tables 29.1–29.3.) (As expected,

hydroxyl radicals react with flavonoids with a diffusion-controlled reaction rate about 109

l mol�1 s�1, while the rate constants for significantly less reactive peroxyl radicals are usually

of (0.1–1)�107 l mol�1 s�1. As seen from Table 29.3, flavonoids react with superoxide with

the rate constants of (0.1–5)�104 l mol�1 s�1. This reaction is of great importance because the

capacity of flavonoids to scavenge superoxide makes these compounds useful pharmaceutical

agents for the treatment of the diseases associated with free radical overproduction. However,

superoxide cannot abstract a hydrogen atom even from the most active bisallylic methylene

groups. Therefore, the most probable mechanism of this reaction is a concerted abstraction of

a proton and a hydrogen atom by superoxide from o-hydroxyls of the flavonoid molecule

(Reaction (16), Figure 29.6) [93].

As mentioned above, in contrast to classic antioxidant vitamins E and C, flavonoids are

able to inhibit free radical formation as free radical scavengers and the chelators of transition

metals. As far as chelators are concerned their inhibitory activity is a consequence of the

formation of transition metal complexes incapable of catalyzing the formation of hydroxyl

radicals by the Fenton reaction. In addition, as shown below, some of these complexes, for

example, iron– and copper–rutin complexes, may acquire additional antioxidant activity.

I.  Flavones II. Flavonols III.  Flavanones

IV.  Flavanols Catechin (+)-Cyanidanol

A

O

O

C

B
O

O

O

O

OH

O

O

OH

OH

OH

HO

OH

O

OH

HO

OH

O

OH

OH

OH

FIGURE 29.5 Major classes of flavonoids.
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The ability of flavonoids (quercetin and rutin) to react with superoxide has been shown in

both aqueous and aprotic media [59,94]. Then, the inhibitory activity of flavonoids in various

enzymatic and nonenzymatic superoxide-producing systems has been studied. It was found

that flavonoids may inhibit superoxide production by xanthine oxidase by both the scaven-

ging of superoxide and the inhibition of enzyme activity, with the ratio of these two mech-

anisms depending on the structures of flavonoids (Table 29.4). As seen from Table 29.4, the

data obtained by different authors may significantly differ. For example, in recent work [107]

it was found that rutin was ineffective in the inhibition of xanthine oxidase that contradicts

the previous results [108,109]. The origins of such big differences are unknown.

In addition to xanthine oxidase, flavonoids are able to inhibit the activity of a wide

range of enzymes. These inhibitory effects of flavonoids may depend both on their free

radical scavenging and chelating properties. Thus, it has been shown that flavonoids inhibit

TABLE 29.1
Rate Constants for Reaction of Peroxyl Radical ROO.

with Flavonoids and Related Compounds (Kinetic

Chemiluminescence Experiments) [102]

Compound k15 3 107 (l mol21 s21)

Quercetin 2.1

Dihydroquercetin 1.9

Luteolin 2.2

Catechin 0.66

Fisetin 1.2

Naringenin 0.00034

Kaempferol 0.1

Caffeic acid 1.5

3,5-ditert-butylcatechol 1.9

Nordihydroguaiaretic acid 1.0

TABLE 29.2
Rate Constants for the Reaction of Hydroxyl Radical with Flavonoids

and Related Compounds (Pulse-Radiolytic Experiments)

Compound k14 3 109 l mol21 s21 Ref.

Baicalin 77 [103]a

(þ)-Catechin 2.2 [104]

(�)-Epicatechin 1.0 [104]

Pycnogenol 1.8 [104]

(�)-Epigallocatechin 4.7 [104]

(�)-Epicatechin gallate 5.8 [104]

(�)-Epigallocatechin gallate 7.1 [104]

Propylgallate 3.1 [104]

b-Glucogallin 4.4–16 [104]

Pentagalloyl glucose 37–71 [104]

aCompetition experiments with DMPO.
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cyclooxygenase [95], lipoxygenase [96,97], microsomal monooxygenase [98], and glutathione

S-transferase [99]. Beyeler et al. [98] proposed that the inhibition by flavonones and (þ)-

cyanidanol of microsomal monooxygenase activity was a consequence of the formation of a

complex with cytochrome P450 via ligand binding. Hodnick et al. [100] showed that many

flavonoids having a catechol moiety in the ring B inhibited mitochondrial succinoxidase and

HADN oxidase activities. It was suggested that the primary inhibition site was complex I

OH

OH

+   O2
•− +   H2O2 [16]

O

O

OH

O−

O•

O

O

OH

FIGURE 29.6 Mechanism of reaction of superoxide with flavonoids having two o-hydroxyl substituents.

TABLE 29.3
Rate Constants for Reaction of Superoxide with Flavonoids

and Related Compounds (Pulse-Radiolysis Experiments)

Compound k163104 (l mol21 s21) Ref.

Quercetin 4.7 [105]

17 [106]

Rutin 5.1 [105]

5.0 [106]

Hesperetin 0.59 [105]

Hesperidin 2.8 [105]

Kaempferol 0.24 [105]

Galangin 0.088 [105]

Fisetin 1.3 [105]

Catechin 1.8 [105]

(þ)-Catechin 6.4 [104]

(�)-Epicatechin 6.8 [104]

Pycnogenol 43 [104]

(�)-Epigallocatechin 41 [104]

(�)-Epicatechin gallate 43 [104]

(�)-Epigallocatechin gallate 65 [104]

Propylgallate 26 [104]

b-Glucogallin 65 [104]

Pentagalloyl glucose 103 [104]

Biacalin 320 [103]a

Dihydroquercetin 15 [106]

aCompetition experiments with DMPO.
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TABLE 29.4
I50 Values (mmol l21) of Flavonoids for the Inhibition of Xanthine Oxidase and Scavenging

Superoxide Ion

No Flavonoid

I50 for Xanthine

Oxidase Inhibition

I50 for Superoxide

Scavenging Ref.

1 (+) Taxifolin >100 1.73+ 0.12 [108]

2 (þ)-Catechin >100 1.61+ 0.04; 46.0+ 5.0 [108,110]

3 (�)-Epicatechin >100 1.59+ 0.08; 11.8+ 1.0 [108,110]

4 (�)-Epigallocatechin >100 0.48+ 0.02 [108]

5 4’-hydroxyflavanone >30 >18 [108]

6 Naringenin >50 >50 [108]

7 7-hydroxyflavanone 38+ 7 >100 [108]

8 Chrysin 0.84+ 0.13 1.87+ 0.21 [108]

73.2+ 2.3 [110]

9 Apigenin 0.70+ 0.23 1.33+ 0.04 [108]

10 Luteolin 0.55+ 0.04 1.13+ 0.16 [108]

11 Baicalein 2.79+ 0.01 2.72+ 0.02 [108]

21.2+ 4.0 [110]

3.12 370.33 [111]

12 3-Hydroxyflavone >100 >100 [108]

>300 [110]

13 Galangin 1.80+ 0.07 6.74+ 0.32 [108]

151.8+ 41.9 [110]

14 Kaempferol 1.06+ 0.03 0.84+ 0.04 [108]

24.5+ 4.6 [110]

15 Quercetin 2.62+ 0.13 1.63+ 0.02 [108]

10.1+ 1.1

42.3+ 1.8a) [109]

12.5+ 0.9 b) [109]

51.8+ 2.8 [110]

16 Rutin 52.2+ 0.6 10.6+ 1.6 [108]

37.8+ 0.9

42.7+ 1.4a [109]

15.4+ 0.6b [109]

20.4+ 1.5 [110]

17 Fisetin 4.33+ 0.19 1.84+ 0.07 [108]

12.2+ 3.3 [110]

18 Morin 10.1+ 0.70 9.1+ 0.08 [108]

188.8+ 27.8 [110]

19 Myricetin 2.38+ 0.13 0.33+ 0.03 [108]

16.5+ 1.3

20.1+ 1.1a [109]

14.3+ 0.8b [109]

12.5+ 0.5 [110]

20 Baicalin 215.19 224.12 [111]

21 Wogonin 157.38 300.1 [111]

aMeasured on the basis of NBT reduction by xanthine oxidase.
bGeneration of superoxide by the NADHþphenazine methosulfate system was measured on the basis of NBT

reduction.
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(NADH–ubiquinone reductase) and the second one was complex II (succinate–ubiquinone

reductase). Chiesi and Schwaller [101] found that quercetin and tannin inhibited neuronal

constitutive endothelial NO synthase.

It should be noted that the number and positions of hydroxyl groups and the size of

conjugated system are the important factors of flavonoid antioxidant and prooxidant activity.

While hydroxyl radicals react with flavonoids indiscriminately, the most reactive compounds,

capable of reacting with peroxyl and especially superoxide, are having two o-hydroxyl groups

in the B-ring. (For superoxide it supports the proposal for a concerted mechanism.) On the

other hand, the occurrence of three hydroxyl groups in B-ring leads to prooxidant activity in

some flavonoids.

Can flavonoids react with nitric oxide, another physiological free radical? This is an

important question due to the participation of NO in many pathophysiological processes. It

has been suggested that nitric oxide reacts with phenols including a-tocopherol by abstracting

hydrogen atom and producing phenoxyl radicals [112]. Acker et al. [113] studied the reaction

of NO (gas) with several flavonoids including rutin, for which the rate constant was about

10 l mol�1 s�1. The mechanism of this reaction is unknown. Kim et al. [114] investigated the

effects of flavonoids on NO production by LPS-stimulated macrophages. They have found

that flavonoids apigenin, luteolin, tectorigenin, and quercetin inhibited nitric oxide produc-

tion by these cells, but the most probable mechanism of flavonoid activity is the suppression

of induced NO synthase and not the interaction with NO. Flavonoids catechin, epicatechin,

and taxifolin also inhibited NO production by interferon-g-stimulated macrophages [115]. In

this work it has been suggested that the inhibitory effects of flavonoids might be mediated by

the combination of NO scavenging and the inhibition of induced NO synthase activity or

iNOS mPNA expression.

29.3.2 PROTECTION AGAINST FREE RADICAL-MEDIATED DAMAGE

The ability of flavonoids to scavenge superoxide is one of major mechanisms of their

protective activity against cellular free radical-mediated damage. As far back as 1980, Berton

et al. [116] found that quercetin suppressed the concanavalin A-induced activation of PMNs.

Later on, the suppression of cellular damage by flavonoids has been studied in numerous

papers. Thus it has been shown that quercetin, kaempferol, catechin, and taxifolin reduced

cytotoxicity of superoxide and hydrogen peroxide in Chinese hamster lung fibroblast V79

cells [117]. Quercetin, luteolin, and 5,7,3’,4’-tetrahydroxy-3-methoxy flavone suppressed

fMLP- and PMA-stimulated superoxide production by human neutrophils [118]. Ishige

et al. [119] studied the effects of flavonoids on neuronal cells in model system (the mouse

hippocampal cell line HT-22), in which exogenous glutamate was applied to inhibit cystine

uptake and deplete intracellular glutathione that stimulated oxygen radical production and

ultimately caused neuronal death. It was found that glutamate toxicity was suppressed only

by flavonoids with the hydroxylated C-3 carbon atom and unsaturated C-ring.

Dietary flavonoids epicatechin and kaempferol protected neurons against the oxidized

LDL-induced apoptosis involved c-Jun N-terminal kinase (JNK), c-Jun, and captase-3 [120].

Flavonoid silibinin (used for the treatment of liver disease) was an effective scavenger of

hypochlorite (I50¼ 7 mmol l�1) but not superoxide (I50> 200 mmol l�1) [121]. Apparently

through scavenging HOCl, silibinin inhibited the formation of leukotrienes LTB4 and

LTC4/D4/F4 produced by human granulocytes (which are especially important in inflamma-

tory reactions), PGE2 formation by human monocytes, TXB2 formation by human platelets,

and 6-K-PGf1-a formation by human endothelial cells. It has been concluded that inflam-

mation in humans can be suppressed by the administration of usual clinical doses of silibinin.
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Flavonoid baicalein, which is believed to be one of the most important components of

Japanese Kampo (traditional herbal) medicine, was found to be an effective scavenger of

superoxide and hydroxyl radicals and the inhibitor of iron-induced in vivo lipid peroxidation

in gerbils [122].

The effects of flavonoids on in vitro and in vivo lipid peroxidation have been thoroughly

studied [123]. Torel et al. [124] found that the inhibitory effects of flavonoids on autoxidation

of linoleic acid increased in the order fustin < catechin < quercetin < rutin¼ luteolin <

kaempferol < morin. Robak and Gryglewski [109] determined I50 values for the inhibition

of ascorbate-stimulated lipid peroxidation of boiled rat liver microsomes. All the flavonoids

studied were very effective inhibitors of lipid peroxidation in model system, with I50 values

changing from 1.4 mmol l�1 for myricetin to 71.9 mmol l�1 for rutin. However, as seen below,

these I50 values differed significantly from those determined in other in vitro systems. Terao

et al. [125] described the protective effect of epicatechin, epicatechin gallate, and quercetin on

lipid peroxidation of phospholipid bilayers.

Numerous studies were dedicated to the effects of flavonoids on microsomal and mito-

chondrial lipid peroxidation. Kaempferol, quercetin, 7,8-dihydroxyflavone and D-catechin

inhibited lipid peroxidation of light mitochondrial fraction from the rat liver initiated by the

xanthine oxidase system [126]. Catechin, rutin, and naringin inhibited microsomal lipid

peroxidation, xanthine oxidase activity, and DNA cleavage [127]. Myricetin inhibited ferric

nitrilotriacetate-induced DNA oxidation and lipid peroxidation in primary rat hepatocyte

cultures and activated DNA repair process [128].

29.3.3 COMPARISON OF FREE RADICAL SCAVENGING AND CHELATING ACTIVITIES

Free radical scavenging and chelating activities of quercetin and rutin have been studied [59],

comparing the effects of these flavonoids on liposomal and microsomal lipid peroxidation with

that of classic antioxidant 3,5-di-tert-butyl-4-hydroxytoluene (BHT), which has no chelating

activity. Both flavonoids inhibited lipid peroxidation of lecithin liposomes and NADPH- and

carbon tetrachloride-dependent peroxidation of rat liver microsomes. However, the efficiency

of flavonoids (especially rutin) was much higher in NADPH-stimulate than in carbon tetra-

chloride-stimulated peroxidation, in contrast to the absence of any difference in the inhibitory

effects of BHT (Table 29.5). It is known that microsomal NADPH-dependent lipid peroxida-

tion is catalyzed by NADPH cytochrome P-450 reductase in the presence iron ions. On the

other hand, carbon tetrachloride is oxidized to the CCl3
. radical by cytochrome P-450 in the

absence of iron ions. Therefore, the findings cited in Table 29.5 suggest that rutin and quercetin

inhibit the CCl4-dependent microsomal lipid peroxidation by scavenging mechanism and

NADPH-dependent peroxidation by chelating mechanism.

TABLE 29.5
I50 Values (mmol l21) of Flavonoids and BHT for the Inhibition of NADPH-

Dependent- (I) and CCl4-Dependent (II) Microsomal Lipid Peroxidation

I50 for (I) I50 for (II)

Quercetin 4.5 6.0

Rutin 16 116

BHT 1.25 1.3

Adapted from: IB Afanas’ev, AI Dorozhko, AV Brodskii, VA Kostyuk, AI Potapovitch.

Biochem Pharmacol 38: 1763–1769, 1989.
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Kozlov et al. [129] studied the mechanism of inhibitory action of several chelators

including rutin, EDTA, phenanthrolone, and ADP on lipid peroxidation in rat brain hom-

ogenates. It was found that the inhibitory effects of these compounds well correlated with the

rates of ferrous ion oxidation in solution and brain homogenates. These findings confirm the

proposal that rutin inhibits iron-dependent lipid peroxidation by chelating mechanism form-

ing Fe2þ–rutin complex and oxidizing an active ferrous ion into inactive ferric ion inside the

complex. Chelating mechanism of the inhibitory activity of flavonoids was also suggested in

the experiments with iron-loaded rat hepatocytes [130]. The ability of three flavonoids

catechin, quercetin, and diosmetin to remove iron from iron-loaded hepatocytes correlated

well with the inhibition of lipid peroxidation and intracellular enzyme release from hepato-

cytes. In the subsequent work [131] these authors showed that flavonoid myricetin inhibited

lipid peroxidation in iron-treated rat hepatocytes forming, as an intermediate, relatively

stable phenoxyl radical.

Ex vivo study of iron-overloaded rats [132] confirmed the suppression of iron-stimulated

lipid peroxidation with rutin. Iron-overloaded rats were administrated interperitoneal injec-

tions of rutin solution during 10 days, and the levels of nonheme iron and MDA in liver

microsomes were determined (Table 29.6). There are two interesting findings in these experi-

ments. The first one is that rutin does not affect lipid peroxidation in normal animals (control

group) but sharply diminished the MDA content in IOL rats. The second one is that despite

the inhibition of lipid peroxidation in IOL rats, rutin did not change the level of nonheme

iron. Thus, in these ex vivo animal experiments rutin inhibited lipid peroxidation mainly by

chelating mechanism forming the inactive iron–rutin complexes and not by removing active

iron from rats. It should be noted that Acker et al. [133] was unable to find difference in the

inhibitory effects of flavonoids on iron-dependent and iron-independent lipid peroxidation.

The above findings are supported in the other studies of the inhibitory effects of flavo-

noids on iron-stimulated lipid peroxidation. Quercetin was found to be an inhibitor of iron-

stimulated hepatic microsomal lipid peroxidation (I50¼ 200 mmol l�1) [134]. Flavonoids

eriodictyol, luteolin, quercetin, and taxifolin inhibited ascorbate and ferrous ion-stimulated

MDA formation and oxidative stress (measured by fluorescence of 2’,7’-dichlorodihydro-

fluorescein) in cultured retinal cells [135]. It should be mentioned that in recent work Heijnen

et al. [136] revised the structure–activity relationship for the protective effects of flavonoids

against lipid peroxidation.

It must be noted that the inhibitory effects of flavonoids and other antioxidants in

nonhomogenous biological systems can depend not only on their reactivities in reactions

with free radicals (the chain-breaking activities) but also on the interaction with biomem-

branes. Thus, Saija et al. [137] compared the antioxidant effects and the interaction with

biomembranes of four flavonoids quercetin, hesperetin, naringen, and rutin in iron-induced

TABLE 29.6
Effects of Rutin on the Nonheme Iron and MDA Levels in Liver

Microsomes of Iron Overloaded (IOL) Rats [132]

Groups of Rats Nonheme Iron (nmol mg protein21) MDA (nmol mg protein21)

Control group 18.4+ 5.1 3.0+ 0.9

Controlþ rutin 19.6+ 4.0 4.3+ 2.7

IOL group 60.1+ 10.4 4.9+ 0.1

IOLþ rutin 67.0+ 1.5 1.2+ 0.3
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linoleate peroxidation and in the autoxidation of rat cerebral membranes [137]. These authors

found that quercetin showed the deepest interaction with biomembranes supposedly due to

planar conformation while rutin was unable to penetrate lipid membrane due to low liposo-

lubility (log k’¼�0.115). Owing to this, rutin exhibited decreased antioxidant activity in the

autoxidation of rat cerebral membranes (where free radicals were generated within mem-

branes) in comparison with the peroxidation of linoleate in solution. However, the findings

cited in Table 29.7 seem to contradict that conclusion because rutin remains a much more

effective antioxidant than lipid-soluble hesperetin and naringenin, and therefore, free radical

scavenging activity probably continues to be the most important factor of antioxidant activity

of flavonoids.

29.3.4 INHIBITION OF FREE RADICAL-MEDIATED DAMAGE IN CELLS

Several studies discuss the inhibitory effect of flavonoids on free radical formation in eryth-

rocytes. Maridonneau-Parini et al. [138] developed experimental model for free radical-

mediated damage in erythrocytes based on the incubation of cells with phenazine methosul-

fate (PMS, an intracellular generator of oxygen radicals) and diethyldithiocarbamate (DDC,

SOD inhibitor). In this system the enhanced free radical damage was characterized by an

increase in lipid peroxidation and passive potassium permeability. Although all the flavo-

noids studied decreased free radical damage in erythrocytes (measured via the reduction of

nitroblue tetrazolium (NBT)), with morin and rutin as the most efficient inhibitors, not all of

them suppressed the oxygen radical-stimulated potassium permeability. Furthermore, flavo-

noids affected differently membrane lipid peroxidation: for example, kaempferol inhibited

peroxidation, rutin had no effect, and myricetin exhibited prooxidant activity. (The activity of

myricetin is not surprising because, as mentioned above, flavonoids with three hydroxyl

groups in the B ring such as myricetin are easily oxidized to produce oxygen radicals.)

Quercetin and rutin suppressed photosensitized hemolysis of human erythrocytes with I50

values equal to 40 mmol l�1 and 150 mmol l�1, respectively [139]. Suppression of photohemo-

lysis was accompanied by inhibition of lipid peroxidation. Morin inhibited oxygen radical-

mediated damage induced by superoxide or peroxyl radicals to the human cells in the

cardiovascular system, erythrocytes, ventricular myocytes, and saphenous vein endothelial

cells [140]. Rutin protected against hemoglobin oxidation inside erythrocytes stimulated by

prooxidant primaquine [141].

It is known that the toxic effects of some solid particles and fibers (latex, zeolite, asbestos

fibers, etc.) depend on the stimulation of free radical production. Therefore, the inhibitory

effects of flavonoids on particle-mediated damaging processes might be expected. Thus, rutin

TABLE 29.7
I50 Values (mmol l21) of Flavonoids for Iron-Induced Linoleate Peroxidation (I)

and Autoxidation of Rat Cerebral Membranes (II) and Log Capacity factor log k ’

Flavonoids I50 for (I) I50 for (II) log k ’

Quercetin 28.61 3.09 0.510

Hesperetin 17.20 148.27 0.530

Naringenin 565 321.8 0.458

Rutin 6.77 27.50 �0.115

Adapted from: A Saija, M Scalese, M Lanza, D Marzullo, F Bonina, F Castelli. Free Radic Biol Med 19:

481–486, 1995.
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(and iron–rutin complex, see below) inhibited particle-induced free radical-mediated cellular

processes [142]. Korkina et al. [61] studied the effect of rutin on oxygen radical production by

peritoneal macrophages stimulated with asbestos chrysotile fibers and zeolite particles. Rutin

very efficiently inhibited luminol-amplified CL produced by these cells with I50 values equal

to about 0.5 mmol l�1 compared to ascorbic acid with I50 equal to about 50 mmol l�1. Rutin

also suppressed cytogenetic effects of latex and zeolite particles and chrysotile fibers on

cultured lymphocytes [61]. Rutin and quercetin inhibited superoxide production and free

radical-mediated processes such as the formation of TBAR products and LDL release

induced by asbestos-stimulated macrophages [143]. Later on, it has been suggested [106]

that rutin and quercetin protect erythrocytes from asbestos-dependent free radical-mediated

damage owing to their chelating properties, attaching to the asbestos surface on the sites

responsible for free radical generation. Dihydroquercetin was inactive in this process. Asbes-

tos-induced injury of peritoneal macrophages and erythrocytes was also effectively inhibited

by green tea extract and its major flavonoid components (�)-epicatechin gallate and

(�)-epigallocatechin gallate [144].

29.3.5 INHIBITION LDL OXIDATION AND ENZYMATIC LIPID PEROXIDATION

Flavonoids exhibit protective action against LDL oxidation. It has been shown [145] that the

pretreatment of macrophages and endothelial cells with tea flavonoids such as theaflavin

digallate diminished cell-mediated LDL oxidation probably due to the interaction with

superoxide and the chelation of iron ions. Quercetin and epicatechin inhibited LDL oxidation

catalyzed by mammalian 15-lipoxygenase, and are much more effective antioxidants than

ascorbic acid and a-tocopherol [146]. Luteolin, rutin, quercetin, and catechin suppressed

copper-stimulated LDL oxidation and protected endogenous urate from oxidative degrad-

ation [147]. Quercetin was also able to suppress peroxynitrite-induced oxidative modification

of LDL [148].

As already noted, the effects of flavonoids on enzymatic lipoxygenase- and cyclooxygen-

ase-catalyzed lipid peroxidation are quite complicated. Robak et al. [149] has shown that

many flavonoids stimulated cyclooxygenase, although some of them are the inhibitors of

soybean lipoxygenase. Ratty et al. [97] found that all flavonoids studied (quercetin, querce-

trin, rutin, myricetin, morin, and others) inhibited to some degree soybean lipoxygenase

activity. Quercetin was the most potent inhibitor of lipoxygenase activity in liposomal

suspension (about 42%) while other flavonoids inhibited the enzyme by about 14–23%.

29.3.6 OTHER EXAMPLES OF PROTECTIVE ACTIVITY OF FLAVONOIDS AGAINST FREE

RADICAL-MEDIATED DAMAGE IN BIOLOGICAL SYSTEMS

In addition to already considered inhibitory effects of flavonoids on free radical-mediated

damage in cell-free and cellular systems, flavonoids showed protective activity against many

other damaging processes in the biological systems under oxidative stress. Thus quercetin

administrated intraperitoneally to rats before irradiation with UVA light decreased MDA

level significantly and enhanced SOD and catalase activities in the liver [150]. Ginkgo biloba

extract containing 33% flavone glycosides, mostly quercetin and kaempferol derivatives,

significantly inhibited cutaneous blood flux (the indicator of skin inflammatory level) [151].

Another flavonoid, with good efficacy in the treatment against UV-radiation-induced oxida-

tive stress in the skin, is the green tea constituent (�)-epigallocatechin-3-gallate [152]. It was

found that the application of this flavonoid before UV exposure markedly decreased hydro-

gen peroxide and nitric oxide production in both epidermis and dermis. (�)-Epigallocatechin-

3-gallate pretreatment also suppressed UV-induced infiltration of inflammatory leukocytes
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into the skin, which are the major producers of oxygen radicals, and inhibited UV-induced

epidermal lipid peroxidation. Morin hydrate minimized free radical-mediated damage to

cardiovascular cells by anticancer drugs [153].

Feeding rabbits with the citrus flavonoid naringin, a potent cholesterol-lowering agent,

did not affect plasma and hepatic lipid peroxidation but significantly increased the level of

plasma vitamin E, enhanced SOD and catalase activities, and upregulated the gene expres-

sions of SOD, catalase, and GSH-peroxidase [154]. Pretreatment with quercetin reduced

MDA and nitric oxide levels in the brain of rats subjected to endotoxin-induced shock

[155]. Supplementation of a rat diet with 4(G)-a-glucopyranosylrutin (G-rutin) significantly

decreased urinary excretion of thymine glycol and thymidine glycol, the indices of DNA base

damage in the whole body, and the protein carbonyl contents, the characteristics of protein

oxidation [156].

The application of flavonoids for the treatment of various diseases associated with free

radical overproduction is considered in Chapter 29. However, it seems useful to discuss here

some studies describing the activity of flavonoids under certain pathophysiological condi-

tions. Oral pretreatment with rutin of rats, in which gastric lesions were induced by the

administration of 100% ethanol, resulted in the reduction of the area of gastric lesions [157].

Rutin was found to be an effective inhibitor of TBAR products in the gastric mucosa induced

by 50% ethanol [158]. Rutin and quercetin were active in the reduction of azoxymethanol-

induced colonic neoplasma and focal area of dysplasia in the mice [159]. Chemopreventive

effects of quercetin and rutin were also shown in normal and azoxymethane-treated mouse

colon [160]. Flavonoids exhibited radioprotective effect on g-ray irradiated mice [161], which

was correlated with their antioxidative activity. Dietary flavones and flavonols protected

against the toxicity of the environmental contaminant dioxin [162]. Rutin inhibited ovariec-

tomy-induced osteopenia in rats [163].

29.3.7 ANTIOXIDANT EFFECT OF METAL–FLAVONOID COMPLEXES

Although the above data show the efficiency of flavonoids as antioxidants, free radical

scavengers, and chelators in suppression of free radical-mediated damage in biological

systems, it is desirable to enhance their antioxidant potential without radical altering their

structures and losing nontoxic properties of natural products. We suggested that this can be

achieved by the use of transition metal–flavonoid complexes, in which the flavonoid molecule

acquires an additional superoxide-dismuting center without the formation of new covalent

bonds. It has been known for a long time that polyphenols form stable complexes with many

two- and three-valence metal ions (see, for example, Ref. [164]). Although the structure of

metal–flavonoid complexes is not well determined, it is usually accepted that they have the 2:1

or even 3:1 flavonoid–metal ion stoichiometry; however, in real diluted biological solutions a

1:1 complex might be of importance.

In 1989, we showed [142] that the Fe2þ(rutin)2 complex is a more effective inhibitor than

rutin of asbestos-induced erythrocyte hemolysis and asbestos-stimulated oxygen radical

production by rat peritoneal macrophages. Later on, to evaluate the mechanisms of antioxi-

dant activities of iron–rutin and copper–rutin complexes, we compared the effects of these

complexes on iron-dependent liposomal and microsomal lipid peroxidation [165]. It was

found that the iron–rutin complex was by two to three times a more efficient inhibitor of

liposomal peroxidation than the copper–rutin complex, while the opposite tendency was

observed in NADPH-dependent microsomal peroxidation. On the other hand, the copper–

rutin complex was much more effective than the iron–rutin complex in the suppression of

microsomal superoxide production, indicating that the copper–rutin complex indeed acquired

additional SOD-dismuting activity because superoxide is an initiator of NADPH-dependent
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microsomal lipid peroxidation (Chapter 23). The participation of superoxide in liposomal

peroxidation where there are no superoxide producers is virtually impossible; as a result, the

iron–rutin complex exhibited a higher scavenging activity in this peroxidative process than its

copper analog.

Superoxide-dismuting activity of copper–rutin complex was confirmed by comparison of

the inhibitory effects of this complex and rutin on superoxide production by xanthine oxidase

and microsomes (measured via cytochrome c reduction and by lucigenin-amplified CL,

respectively) with their effects on microsomal lipid peroxidation [166]. An excellent correl-

ation between the inhibitory effects of both compounds on superoxide production and the

formation of TBAR products was found, but at the same time the effect of copper–rutin

complex was five to nine times higher due to its additional superoxide dismuting capacity.

Enhanced antioxidant activity of metal–rutin complexes has been confirmed in subsequent

in vitro and ex vivo studies [167]. In accord with previous findings iron–rutin and copper–rutin

complexes were more effective inhibitors than rutin of superoxide production by xanthine

oxidase, microsomal lipid peroxidation, and lucigenin-amplified CL produced by microsomes

(Table 29.8). (Only exception was a weak effect of iron–rutin complex on microsomal perox-

idation probably due to partial dissociation of the complex.) Iron–rutin and copper–rutin

complexes also efficiently inhibited oxygen radical production by zymosan-stimulated rat

peritoneal macrophages in the presence and absence of prooxidant antibiotic bleomycin,

where the copper–rutin complex was always the most effective inhibitor. These in vitro data

were compared with the ex vivo findings obtained in the experiments with bleomycin-treated

rats. This anticancer antibiotic possesses strong inflammatory and fibrotic activity, which, at

least in part, is derived from the stimulation of free radical production. It was found that the

administration of copper–rutin complex to bleomycin-treated rats was the most effective in

the suppression of inflammatory and fibrotic processes, sharply increasing the macrophage–

neutrophil ratio, decreasing the wet ling weight, lowering the content of total protein, and

decreasing hydroxyproline concentration. Similar to copper–rutin complex, iron–rutin com-

plex was quite effective in suppression of lung edema [167]. Thus, both metal–rutin complexes

studied turn out to be the effective suppressors of free radical-mediated pathophysiological

processes that makes them promising potential pharmaceutical agents.

Iron-, copper-, and zinc complexes of rutin, dihydroquercetin, and green tea epicatechins

were found to be much more efficient inhibitors than parent flavonoids of toxic effects of

chrysotile asbestos fibers on peritoneal macrophages and erythrocytes [168]. It was proposed

that in this case the enhanced activity of metal–flavonoid complexes was increased by the

absorption on chrysotile fibers.

O’Brien and coworkers [169,170] found that iron complexes of flavonoids and catechols

were much more effective than the noncomplexed parent compounds at preventing the

TABLE 29.8
I50 Values (mmol l21) for Inhibitory Effects of Metal–Rutin

Complexes and Rutin on Cytochrome c Reduction by Xanthine

Oxidase (I), Iron-Catalyzed Microsomal Lipid Peroxidation (II),

and Lucigenin-Amplified Microsomal CL (III) [167]

(I) (II) (III)

Rutin 35+ 0.3 90+ 10 20+ 3

Fe(rut)Cl3 22+ 2 >500 23+ 3

Cu(rut)Cl2 2.5+ 0.2 10+ 3 3+ 1
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hypoxic injury of hepatocytes and suppressing hydrogen peroxide formation. These findings

were also explained by the complexation of the compounds studied with iron ions that

increased their SOD activity. These authors also suggested that both ferric–ferrous and

hydroquinone–semiquinone redox cycling may be involved in SOD activity of iron–catechol

complexes. In subsequent work [171] it has been shown that iron–catecholamine and iron–

catechol complexes are more effective superoxide scavengers than noncomplexed catechols

and catecholamines. Brown et al. [172] found that the flavonoids capable of complexing

copper ions (quercetin, rutin, and luteolin) manifested enhanced activity in the inhibition of

copper-induced LDL peroxidation. It was also found that the formed copper–flavonoid

complexes had no prooxidant activities.

29.3.8 COMMENTS ON PROOXIDANT ACTIVITY OF FLAVONOIDS

As discussed above, many flavonoids are effective inhibitors of free radical-mediated pro-

cesses due to their free radical scavenging and chelating properties. However, flavonoids are

not a homogenous group of compounds with similar chemical properties, and as a result,

some of them are able to exhibit prooxidant activity by reducing dioxygen to superoxide and

other oxygen radicals. For example, Laughton et al. [173] found that hydroxyl radicals were

formed during autoxidation of quercetin and myricetin. Canada et al. [174] confirmed the

formation of hydroxyl radicals by flavonoid oxidation using DMPO as a spin-trapping agent.

The competition between antioxidant and prooxidant activity of flavonoids depends

firstly on their chemical structure. If we suppose that the oxidation of flavonoids (Reaction

(17)) takes place by one-electron transfer mechanism, then it must depend on the capacity of

flavonoids to donate an electron, i.e., on their one-electron oxidation potentials.

FlOH þO2 ¼) FlO
. þO2

.� þHþ (17)

Bors et al. [175] determined the rate constants and equilibrium constants for the reactions of

flavonoids with ascorbate (Reaction (18)) by a pulse-radiolysis method and on their basis

calculated the one-electron oxidation potentials of flavonoids (Table 29.9).

FlO� þAH
. () FlO

. þAH� (18)

It is interesting that only dihydroquercetin has the redox potential much lower than that of

ascorbate (282 mV) and kaempferol, luteolin, and fisetin have the values close to ascorbate.

TABLE 29.9
Rate Constants (l mol21 s21) and Equilibrium Constants for the Reactions of Flavonoids

with Ascorbate and One-Electron Oxidation Potentials (mV) of Flavonoids

Flavonoid k18 (3105) k218 (3105) Keq 5 k18/k218 E1
o (V)

Dihydroquercetin 120+ 25 1.60+ 0.40 74.4 83

Kaempferol 28.0+ 14.0 52.0+ 7.0 0.54 209

Luteolin 1.55+ 0.35 99.0+ 17.0 0.016 299

Fisetin 0.385+ 0.045 0.865+ 0.180 0.44 214

Quercetin 0.016+ 0.003 47.5+ 10.5 0.00033 398

Rutin 0.52+ 0.015 12.5+ 0.5 0.041 275

Adapted from: W Bors, C Michel, S Schikova. Free Radic Biol Med 19: 45–52, 1995.
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Therefore, depending on their structures, flavonoids may reduce the ascorbate radical or

oxidize ascorbate, exhibiting antioxidant or prooxidant properties in the systems containing

flavonoids and ascorbate together.

Although no good quantitative correlation between redox potentials of flavonoids and

their prooxidant activities still was not documented, a relationship between the prooxidant

toxicity of flavonoids to HL-60 cells and redox potentials apparently takes place [176].

However, there is a simple characteristic of possible prooxidant activity of flavonoids,

which increases with an increase in reactive hydroxyl groups in the B ring. From this point

of view, the prooxidant activity of flavonoids should increase in the range: kaempferol

< quercetin < myricetin (Figure 29.7). Thus, for many flavonoids the ratio of their antioxidant

and prooxidant activities must depend on the competition between Reactions (14) and (15)

and Reaction (17).

Possible prooxidant effect of catechins from green tea, (�)-epicatechin, (�)-epicatechin

gallate, (�)-epigallocatechin, and (�)-epigallocatechin gallate may originate from their aut-

oxidation, which is accompanied by the formation of superoxide and semiquinone free

radicals [177]. Autoxidation of catechins was accelerated by cupric ions. Some studies suggest

that transition metal ions are catalysts of flavonoid oxidation, but this process again strongly

depends on the flavonoid structure. For example, flavonols myricetin, quercetin, fisetin, and

kaempferol inhibit metal-induced lipid peroxidation, while flavones luteolin, apigenin, and

chrysin were antioxidative at low iron concentrations but prooxidative at high iron concen-

trations [178]. Some other flavonoids such as naringenin also enhanced iron-dependent lipid

peroxidation [179]. It is also possible that antioxidant and prooxidant effects of flavonoids

depend on the nature of metal–flavonoid complexes. As shown above, ‘‘tight’’ iron– and

copper–rutin complexes behave themselves as even more effective antioxidants than parent

flavonoids. However, when metal–flavonoid complexes not so tightly bound, the flavonoid

molecule is easily oxidized inside of the complex.

Another mode of prooxidant activity of flavonoids was recently observed by Galati et al.

[180]. These authors have shown that flavone apigenin and flavanones naringin and narin-

genin are responsible for the extensive glutathione oxidation in the presence of peroxidase. It

was proposed that the phenoxyl radicals formed during the oxidation of flavonoids react with

GSH, producing superoxide and oxidized glutathione as final products:

FlO
. þGSH ¼) FlOH þGS

.
(19)

GS
. þGS� ¼) GSSG

.� (20)

GSSG
.� þO2 ¼) GSSGþO2

.� (21)

Cytotoxic prooxidant effects of flavonoids can also be a consequence of their enzymatic

oxidation. For example, it was found that quercetin was oxidized by lactate peroxide to form

semiquinone and quinone [181].

29.4 PHENOLIC COMPOUNDS OTHER THAN FLAVONOIDS

There are numerous other polyphenolic compounds possessing in vitro and in vivo antioxi-

dative activity. Several examples of these compounds are cited below. One of nonflavonoid

polyphenols of particular interest is resveratrol (3,5,4’-trihydroxy-trans-stilbene, Figure 29.8),

which has been identified as a potential cancer chemopreventive agent and an antimutagen

[182]. It has been found that resveratrol is the efficient inhibitor of cyclooxygenase and the

inhibitor of free radical-mediated cellular processes. For example, resveratrol is a better free

radical scavenger than a-tocopherol or ascorbic acid but has nearly the same activity as
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flavonoids epicatechin and quercetin [183]. In 1993, Frankel et al. [184] showed that resver-

atrol is able to inhibit copper-initiated LDL oxidation. Fremont et al. [185] found that

resveratrol is even a more effective inhibitor of copper-induced LDL oxidation compared

to flavonoids. Brito et al. [186] have shown that resveratrol inhibits peroxynitrite- and

ferrylmyoglobin-stimulated LDL oxidation. In the latter case the reduction of ferrylmyoglo-

bin into metmyoglobin was observed.

A comparison with its different derivatives shows that 4’-OH is not a sole reactive group

responsible for the antioxidant activity of resveratrol, while the trans-conformation is abso-

lutely necessary for the inhibition of cell proliferation [187]. However, similar to flavonoids

resveratrol may exhibit prooxidant properties, for example to promote DNA fragmentation,

although its prooxidant activity seems to be unimportant under physiological conditions [188].

There is the often-overlooked group of polyphenols containing the derivatives of hydro-

xycinnamic and hydroxybenzoic acids such as caffeic, chlorogenic, and gallic acids

(Figure 29.8), which occur in food and exhibit certain antioxidant activity. For example,

some caffeic acid esters isolated from propolis from honeybee hives showed antiinflammatory

Resveratrol Gallic acid

Carnosic acid Carnosol

MK-447 Probucol

HOOC

HO

HO

CH2NH2

CMe3

HO

I

Me3C CMe3

CMe3 CMe3HO OH
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OH

OH

O

FIGURE 29.8 Phenolic compounds other than flavonoids.
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activity. Wu et al. [189] showed that propyl gallate, traditionally used as a preservative in food

and fuel, is an effective hepatoprotector with antioxidative activity. Thus, propyl gallate

protected hepatocytes and hepatic vascular endothelial cells against superoxide produced

by xanthine oxidase or menadione and inhibited lipid peroxidation. Cos et al. [190] measured

the antioxidant activities of many phenolic acid derivatives. It has been found that gallic,

protocatechuic, caffeic, and chlorogenic acids are good inhibitors of microsomal lipid perox-

idation with I50 values of 1.5–11.5 mmol l�1. (Corresponding I50 values for quercetin and rutin

in their experiments were 0.95 and 26.5 mmol l�1.) These findings show that phenolic acids are

good competitors of traditional flavonoids as natural antioxidants.

It has been shown [191] that flavonolignans (the derivatives of flavonoids) inhibited

superoxide release by PMA-stimulated human leukocytes. Efficiency of flavonolignans such

as silybin, isosilybin, and silychristin was comparable with that of a-tocopherol. Major

polyphenolic components of rosemary extract carnosic acid and carnosol (Figure 29.8)

rapidly reacted with trichloroperoxyl and hydroxyl radicals and inhibited liposomal and

microsomal lipid peroxidation [192]. However, similar to some flavonoids these compounds

exhibited prooxidant effect enhancing bleomycin-stimulated DNA damage. Gossypol, an-

other polyphenolic plant pigment and male contraceptive efficiently inhibited myocardial

phospholipid peroxidation at low concentrations [193].

Among many synthetic phenols with antioxidative activity, two compounds, namely, the

nonsteroidal antiinflammatory drug 2-aminomethyl-4-tert-butyl-6-iodophenol (MK-447) and

probucol are of certain interest (Figure 29.8). Cheesman and Forni [194] have shown that

MK-447 inhibited rat liver microsomal lipid peroxidation, and therefore, its antiinflamma-

tory function may be a consequence of its free radical scavenging activity. Probucol, a

pharmacological agent now widely applied in heart therapy, has two phenolic hydroxyl

groups and therefore, should be an effective antioxidant. Indeed, probucol is the effective

inhibitor of LDL oxidation [195,196], although its inhibitory effect is independent of the

reactions with superoxide and peroxyl radicals [197]. Probucol exhibits synergistic effect in

combination with ascorbic acid (see below).

29.5 THIOLS

All reduced thiols contain very active SH groups and therefore, are potentially efficient

antioxidants. There are numerous endogenous and synthetic thiols, which have already

been studied and applied as antioxidative drugs and food supplements, but the most import-

ant antioxidant thiols are undoubtedly lipoic acid and glutathione.

29.5.1 LIPOIC ACID

Lipoic acid (the other names are a-lipoic acid or thioctic acid) (Figure 29.9) is a natural

compound, which presents in most kinds of cells. Lipoic acid (LA) is contained in many food

products, in particular in meat, but it is also synthesized in human organism from fatty acids.

Earlier, it has been shown that in humans lipoic acid functions as a component of the

pyruvate dehydrogenase complex. However, later on, attention has been drawn to the

possible antioxidant activity of the reduced form of lipoic acid, dihydrolipoic acid (DHLA)

(Figure 29.9).

Chemical, biological, and pharmacological properties of lipoic acid as well as its thera-

peutic effects in several diseases (diabetes mellitus, liver cirrhosis, polyneuritis, etc.) are

reviewed [198,199]. It is evident from the chemical structures of LA and DHLA that only

DHLA may be an efficient scavenger of all oxygen radicals, while LA should be active only in

the reactions with highly reactive hydroxyl radicals. On the other hand, DHLA must be easily
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oxidized especially in the presence of transition metal ions. Antioxidant and prooxidant

properties of LA and DHLA have been considered earlier [200].

In 1988 Bast and Haenen [201] reported that both LA and DHLA did not affect iron-

stimulated microsomal lipid peroxidation. However, Scholich et al. [202] found that DHLA

inhibited NADPH-stimulated microsomal lipid peroxidation in the presence of iron–ADP

complex. Inhibitory effect was observed only in the presence of a-tocopherol, suggesting that

some interaction takes place between these two antioxidants. Stimulatory and inhibitory

effects of DHLA have also been shown in other transition metal-stimulated lipid peroxidation

systems [203,204]. Later on, the ability of DHLA (but not LA) to react with water-soluble and

lipid-soluble peroxyl radicals has been proven [205]. But it is possible that the double

(stimulatory and inhibitory) effect of DHLA on lipid peroxidation originates from sub-

sequent reactions of the DHLA free radical, capable of participating in new initiating

processes.

Conflicting data were also received for the reactions of LA and DHLA with hydroxyl

radicals and superoxide. Suzuki et al. [206] found that both LA and DHLA inhibited the

formation of DMPO–OH adducts formed in the Fenton reaction. However, Scott et al. [207]

concluded that only LA is a powerful scavenger of hydroxyl radicals while DHLA accelerated

iron-catalyzed hydroxyl radical formation and lipid peroxidation.

Neither Suzuki et al. [206] nor Scott et al. [207] found any effect of LA on superoxide

production by xanthine oxidase. Scott et al. also concluded that DHLA is incapable of

reacting with superoxide. The last conclusion seems highly improbable. The ability of

superoxide to react with thiols with the rate constants equal to 105 to 106 l mol�1 s�1 has

been shown in chemical studies [208]. Dikalov et al. [209] estimated the rate constant for the

reaction of DHLA with superoxide as (4.8+2)�105 l mol�1 s�1 using the competition experi-

ments with spin trap DMPO, which is very close to the previous value of (7.3+0.24)�105

l mol�1 s�1 reported for this reaction [210]. Negative results obtained by Scott et al. [207] are

probably explained by the use of unreliable NBT assay for superoxide detection [211].

The recent work by Winterbourn and Metodiewa [211] demonstrated that the above

values for the rate constant of reaction of DHLA with superoxide might be overestimated.

These authors studied the reactions of superoxide with several thiols, glutathione, cysteine,

cysteamine, penicillamine, N-acetylcysteine, dithiothreitol, and captopril and found that

thiols reacted with superoxide by a chain mechanism with the regeneration of superoxide.

They suggested that the rate constants for the reactions of thiols with superoxide could not be

more than 103 l mol�1 s�1.

These findings may or may not be applied to DHLA. The chain mechanism of reaction of

thiols with superoxide suggests that the first step of this reaction is the oxidation of thiols:

O2
.� þGSH ¼) [GSO2H]

.� ¼) GSO
. þHO

.� (22)

DHLALA

SH SH

COOH

SS

COOH

γ-L-Glutamyl-L-cysteinyl-glycine
Glutathione (GSH)

HSCH2CH(NHAc)COOH
N-Acetylcysteine (NAC)

FIGURE 29.9 Major thiolic antioxidants.
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(Here, thiol is glutathione.) On subsequent steps O2
.� is regenerated by one-electron oxida-

tion of GSSG:

GSO
. þGS� ¼) GSO� þGS

.
(23)

GS
. þGS� ¼) GSSG

.� (20)

GSSG
.� þO2 ¼) GSSGþO2

.� (21)

Regeneration of superoxide during the oxidation of thiols hints at the possible prooxidant

effect of these antioxidants. This suggestion was recently confirmed by Mottley and Mason

[212] who have showed that superoxide was formed in the oxidation of DHLA by horseradish

peroxidase in the presence of phenol. However, DHLA is dithiolic compound and the other

mechanisms such as the concerted mechanism, which has been proposed earlier for flavonoids

may be realized (Figure 29.6).

LA and DHLA exhibited opposite effects on oxygen radical production by lipoxygenase,

NADPH oxidase, and phagocytes [200]. It is interesting that the activity of lipoic acid was, as

a rule, stimulatory in these oxygen radical-producing systems: LA stimulated SOD-inhibita-

ble lucigenin-amplified CL produced during the peroxidation of linolenic acid catalyzed by

soybean lipoxygenase and the cytochrome c reduction by leukocyte NADPH oxidase. Simi-

larly, LA stimulated spontaneous superoxide production by leukocytes and macrophages. In

contrast, LA inhibited oxygen radical production by latex- and PMA-stimulated leukocytes

and macrophages probably due its incapability to compete with these stimuli for the activa-

tion of phagocytic NADPH oxidase. On the contrary, DHLA was always inhibitory in cell-

free and cellular superoxide-generating systems due to direct scavenging of superoxide.

It should be mentioned that the inhibition of superoxide overproduction and lipid peroxi-

dation by lipoic acid has been recently shown in animal models of diabetes mellitus. The

administration of LA to streptozotocin-diabetic rats suppressed the formation of lipid per-

oxidation products [213]. In another study the supplementation of glucose-fed rats with lipoic

acid suppressed aorta superoxide overproduction as well as an increase in blood pressure and

insulin resistance [214].

Several studies suggest that LA and DHLA form complexes with metals (Mn2þ, Cu2þ,

Zn2þ, Cd2þ, and Fe2þ/Fe3þ) [215–218]. However, in detailed study of the interaction of LA

and DHLA with iron ions no formation of iron–LA complexes was found [217]. As vicinal

dithiol, DHLA must undoubtedly form metal complexes. However, the high prooxidant

activity of DHLA makes these complexes, especially with transition metals, highly unstable.

Indeed, it was found that the Fe2þ–DHLA complex is formed only under anerobic conditions

and it is rapidly converted into Fe3þ–DHLA complex, which in turn decomposed into Fe2þ

and LA [217]. Because of this, the Fe3þ/DHLA system may initiate the formation of hydroxyl

radicals in the presence of hydrogen peroxide through the Fenton reaction. Lodge et al. [218]

proposed that the formation of Cu2þ–DHLA complex suppressed LDL oxidation. However,

these authors also found that this complex is unstable and may be prooxidative due to the

intracomplex reduction of Cu2þ ion.

29.5.2 GLUTATHIONE

Another important thiolic antioxidant is glutathione. Glutathione is a tripeptide (g-L-

glutamyl-L-cysteinyl-glycine, GSH), which is the most abundant thiol presenting in mamma-

lian cells with concentrations of 1 to 10 mmol l�1. Glutathione is synthesized by two enzymes,

g-glutamylcysteine synthase and glutathione synthase. There are many functions of glu-

tathione in an organism such as the participation in metabolism, transport, catalysis,
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maintenance of thiol moieties of proteins, etc. As a redox-cycling compound, glutathione may

function in two ways: as a free radical scavenger and as an electron donor in the enzymatic

redox cycle of glutathione peroxidase and glutathione reductase catalyzing the reduction of

peroxides. (The last function of glutathione is considered in Chapter 30.)

Ascorbic acid and GSH are the most important in vivo water-soluble antioxidants, which

may manifest synergistic effect (see below). The antioxidant activity of glutathione is espe-

cially important in the brain, which contains relatively low levels of SOD, catalase, and

glutathione peroxidase. In this case the alteration of GSH metabolism may contribute to

the pathogenesis of neurodegenerative diseases such as Parkinson’s disease [219]. It is possible

that one of the protective functions of GSH in brain is the interaction with nitric oxide. It has

been shown that GSH reacts with NO to form S-nitrosoglutathione [220]. Canals et al. [221]

found that the depletion of glutathione by the GSH synthesis inhibitor L-buthionine-(S,R)-

sulfoximine in fetal midbraine cultures drastically enhanced the toxic effect of nitric oxide in

these cells. Recently, Ford et al. [222] showed that glutathione and cysteine are the effective

scavengers of another important biological nitrogen radical NO2, reacting with radical with

rate constants of about 2�107 and 5�107 l mol�1 s�1, respectively.

Since glutathione is synthesized in cells in relatively huge amounts, it is seldom applied as

pharmacological antioxidant. Furthermore, the mechanism of its antioxidant activity is not

so simple as that of vitamins E and C. The major reason is that the GS. radical formed during

scavenging of free radicals by GSH does not disappear by dimerization but participates in the

chain reaction, producing superoxide (Reactions (20)–(23)). Furthermore, it has recently been

shown that contrary to previous findings the rate constant for the reaction of GSH with

superoxide is relatively small (200–1000 l mol�1 s�1) [211,223].

It has been shown that glutathionyl radicals may participate in various potentially

damaging processes. Sampath and Caughey [224] showed that the addition of GSH to aerobic

solution of hemoglobin resulted in the heme and protein oxidation. Similar to dihydrolipoic

acid, glutathione is easily oxidized by horseradish peroxidase (HRP) to the glutathionyl

radical [225]. On the other hand, glutathione may intervene into the redox cycling of

oxidizable drugs reducing the formed radical cations (RC) [226].

RC
.þ þGSH () RCþGS

. þHþ (24)

It is interesting that the equilibrium of Reaction (24) is actually shifted to the left (K24 is of the

order of 10�4, but due to the rapid removing GS. in following reactions (for example,

Reaction (20)) from reaction mixture, glutathione is a good reductant of drug radical cations.

Very interesting mechanism of the enhanced glutathione antioxidant activity in the

presence of SOD was offered by Winterbourn [227]. She pointed out that the interaction of

all free radicals with glutathione resulted in the formation of superoxide as the only final

active species ‘‘a free radical sink.’’ Therefore, the mixture of glutathione together with SOD

may be considered as a ‘‘universal’’ scavenger of free radicals of any structure.

Unfortunately, later findings questioned the reliability of free radical sink hypothesis.

Using the known values of rate constants, Wardman [228] calculated that in well oxygenated

tissue not more than 20% of GS. radicals are able to react with GS� to form GSSG.�

(Reaction (20)) and generate superoxide by Reaction (21). Furthermore, in the presence of

ascorbate this amount fall down to 3%. Similarly, Sturgeon et al. [229] showed that in the

tyrosyl radical-generating system, containing ascorbate and glutathione, ascorbate success-

fully competed with glutathione to form the ascorbate radical and diminished GS. formation.

Thus, the GSHþ SOD system cannot apparently function as effective ‘‘universal’’ scavenger

of free radicals.
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29.5.3 N-ACETYLCYSTEINE AND TETRADECYLTHIOACETIC ACID

N-Acetylcysteine (NAC) is a thiolic compound, which is applied in clinical practice since the

mid-1950s. As NAC has been used for the treatment of some inflammatory disorders con-

nected, for example, with redox cycling of xenobiotics or exposure to environmental pollu-

tants and cigarette smoke, it has been proposed that this compound is possessing antioxidant

activity similar to other thiols. It has been shown that NAC reacts with free radicals to form

thiyl radicals and NAC disulfide, the latter as a final product [230]. NAC is an excellent

scavenger of hydroxyl radicals (the rate constant is equal to 1.36�1010 l mol�1 s�1 [231].

There were different estimates of its rate constant with superoxide, but as in the case of other

thiols, this reaction is a rather slow one with the rate constant from 10 to 103 l mol�1 s�1 [211].

Nonetheless, NAC is apparently able to suppress superoxide-mediated toxic effects in cells

[232]. Another possible mode of NAC antioxidant activity is the enhancement of cellular

concentrations of cysteine and glutathione [230]. It has recently been shown [233] that NAC is

able to suppress redox regulation of mitogen-activated protein kinase (MAPK(p38))-medi-

ated proinflammatory cytokine production in the alveolar epithelium. NAC induced intra-

cellular accumulation of GSH and reduced the concentration of GSSG.

There are other synthetic and natural thiolic compounds possessing antioxidant activity.

One such compound is tetradecylthioacetic acid (TTA), which inhibited the iron–ascorbate-

induced microsomal lipid peroxidation [234]. Its Se analog exhibited even a more profound

antioxidative effect.

29.6 UBIQUINONES

Ubiquinones (coenzymes Q) Q9 and Q10 are essential cofactors (electron carriers) in the

mitochondrial electron transport chain. They play a key role shuttling electrons from

NADH and succinate dehydrogenases to the cytochrome b–c1 complex in the inner mito-

chondrial membrane. Ubiquinones are lipid-soluble compounds containing a redox active

quinoid ring and a ‘‘tail’’ of 50 (Q10) or 45 (Q9) carbon atoms (Figure 29.10). The predom-

inant ubiquinone in humans is Q10 while in rodents it is Q9. Ubiquinones are especially

abundant in the mitochondrial respiratory chain where their concentration is about 100 times

higher than that of other electron carriers. Ubihydroquinone Q10 is also found in LDL where

it supposedly exhibits the antioxidant activity (see Chapter 23).

Contemporary interest in ubiquinones is explained by their potential antioxidant activity

and the possibility of using these nontoxic natural compounds as pharmaceutical agents. But

it should be noted that ubiquinones are not vitamins and that they are synthesized in humans.

Taking into account a high level of ubiquinones in mitochondria, the effective supplementa-

tion of ubiquinones to fight against free radical-mediated damage seems to be a hard task.

There are two kinds of redox interactions, in which ubiquinones can manifest their

antioxidant activity: the reactions with quinone and hydroquinone forms. It is assumed

that the ubiquinone–ubisemiquinone pair (Figure 29.10) is an electron carrier in mitochon-

drial respiratory chain. There are numerous studies [235] suggesting that superoxide is formed

during the one-electron oxidation of ubisemiquinones (Reaction (25)). As this reaction is a

reversible one, its direction depends on one-electron reduction potentials of semiquinone and

dioxygen.

Q
.� þO2 () QþO2

.� (25)

However, ubiquinones are water nonsoluble compounds, and it is impossible to measure their

reduction potentials in aqueous solution. Fortunately, it is possible to measure directly the
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equilibrium constants K25 for Reaction (25) in aprotic media. It was found that K25¼ 2–3 for

ubiquinones in dimethylformamide [236]. Accepting these values as a rough estimate of the

equilibrium constants in lipid membranes and taking into account that ubiquinone concen-

trations in mitochondria are much greater than that of dioxygen, one may suggest that the

equilibrium of Reaction (25) in biological systems is sharply shifted to the left. As semiqui-

nones are inactive radical-anions, ubiquinones may indeed exhibit antioxidant activity as

superoxide scavengers under in vivo conditions.

As already mentioned, another mechanism of antioxidant activity of ubiquinones is

scavenging of free radicals by ubihydroquinones (Reaction (26)):

QHþROO
. ¼) Q

. þROOH (26)

(This mechanism is now considered to be of importance for the protection of LDL against

oxidation stress, Chapter 25.) The antioxidant effect of ubiquinones on lipid peroxidation was

first shown in 1980 [237]. In 1987 Solaini et al. [238] showed that the depletion of beef heart

mitochondria from ubiquinone enhanced the iron–adriamycin-initiated lipid peroxidation

whereas the reincorporation of ubiquinone in mitochondria depressed lipid peroxidation. It

was concluded that ubiquinone is able to protect mitochondria against the prooxidant effect

of adriamycin. Inhibition of in vitro and in vivo liposomal, microsomal, and mitochondrial

lipid peroxidation has also been shown in studies by Beyer [239] and Frei et al. [240]. Later on,

it was suggested that ubihydroquinones inhibit lipid peroxidation only in cooperation with

vitamin E [241]. However, simultaneous presence of ubihydroquinone and vitamin E appar-

ently is not always necessary [242], although the synergistic interaction of these antioxidants

may take place (see below). It has been shown that the enzymatic reduction of ubiquinones to

ubihydroquinones is catalyzed by NADH-dependent plasma membrane reductase and

NADPH-dependent cytosolic ubiquinone reductase [243,244].

n = 9 or 10
Ubiquinone

O

O

CH3O

CH3O (CH2CH=CMeCH2)nH

CH3

OH

OH

n = 9 or 10
Ubihydroquinone

CH3O

CH3O (CH2CH=CMeCH2)nH

CH3

n = 9 or 10
Ubisemiquinone

O•

O−

CH3O

CH3O (CH2CH=CMeCH2)nH

CH3

FIGURE 29.10 Ubiquinone, ubihydroquinone, and ubisemiquinone.
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Peroxyl radicals are not only ones, which are able to react with ubihydroquinones.

Poderoso et al. [245] showed that the short-chain ubihydroquinones Qo and Q2 are oxidized

by nitric oxide with the rate constants of 0.49�104 and 1.6�104 l mol�1 s�1, respectively. The

reaction apparently proceeded by one-electron transfer mechanism because the formation of

intermediate semiquinone radicals has been registered.

The antioxidant activity of ubiquinones has been demonstrated in the in vitro and in vivo

studies. Takahashi et al. [246] compared the prooxidant effects of hydrogen peroxide on

hepatocytes isolated from rats injected with ubiquinone Q10 and control rats. It was found

that the TBAR product formation was nearly completely suppressed in Q10 hepatocytes and

that these cells exhibited a higher cell viability and lower release of lactate dehydrogenase

than control hepatocytes. Recently, it has been found that ubihydroquinone Q10 improved

platelet mitochondrial function and protected the cells from oxidative injury [247]. In con-

trast, ubiquinone was practically ineffective under similar conditions. Ubiquinone Q10 can

apparently exert neuroprotective effect since it has been shown that its oral administration

to rats attenuated striatal lesions induced by 3-nitropropinic acid [248]. Raitakari et al.

[249] concluded that dietary supplementation of ubiquinone Q10 decreased ex vivo LDL

oxidation in humans. However, the last analysis of their own and literature data performed

by Kaikkonen et al. [250] showed that there are no reliable data supporting the existence of

any antioxidant effect of Q10 under in vitro or ex vivo conditions at high radical flux.

Inefficiency of Q10 supplementation probably depends on its very small plasma concentration

at high radical flux conditions and the absence of regeneration mechanism for ubiquinone in

plasma ex vivo or isolated LDL. On the other hand, it has been suggested that ubiquinone Q10

may exhibit antioxidant activity under low radical flux conditions mainly through the

regeneration of vitamin E. Rosenfeldt et al. [251] concluded that the administration of Q10

to the elderly improved the efficiency of mitochondrial energy production and reduced free

radical-mediated myocardial damage.

The administration of Q10 or quercetin to rats protected against endotoxin-induced shock

in rat brain [252]. It was found that the pretreatment with these antioxidants diminished the

shock-induced increase in brain MDA and nitric oxide levels. Interesting data have been

obtained by Yamamura et al. [253] who showed that ubiquinone Q10 is able to play a double

role in mitochondria. It was found that on the one hand, Q10 enhanced the release of

hydrogen peroxide from antimycin A- or calcium-treated mitochondria, but on the other

hand, it inhibited mitochondrial lipid peroxidation. It was proposed that Q10 acts as a

prooxidant participating in redox signaling and as an antioxidant suppressing permeability

transition and cytochrome c release.

From chemical point of view, efficient free radical scavengers must contain substituents

with the very weak C��H, O��H, or S��H bonds, from which reactive free radicals are able to

abstract a hydrogen atom. It can be seen that the antioxidants discussed above (ascorbic acid,

a-tocopherol, ubihydroquinones, glutathione, etc) fall under this category. However, many

other compounds manifest free radical scavenging activity in in vitro and in vivo systems.

29.7 QUINONES

In the case of ubiquinones we have already considered the ability of quinones to react with

superoxide and other free radicals. Naphthoquinones, vitamin K and its derivatives, especially

menadione, are the well known producers of superoxide through redox cycling with dioxygen.

However, in 1985, Canfield et al. [254] have shown that vitamin K quinone reduced the

oxidation of linoleic acid while vitamin K hydroquinone stimulated lipid peroxidation. Sur-

prisingly, later on, conflicting results were reported by Vervoort et al. [255] who found that only

hydroquinones of vitamin K and its analogs inhibited microsomal lipid peroxidation.
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29.8 URIC ACID

Another physiologically important antioxidant is uric acid. Uric acid (2,6,8-purinetrione)

contains two active hydroxyl groups in the purine heterocycle (Figure 29.11), which are

responsible for its free radical scavenging activity. In 1981, Ames et al. [256] showed that

the physiological plasma concentrations of uric acid protected erythrocytes against free

radical-mediated damage. Antioxidant effects of uric acid have been shown in many other

in vitro and in vivo systems. Free radical scavenging activity of uric acid was supported by the

identification of urate free radicals [257]. Uric acid was found to be a major antioxidant in

human airway mucosal surfaces [258].

In 1998, Schlotte et al. [259] showed that uric acid inhibited LDL oxidation. However,

subsequent studies showed that in the case of copper-initiated LDL oxidation uric acid

behaves itself as prooxidant [260,261]. It has been suggested that in this case uric acid

enhances LDL oxidation by the reduction of cupric into cuprous ions and that the prooxidant

effect of uric acid may be prevented by ascorbate. On the other hand, urate radicals formed

during the interaction of uric acid with peroxyl radicals are able to react with other com-

pounds, for example, flavonoids [262], and by that participate in the propagation of free

radical damaging reactions. In addition to the inhibition of oxygen radical-mediated pro-

cesses, uric acid is an effective scavenger of peroxynitrite [263].

29.9 STEROIDS

Some steroid molecules (estrone, estradiol, and estriol) have phenolic hydroxyl in the ring A

(Figure 29.12) and therefore, are able to react as free radical scavengers. In 1987, Japanese

authors [264,265] showed that all these compounds inhibited iron–adriamycin- or iron–ADP–

ascorbate-dependent phospholipid and liposomal lipid peroxidation. Later on, most attention

was drawn to the study of antioxidative properties of estradiol-17b (estrogen E2); it has been

proposed that E2 antioxidant activity may contribute to cardioprotection observed after

estrogen therapy in postmenopausal women. The necessity for the phenolic hydroxyl has

been shown by studying the effects of several estrogens on LDL oxidation. It was found [266]

Vitamin K1

Uric acid
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N N
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FIGURE 29.11 Vitamin K and uric acid.
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that only estrdiol-17b but not testosterone (having no phenolic hydroxyl) or estrdiol-17b

benzoate (with the blocked HO group) inhibited lipid peroxidation. The ability of estradiol-

17b to inhibit LDL oxidation and DNA damage has been shown in several studies [267–270].

Estradiol-17b also inhibited lipid peroxidation in rat liver microsomes [271]. Ayres et al. [270]

concluded that the inhibitory effect of estradiol-17b is due to its interaction with hydrogen

peroxide, superoxide, and hydroperoxyl radical. Ascorbic acid drastically enhanced the

antioxidant activity of estradiol-17b in human aortic endothelial cells [272].

Winterle et al. [273] determined the rate constant for the reaction of estradiol-17b with

peroxyl radicals as 105 l mol�1s�1 and the dissociation energy of the phenolic O��H bond as

85+2 kcal mol�1. However, it is most surprising that the rate constants of the phenoxyl

radical E2O
. for hydrogen atom abstraction from a-tocopherol and ascorbic acid are found to

be unusually high (108�109 l mol�1 s�1). It means that estradiol-17b is extremely rapidly

regenerated in the presence of a-tocopherol and ascorbic acid, but at the same time, E2O
. is

able to initiate oxidative processes in the absence of these antioxidants. There are the other

steroid analogs containing phenolic hydroxyl groups, which are also capable of exhibiting

antioxidant activity. For example, LY-139478, a nonsteroidal estradiol receptor modulator,

was about a 15-fold more effective free radical scavenger than estradiol-17b during the

inhibition of copper-initiated LDL peroxidation [274].

Another group of steroids, whose antioxidative properties are widely discussed in litera-

ture, is 21-amino steroids (lazaroids). In 1987, Braughler et al. [275] reported the results of

their investigation of antioxidative properties of two lazaroids, 21-[4-(2,6-di-1-pyrrolidinyl-

4-pyrimidinyl)-1-piperazinyl]-16a-methylpregna-1,4,9(11)-tiene-3,20-dione monomethane

sulfonate (U74006F) and 21-[4-(3,6-bis(diethylamino)-2-pyridinyl)-1-piperazinyl]-16a-

methylpregna-1,4,9(11)-triene-3,20-dione hydrochloride (U74500A) (Figure 29.13). These

authors concluded that 21-amino steroids are potent inhibitors of iron-dependent lipid
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FIGURE 29.12 Antioxidant steroids.
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peroxidation and that their efficacy may be compared with that of a-tocopherol. However, as

seen from Figure 29.13, lazaroids have no active substituents capable of reacting with free

radicals. In subsequent work [276] it has been shown that despite a great efficacy in iron-

dependent lipid peroxidation, U74006F and U74500A are considerably less effective free

radical scavengers compared to a-tocopherol.

It is obvious that lazaroids cannot be effective scavengers of free radicals excepting highly

reactive hydroxyl radicals. Therefore, the ‘‘second generation’’ lazaroid U-78517F (Figure

29.13) was synthesized, which was supposed to have a much greater antioxidant activity. This
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CH2 N N

O
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FIGURE 29.13 Major lazaroids.
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compound indeed turned out to be an effective in vitro and in vivo free radical scavenger

[277,278]. U-83836E also effectively inhibited free radical-mediated damage in endothelial

cells injured by hypoxia–reoxygenation [279]. Furthermore, it was found that lazaroids can

inhibit free radical damaging processes by reacting with peroxynitrite. Thus, Fici et al. [280]

found that lazaroids U-74006F and U-74500A suppressed peroxynitrite toxic effect in rat

cerebellar granule cells with I50 values of about 100 mmol l�1.

It seems worthy to comment on the name ‘‘second generation’’ lazaroid. Looking at the

structure of U-83836E, one may wonder why this compound is associated with 12-amino

steroids at all, whereas it is just another model of a-tocopherol and should be compared not

with ‘‘first generation’’ lazaroids but with the synthetic analogs of vitamin E (see above).

29.10 CALCIUM ANTAGONISTS AND b-BLOCKERS

Calcium antagonists and b-adrenergic receptor blockers are well-known drugs widely used

for the treatment of cardiovascular disorders. It has been suggested that some of these

compounds also exhibit antioxidative activity. The mechanisms of antioxidative activity of

calcium antagonists and b-blockers are, as a rule, uncertain because their structures are

widely varied and free radical scavenging substituents such as phenolic hydroxyl groups are

rarely present. Therefore, in many cases these compounds should be considered as indirect

antioxidants, which may affect free radical production in some ways without direct inter-

action with free radicals or be metabolized into genuine radical scavengers. In addition, it

seems that the antioxidant activity of calcium antagonists and b-blockers is independent of

their therapeutic activities because both active and inactive stereoisomers of these compounds

are the equally active antioxidants [281].

Mak and Weglicki [282] have found that calcium blockers (antagonists) nifedipine,

verapamil, and some others (Figure 29.14) inhibited iron-dependent lipid peroxidation of

sarcolemmal membranes. Furthermore, it has been found that calcium blockers are able to

inhibit LDL oxidation. Thus, calcium antagonists of dihydropyridine-type (verapamil, nife-

dipine, amlodipine, isradipine, and lacidepine) inhibited copper-initiated LDL oxidation

although their inhibitory effect was smaller comparing to vitamin E [283]. Rojstaczer and

Triggle [284] measured the inhibitory effects of several calcium antagonists on copper- and

monocyte-induced LDL oxidation and found out that the inhibitory activity of these com-

pounds decreased in the range of felodipine > 2-chloro analog of nifedipine > nifedipine >
amlodipine, verapamil, nitrendipine > diltiazem. Similarly, calcium blockers inhibited LDL
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FIGURE 29.14 Specimens of calcium blockers.
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degradation. It was suggested that the antioxidant effects of these compounds strongly

depended on the 2-substitutent of the phenyl ring. Sobala et al. [285] found that calcium

antagonists inhibited the oxidation of both native LDL and their advanced glycation

end products but affect very slightly initial glycation reactions, such as Amadori product

formation.

Napoli et al. [286] found that the nifedipine treatment of stroke-prone spontaneously

hypertensive rats (SPSHR) suppressed the plasma and LDL oxidation and the formation of

oxidation-specific epitopes and increased the survival of rats independently of blood pressure

modification. Their results suggest that the protective effects of calcium blockers of dihydro-

pyridine-type on cerebral ischemia and stroke may, at least in part, depend on their antioxi-

dant activity. In vivo antioxidant effect of nilvadipine on LDL oxidation has been studied in

hypertensive patients with high risk of atherosclerosis [287]. It was found that there was a

significant decrease in the level of LDL cholesterol oxidation in patients after nilvadipine

treatment.

Calcium antagonists are able to affect nitric oxide production and suppress the peroxyni-

trite-induced damage. Thus, nifedipine enhanced the bioavailability of endothelial NO in

porcine endothelial cell cultures supposedly through an antioxidative mechanism [288].

Pretreatment with nisoldipine, a vascular-selective calcium blocker of dihydropyridine-type,

of confluent bovine aortic endothelial cells suppressed the peroxynitrite-induced GSH loss

and increased cell survival [289].

Similar to dihydropyridine calcium blockers, many b-adrenoreceptor antagonists exhibit

antioxidant activity. Mak and Weglinski [290] showed that the pretreatment of canine

myocytic sarcolemmal membranes with b-adrenoreceptor antagonists (propranolol, pindolol,

metoprolol, atenolol, or sotalol) (Figure 29.15) inhibited superoxide-induced sarcolemmal

β-Blockers

Propranolol.HCl

OH H

CHMe2
O N

Carvedilol

H

OH

MeO

OCH2CHCH2NHCH2CH2O

N

BM-910228

OH

N

OCH2CHCH2NHCH2CH2O

MeO

OH

H

FIGURE 29.15 b-Blockers.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c029 Final Proof page 871 2.2.2005 5:56pm

© 2005 by Taylor & Francis Group.



peroxidation. Jenkins et al. [291] showed that propranolol, dilevolol, labevolol, and meto-

prolol inhibited to some degree lipid peroxidation in the homogenates or liposomes of adult

rat hearts, while atenolol was completely inactive. It has been supposed that the inhibitory

efficiency of these compounds was related to their lipophilicity. Janero et al. [292] suggested

that the antioxidant effect of propranolol is not a consequence of its free radical scavenging

activity but is due the inhibition of xanthine oxidase, one of major producer of superoxide.

The absence of substituents with free radical scavenging properties in most of the

b-blockers makes doubtful their efficacy as powerful antioxidants. Arouma et al. [293] tested

the antioxidative properties of several b-blockers in reactions with superoxide, hydroxyl

radicals, hydrogen peroxide, and hypochlorous acid. It was demonstrated that most of the

compounds tested were inactive in these experiments. Nonetheless, propranolol, verapamil,

and flunarizine effectively inhibited iron–ascorbate-stimulated microsomal lipid peroxidation

and all drugs (excluding flunarizine) were effective scavengers of hydroxyl radicals. Contrary

to Janero et al. [292], these authors did not find the inhibition of xanthine oxidase by

propranolol. It was concluded that b-blockers are not the effective in vivo antioxidants.

Despite this criticism, many studies considering the antioxidant effects of b-adrenorecep-

tor antagonists continue to be published. Special attention is now drawn to b-blocker

carvedilol and its hydroxylated derivative (BM 910228 or SB 211475) (Figure 29.15). These

compounds seem to be the most efficient antioxidants among b-adrenoreceptor antagonists

and calcium blockers and, in some systems, among all known antioxidants. Yue et al. [294]

found that carvedilol inhibited macrophage- and copper-induced LDL oxidation with I50

values of 3.8 and 17 mmol l�1, respectively. Under the same conditions, propranolol and

atenolol were inactive. Carvedilol similarly inhibited iron-initiated lipid peroxidation in the

rat brain homogenate (I50 value is equal to 8.1 mmol l�1), while corresponding I50 values for

propranolol, atenolol, labetalol, and some other b-blockers were over 1.0 mmol l�1 [295].

Carvedilol was again a much more effective inhibitor of lipid peroxidation and glutathione

depletion in bovine endothelial cells compared to other b-blockers (propranolol, labetalol,

pindolol, atenolol, and celiprolol) [296]. In addition, carvedilol protected against oxygen

radical-mediated cell damage measured via lactate dehydrogenase release (I50¼ 4.1 mmol l�1).

High antioxidative activity carvedilol has been shown in isolated rat heart mitochondria

[297] and in the protection against myocardial injury in postischemic rat hearts [281].

Carvedilol also preserved tissue GSL content and diminished peroxynitrite-induced tissue

injury in hypercholesterolemic rabbits [298]. Habon et al. [299] showed that carvedilol

significantly decreased the ischemia–reperfusion-stimulated free radical formation and lipid

peroxidation in rat hearts. Very small I50 values have been obtained for the metabolite of

carvedilol SB 211475 in the iron–ascorbate-initiated lipid peroxidation of brain homogenate

(0.28 mmol l�1), mouse macrophage-stimulated LDL oxidation (0.043 mmol l�1), the

hydroxyl-initiated lipid peroxidation of bovine pulmonary artery endothelial cells

(0.15 mmol l�1), the cell damage measured by LDL release (0.16 mmol l�1), and the promotion

of cell survival (0.13 mmol l�1) [300]. SB 211475 also inhibited superoxide production by

PMA-stimulated human neutrophils.

The mechanism of high antioxidant activity of carvedilol is widely discussed in literature.

There are puzzling data on its reactivity in the reactions with free radicals of different

structure. For example, Kramer and Wegliski [281] demonstrated that carvedilol and BM

910228 practically did not influence the hydroxyl radical production measured via the

DMPO��OH adduct formation. At the same time, both compounds were the extremely

efficient ‘‘chain-breaking’’ antioxidants in the reaction with peroxyl radicals. These findings

of course question a high free radical scavenging activity of carvedilol. Nonetheless, Oettl et al.

[301] suggested that carvedilol inhibited the peroxyl radical-initiated LDL oxidation through

a radical-scavenging mechanism. Unfortunately, nobody was able to measure the rate con-
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stants for the reactions of carvedilol with free radicals. And furthermore, Noguchi et al. [302]

showed that carvedilol had a poor reactivity toward phenoxyl, alkoxyl, and peroxyl radicals

in acetontrile solution. Moreover, it did not inhibit the peroxyl radical-initiated oxidation of

linoleate or phosphatidylcholine liposomal membranes or the oxidation of isolated LDL

initiated by peroxyl radicals or copper ions. At the same time, carvedilol completely inhibited

iron-stimulated peroxidation of methyl linoleate micelles.

As free radical-scavenging activity of carvedilol seems to be doubtful, two other possible

mechanisms of its antioxidative effects have been discussed: iron chelating and membrane

biophysical interaction. Oettl et al. [301] and Noguchi et al. [302] suggested that carvedilol is

able to chelate iron ions with binding constant of about 105 l mol�1. However, the carvedilol

structure is not typical of efficient chelators (see below). On the other hand, it has been

found that carvedilol binds to liposomal membranes with the binding constant of the order of

104 l mol�1 [303]. (Similarly, the membrane-stabilizing mechanism of antioxidative activity

of b-blockers has been proposed for propranolol [304] and the metabolite SB 211475

[305]. In the latter work it was suggested that the intercalation of SB 211475 into the

glycerol phosphate–hydrocarbon interface makes the membrane more resistant to lipid

peroxidation.)

Regarding the proposed mechanisms of carvedilol antioxidative activity, membrane

stabilization through the biophysical interaction of carvedilol with the membrane seems to

be the most reliable one. However, a higher antioxidant activity of the metabolite SB 211475

leads to another explanation. In contrast to the parent carvedilol, SB 211475 has the active

free radical scavenging phenolic hydroxyl, which is apparently responsible for its enhanced

antioxidant activity. Thus, we may suggest that the in vivo antioxidant activity of carvedilol is

due to its converting into active metabolites, which, for example, may be formed in the

reactions with ‘‘primary’’ free radicals such as hydroxyl radicals.

Completing the discussion on the antioxidant properties of b-blockers, we should like to

comment on the study of in vivo effects of carvedilol in humans. Recently, it has been shown

[306] that the administration of small doses of carvedilol (3.125 mg twice a day) significantly

decreased oxygen radical production by blood leukocytes and monocytes and the levels of

m- and o-tyrosine supposedly formed as a result of oxidative conversion of phenylalanine.

Thus, regardless of the mechanisms, carvedilol does exhibit in vivo antioxidant activity.

29.11 PYRROLOPYRIMIDINES

Pyrrolopyrimidines (Figure 29.16) were synthesized and studied as effective in vitro and

in vivo antioxidants possessing neuroprotective activity in brain injury and ischemia models

due to the improved ability to penetrate blood–brain barrier and achieve the neural tissue

compared to the other antioxidants, for example, lazaroids. Greater efficacy of pyrrolopyr-

imidines has been shown in permanent and temporary focal cerebral ischemia [307]. Pyrro-

lopyrimidines are also very effective inhibitors of lipid peroxidation: for example, IC50 values

for pyrrolopyrimidines are 0.3–10.6 mmol l�1 compared to IC50¼ 26.4 mmol l�1 for lazaroid

U-74006F [307]. It was demonstrated [308] that pyrrolopyrimidines are able to inhibit

peroxynitrite-induced damaging processes such as tyrosine nitration in erythrocytes. Lauder-

back et al. [309] found the enhanced antioxidant activity of pyrrolopyrimidine U101033E in

aqueous cell-free solution.

Similar to some other antioxidants, pyrrolopyrimidines do not contain active free radical

scavenging groups such as phenolic or thiolic substituents. At present, at least two different

mechanisms of their antioxidant activity have been proposed [307]. It was suggested that

pyrrolopyrimidines, which are electron donating compounds, can be oxidized by hydroxyl

or peroxyl radicals or hydroxylated by cytochrome P-450 forming phenolic metabolite
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(Figure 29.17). The first mechanism is untypical one for classical antioxidants and probably

may be considered as a novel mode of antioxidant activity. The second one is typical for

indirect antioxidants.

29.12 NADPH

NADPH might be considered as an indirect antioxidant due to its function as the reductant of

various oxidized substrates, for example in the re-reduction of GSSG into GSH. However, it

has recently been shown [1] that NADPH possesses the free radical scavenging activity

reacting with such free radicals as CO3
.�, NO2

.
, ROO

.
and RO

.
. It should be noted that the

efficiency of NADPH may increase under in vivo conditions due to its regeneration by

numerous enzymes.

29.13 b-CAROTENE

b-Carotene (Figure 29.18) is a nutrient presented in fresh fruits and vegetables. For some time

this unsaturated hydrocarbon and its derivatives carotenoids were considered to be the

efficient antioxidants and free radical scavengers. Indeed, it is seen from its chemical structure

that b-carotene should be very reactive in the reactions with free radicals. For example, it

rapidly reacts with the
.
NO2 radical by one-electron transfer mechanism with the rate

constant equal to 1.1� 109 l mol�1 s�1 and with the glutathione free radical by addition

mechanism with the rate constant equal to 2.2� 108 l mol�1 s�1 [310]. Burton and Ingold

[311] demonstrated the unusual high antioxidant and free radical scavenging activity of

b-carotene. This work was followed by many in vivo studies of antioxidant effects

of b-carotene [312]. Other modes of possible antioxidant action of b-carotene are the

suppression of singlet oxygen formation [313] and the reaction with peroxynitrite [314].

In spite of a high reactivity of b-carotene in free radical reactions and marked antioxidant

effects in in vitro systems, b-carotene did not show itself as an effective in vivo antioxidant.

Furthermore, recent clinical trials suggested that the administration of b-carotene may be

useless or even harmful to patients with heart and some other diseases, especially to smokers.

One might suspect that one of the major reasons of toxic in vivo effects of b-carotene might

be the formation of prooxidative compounds during b-carotene oxidation. In contrast to
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FIGURE 29.16 Pyrrolopyrimidines.
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a-tocopherol, which forms a relatively inactive a-tocopheroxyl radical in the reactions with

free radicals, b-carotene free radical formed in oxidative processes is rapidly decomposed to

form potentially reactive compounds. It is possibly the reason why b-carotene manifests

prooxidant activity at 100% oxygen [311]. This proposal is supported by recent work [315]

where it was found that oxidized b-carotene and the carotenoid lycopene induced oxidative

DNA damage.

29.14 MELATONIN

Melatonin, N-acetyl-5-methoxytryptamine (Figure 29.19), is a pineal hormone, which is

synthesized from tryptophan mainly in pineal gland. Last 10 years showed a big interest in

the possible antioxidative activity of melatonin, especially under in vivo conditions [316,317].

It has been shown that melatonin is an effective scavenger of hydroxyl radicals, nitric oxide,

and peroxynitrite [316]. Melatonin is a moderate inhibitor of the iron-initiated peroxidation

of brain phospholipid liposomes (IC50¼ 210 mmol l�1) [318] and soybean phosphatidylcho-

line liposomes [319], although the early conclusion that melatonin may be twice as effective as

trolox [320] is wrong. These findings also suggest that melatonin is able to inhibit homocys-

tine-induced lipid peroxidation of brain homogenates (which suggests the possibility of using

melatonin as therapeutic agent in reducing cardiovascular disease) [321]. Baydas et al. [322]

also proposed that melatonin is a more efficient inhibitor of lipid peroxidation in rats with

streptozocin-induced diabetes mellitus compared to vitamin E.

Despite a very optimistic estimate of antioxidant activity of melatonin [323], the thorough

1999 study [324] showed that melatonin possessed no free radical scavenging activity against

peroxyl radicals in homogenous and heterogeneous systems but exhibited some inhibitory

activity in iron-initiated lipid peroxidation. Summarizing the up-to-date findings on antiox-

idative activity of melatonin, the following might be said:

(1) Melatonin is a good scavenger of hydroxyl radicals reacting with them with the rate

constant of about 1010 l�1 mol�1 [316]. However, it should be noted that practically all

Carotene

FIGURE 29.18 Structure of carotene.

Melatonin

NHCOMeMeO

N
H

FIGURE 29.19 Structure of melatonin.
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antioxidants and many biological substrates possess the same hydroxyl radical scav-

enging activity because the most rate constants of hydroxyl radical reactions are

diffusion-controlled ones. Furthermore, the role of hydroxyl radicals as the initiators

of peroxidative processes is doubtful (Chapter 25).

(2) Despite some literature data, melatonin is not a free radical scavenger because it does

not contain the substituents with a weak C��H or O��H bonds. Suggestions that

melatonin may reduce free radicals through a one-electron transfer mechanism are

very interesting but they still were not confirmed by any kinetic measurements.

(3) Melatonin probably manifests some chelating activity although its structure is very

different from the structures of effective chelators (see below).

(4) Melatonin might be an indirect in vivo antioxidant, getting metabolized into a genuine

free radical scavenger in some enzymatic processes.

29.15 EBSELEN

Although selen is a very toxic element, some of its derivatives exhibit a relatively low toxicity

and certain antioxidant activity. The most well known selen-containing antioxidant is ebselen

(2-phenyl-1,2-benzoisoselenazol-3-(2H)-one, Figure 29.20), which was found to be an effect-

ive inhibitor of numerous free radical-mediated processes. The principal mode of the anti-

oxidant activity of ebselen is apparently its activity as a glutathione peroxidase mimic

(Chapter 30), although ebselen may probably also act as an antioxidant. There are early

studies showing the ability of ebselen to inhibit microsomal lipid peroxidation [325,326].

Subsequent studies demonstrated that the antioxidative activity of ebselen is derived from

the reduction of hydroperoxides and not from direct scavenging of free radicals [327,328].

This conclusion corresponds well to the ebselen chemical structure without efficient free

radical scavenging substituents.

Thomas and Jackson [329] have shown that ebselen inhibited copper-initiated LDL

oxidation in the presence of glutathione. Noguchi et al. [330] showed that the inhibitory

effect of ebselen on copper-initiated LDL was also observed without glutathione, while in the

case of radical-initiated LDL oxidation ebselen was inactive. However, it is possible that

ebselen may inhibit both copper- and peroxyl radical-initiated LDL oxidation although in the

latter case the inhibitory effect of ebselen depends on the size of peroxyl radical flux [331].

The inhibitory effect of ebselen on LDL oxidation also depends on its ability to reduce LDL

hydroperoxides.

Another mode of antioxidant activity of ebselen is the suppression of peroxynitrite

formation. Ebselen rapidly reacts with peroxynitrite to form ebselen Se-oxide [332]. Ebselen

Se-oxide is reduced by glutathione [333]; therefore, ebselen can be regenerated under in vivo

conditions by redox cycling (Figure 29.20).

ONOOH

GSH

Ebselen Ebselen Se-Oxide

N

O

Se

N

O
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O

FIGURE 29.20 Reaction of ebselen with peroxynitrite.
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29.16 METALLOTHIONEINS AND ZINC

Metallothioneins (MT) are unique 7-kDa proteins containing 20 cysteine molecules bounded

to seven zinc atoms, which form two clusters with bridging or terminal cysteine thiolates. A

main function of MT is to serve as a source for the distribution of zinc in cells, and this

function is connected with the MT redox activity, which is responsible for the regulation of

binding and release of zinc. It has been shown that the release of zinc is stimulated by MT

oxidation in the reaction with glutathione disulfide or other biological disulfides [334]. MT

redox properties led to a suggestion that MT may possesses antioxidant activity. The mech-

anism of MT antioxidant activity is of a special interest in connection with the possible

antioxidant effects of zinc. (Zinc can be substituted in MT by some other metals such as

copper or cadmium, but Ca–MT and Cu–MT exhibit manly prooxidant activity.)

Cai et al. [335] showed that MT inhibited copper-induced DNA damage and the reduction

of cupric ions into cuprous ions in the presence of hydrogen peroxide and ascorbate. It is

believed that the protective effect of MT against DNA damage could be about five times

higher compared to glutathione [336]. MT seem to be efficient inhibitors of peroxynitrite–

DNA damage and LDL oxidation [337]. Kumari et al. [338] found that hippocampal metal-

lothionein isoforms are scavengers of hydroxyl radicals and superoxide.

Despite the conclusions in the cited literature about direct MT interaction with free

radicals, the mechanism of MT antioxidant activity remains obscure. Markant and Pallauf

[339] concluded that cysteine groups and not zinc are responsible for the inhibition of lipid

peroxidation in hepatocytes. Maret and Vallee [340,341] also questioned the possibility of

direct scavenging of free radicals by MT and suggested that zinc release is a major mechanism

of antioxidant effects of metallothioneins.

Thus, the mechanism of MT antioxidant activity might be connected with the possible

antioxidant effect of zinc. Zinc is a nontransition metal and therefore, its participation in

redox processes is not really expected. The simplest mechanism of zinc antioxidant activity is

the competition with transition metal ions capable of initiating free radical-mediated pro-

cesses. For example, it has recently been shown [342] that zinc inhibited copper- and iron-

initiated liposomal peroxidation but had no effect on peroxidative processes initiated by free

radicals and peroxynitrite. These findings contradict the earlier results obtained by Coassin

et al. [343] who found no inhibitory effects of zinc on microsomal lipid peroxidation in

contrast to the inhibitory effects of manganese and cobalt. Yeomans et al. [344] showed

that the zinc–histidine complex is able to inhibit copper-induced LDL oxidation, but the

antioxidant effect of this complex obviously depended on histidine and not zinc because zinc

sulfate was ineffective. We proposed another mode of possible antioxidant effect of zinc [345].

It has been found that Zn and Mg aspartates inhibited oxygen radical production by xanthine

oxidase, NADPH oxidase, and human blood leukocytes. The antioxidant effect of these salts

supposedly was a consequence of the acceleration of spontaneous superoxide dismutation due

to increasing medium acidity.

29.17 METALLOPORPHYRINS

Recently, the high inhibitory efficiency of metalloporphyrins has been shown in lipid perox-

idation of rat brain homogenates [346]. It was found that manganese and cobalt porphyrins

were very effective inhibitors of lipid peroxidation while iron and especially zinc porphyrins

had very weak inhibitory activity, if any. For example, I50 values were equal to 21, 29, 212,

946 mmol l�1 for CoTBAP, MnTBAP, FeTBAP, and ZnTBAP, respectively, where TBAP is

5,10,15,20-tetrakis [4-carboxyphenyl]porphyrin; similar values were obtained for other por-

phyrin derivatives.
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The inhibition of lipid peroxidation by metalloporphyrins apparently depends on metal

ions because only compounds with transition metals were efficient inhibitors. Therefore, the

most probable mechanism of inhibitory effects of metalloporphyrins should be their dismut-

ing activity. Manganese metalloporphyrins seem to be more effective inhibitors than Trolox

(I50¼ 204 mmol l�1) and rutin (I50¼ 112 mmol l�1), and practically equal to SOD

(I50¼ 15 mmol l�1). The mechanism of inhibitory activity of manganese and zinc metallopor-

phyrins might be compared with that of copper– and iron–flavonoid complexes [167,168],

which exhibited enhanced antiradical properties due to additional superoxide-dismuting

activity.

29.18 LACTATE

Interest in the possible antioxidant activity of lactate appeared in connection with its pro-

duction during exhaustive exercise accompanied by increasing free radical formation. Grou-

sard et al. [347] proposed that under such conditions lactate might suppress oxidative stress by

reacting with oxygen radicals. As seen from the lactate structure (Figure 29.21), this com-

pound cannot be a scavenger of most free radicals excluding hydroxyl radicals. In accord with

this suggestion, Grousard et al. determined high reactivity of lactate in reaction with hydroxyl

radicals and its inability to inhibit lipid peroxidation. Surprisingly, they found that lactate

scavenged superoxide by an unknown mechanism.

29.19 ASPIRIN

Aspirin (acetylsalicylic acid) (Figure 29.21) is a widely applied drug for reducing ischemic

cardiovascular events in patients with coronary artery disease, hypertension, or at cardiovas-

cular risk. It is believed that the main protective function of aspirin is the inhibition of

cyclooxygenase; however, it has been recently proposed that aspirin may possess additional

antioxidant activity [348]. It was found that long-term aspirin treatment of normotensive and

hypertensive rats resulted in a decrease in vascular superoxide production by the inhibition of

NADPH oxidase activity.

CH3CH(OH)COO−

Lactate

NH2C-NHCH2CH2CH2-C-COOH

L-Arginine

NH H NH2

NH2CH2CH2SO3H

Taurine

OCOCH3

COOH

Aspirin

FIGURE 29.21 Structures of lactate, aspirin, L-arginine, and taurine.
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29.20 AMINO ACIDS

Similar to other indirect antioxidants, L-arginine (Figure 19.21), the substrate of NO

synthase, has no free radical scavenging substituents. However, it has been proposed [349]

that L-arginine inhibits myocardial contractility in buffer-perfused rat hearts by suppressing

oxygen radical generation by xanthine oxidase. It was proposed that this inhibitory effect of

L-arginine may be explained by the direct reaction with superoxide because D-arginine and the

inhibitor of NO synthase N(G)-nitro-L-arginine manifested similar cardioprotective effects in

this system.

Another amino acid taurine (Figure 29.21) is an effective scavenger of hypochlorous acid,

which is known to participate in tissue damage associated with reperfusion injury mediated by

neutrophils. Thus, taurine protected against the cytotoxic action of HOCl in neuronal cells

[350]. Furthermore, taurine was found to reduce hydroxyl radical-induced damage to DNA

[351]. Vohra and Hui [352] showed that the pretreatment of cultured neutrons with taurine

suppressed lipid peroxidation and the loss of glutathione peroxidase activity induced in these

cells by carbon tetrachloride.

29.21 VITAMIN B6

Vitamin B6 (pyridoxine) and its derivative pyridoxamine are apparently able to inhibit

superoxide production, reduce lipid peroxidation and glycosylation in high glucose-exposed

erythrocytes [353]. It was suggested that the suppression of oxidative stress in erythrocytes

may be a new mechanism by which these natural compounds inhibit the development of

complication in diabetes mellitus.

29.22 TARGETED ANTIOXIDANTS

A new method to suppress oxygen radical production by mitochondrial respiratory chain has

recently been proposed, namely, the use of antioxidants having a lipophilic cation [354–356].

For this purpose ubiquinone and tocopherol analogs (named MitoQ and MitoVitE, Figure

29.22) containing triphenylphosphonium cation have been synthesized. These so-called mito-

chondrial-targeted antioxidants are able to inhibit selectively mitochondrial oxidative damage

and prevent free radical-mediated cell death. It has been shown that because of the large

mitochondrial membrane potential, triphenylphosphonium cation accumulated within mito-

chondria with the antioxidant moiety inserted into the lipid bilayer. MitoVitE and MitoQ

inhibited iron-stimulated mitochondrial lipid peroxidation and prevented the disruption of

mitochondrial function. In addition, MitoQ protected mammalian cells from hydrogen

peroxide-induced apoptosis.

29.23 NATURAL ANTIOXIDANT MIXTURES

At present, considerable interest is drawn to the use of natural mixtures of antioxidants

isolated from various vegetable materials. Some authors claim that such mixtures manifest

stronger antioxidant effects than individual components due to synergistic interactions. It is

of course quite possible, but it should be noted that synergistic interactions are not a single

mechanism of the interaction between components; for example, the simultaneous presence of

the antioxidant and prooxidant flavonoids might diminish summary antioxidant effect of the

mixture. Furthermore, natural mixtures contain, as a rule, some unknown compounds, which

affect the summary effect by unknown manner.
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There are now probably thousands of supposedly antioxidant food supplements recom-

mended for the treatment and prophylaxis of various pathophysiological conditions. The

consideration of all these ‘‘antioxidant’’ compositions is of course outside the scope of this

book. Now we will just comment on several products, in which antioxidant activity was

shown in in vitro and in vivo studies. One of these natural antioxidant mixtures is pycnogenol.

Pycnogenol obtained from the bark of the French maritime pine Pinus maritima is a mixture

of many polyphenols, among them flavonoids (catechin, epicatechin, and taxifolin), con-

densed flavonoids (procyanidins), and phenolic acids (caffeic, ferulic, and p-hydroxybensoic

acids). It was found that pycnogenol efficiently inhibited many free radical-mediated pro-

cesses and protected vitamin E and glutathione from free radical attacks in cells [357–359].

Another well-known food supplement rich in flavonoids is Ginkgo biloba extract (GBE), a

natural product, which also exhibits strong antioxidant activity [360]. Shi and Niki [361]

compared free radical scavenging activity of GBE with that of individual antioxidants. It was

found that the activity was diminished in the range: propyl gallate>a-tocopher-

ol> quercetin>GBE ffi kaempferol. It has also been shown that GBE efficiently protected

human LDL against copper-initiated lipid peroxidation [362].

Prasad et al. [363] studied the use of garlic as an antioxidant for the prevention of

hypercholesterolemic atherosclerosis in rats. It was found that supplementation with garlic

decreased some parameters of oxidative stress such as aortic MDA and chemiluminescence in

rabbits fed with cholesterol diet. NAO, a natural antioxidant isolated and purified from

spinach containing flavonoids and coumaric acid derivatives, significantly improved the

survival of rats subjected to lipopolysaccharide treatment [364]. NAO also suppressed

MDA level in the heart, indicating the antioxidant mechanism of NAO protective activity.

It has been suggested [365] that grape extract reduced ischemia–reperfusion injury in rats by

functioning as in vivo antioxidant. Leonard et al. [366] also concluded that fruit and vegetable

juices are efficient inhibitors of lipid peroxidation initiated by hydroxyl radicals. Olive oil was
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FIGURE 29.22 Structures of targeted antioxidants.
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supposed to decrease the LDL cholesterol level and increase the HDL cholesterol level in the

heart by diminishing LDL oxidation [367].

In conclusion, it should be mentioned that there are numerous proposals for the applica-

tion of various food products having antioxidant activity for the protection against various

free radical-mediated pathologies. For example, it has been suggested that nutritional inter-

ventions such as increasing dietary intake of fruits and vegetables can decrease the age-related

declines in brain functions probably via the suppression of oxidative stress [368].

29.24 CHELATORS

Chelators of transition metals, mainly iron and copper, are usually considered as antioxidants

because of their ability to inhibit free radical-mediated damaging processes. Actually, the so-

called ‘‘chelating therapy’’ has been in the use probably even earlier than ‘‘antioxidant

therapy’’ because it is an obvious pathway to treat the development of pathologies depending

on metal overload (such as calcium overload in atherosclerosis or iron overload in thalas-

semia) with compounds capable of removing metals from an organism. Understanding of

chelators as antioxidants came later when much attention was drawn to the possibility of

in vivo hydroxyl radical formation via the Fenton reaction:

Fe2þ þH2O2 ¼) Fe3þ þHO
. þHO� (27)

It was found that various chelators are able to affect the hydroxyl radical formation in a

different way, namely, some chelators (EDTA) can increase the rate of the Fenton reaction,

while others (rutin) can inhibit it through the formation of inactive iron–chelator complexes.

At present, many natural and synthetic chelators have been studied as potential pharma-

cological agents for the treatment of iron or copper overload under various pathophysiolo-

gical conditions. (The chelating activity of flavonoids was already discussed above and the

application of chelators in thalassemia and some other pathologies is considered in Chapter

31.) There are specific thermodynamic demands to chelators to be efficient antioxidants [369].

We will consider just several chelators of potential therapeutic importance.

Chelators of iron, which are now widely applied for the treatment of patients with

thalassemia and other pathologies associated with iron overload, are the intravenous chelator

desferal (desferrioxamine) and oral chelator deferiprone (L1) (Figure 19.23, see also Chapter

31). Desferrioxamine (DFO) belongs to a class of natural compounds called siderophores

produced by microorganisms. The antioxidant activity of DFO has been studied and com-

pared with that of synthetic hydroxypyrid-4-nones (L1) and classic antioxidants (vitamin E).

It is known that chronic iron overload in humans is associated with hepatocellular damage.

Therefore, Morel et al. [370] studied the antioxidant effects of DFO, another siderophore

pyoverdin, and hydroxypyrid-4-ones on lipid peroxidation in primary hepatocyte culture.

These authors found that the efficacy of chelators to inhibit iron-stimulated lipid peroxida-

tion in hepatocytes decreased in the range of DFO> hydroxypyrid-4-ones> pyoverdin.

It seems that other siderophores are also less effective inhibitors of lipid peroxidation than

DFO [371].

Ponka et al. [372] showed that pyridoxal isonicotinoyl hydrazone (PIH, Figure 19.23) is an

iron chelating agent. Numerous studies showed the possibility of using this chelator for the

treatment of iron overload disease [373]. In subsequent studies the antioxidant activity of PIN

has been confirmed. For example, Hermes-Lima et al. [374,375] showed that PIN protected

plasmid pUC-18 DNA and 2-deoxyribose against hydroxyl radical damage.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c029 Final Proof page 882 2.2.2005 5:56pm

© 2005 by Taylor & Francis Group.



29.25 SYNERGISTIC INTERACTION OF ANTIOXIDANTS, FREE RADICAL
SCAVENGERS, AND CHELATORS

As already mentioned above, the simultaneous presence of several free radical inhibitors

may or may not exhibit synergistic effect. In 1991, Negre-Salvayre et al. [376] showed that

the compositions of rutin and ascorbic acid or rutin, ascorbic acid, and a-tocopherol syner-

gistically inhibited superoxide production and lipid peroxidation in linoleic acid ufasomes

and human erythrocytes. In subsequent studies [377,378] these authors demonstrated the

synergistic interaction of rutin, ascorbic acid, and a-tocopherol during the inhibition

of copper- or UV radiation-stimulated LDL oxidation, glutathione oxidation, and ATP

depletion in cultured endothelial cells. Kalyanaraman et al. [379] observed the synergistic

effect of probucolþ ascorbic acid combination on LDL oxidation. In this case the mechanism

of synergistic effect was explained by the regeneration of probucol via the reaction of

probucol phenoxyl radical with ascorbic acid similar to the above mentioned regeneration

of a-tocopherol by ascorbate. It has also been shown [380] that flavonoids 7-monohydrox-

yethylrutoside, fisetin, and naringenin are able to substitute a-tocopherol during regeneration

of glutathione and correspondingly enhance its protective effect against microsomal lipid

peroxidation.

Recently, the possible synergistic interaction between flavonoids has been thoroughly

discussed in connection with the cardioprotective effect of red wine and purple grape juice.
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FIGURE 29.23 Chelators.
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Although it has been shown earlier [381] that the red wine phenolic compound trans-

resveratrol and flavonoid quercetin are protective against platelet aggregation and can

suppress eicosanoid synthesis, they were not effective as components of the whole red wine

or purple grape juice. This difference has been explained by the synergistic effects of flavo-

noids presented in these products. It was suggested that the antioxidant activity of flavonoids

of red wine and purple grape juice is responsible for the suppression of platelet aggregation,

an increase in platelet-derived NO release, a decrease in superoxide production [382], and the

inhibition of collagen-induced hydrogen peroxide production [383].
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30 Antioxidant Enzymes

30.1 SUPEROXIDE DISMUTASE: THE LATEST DEVELOPMENTS

Superoxide dismutase (SOD) is an antioxidant enzyme of great importance for the regulation

of free radical-mediated processes in biological systems. The discovery of SOD or more

exactly, the identification of erythrocuprein as a superoxide-dismuting enzyme by McCord

and Fridovich [1] in 1969 was a pivotal step in the development of free radical studies in

biology. Literature on SOD is overwhelming. At present about 24,000 references are cited in

Medline, three books entitled Superoxide Dismutase (edited by L.W. Oberley) have been

published by CRC Press from 1982 to 1985, and five International Conferences on Super-

oxide and Superoxide Dismutase have been held until 1989. Now, we will consider just the

latest findings relevant to the mechanisms of antioxidant and prooxidant activities of SODs

and their biological role.

30.1.1 MECHANISM OF SUPEROXIDE-DISMUTING ACTIVITY OF SODS

The mechanisms of superoxide-dismuting activity of SODs are well established. Dismutation

of superoxide occurs at copper, manganese, or iron centers of SOD isoenzymes CuZnSOD,

MnSOD, or FeSOD. These isoenzymes were isolated from a variety of sources, including

humans, animals, microbes, etc. In the case of CuZnSOD, dismutation process consists of two

stages: the one-electron transfer oxidation of superoxide by cupric form (Reaction (1)) and

the one-electron reduction of superoxide by cuprous form (Reaction (2)).

O2
.� þ Cu(II)ZnSOD ¼) O2 þ Cu(I)ZnSOD (1)

O2
.� þ Cu(I)ZnSODþ 2Hþ ¼) H2O2 þ Cu(II)ZnSOD (2)

Similar reactions are catalyzed by Mn and Fe centers of MnSOD and FeSOD. It is obvious

that before participation in Reaction (2), superoxide must be protonized to form hydroper-

oxyl radical HOO
.
by an outer-sphere or an intra-sphere mechanisms. All stages of dismuting

mechanism, including the measurement of elementary rate constants, have been thoroughly

studied earlier (see, for example, Ref. [2] ).

It is well known that most of the antioxidant enzymes and substrates can exhibit prooxidant

activity under certain conditions,mainly because many stages of the reactions catalyzed by such

enzymes are reversible. The question of possible prooxidant effects of SODs and the ability of

SODs to react with the other substrates than superoxide have been studied for a long time. It is

known that CuZnSOD is inactivated by the hydrogen peroxide formed. Hodgson and Frido-

vich [3] proposed that this inactivation depends on the reaction of hydrogen peroxide with the

oxidized form Cu(II)ZnSOD yielding the ‘‘bound’’ hydroxyl radicals.

Cu(II)ZnSODþH2O2 () Cu(I)ZnSODþO2
.� þ 2Hþ (3)

Cu(I)ZnSODþH2O2 ¼) (HO
.
)-Cu(II)ZnSODþHO� (4)
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The formed ‘‘bound’’ HO
.

is supposedly a reactive species capable of reacting with a

neighboring histidine at the active site and inactivates the enzyme. This prooxidant action

was referred to by the authors as the peroxidase activity of SOD.

However, it has been shown that the incubation of SOD with hydrogen peroxide in the

presence of spin-trap DMPO resulted in the appearance of the ESR spectrum of DMPO–OH

[4,5], apparently indicating the formation of free hydroxyl radicals during the inactivation of

SOD. Nonetheless, Sankarapandi and Zweier [6] disputed this proposal, pointing out that the

effects of hydroxyl radical scavengers ethanol, formate, and azide on the DMPO–OH spin

adduct formation did not correspond to those, which should be in the case of free hydroxyl

radicals. They suggested that in accordance with the Hodgson and Fridovich [3] proposal

hydroxyl radicals formed by Reaction (4) remain bound to cupric ion and may participate in

the substrate oxidation and the formation of DMPO–OH. Importantly, this reaction pro-

ceeded only in the presence of bicarbonate, which supposedly facilitated connection of the

hydrogen peroxide molecule to the active site.

However, the existence of an extremely reactive ‘‘bound’’ hydroxyl radical is questionable

because it is difficult to understand why it does not immediately react with adjacent molecules

(most of the reactions of hydroxyl radicals proceed with the rates close to a diffusion limit).

Therefore, the mechanism proposed by Zhang et al. [7,8] seems to be much more convincing.

They suggested that the genuine oxidizing free radical formed during SOD inactivation is the

bicarbonate radical anion CO3
.�, which is formed as a result of the oxidation of bicarbonate.

It has also been suggested that DMPO–OH is formed by the addition of water to an

intermediate of the reaction of DMPO with CO3
.� via a nucleophilic or electron transfer

mechanism.

Another mode of SOD prooxidant activity has been proposed by Offer et al. [9]. In 1973,

Rotilio et al. [10] showed that SOD can readily oxidize ferrocyanide. Offer et al. [9] found that

low SOD concentrations inhibited superoxide-induced oxidation of ferrocyanide, but SOD

becomes prooxidative at higher concentrations. As this reaction did not require hydrogen

peroxide, it was suggested that the prooxidant effect of enhanced SOD concentrations might

be explained by decreasing the steady state of superoxide and the direct oxidation of

ferrocyanide by SOD.

SOD is able to accelerate the oxidation of different substrates such as hydroquinone [11]

or tetracyclic catechol [12]. den Hartog et al. [13] showed that high concentrations of

CuZnSOD catalyzed the hydroxylation of coumarin 3-carboxylic acid. Winterbourn et al.

[14] demonstrated that CuZnSOD (but not MnSOD) stimulated the autoxidation of low

molecular weight thiols such as amino thiols, cysteine, cysteamine, and, to a less degree,

glutathione. These authors suggested that thiol oxidation occurs by a two-electron transfer

mechanism rather than through the mediation with superoxide; however, the observed

acceleration by adventitious metal ions remained unexplained. The oxidation of substrates

by CuZnSOD may be accompanied by the inactivation and the destruction of enzyme and the

release of copper [11]. Hydrogen peroxide inactivation of CuZnSOD can be suppressed by

nitric oxide [15]. Auchere and Capeillere-Blandin [16] demonstrated that CuZnSOD is easily

oxidized by MPO–hydrogen peroxide–chloride system.

30.1.2 SOD MIMICS AND SOD MODIFICATION

One of the major drawbacks of SOD as putative pharmaceutical agent is its small plasma

half-life. It has been suggested that this shortcoming might be corrected by the chemical

modification of SOD, for example, by binding to water-soluble polymers [17] or the entrap-

ment in liposomes [18]. However, it seems that the membrane-permeable, low molecular

weight compounds to be more promising for the use as SOD mimics. Two major types of
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SOD mimics have been developed: transition metal complexes and organic nitroxides. Among

metal complexes, salen–manganese complexes [19], the salicylate iron complex [20], and

Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin [21] are thought to be effective

SOD mimics. SOD dismuting activity has also been suggested for copper–rutin complex

[22]. However, it has been suggested that the metal-containing SOD mimics might dissociate

in the presence of proteins, losing SOD activity and releasing toxic metal ions [23].

Another type of SOD mimics is organic nitroxides 2,2,6,6-tetramethylpiperidinoxyl (TPO

or TEMPO) and 3-carbamoyl-2,2,5,5-tetramethylpyrrolidinoxyl (3-CP). In 1988, Samuni

et al. [24] suggested that these compounds may catalyze superoxide dismutation. Before

discussing the mechanism of superoxide dismutation by SOD mimics, it is necessary to

consider the difference between scavenging and dismuting modes of superoxide inhibition.

Weiss et al. [25] stressed the well-known fact that the compound could be a SOD mimic if

only it catalytically destroys superoxide, while superoxide scavengers react with superoxide

stoichiometrically. Using stopped-flow kinetic method, these authors concluded that nitrox-

ides TEMPO and TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidinoxyl) have no SOD-

dismuting activity. However, this conclusion has been contradicted in subsequent studies.

Krishna et al. [26] showed that the limitations of stopped-flow method used in Ref. [25] did

not permit to distinguish the catalytic activity of nitroxides and spontaneous superoxide

dismutation.

The mechanism of catalytic superoxide dismutation by nitroxides can be presented as

follows [27]:

RNO
. þHOO

. ¼) RNOþ þHOO� (5)

RNOþ þO2
.� ¼) RNO

. þO2 (6)

In this mechanism, RNO
.
and RNOþ are nitroxide radical and its oxoammonium cation. The

rate constants for Reactions (5) and (6) determined by pulse radiolysis are equal to:

k5¼ 1.2+0.1�108 for TPO and 1.3+0.1�106 l mol�1 s�1 for 3-CP and k6¼ 3.4+0.2�109

for TPO and 5.0+0.2�109 l mol�1 s�1 for 3-CP.

High values of reaction rates for the two dismutation steps confirm the ability of both

nitroxides TPO and 3-CP to be SOD mimics. However, as follows from the above mechanism,

hydroperoxyl radical and not superoxide must participate in the first dismutation step

(Reaction (5)). (As expected, a rate constant for the reaction of nitroxides with superoxide

is very low <103 l mol�1 s�1 [27].) Therefore, superoxide had to be protonated before

participating in Reaction (5), which will diminish the total catalytic process at physiological

pH and increase it at lower pH values.

30.1.3 BIOLOGICAL EFFECTS OF SOD

Biological effects of SODs are widely studied in many in vitro, ex vivo, and in vivo experi-

ments; many of these studies have already been considered throughout this book. Examples

of SOD application for the treatment of ‘‘free radical’’ pathologies are discussed in Chapter

31. Some studies related to the effects of SODs on free radical processes in cells and tissues are

discussed below.

The role of CuZnSOD on oxygen radical production in cerebral vessels has been studied.

Didion et al. [28] demonstrated that endogenous CuZnSOD diminished superoxide levels in

rabbit cerebral blood vessels and affected nitric oxide- and cyclooxygenase-mediated re-

sponses in cerebral microcirculation. A subsequent study by the same group [29] showed

increased superoxide production and vascular dysfunction in CuZnSOD-deficient mice.

Chang et al. [30] suggested that superoxide induced cytokines, which activated microglial
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cells and that CuZnSOD may exhibit neuroprotective function by suppression of microglial

activation. Marikovsky et al. [31] showed that overexpressing CuZnSOD in transgenic mice

induced a significant increase in the release of TNF-a and metalloproteinases from activated

peritoneal elicited macrophages that points out an important role of SOD in inflammation.

At present, much attention is focused on the role of extracellular SOD (EC-SOD) [32],

which is produced and secreted to the extracellular space by smooth muscle cells. Stralin and

Marklund [33] pointed out that various factors including histamine, vasopressin, angiotensin

II, and others may affect EC-SOD expression and change the susceptibility of the vascular

wall to superoxide. Oury et al. [34] has showed that hyperoxia caused depletion of pulmonary

EC-SOD: exposure to 100% dioxygen resulted in a significant decrease in EC-SOD levels in

the lungs and bronchoalveolar lavage fluid of mice.

The relationship between EC-SOD expression and NO production in cells is of a great

physiological and pathophysiological significance. In 1992, Oury et al. [35] demonstrated that

EC-SOD increased oxygen toxicity in central nervous system (CNS) by the inhibition of super-

oxide-mediated inactivationof nitric oxide. This conclusion is obviously erroneousonebecause,

as it iswell known that the interaction of superoxide andnitric oxide results in the formation of a

very toxic peroxynitrite. Indeed, the same authors recently showed that EC-SOD promoted

nitric oxide vasodilation by dismuting superoxide [36]. On the other hand, it has been found

that nitric oxide can downregulate the synthesis of EC-SOD by smooth muscle cells [37].

The important role of MnSOD in suppression of mitochondrial overproduction of oxygen

radicals has already been discussed in Chapter 23 and other chapters of this book. Placed within

the mitochondrial matrix, MnSOD catalyzes the dismutation of superoxide including cytosolic

superoxide, which can be scavenged by the mitochondria via a polarized inner membrane. It has

been shown that overexpression of MnSOD prevents apoptosis induced by TNF-a [38] or

peroxynitrite [39]. Kiningham et al. [40] showed that MnSOD overexpression protected murine

fibrosarcoma cells against cell death mediated by rotenone, adriamycin, or poly(ADP–ribose)

polymerase. MnSOD overexpression has also been found to protect lung epithelial cells against

hyperoxic injury [41]. MnSOD overexpression can be stimulated in endothelial cells by cyto-

kines IL-1 and TNF-a, LPS [42], and vascular endothelial growth factor [43].

30.2 SUPEROXIDE REDUCTASES

Recent discovery of superoxide reductases (SORs), the enzymes capable of reducing super-

oxide to hydrogen peroxide, added a second type of enzymes, which are able to catalytically

destroy superoxide in living organisms. These enzymes have been found in anerobic micro-

organisms and are supposedly needed for their protection against reactive oxygen species.

SORs apparently substitute SODs, although the advantages of superoxide reduction before

superoxide dismutation in anerobic organisms are still unclear.

Two types of SORs have been firstly described by Lombard et al. [44] and Jenney et al.

[45]. The first one is a small protein called desulfoferrodoxin (Dfx) found in anaerobic sulfate-

reducing bacteria Desulfoarculus baarsii containing two protein domains: iron center I and

iron center II [44]. Iron center II is supposed to be responsible for the superoxide reducing

activity. Another SOR has been isolated from anerobic archaea, Pyrococcus furiosus, which

has a unique mononuclear iron center [45]. Lombard et al. [46] and Jovanovic et al. [47]

also demonstrated that the Treponema pallidum protein of T. pallidum belongs to a new

class of SORs.

The kinetics and the mechanism of superoxide reduction by SORs have been studied by

several researchers. It was suggested that SORs react with superoxide via an inner-sphere

mechanism, binding superoxide at ferrous center to form a ferric–hydroperoxo intermediate

[46,48–50]. The rate constant for this reaction is equal to 108�109 l mol�1 s�1 [46,49]. This
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reaction is the first stage of the process, which is accompanied by the slow decomposition of

intermediate with a rate of 500–5000 s�1 [49].

There is still a possibility that SOR activity of the enzymes studied could be adventitious

[50], but on the whole, the experimental results are very convincing [51,52]. However, the

questions remained related to catalytic mechanism of SORs. In contrast to SODs, these

enzymes are unable to complete the catalytic cycle by themselves because they need reductants

for reducing the oxidized form of an enzyme. Therefore, it is possible that the mechanism of

superoxide reduction by SORs may change from catalytic to stoichiometric one depending on

the presence of additional reductants.

30.3 CATALASE

For many years heme-containing enzyme catalase, which decomposes hydrogen peroxide to

water and dioxygen, has been considered to be one of the major antioxidant enzymes. Similar

to peroxidases, catalase forms intermediates: CatFe(III)H2O2 complex (Compound I), Cat-

Fe(II)H2O2 (Compound II), and inactive superoxo complex of native enzyme CatFe(III)O2
.�

(Compound III) during the enzymatic cycle (see, for example, Ref. [53]). It is usually accepted

that the damaging effect of hydrogen peroxide depends on the formation of hydroxyl or

hydroxyl-like free radicals by the Fenton reaction. Therefore, the first target of hydroxyl

radical attack should be the catalase itself, and the enzyme must be protected against the

damaging effect of hydrogen peroxide.

Indeed, it has been shown that catalase is protected by NADPH. It was found that one

molecule of NADPH tightly bound to each of the four subunits of catalase in human

erythrocytes [54]. Kirkman et al. [55] demonstrated that physiologically realistic concentra-

tions of NADPH effectively protected catalase against the damaging effect of hydrogen

peroxide. It was proposed that NADPH protects catalase by suppression of the formation

of inactive enzyme form Compound II. Various mechanisms of NADPH protective activity,

including the formation of the intermediate state [56] and the one-electron reduction of

Compound II through electron tunneling [57], as well as other pathways besides the preven-

tion of Compound II formation [58] have been proposed.

Catalase (alone or together with SOD) has been applied in many experimental investiga-

tions; some examples are given below. In 1991, Koerner et al. [59] showed that catalaseþ SOD

reduced postischemic myocardial dysfunction in rabbits. Mao et al. [60] found that the high

levels of SOD catalyzed the formation of hydroxyl radicals in the presence of iron ions. The use

of SOD–catalase conjugates resulting in 80% normalization of normal mechanical function of

reperfused rat hearts, in which free SOD was toxic or failed to give any protection. Rojanasakul

et al. [61] proposed that hydroxyl radicals are formed in hydrogen peroxide-treated cells. To

fight iron-mediated hydroxyl radical formation, these authors applied transferrin–catalase

conjugate, which exhibited much improved protective effects on cells under oxidative stress

compared to free catalase. It has been shown that catalase and vitamins E and C protected rat

hepatocytes against bromobenzene-induced toxicity mediated by hydrogen peroxide [62].

Catalase and SOD protected renal epithelial cells against free radical injury induced by oxalate

or calcium oxalate monohydrate crystals [63].

The treatment of rats with acute lung injury, induced by the intra-alveolar formation

of IgG immune complexes of BSA, with catalase caused substantial protection or failed

to prevent lung injury depending on the time of catalase administration [64]. Catalase in

cytosol and mitochondria of the cells transfected with human catalase cDNA is capable of

protecting cells against oxidative stress [65]. Han et al. [66] showed that catalase inhibited

hydrogen peroxide upregulation of iNOS expression through NFkB activation in peritoneal

macrophages.
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30.4 GLUTATHIONE REDOX CYCLE

Glutathione redox cycle consists of NADPH, reduced glutathione GSH, glutathione reduc-

tase (GR), and glutathione peroxidase (GP) (Reactions (7) and (8)):

Glutathione reductase

NADPHþGSSRþHþ ¼) NADPþ þ 2GSH (7)

Glutathione peroxidase

2GSHþH2O2 ¼) GSSGþ 2H2O (8)

Glutathione peroxidase is a selenium-dependent enzyme, which rapidly detoxifies hydrogen

peroxide and various hydroperoxides. Suttorp et al. [67] showed that the impairment of

glutathione cycle resulted in an increase in the injury of pulmonary artery endothelial cells.

Glutathione cycle protected against endothelial cell injury induced by 15-HPETE, an arachi-

donate metabolite produced by 15-lipoxygenase-catalyzed oxidation [68].

Glutathione peroxidase plays an especially important role in mitochondria where catalase

is absent. There are two kinds of glutathione peroxidases, namely classic glutathione peroxi-

dase (cGP) and phospholipid hydroperoxide glutathione peroxidase (PHGP). The latter is the

only known intracellular antioxidant enzyme capable of directly reducing phospholipid

peroxides and cholesterol in the membrane. Thus, it has been shown that PHGP expression

protects cells from lipid hydroperoxide-mediated injury [69,70]. Arai et al. [71] demonstrated

that PHGP expression suppressed cell death caused by mitochondrial injury due to potassium

cyanide or rotenone.

Glutathione cycle plays an important protective role against the reactive drug intermedi-

ates. For example, the GP mimetic ebselen synergistically enhanced the cardioprotection by

SOD mimetic MnTBAP in doxorubicin-treated rat cardiomyocytes [72]. Glutathione peroxi-

dase exhibits strong protective effect against ischemic reperfusion injury. Yoshida et al. [73]

showed that the glutathione peroxidase knockout mice is more susceptible to myocardial

ischemia and reperfusion damage than normal mice. On the other hand, the overexpression of

glutathione peroxidase decreased necrotic and apoptotic cell death in transgenic mice [74]. In

subsequent work Ishibashi et al. [75] demonstrated that the overexpression of glutathione

peroxidase modulated inflammatory response in transgenic mice. Peng and Li [76] showed

that the induction of glutathione and the enzymes of glutathione cycle by the chemoprotective

agent 3H-1,2-dithiole-3-thione protected against oxidative cell injury in rat cardiomyocytes.

30.5 THIOREDOXIN REDUCTASE

Mammalian thioredoxin reductases are a family of selenium-containing pyridine nucleotide-

disulfide oxidoreductases. These enzymes catalyze NADPH-dependent reduction of the redox

protein thioredoxin (Trx), which contains a redox-active disulfide and dithiol group and by

itself may function as an efficient cytosolic antioxidant [77]. One of the functions of Trx/

thioredoxin reductase system is the NADPH-catalyzed reduction of protein disulfide [78]:

NADPHþ (thioredoxin reductase)S2 þHþ ¼) NADPþ þ (thioredoxin reductase)(SH)2 (9)

(thioredoxin reductase)(SH)2 þ TrxS2 ¼) (thioredoxin reductase)S2 þ Trx(SH)2 (10)

Trx(SH)2 þ (protein)S2 ¼) TrxS2 þ (protein)(SH)2 (11)

Mammalian thioredoxin reductase is able to reduce many substances in addition to thior-

edoxin such as insulin, vitamin K, alloxan, and others, while Escherichia coli enzyme is a
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highly specific for thioredoxins [79]. Nikitovic and Holmgren [80] have also shown that Trx/

thioredoxin reductase system cleaves S-nitrosoglutathione to form glutathione and nitric

oxide.

In 1986, the antioxidant effects of thioredoxin reductase were studied by Schallreuter et al.

[81]. It has been shown that thioredoxin reductase was contained in the plasma membrane

surface of human keratinocytes where it provided skin protection against free radical medi-

ated damage. Later on, the reductive activity of Trx/thioredoxin reductase system has been

shown for the reduction of ascorbyl radical to ascorbate [82], the redox regulation of NFkB

factor [83], and in the regulation of nitric oxide–nitric oxide synthase activities [84,85].

30.6 PHASE 2 ANTIOXIDANT ENZYMES AND ALKENAL/ONE
OXIDOREDUCTASE

Phase 2 enzymes (glutathione transferase, glucuronosyltransferases, NADPH:quinone reduc-

tase, heme oxygenase 1, and some others) are usually considered as protective enzymes

against electrophilic carcinogens. However, it is now recognized that many Phase 2 enzymes

exhibit indirect antioxidant properties. Gao et al. [86] found that the sulforaphane induction

of Phase 2 enzymes protected human adult retinal pigment epithelial cells from prooxidant

effects of menadione, tert-butyl hydroperoxide, 4-hydroxynonenal, and peroxynitrite. Similar

protective effects were demonstrated for human keratinocytes and murine leukemia cells.

Yang et al. [87] showed that glutathione S-transferases protect cells against lipid peroxida-

tion by catalyzing GSH-dependent reduction of hydrogen peroxide and phospholipid

hydroperoxides.

Dick et al. [88] studied the antioxidant effects of NADPH-dependent alkenal/one oxidor-

eductase (AO), also known as leukotriene B4 12-hydroxydehydrogenase, 15-oxoprostaglan-

din 13-reductase, and dithiolethione-inducible gene-1. It was found that AO catalyzed the

hydrogenation of many a,b-unsaturated aldehydes and ketones and protected against cyto-

toxic action of 4-hydroxy-2-nonenal.
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31 Free Radicals and Oxidative
Stress in Pathophysiological
Processes

For a long time the formation of free radicals and the development of oxidative stress in

living organisms have been considered as exclusively damaging factors, leading to various

pathophysiological events. This is not surprising because numerous studies showed that the

development of many diseases is associated with the overproduction of free radicals.

Although this fact cannot of course be an undeniable proof of the predominant role of free

radicals or oxidative stress in these pathologies, an excess in the formation of free radicals and

other reactive oxygen and nitrogen species pointed out at least a casual intervention of all

these reactive compounds in disease development. However, we now know that not only the

overproduction but also the insufficient formation of free radicals could also be a cause of

pathological disorders. Therefore, the main approach to the treatment and prevention of

pathologies associated or accompanied by free radical formation should be the regulation and

not simple suppression of their formation.

At present, numerous free radical studies related to many pathologies have been carried

out. The amount of these studies is really enormous and many of them are too far from the

scope of this book. The main topics of this chapter will be confined to the mechanism of free

radical formation and oxidative processes under pathophysiological conditions. We will

consider the possible role of free radicals in cardiovascular disorders, cancer, anemias,

inflammation, diabetes mellitus, rheumatoid arthritis, and some other diseases. Furthermore,

the possibilities of antioxidant and chelating therapies will be discussed.

31.1 CARDIOVASCULAR DISEASES

31.1.1 ISCHEMIA–REPERFUSION

Hypoxia (lack of oxygen relative to metabolic needs) and reoxygenation (reintroduction of

oxygen in hypoxic tissue) are two important origins of cellular injury [1]. It is believed that

reoxygenation injury is a cause of circulatory shock, myocardial ischemia, and stroke. (It is

well known that myocardial infraction and stroke, diseases due to ischemia, are common

cases of morbidity and mortality.) The enhancement of oxygen radical production during

reoxygenation has long been recognized as a cause of reoxygenation injury. The formation of

oxygen radicals under these pathophysiological conditions has been suggested based on the

inhibitory effects of antioxidant enzymes and hydroxyl radical scavengers [2–5] and later on

with the aid of ESR spin-trapping method [6].
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Cellular hypoxia may lead to different degrees of cell injury. Sublethal hypoxia can be

reversed without apparent consequences and can even be followed by enhanced resistance

to reoxygenation injury (named conditioning). Severe hypoxia–reoxygenation results in cell

death, necrosis, and apoptosis. It is of utmost importance to identify the sources responsible

for free radical production during ischemia–reperfusion. In 1985, McCord [7] proposed a

mechanism of superoxide formation in reperfusion. It is known that during ischemia xanthine

dehydrogenase is converted to xanthine oxidase and ATP is transformed to hypoxanthine

and xanthine. Thus, ischemia induces the formation of xanthine–xanthine oxidase system,

a producer of superoxide. McCord’s work has been followed by many studies with emphasis

on the importance of the xanthine oxide-catalyzed oxygen radical formation in ischemia–

reperfusion. As superoxide is a rather inactive free radical, it has been proposed that it be

converted to hydroxyl radicals, stimulating, for example, the release of ferrous ions from

ferritin [8].

Later on, the importance of xanthine oxidase as the producer of reoxygenation injury was

questioned at least in the cells with low or no xanthine oxidase activity. Thus, it has been

shown that human and rabbit hearts, which possess extremely low xanthine oxidase activity,

nonetheless, develop myocardial infractions and ischemia–reperfusion injury [9]. However,

recent studies supported the importance of the xanthine oxidase-catalyzed oxygen radical

generation. It has been showed that xanthine oxidase is partly responsible for reoxygenation

injury in bovine pulmonary artery endothelial cells [10], human umbilical vein and lympho-

blastic leukemia cells [11], and cerebral endothelial cells [12]. Zwang et al. [11] concluded that

xanthine dehydrogenase may catalyze superoxide formation without conversion to xanthine

oxidase using NADH instead of xanthine as a substrate.

Xanthine oxidase is not the only source of reactive species in ischemia–reoxygenation

injury. Another source of oxygen radicals is NADPH oxidase. For example, it has been

shown that endothelial NADPH oxidase produced reactive oxygen species in lungs exposed

to ischemia [13]. (The role of NADPH oxidase as a producer of oxygen radicals in tissue is

considered below.)

Mitochondrial production of oxygen and nitrogen reactive species is also increased during

hypoxia–reoxygenation injury. Anoxia (i.e., the absence of dioxygen) causes the reduction of

respiratory electron carriers and consequently, increases superoxide production by mitochon-

dria. Hypoxia also decreases MnSOD activity and protein or heme expression that causes an

increase in oxygen radical production. On the other hand, reoxygenation of hypoxic mito-

chondria induces mitochondrial complex I dysfunction and also augments superoxide pro-

duction [14]. Kim et al. [15] recently showed that cerebral ischemia–reperfusion in mice

caused the enhancement of mitochondrial superoxide production in neurons, which was

increased in mutant mice deficient in MnSOD.

It was earlier thought that activated neutrophils do not play an important role in

reoxygenation injury [1]. However, Duilio et al. [16] pointed out that this conclusion was

drawn from the experiments with brief episodes of ischemia resulted in myocardial stunning,

while neutrophil-mediated damage is expected after prolonged ischemia associated with

myocardial infraction. These authors demonstrated that neutrophils were a major source of

oxygen radicals in hearts reperfused under in vivo conditions after prolonged ischemia.

There are numerous examples of a critical role of reactive oxygen and nitrogen species in

ischemic injury. Thus, Manevich et al. [17] showed that the abrupt cessation of flow of flow-

adapted endothelial cells (simulated ischemia) caused an oxidative burst accompanied by the

production of oxygen radicals. It has long been known that oxidative processes occur in acute

renal ischemia–reperfusion [18]. Recently, Noiri et al. [19] concluded that peroxynitrite rather

than superoxide is responsible for lipid peroxidation and DNA damage during renal damage

in ischemic acute renal failure (ARF).
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31.1.2 ATHEROSCLEROSIS

Oxidative stress is involved in the pathogenesis of many cardiovascular pathologies, including

hypercholesterolemia, atherosclerosis, hypertension, diabetes mellitus, and heart failure. It is

a common knowledge that excess formation of reactive oxygen and nitrogen species is linked

with vascular lesion formation and functional defects. An important factor of atherosclerosis

development is the dysfunction of vascular endothelium induced by the reaction of super-

oxide with nitric oxide. It has been shown long ago that superoxide inactivated the endothe-

lium-derived relaxing factor (EDRF) [20]. Now EDRF is identified as nitric oxide; therefore,

it is understandable that EDRF inactivation is a result of the interaction of superoxide with

nitric oxide, which leads to the formation of peroxynitrite, a genuine reactive species respon-

sible for endothelial dysfunction. Thus the inhibition of nitric oxide production by this

mechanism leads to endothelial dysfunction, one of the earliest steps in the atherosclerotic

process.

The disturbance of balance between superoxide and nitric oxide occurs in a variety of

common disease states. For example, altered endothelium-dependent vascular relaxation due

to a decrease in NO formation has been shown in animal models of hypertension, diabetes,

cigarette smoking, and heart failure [21]. Miller et al. [22] suggested that a chronic animal

model atherosclerosis closely resembles the severity of atherosclerosis in patients. On the

whole, the results obtained in humans, for example, in hypertensive patients [23] correspond

well to animal experiments. It is important that endothelium-dependent vascular relaxation in

patients may be improved by ascorbic acid probably through the reaction with superoxide.

At present, a great attention is given to the role of angiotensin II (Ang II), a principal

effector of renin angiotensin system, in the development of atherosclerosis and other cardio-

vascular diseases [24]. Ang II induces oxidative stress through AT1 receptor and NADPH

oxidase activation [25,26]; the blockade of Ang II type 1 receptor prevents aortic superoxide

production in rats in vivo [27]. Rueckschloss et al. [28] showed that Ang II induced proather-

osclerotic oxidative stress in human endothelial cells by the expression of NADPH oxidase.

The blockade of AT1 receptor reduced oxidative stress and could be useful in the treatment of

patients with coronary disease. Zhang et al. [29] demonstrated that AT2 receptor mediated the

vasodilation of coronary arterioles. Ushio-Fukai et al. [30] showed that Ang II stimulated

intracellular oxygen radical production, leading to vascular smooth muscle hypertrophy.

The role of NADPH oxidase in the stimulation of oxidative stress during atherosclerosis

has been widely discussed. Recently, Barry-Lane et al. [31] demonstrated that mice lacking the

p47phox gene had lower aortic levels of superoxide production as compared to wild-type

mice. Although Hsich et al. [32] and Kirk et al. [33] did not find any change in superoxide

production under similar conditions, Griendling and Harrison [34] explained these contra-

dictions by difference in experimental conditions. Subsequent studies have shown that the

suppression of NADPH oxidase or SOD activities resulted in the inhibition or enhancement

of superoxide production, respectively. Thus, Bendal et al. [35] demonstrated the principal

role of a gp91phox-containing NADPH oxidase in angiotensin II-induced cardiac hyper-

trophy in mice. Wang et al. [36] showed that the formation of superoxide and 3-nitrotyrosine

increased in aortic endothelium and adventitia of Ang II-treated wild-type mice but not in the

mice expressing SOD. However, the in vivo effects of Ang II were supposedly mediated by the

other reactive oxygen species than superoxide or peroxynitrite. Nonetheless, Landmesser et al.

[37] demonstrated that a decrease in the in vivo Ang II hypertensive effect in mice depended

on NADPH oxidase-produced superoxide because it was markedly diminished in mice

deficient in p47phox. Hathaway et al. [38] also found that the development of moderately

severe atherosclerosis and regression of atherosclerosis in monkeys depended on the level

of superoxide production and NADPH oxidase activity. Chatterjee [39] proposed that

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c031 Final Proof page 907 2.2.2005 5:57pm

© 2005 by Taylor & Francis Group.



glycosphingolopid lactosylceramide contributes to atherosclerosis through the activation of

NADPH oxidase. Zimmerman et al. [40] demonstrated the mediation by superoxide of Ang II

effects on central nervous system (CNS). It was found that the expression of SOD in the brain

of mice injected with Ang II abolished the changes in blood pressure and heart rate.

It is well known that atherogenesis is characterized by LDL oxidative modification. Kuhn

et al. [41] studied the mechanism of LDL oxidation on the different stages of atherogenesis.

Their data suggest that 15-lipoxygenase is involved in the oxidation of LDL in the early stages

of atherogenesis, while nonenzymatic arachidonate oxidation becomes more important in the

later stages. An increase in the products of linoleic acid oxidation (hydroxy fatty acids) has

been observed in the LDL of atherosclerotic patients [42].

31.1.3 MITOCHONDRIA AND NADPH OXIDASE AS INITIATORS OF OXYGEN RADICAL

OVERPRODUCTION IN HEART DISEASES

The above data suggest an important role of reactive oxygen species in the development of

heart diseases. This suggestion has been supported by many studies, which also demonstrated

a potential efficacy of antioxidants, free scavengers, and chelators in the treatment of these

diseases. Mitochondrial oxygen radical overproduction can probably be one of the critical

causes.

For example, Ide et al. [43] demonstrated the involvement of oxygen radicals produced by

mitochondria in heart failure myocytes from adult mongrel dogs, which could be responsible

for contractile dysfunction and structural damage to the myocardium. In a subsequent study

[44], using the same animal model, these authors suggested that hydroxyl radical formation

contributed to left ventricular failure. This work has been commented as an important

evidence of significance of mitochondrial oxygen radical overproduction in heart injury

[45]. However, it should be noted that the formation of hydroxyl radicals in the failing

myocardium is still questionable. Unfortunately, Ide et al. [44] failed to demonstrate definitely

that the hydroxyl spin-trapping adduct was formed in the reaction of hydroxyl radicals with a

spin trap and not during the decomposition of the hydroperoxyl spin adduct originating from

superoxide, for example, by conversion of hydroxyl radicals into ethanol radicals. Ballinger

et al. [46] also proposed that reactive oxygen and nitrogen species contribute to mitochondrial

oxidant production and DNA damage and stimulate the progression of atherosclerotic

lesions in humans.

MacCarthy et al. [47] showed that the treatment of isolated ejecting hearts from aortic-

banded guinea pigs with ascorbic acid and desferrioxamine restored left verticular relaxant

responses to NO agonists. On these grounds, it was proposed that an increase in oxygen

radical production is responsible for the impaired endothelial regulation of left verticular

relaxation. Hamilton et al. [48] showed that the inhibition of NADPH oxidase by apocynin

improved endothelial function in rat and human blood vessels by increasing nitric oxide

bioavailability, assuming that NADPH oxidase may be a novel target for drug intervention

in cardiovascular disease. Azumi et al. [49] demonstrated an importance of NADPH

oxidase-stimulated superoxide production in directional coronary atherectomy specimens

from patients with stable and unstable angina pectoris. They suggested that oxygen radicals

initiate LDL oxidation and probably play important role in pathogenesis of coronary

artery disease.

31.1.4 ANTIOXIDANTS AND HEART DISEASE

From earlier times when it has first been established that ischemia and hypoxia are the

potential causes of coronary heart disease and myocardial infraction [50,51], antioxidants
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have been considered as the possible candidates for the treatment of these diseases. Therefore,

it is not surprising that the well-known antioxidants vitamin E and SODþ catalase have been

applied in the first place in the prevention and therapy studies [50,52]. Recent studies of

animal models supported early proposals about the beneficial effects of vitamin E adminis-

tration for he prevention of endothelial dysfunction in heart failure [53]. Some data on

protective effects of vitamin E and C in heart diseases have already been considered in

Chapter 29. Finnish researchers also demonstrated that the supplementation of diet with

vitamins E, C, carotene, and selenium increased the resistance of atherogenic lipoproteins to

oxidative stress in human plasma [54] and that high serum vitamin E and selenium levels in

local diet correlated with low mortality from coronary heart disease in people from northern

Finland [55].

As noted in Chapter 29, Pryor’s estimate [56] of results of clinical trials on the treatment of

heart diseases with vitamin E is mainly positive. However, the final conclusions are not so

optimistic. Shihabi et al. [57] suggested that one of main reasons of the failure of large clinical

trials could be inefficiency of vitamin E to suppress free radical damage initiated by super-

oxide. Indeed, the present studies show that the most important directions of free radical

attack on tissue and cells are mediated by peroxynitrite and hypochlorous acid. As peroxyni-

trite is formed by the reaction of superoxide with nitric oxide, the enhanced superoxide

production in atherosclerosis might be a critical factor of free radical injury. However, as it

is rightly noted by Shihabi et al. [57], vitamin E is not an effective scavenger of superoxide.

Actually, vitamin E (a-tocopherol) cannot react with superoxide at all by free radical

abstraction mechanism because superoxide is able only to deprotonate a-tocopherol to

form even a more active perhydroxyl radical HOO
.
(Chapter 29). Of course, a-tocopherol

is the most effective scavenger of hydroxyl, peroxyl, alkoxyl, and alkyl radicals and, therefore,

can be useful for suppressing free radical damage to lipids and other biomolecules but is

ineffective on the superoxide-mediated initiation stages of free radical damage. The latest data

on the 6-year supplementation of vitamin Eþ vitamin C to healthy hypercholesterolemic

persons showed attenuation of the progression of carotid atherosclerosis especially in male

patients [58]. Nonetheless, the benefits of vitamin E supplementation for fighting against

cardiovascular disease are still not clear [59].

It should be stressed that among numerous natural and synthetic antioxidants, not many

are effective superoxide scavengers. These are quinones, some polyphenolic compounds, and

probably, thiols (Chapter 29). Therefore, it is not surprising that the use of traditional

antioxidants such as vitamin E in clinical trials still did not give successful results. From

these considerations, one may expect that flavonoids can exhibit better cardioprotector

activity. For example, Wu et al. [60] showed that the flavonoid purpurogallin protected rabbit

against myocardial ischemia–reperfusion injury. Shao et al. [61] demonstrated that another

flavonoid baicalein protected cardiomyocytes against oxidative stress by scavenging super-

oxide formed during ischemia–reperfusion. Recently, cardioprotective activity of ubiquinones

has been confirmed in ischemia–reperfusion experiments with rats, however, an increase in rat

myocardium resistance to reperfusion damage was found only for water-soluble ubiquinone

derivatives [62]. Another possible antioxidant capable of protecting heart proteins against

peroxynitrite-mediated protein oxidation is urate [63].

It has been found that the 3-hydroxy-3-methylglutaryl-CoA (HMG CoA) inhibitors

statins (atorvastatin, pravastatin, and cerivastatin), widely prescribed cholesterol-lowering

agents, are able to inhibit phorbol ester-stimulated superoxide formation in endothelial-intact

segments of the rat aorta [64] and suppress angiotensin II-mediated free radical production

[65]. Delbose et al. [66] found that statins inhibited NADPH oxidase-catalyzed PMA-induced

superoxide production by monocytes. It was suggested that statins can prevent or limit the

involvement of superoxide in the development of atherosclerosis. It is important that statin

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c031 Final Proof page 909 2.2.2005 5:57pm

© 2005 by Taylor & Francis Group.



therapy may be useful in prevention of cardiac hypertrophy, a major cause of mortality

worldwide. Takemoto et al. [67] suggested that statins decreased superoxide production in rats

treated with Ang II infusion by the inhibition of Rho proteins. Cerivastatin protected against

the hypertension-based stroke in stroke-prone spontaneously hypertensive rats and inhibited

superoxide production and inflammation in brain [68]. Treatment of hypercholesterolemic

patients with atorvastatin reduced both LDL cholesterol and superoxide levels [69]. Similarly,

Lubrano et al. [70] found that the atorvastatin treatment of patients with familial hypercho-

lesterolemia reduced total plasma and LDL-cholesterol, NO2/NO3, and malondialdzhyde

(MDA) levels. Khan et al. [71] studied the effect of irbesartan, an Ang type 1 receptor

inhibitor, on vascular oxidative stress in patients with coronary artery disease. The treatment

with irbesartan significantly decreased peroxidation and superoxide production in patients.

Recently, it has been found that the iron chelator desferrioxamine improves NO-mediated,

endothelium-dependent vasodilation in patients with coronary artery disease [72]. Thus, it is

possible that iron availability is responsible for impaired NO activity in atherosclerosis.

31.1.5 HYPERTENSION

The possible involvement of free radicals in the development of hypertension has been

suspected for a long time. In 1988, Salonen et al. [73] demonstrated the marked elevation of

blood pressure for persons with the lowest levels of plasma ascorbic acid and serum selenium

concentrations. In subsequent studies these authors confirmed their first observations and

showed that the supplementation with antioxidant combination of ascorbic acid, selenium,

vitamin E, and carotene resulted in a significant decrease in diastonic blood pressure [74] and

enhanced the resistance of atherogenic lipoproteins in human plasma to oxidative stress [75].

Kristal et al. [76] demonstrated that hypertention is accompanied by priming of PMNs

although the enhancement of superoxide release was not correlated with the levels of blood

pressure. Russo et al. [77] showed that essential hypertension patients are characterized by

higher MDA levels and decreased SOD activities.

The mechanism of free radical-stimulated hypertension has been studied in animal

experiments. Kerr et al. [78] demonstrated the enhancement of superoxide production and

eNOS mRNA expression in spontaneously hypertensive stroke-prone rats. It was suggested

that a major producer of superoxide was NO synthase. In contrast, it has been shown that

NADPH oxidase is mainly responsible for the enhanced superoxide production in miner-

alocorticoid (deoxycorticosrerone acetate, DOCA) hypertensive rats characterized by low

Ang II level [79,80]. Beswick et al. [80] found that xanthine oxidase and uncoupled endothelial

NO synthase had no effect on superoxide production in the DOCA-salt rats, while the

inhibition of NADPH oxidase significantly decreased the formation of superoxide in aortic

rings. Chen et al. [81] suggested that the reduction of oxidative stress in stroke-prone

spontaneously hypertensive rats after supplementation with vitamin E and C was associated

with decreasing NADPH oxidase activity and increasing SOD activity. Ulker et al. [82] also

showed that endothelial NADPH oxidase is a major source of superoxide production

in spontaneously hypertensive rats and that vitamins E and C normalize endothelial dysfunc-

tion by regulation of endothelial NO synthase and NADPH oxidase activities. Increase in

vascular cell adhesion molecule-1 (VCAM-1) expression, which contributes to vascular

dysfunction in hypertension, can be suppressed in DOCA-salt hypertension rats by gene

transfer of MnSOD or eNOS [83]. Enhanced superoxide production and arterial pressure in

spontaneous hypertensive rats can be reduced by the treatment with the stable free radical

Tempol [84].

The accumulation of inflammatory cells (leukocytes and macrophages) in the arterial wall

is another inducer of hypertension. For example, it has been shown that NO blockade in

the aortas in L-Nitro arginine methyl ester(NAME)-treated rats resulted in the accumulation
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of macrophages in arteries accompanied by an increase in superoxide production and stimu-

lated the expression of specific adhesion molecules [85].

31.1.5.1 Preeclampsia

Preeclampsia is a hypertensive disorder of pregnancy leading to maternal hypertension. This

disease is one of the most significant health disorders of human pregnancy. Contemporary

studies demonstrated the importance of oxidative stress in preeclampsia, including the enhance-

ment of lipid peroxidation, formation of isoprostane 8-iso-PGF2a, an increase in nitrotyrosine

and nitrotyrosine residues in placenta, and an increase in xanthine oxidase activity [86].

Recently, Walsh et al. [87] and Barden et al. [88] confirmed the enhanced formation of

isoprostanes in preeclamptic placentas, which was correlated with the elevated MDA forma-

tion. Sikkema et al. [89] showed that superoxide formation was significantly increased in the

placental tissue of preeclamptic women while SOD activity was apparently reduced. Further-

more, it has been shown that N-formyl-Met-Leu-Phe-(FMLP) and PMA-stimulated neutro-

phils isolated from preeclampticwomenduring the third trimester producedmuchmore oxygen

radicals than normal cells [90]. Vaughan andWalsh [91] proposed that placental oxidative stress

in preeclampsia can be a consequence of maternal hyperlipidemia and increased iron levels.

31.1.6 HYPERGLYCEMIA AND DIABETES MELLITUS

31.1.6.1 Hyperglycemia-Induced Oxidative Stress in Diabetes

It has been shown that vascular disease accounts for most of the clinical complications of

diabetes mellitus. As hyperglycemia is a starting event of the development of diabetes

mellitus, the mechanisms of free radical formation stimulated by glucose have been thor-

oughly studied. Glycation of proteins is an important process taking place in diabetic

atherosclerosis. Hunt [92] considered the possible involvement of oxygen radicals in protein

glycation. This process consists of the formation of Schiff bases in the reaction of glucose with

proteins, which are transformed into so-called Amadori products; the latter again react with

proteins to form fluorescent adducts called Maillard products or advanced glycation end-

products (AGE) (Reaction (1) and (2)):

Glucoseþ protein ¼) RCH(OH)CH(OH)CH¼¼N��Pr

This is Schiff base

() RCH(OH)C(OH)¼¼CHNH��Pr ¼)
Schiff base

¼) RCH(OH)C(O)CH2NH��Pr () RC(OH)¼¼C(OH)CH2NH��Pr (1)

Amadori product Protein enediol

Amadori productþ protein ¼) AGE (Maillard products) (2)

It has been proposed [92] that oxygen radicals may be formed in the stage of glycoxidation

during the transition metal oxidation of protein enediol.

At present, the importance of the involvement of oxygen radicals in earlier stages of

hyperglycemia has been demonstrated. Three major pathways of hyperglycemia-stimulated

diabetic complications have been proposed: the activation of protein kinase C, the increased

formation of glucose-derivated AGE and the increased flux of glucose by the aldose reductase

pathway. However, Brownlee and coworkers [93] have recently suggested that all these

pathways occur due to the same reason: hyperglycemia-induced mitochondrial superoxide

overproduction. It has been also shown that hyperglycemia-induced mitochondrial
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superoxide production activates hexosamine pathway that may affect gene expression and

protein function, contributing to diabetic complications [94].

Furthermore, hyperglycemia increases oxygen radical production by mitochondrial elec-

tron transport chain in human platelets that may be an important factor of platelet dysfunction

in patients with diabetes mellitus [95]. Mitochondrially produced oxygen radicals are also

responsible for the activation of the cytokine-sensitive transcription factor NF-kB in insulin

producing cells, and the overexpression of MnSOD is beneficial for the survival of these cells

[96]. Recently, Brodsky et al. [97] demonstrated that glucose reduced NO production and

increased superoxide production by endothelial cells; both events can be restored to control

levels by cell-penetrated SOD mimic. It was also proposed that uncoupled mtNOS is an

important source of superoxide in endothelial cells. Gupta et al. [98] also showed that the

hyperglycemia-induced augmentation of endothelial superoxide production inhibited the

stimulatory effect of nitric oxide on vascular Naþ–Kþ–ATPase activity in smooth muscle cells.

The above findings suggest an important role of mitochondria-derived reactive oxygen

species in hyperglycemia and diabetes mellitus. However, other oxygen radical-producing

enzymes can also be of importance in the development of diabetes mellitus. Christ et al. [99]

has showed that exposure of porcine coronary segments to high glucose increased the expres-

sion of p22phox, indicating an importance of NADPH oxidase in chronic hyperglycemia-

induced endothelial dysfunction. HMG CoA inhibitor atorvastatin inhibited glucose-induced

superoxide production. This fact suggests that the beneficial effects of statins in diabetic

patients could be at least partly explained by their activities as superoxide scavengers. Guzik

et al. [100] studied vascular superoxide production in human blood vessels from diabetic

patients with coronary artery disease compared to nondiabetic patients. These authors dem-

onstrated that vessels from diabetic patients generated the enhanced amount of superoxide

from two major sources: vascular NADPH oxidase and unblocked endothelial NO synthase.

NADH oxidase and upregulated expression of p22phox mRNA are supposed to be the

sources of superoxide overproduction in type 2 diabetic rats [101]. Inoguchi et al. [102] showed

that high glucoseþ palmitate stimulated oxygen radical production via protein kinase-depen-

dent activation of NADPH oxidase in cultured vascular aortic smooth muscle and endothelial

cells. Hink et al. [103] suggested that NO synthase and NADPH oxidase are responsible for the

overproduction of superoxide in streptozotocin-induced diabetic rats. Venugopal et al. [104]

found that under hyperglycemic conditions superoxide release from human monocytes

depends on NADPH oxidase activity and not the mitochondrial superoxide production.

These authors proposed that hyperglycemia activated protein kinase C-a (PKC-a) and that

a-tocopherol inhibited superoxide production by the suppression of PKC-a activity.

An increase in hypoglycemia-induced oxygen radical production must affect NO-

dependent phenomena such as vasodilation, angiogenesis, and vascular maintenance through

the interaction of superoxide with nitric oxide. Damaging effect of oxygen radicals on NO-

dependent processes has been shown, but its mechanism seems not be limited only to the

direct reaction of superoxide with nitric oxide. Cosentino et al. [105] found that prolonged

exposure of human aortic endothelial cells to high glucose increased eNOS gene expression

and NO release but simultaneously significantly augmented superoxide generation. Tracht-

man et al. [106] suggested that high glucose caused the inhibition of nitric oxide production in

cultured rat mesangial cells by depletion of arginine, the substrate of NO synthase. In bovine

aortic endothelial cells hyperglycemia inhibited the activity of endothelial NO synthase by

67% supposedly via mitochondria superoxide overproduction [107]. Similarly, Noyman et al.

[108] showed that the pretreatment of bovine aortic endothelial cells with high glucose

resulted in a decrease in eNOS protein expression.

Napoli et al. [109] found that glycosylated LDL are more susceptible than normal LDL to

lipid peroxidation, which is mediated by superoxide. Correspondingly, glycosylated LDL
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produced the enhanced amount of superoxide on the treatment of aortic rings compared to

normal LDL [110]. Stronger impairment of endothelium-dependent dilation by oxidized

glycosylated LDL can be due to the interaction of superoxide with nitric oxide.

It is important that acute hyperglycemia may be a cause of oxidative damage not only in

diabetic patients but also in healthy subjects. Marfella et al. [111] showed that blood pressure

and nitrotyrosine content significantly increased in healthy subjects undergoing a hypergly-

cemic glucose clamp test. These authors suggested that nitrotyrosine, a marker of oxidative

stress, was formed via a peroxynitrite-dependent mechanism, although the peroxynitrite-

independent mechanism of tyrosine nitration also cannot be excluded [112].

31.1.6.2 Free Radical-Mediated Processes in Diabetes Mellitus

Earlier studies on oxygen radical-mediated processes in diabetes mellitus were concentrated

on the study of overproduction of oxygen radicals by leukocytes. Thus, it has been shown that

PMNs from diabetic patients exhibited significantly increased unstimulated superoxide pro-

duction [113,114]. Wierusz-Wysocka et al. [114] found that the PMN-enhanced superoxide

generation correlated well with the level of glycosylated hemoglobin HbA1. These results have

been later confirmed for type 2 diabetic patients [115]. It was also suggested that some

intracellular factors might be responsible for PMN priming and that the priming PMNs

contribute to chronic inflammation in diabetes. The relationship between enhanced super-

oxide production, endothelial dysfunction, and HbA1 level has been also shown in an animal

model of diabetic rats [116]. Josefsen et al. [117] demonstrated that the circulating monocytes

in newly diagnosed type 1 diabetes patients were activated, which could play a pathogenic role

in b-cell destruction.

Enhanced superoxide production by monocytes of patients with hypertriglyceridemia and

diabetes has also been shown [118]. Orie et al. [119] found that the activation of mononuclear

leukocytes with FMLP or phytohemagglutinin significantly increased oxygen radical produc-

tion in type 2 diabetic patients compared to controls. It is interesting that the stimulation of

diabetic platelets from type 1 diabetic children with platelet activating factor (PAF) resulted

in a decrease in oxygen radical production in diabetic group with respect to controls [120]. All

the above data point out at the involvement of oxygen radicals produced by unstimulated and

stimulated leukocytes in diabetes development.

Lipid peroxidation is another free radical-mediated process enhanced in diabetes mellitus.

It should be noted that some data obtained in animal models of diabetes could be misleading

and not related to real diabetic state. For example, the enhanced intracellular generation of

hydroxyl radicals has been shown in widely applied streptozotocin-induced model of diabetes

in rats [121]. However, Lubec et al. [122] later showed that streptozotocin itself and not the

diabetic state is responsible for the formation of hydroxyl radicals in this model.

Nonetheless, lipid and protein oxidation certainly occurs in diabetic patients. Dominguez

et al. [123] found that plasma MDA and protein carbonyl group levels were enhanced in type

1 diabetic children and adolescents, while the a-tocopherol:total lipid ratio decreased. Fur-

thermore, systemic oxidative stress presenting upon early diabetes onset was apparently

augmented in early adulthood. MDA content was significantly enhanced in erythrocytes

from noninsulin-dependent diabetes (NIDDM) patients with and without nephropathy

whereas SOD and catalase activities decreased [124]. The level of oxidative stress was greater

in NIDDM patients without nephropathy. Kesavulu et al. [125] has also found enhanced lipid

peroxidation and diminished SOD activity in NIDDH patients. Inouye et al. [126] proposed

that 9-hydroxy linoleic acid is a marker of phospholipid peroxidation in erythrocytes of

diabetic patients. It has been suggested that this product is formed via hydroxylation of

linoleic acid with hydroxyl radicals. Altavilla et al. [127] showed that the inhibition of lipid
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peroxidation restored impaired vascular endothelial growth factor expression and improved

wound healing diabetic mice. DNA damage is also a consequence of oxidative stress in

diabetes mellitus. Thus, Collins et al. [128] found the enhanced levels of strand breaks and

oxidized pyrimidines in diabetic patients.

It has already been noted above that hyperglycemia may affect nitric oxide production in

different ways. Mohan and Das [129] demonstrated that NO prevented b-cell damage in the

model of alloxan-induced diabetes in rats. However, far more important data on the role of

nitric oxide in diabetes development were obtained in the study of diabetic patients. Thus,

Kedziora-Kornatowska [130] showed that there is difference in superoxide and NO produc-

tion by the granulocytes from NIDDM patients: NO production was increased in diabetic

patients with and without diabetic nephropathy, while superoxide production was increased

or decreased in the same patients, respectively.

31.1.6.3 Antioxidants and Diabetes Mellitus

As in the case of other cardiovascular diseases, the possibility of antioxidant treatment of

diabetes mellitus has been studied in both animal models and diabetic patients. The treatment

of streptozotocin-induced diabetic rats with a-lipoic acid reduced superoxide production by

aorta and superoxide and peroxynitrite formation by arterioles providing circulation to the

region of the sciatic nerve, suppressed lipid peroxidation in serum, and improved lens

glutathione level [131]. In contrast, hydroxyethyl starch desferrioxamine had no effect on

the markers of oxidative stress in diabetic rats. Lipoic acid also suppressed hyperglycemia and

mitochondrial superoxide generation in hearts of glucose-treated rats [132].

Sanders et al. [133] found that although quercetin treatment of streptozotocin diabetic rats

diminished oxidized glutathione in brain and hepatic glutathione peroxidase activity, this

flavonoid enhanced hepatic lipid peroxidation, decreased hepatic glutathione level, and

increased renal and cardiac glutathione peroxidase activity. In authors’ opinion the partial

prooxidant effect of quercetin questions the efficacy of quercetin therapy in diabetic patients.

(Antioxidant and prooxidant activities of flavonoids are discussed in Chapter 29.) Adminis-

tration of endothelin antagonist J-104132 to streptozotocin-induced diabetic rats inhibited

the enhanced endothelin-1-stimulated superoxide production [134]. Interleukin-10 preserved

endothelium-dependent vasorelaxation in streptozotocin-induced diabetic mice probably by

reducing superoxide production by xanthine oxidase [135].

At present, antioxidants are extensively studied as supplements for the treatment diabetic

patients. Several clinical trials have been carried out with vitamin E. In 1991, Ceriello et al.

[136] showed that supplementation of vitamin E to insulin-requiring diabetic patients reduced

protein glycosylation without changing plasma glucose, probably due to the inhibition of the

Maillard reaction. Then, Paolisso et al. [137] found that vitamin E decreased glucose level and

improved insulin action in noninsulin-dependent diabetic patients. Recently, Jain et al. [138]

showed that vitamin E supplementation increased glutathione level and diminished lipid

peroxidation and HbA1 level in erythrocytes of type 1 diabetic children. Similarly, Skyrme-

Jones et al. [139] demonstrated that vitamin E supplementation improved endothelial vaso-

dilator function in type 1 diabetic children supposedly due to the suppression of LDL

oxidation. Devaraj et al. [140] used the urinary F2-isoprostane test for the estimate of

LDL oxidation in type 2 diabetics. They also found that LDL oxidation decreased after

vitamin E supplementation to patients.

Keenoy et al. [141] treated type 1 diabetic patients with Daflon 500, a mixture of

flavonoids diosmin (90%) and hesperdin (10%). It was found that flavonoid therapy resulted

in a decrease in the levels of the HbA1c hemoglobin and the in vitro oxidability of non-HDL

lipoproteins. Lipoic acid was found to improve microcirculation in patients with diabetic
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polyneuropathy [142]. De Mattia et al. [143] showed that the treatment of type 2 diabetic

patients with glicazide, a derivative of sulfonylurea possessing antioxidant properties,

improved antioxidant status and nitric oxide-mediated vasodilation in patients. Gargiulo

et al. [144] demonstrated that antidiabetic agent metformin diminished superoxide overpro-

duction in type 2 diabetic patients.

31.2 CANCER, CARCINOGENESIS, FREE RADICALS, AND ANTIOXIDANTS

In 1965–1967 a great interest has been attached to the possible role of free radicals in cancer

after studies by Emanuel and his coworkers who reported the excessive production of free

radicals in tumor cells (see, for example, Ref. [145] ). On these grounds the authors suggested

to apply antioxidant therapy for the treatment of cancer patients. Unfortunately, experimen-

tal proofs of overproduction of free radicals in cancer tissue turn out to be erroneous [146].

A new interest in the role of free radicals in cancer development emerged after the discovery of

superoxide and superoxide dismutases.

Numerous excellent reviews on the possible role of oxygen radicals in cancer and carcino-

genesis have been published 10–20 years ago [147–153]. Earliest studies have been much

concerned with the role of SOD in tumor cells. Despite some contradictory results, it is

general conclusion that tumor cells are usually characterized by lowered CuZnSOD activity

and always by lowered MnSOD activity [147]. The origin of SOD declining in cancer cells is

unknown. It has been suggested that MnSOD is not induced in cancer immortalized cells in

response to oxidative stress, but the reason of this is uncertain [154].

31.2.1 MECHANISMS OF FREE RADICAL REACTIONS IN TUMOR CELLS

There is a major difference between the role of free radicals in cancer and other pathologies

such as cardiovascular diseases, hypertension, diabetes mellitus, etc. In contrast to the latter

diseases where the sources of free radical overproduction are well established (vascular cells

and macrophages in cardiovascular diseases and leukocytes in inflammation), the origin and

the levels of free radical production in tumor cells are still uncertain.

Most researchers agreed that oxygen radicals participate in both initiation andpromotionof

cancer. At the initiation stage oxygen radicals together with various carcinogens may change

normal cellular genetic material to that of neoplastic genetic composition. At promotion stage

the participation of free radicals was firstly suggested on the grounds of the effects of organic

peroxides, which promoted cancer development [150]. As discussed in Chapter 28, the reaction

of oxygen radicals with DNA results in the formation of specific adducts such as 8-OHdG. This

is an important step of carcinogenesis because 8-OHdG is carcinogenic and its formation

correlates in many cases with cancer development [155]. Thus, Wei and Frenkel [156] suggested

that the 8-OHdG formation in mice is related to tumor promoting activity of phorbol ester-type

tumor promoters. Ogawa et al. [157] proposed that oxygen radicals mediated the formation of

8-OHdG during the synthetic estrogen induction of hepatocellular carcinomas in rats.

It is of importance that oxygen radical generation by leukemia cells can be enhanced or

diminished. In 1986, Mazzone et al. [158] was unable to receive stable data on superoxide

production by leukemic blast cells from patients with acute nonlymphocytic leukemia (ALL)

and AML chronic myeloid leukemia. However, later on, Korkina et al. [159] demonstrated that

nonstimulated and latex-stimulated blood leukocytes from acute nonlymphocytic leukemia

(ALL) and chronic myeloid leukemia (AML) children produced surprisingly low levels of

oxygen radicals but had high CuZnSOD and MnSOD activities. At the same time, chemother-

apy and following irradiation exposure sharply increased oxygen radical production measured

via luminol-amplified CL (indicating possibly the enhanced generation of hydroxyl or
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hydroxyl-like radicals) but drastically decreased SOD activities. It has also been shown that

the overproduction of oxygen radicals after chemotherapy and irradiation in the blood of

ALL and AML children can be diminished by supplementation of food supplement Bio-

Normalizer prepared by the fermentation of Carica papaya.

Enhanced level of typical hydroxyl radical-induced base lesions and the diminished

content of antioxidant enzymes were also observed in lymphocytes of ALL children [160].

Similarly, the levels of MDA and 8-OHdG were elevated while SOD and catalase activities

diminished in chronic lymphocytic leukemia (CLL) cells [161]. Babbs [162] proposed that the

enhanced hydroxyl radical generation in feces points out at intracolonic oxygen radical

formation as one of the factors for the high incidence of cancer in the colon and rectum. It

has been suggested that the 8-OHdG lesions induced by oxygen radicals and generated by

inflammatory leukocytes or carcinogens participate in the mutation of cancer-related genes

[163]. Another possible role of superoxide in cancer development has been suggested by

Pervaiz et al. [164]. These authors proposed that intracellular superoxide may regulate

tumor cell response to drug-induced cell death by affecting the caspase activation pathway.

The importance of inflammatory phagocytes in cancer promotion has been suggested for

a long time. Thus, Chong et al. [165] demonstrated that unstimulated and stimulated peri-

toneal macrophages induced tumor cell DNA strand breaks supposedly through the gener-

ation of oxygen radicals and arachidonate metabolites. Trulson et al. [166] showed that blood

monocytes from patients with renal cancer produced the enhanced amount of superoxide. It

has also been found that the superoxide mediated 12-O-tetradecanoylphorbol-13-acetate

TPA-induced promotion of neoplastic transformation in mouse epidermal JB6 cells [167].

Kim et al. [168] studied the mutagenicity of oxygen and nitrogen free radicals produced by

stimulated leukocytes. They showed that TPA-stimulated human promyelocytic leukemia

cells (HL-60) and LPS/IFN-g-stimulated murine macrophages induced 8-OHdG formation in

transgenic Chinese hamster ovary cells mediated by oxygen and nitrogen radicals.

Thus, oxygen radical production by leukocytes can be responsible for cancer develop-

ment. However, the levels of leukocyte oxygen radical generation depend on the type

of cancer. For example, PMNs and monocytes from peripheral blood of patients with lung

cancer produced a diminished amount of superoxide [169]. Timoshenko et al. [170] observed

the reduction of superoxide production in bronchial carcinoma patients after the incubation

of neutrophils with concanavalin A or human lectin, while neutrophils from breast cancer

patients exhibited no change in their activity. Chemotherapy of lung and colorectal carcin-

oma patients also reduced neutrophil superoxide production. Human ALL and AML cells

produced, as a rule, the diminished amounts of superoxide in response to PMA or FMLP

[171]. On the other hand total SOD activity was enhanced in AML cells but diminished in

ALL cells, while MnSOD in AML cells was very low. It has been proposed that decreased

superoxide production may be responsible for susceptibility to infections in cancer patients.

One should expect that nitrogen reactive species could also affect cancer development.

Similar to oxygen radicals, the effects of nitrogen species depend on many factors, cell types,

cancer types, etc. Thus, it has been shown that both nitric oxide and peroxynitrite formation

increased in erythrocytes from breast cancer patients with a subsequent increase in the

membrane rigidity under oxidative stress [172]. It was supposed that these mechanical

changes may cause shortening of the lifespan of erythrocytes and stimulate toxic anemia in

cancer patients. On the other hand, nitric oxide inhibited tumor cell growth in IFN-g-

activated rat neutrophils [173]. Haklar et al. [174] measured the content of reactive oxygen

and nitrogen species in cancerous tissues from colon and breast carcinoma cases. They found

that all reactive species including nitric oxide and peroxynitrite increased in cancerous colon

tissues with hypochlorite making a major contribution, while only superoxide significantly

increased in breast carcinoma. Thomas et al. [175] found that the TNF-a inhibition of
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proliferation of pancreatic cancer cells was mediated by superoxide formation while endo-

genously generated nitric oxide suppressed this effect.

Numerous studies demonstrated that lipid peroxidation significantly decreased in cancer

cells and tissues (Ref. [176] and references therein). It has been proposed that this can be a

consequence of a decrease in the content of highly unsaturated fatty acids, the concentration

of cytochrome p-450, and the contents of NADPH, SOD, and catalase in tumors. Cheeseman

et al. [176] suggested that the reduction of lipid peroxidation in tumors may depend on both

the expression of malignant transformation and cell division. It should be mentioned that

Boyd and McGuire [177] demonstrated that there is a correlation between lipid peroxidation

and breast cancer risk in premenopausal women.

In agreement with the above consideration of the role of oxidative stress in cancer

development, it was found that tumor cells (thymocytes) are more sensitive to oxidative stress

than normal thymocytes [178]. There are apparently the other free radical-mediated damaging

processes, which can be more intensive in tumors. For example, it has been found that metHb

formation was significantly elevated in cancer patients [179].

31.2.2 THE TREATMENT OF CANCER WITH PROOXIDANTS

The ambiguity of cancer therapy directed on the regulation of free radical status of tumors is

because both prooxidants and antioxidants are able to act in two ways, suppressing or

stimulating cancer growth. One of the most efficient ways for fighting cancer is the use of

prooxidants, capable of destroying tumor cells. As stated above, superoxide produced by

inflammatory leukocytes participates in cancer promotion; nonetheless, it has been described

that the superoxide-producing systems can be applied for cancer treatment.

As early as 1958, Haddow et al. [180] demonstrated that xanthine oxidase exhibited

anticancer activity in mice. Later on, Yoshikawa et al. [181] showed that oxygen radicals

produced by the xanthine–xanthine oxidase system suppressed carcinomas growth in experi-

mental rabbit model. The antitumor effect of this system was inhibited by SOD and catalase.

However, therapeutic activity of native xanthine oxidase was compromised by its high

binding affinity to blood vessels that may cause systemic vascular damage. Because of this,

Sawa et al. [182] proposed to apply poly(ethylene glycol)-conjugated xanthine oxidase (PEG-

XO) for tumor-targeting chemotherapy. It was found that PEG-XO exhibited highly tumori-

tropic accumulation in tumor-bearing mice and that the PEG-XO treatment resulted in

significant suppression of tumor growth. It is of utmost importance that macromolecules

such as PEG-XO preferentially accumulate in solid tumor and not in healthy tissues.

Yamaguichi et al. [183] proposed that intracellular SOD is probably an important factor

in protecting leukemic and cancer cells against superoxide and irradiation. Therefore, the

damaging effect of superoxide might be enhanced by suppressing SOD activity in cancer cells.

Thus, Huang et al. [184] showed that some estrogen derivatives selectively killed human

leukemia cells but not normal lymphocytes through SOD inhibition and apoptosis induction.

The authors proposed that targeting SOD may be a promising approach to the selective

killing of cancer cells. It has also been suggested that malignant cells are more dependent on

SOD because they have higher superoxide and lower SOD levels [185].

The importance of superoxide-mediated damage to cancer cells was also demonstrated in

the experiments with overexpressed mitochondrial MnSOD. Hirose et al. [186] showed that

the overexpression of mitochondrial MnSOD enhanced the survival of human melanoma

cells exposed to cytokines IL-1 and TNF-a, anticancer antibiotics doxorubicin and mitomy-

cin C, and g-irradiation. Similarly, Motoori et al. [187] found that overexpression of MnSOD

reduced the levels of reactive oxygen species in mitochondria, the intracellular production of

4-hydroxy-2-nonenal, and prevented radiation-induced cell death in human hepatocellular
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carcinoma cells. Interestingly, MnSOD expression was not influenced by NO production

stimulated by irradiation. MnSOD deficiency also enhanced TPA-induced oxidative stress in

a skin cancer model [188].

It is possible that the anticancer activity of the most effective anticancer antibiotics such as

adriamycin (doxorubicin) depends on their ability to generate oxygen radicals. Mechanisms of

free radical-mediated anticancer activity of anthracycline antibiotics and their analogs have

been thoroughly studied and reviewed (see, for example, Refs. [189,190]). (The production of

oxygen radicals by anthracyclines is also considered in Chapters 21 and 25.) Both prooxidant

and antioxidant activities have been shown for flavonoids in normal and tumor cells (see below

and Chapter 21). We have already considered earlier the cytotoxic effects of flavonoids against

tumor cells [191]. Many flavonoids exhibit antiproliferative and antileukemic effects and

suppress cancer growth. It is possible that prooxidant activity of flavonoids might be respon-

sible for their anticancer effects, but such a suggestion still has no experimental support.

Similar to flavonoids, other antioxidants and cancer chemopreventive agents are able to

exhibit prooxidant action. Thus, the antioxidant N-acetylcysteine was found to increase the

formation of 8-OHdG in human leukemia cell line HL-60 [192]. It was suggested that NAC-

initiated DNA damage is mediated by reactive oxygen species formed by NACþ copper ions.

Spallholz et al. [193] suggested that the anticarcinogenic activity of L-selenomethionine,

L-Se-methylselenocysteine, and some other methylated selenium compounds depended on

the reduction of selenium compounds in the presence of glutathione to methylselenol and the

reduction by the last compound of dioxygen to superoxide.

It has been suggested that tamoxifen, one of the most effective therapeutic and chemo-

preventive agent for breast cancer, modulates protein kinase C through oxidative stress in

breast cancer cells [194]. Unfortunately, most breast cancers initially responsive to tamoxifen

treatment later become resistant. Schiff et al. [195] suggested that the conversion of breast

tumors to a tamoxifen-resistant phenotype is associated with oxidative stress and depends on

significantly enhanced SOD activity in tumors.

31.2.3 THE TREATMENT OF CANCER WITH ANTIOXIDANTS

As the involvement of free radicals in both the initiation and promotion stages of cancer has

been demonstrated (see above), it is reasonable to suggest that antioxidants may be applied

for cancer treatment and prevention. Therefore, already for a long time, the effects of many

antioxidants and antioxidant enzymes on cancer development have been studied under in vitro

and in vivo conditions. Naturally from the beginning, much attention has been drawn to the

study of possible SOD effects. Unfortunately, natural SOD has a short circulation lifetime

and unable to penetrate into cells. Therefore, various SOD mimics were studied as potential

anticancer drugs.

In 1983, Kensler et al. [196] demonstrated that copper complex copper(II)(3,5-diisopro-

pylsalicylic acid)2 (CuDIPS) exhibited SOD-mimetic activity, suppressing TPA-promoted

skin tumors in mice initiated with 7,12-dimethylbenz[a]anthracene. Although Oberley et al.

[197] questioned the SOD-mimetic mechanism of CuDIPS anticancer activity, the other

studies also supported the SOD mimetic activity of CuDIPS at both initiation and promotion

stages of carcinogenesis [198,199]. It should also be noted that in spite of the inefficiency of

natural SOD to penetrate the cellular membrane, Armato et al. [200] showed that exogenous

SOD is able to suppress the stimulation of neonatal rat hepatocyte growth by tumor

promotors. Much earlier, Kennedy [201] also concluded that SOD as well as SOD mimics

can decrease the induction of malignant transformation, at least in vitro. Burdon [202]

suggested that SOD and catalase are able to reduce the proliferation of hamster and rat

fibroblasts (nontransformed or oncogene transformed). Glaves [203] showed that SOD
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inhibited the release of lung carcinoma cells in rats. Cullen et al. [204] suggested that the

overexpression of MnSOD may be effective in growth suppression of pancreatic cancer.

In earlier years the effects of low-molecular-weight antioxidants (vitamins E, C, and

polyphenols) have been also extensively studied. Prasad and Rama [205] reviewed their

studies concerning the possible role of vitamin E in cancer treatment. It is of interest that

among various forms of vitamin E, only vitamin E succinate was effective in the inhibition of

differentiation and growth of mouse melanoma cells. It was also pointed out that vitamin E is

able to enhance radiation damage in tumor cells under in vitro and in vivo conditions.

London et al. [206] proposed that supplementation with vitamin E may reduce the risk of

developing breast cancer in women. Possible anticarcinogenic effect of vitamin C was sug-

gested based on its ability to block the formation nitrosamines, the inductors of various

tumors in animals [207]. However, the relevance of these animal studies in the prevention of

cancer development in humans is uncertain.

A more widely accepted practice was to supplement animals or cancer patients with a group

of so-called ‘‘antioxidant vitamins’’ A, C, and E plus carotene or some other carotenoids such

as licopene. (Actually, vitamin A and carotenoids are not genuine antioxidants and their

addition to ‘‘antioxidant group’’ may or may not improve total therapeutic or prophylactic

effects but not due to their free radical scavenging properties.) In 1984, Kahl [208] considered

the role of various antioxidants including vitamins E and C in cancer prevention but did not

find real benefits of their supplementation. Rotstein and Slaga [209] studied the effects of

antioxidants such as reduced glutathione, 2(3)-tert-butyl-4-hydroxyanisole (BHA), vitamin E,

CuDIPS, and NAC on tumor progression in the murine skin multistage carcinogenesis model.

Among these antioxidants only glutathione inhibited tumor progression to a significant degree.

Synthetic phenolic antioxidants 3,5-di-tert-butyl-4-hydroxytoluene (BHT) and BHA have also

been studied as potential cancer chemopreventive agents [210]. These compounds are efficient

free radical scavengers, but their well known toxicity and ability to damage different tissues or

even to promote cancer makes doubtful their usefulness for cancer treatment.

Thus, the above consideration of earlier studies dedicated to the study of antioxidants as

potential drugs for cancer treatment did not show any significant favorable effects of anti-

oxidant treatment. It could be the consequence of a double role of prooxidants and antioxi-

dants because both of them are capable of inhibiting and promoting cancer development.

However, the studies of antioxidants for cancer treatment have not been stopped, and to the

present day about 10,000 references are cited by Medline on this subject. Of course, it is

impossible to discuss all these studies in this book; therefore, we will consider here only the

several latest ones.

Radiation is one of the most important known environmental stimuli of cancer develop-

ment. This environmental factor becomes especially dangerous for humans living in the

areas affected by irradiation from nuclear accidents. Earlier we found that the administration

of a mixture of vitamin E and a-lipoic acid to children living in the area of Chernobyl

nuclear accident significantly and synergistically suppressed leukocyte oxygen radical over-

production [211]. Thus a-lipoic acid and a-lipoic acidþ vitamin E supplements may be of

interest as antioxidant preventive agents for the treatment of radiation-induced cancer

development.

Several contemporary studies seem to suggest the inhibitory effect of vitamin E on human

prostate cancer and some other tumor growth. Huang et al. [212] demonstrated a strong inverse

correlation between g-tocopherol and the risk of developing prostate cancer. Ni et al. [213]

showed that vitamin E succinate inhibited human prostate cancer cell growth by the regulation

of multiple molecules of the cell cycle. Malafa et al. [214] showed that vitamin E succinate

increased melanoma dormancy and inhibited melanoma angiogenesis via the inhibition of

vascular endothelial growth factor. Pace et al. [215] concluded that the supplementation
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of cancer patients receiving cisplatin chemotherapy with vitamin E decreased the incidence and

severity of peripheral neurotoxicity.

In some cases the protective effects of vitamin C on cancer development and oxidative

stress in tumor cells has been observed. Thus, it was found that experimental gastric tumors

apparently produced more oxygen radicals than normal gastric tissue and that the adminis-

tration of ascorbic acid reduced oxidative stress and gastric tumor incidence in rats [216].

Supplementation of various antioxidants (including vitamin C, a-lipoic acid, NAC, reduced

glutathione, and vitamin E) caused a decrease in reactive oxygen species production in cancer

patients [217]. However, Jacobs et al. [218] showed that only long-duration supplementation

of vitamin E but not vitamin C may reduce the risk of bladder cancer mortality.

In addition to their possible prooxidant activity (see above) polyphenols and flavonoids

may influence cancer cells via their antioxidant properties. Recently, Jang et al. [219] studied

cancer chemopreventive activity of resveratrol, a natural polyphenolic compound derived

from grapes (Chapter 29). These authors showed that resveratrol inhibited the development

of preneoplastic lesions in carcinogen-treated mouse mammary glands in culture and inhib-

ited tumorigenesis in a mouse skin cancer model. Flavonoids silymarin and silibinin also

exhibited antitumor-promoting effects at the stage I tumor promotion in mouse skin [220] and

manifested antiproliferative effects in rat prostate cancer cells [221].

31.3 INFLAMMATION

31.3.1 MECHANISMS OF FREE RADICAL-MEDIATED INFLAMMATORY PROCESSES

Since the work by Babior et al. [222], who demonstrated the extracellular release of super-

oxide and hydrogen peroxide by neutrophils during phagocytosis, a great deal of attention

has been drawn to the role of reactive oxygen species in inflammation. It became clear that

reactive oxygen species produced by neutrophils and macrophages not only kill microbes but

are also responsible for the tissue injury in acute inflammation. The mechanisms of oxygen

radical production by phagocytes are now well studied (see, for example, earlier reviews

[223,224]). The mechanisms of production of reactive oxygen and nitrogen species by

NADPH oxidase and other prooxidant enzymes are considered in Chapter 22.

As early as in 1976, Oyanagui [225] suggested that macrophage-produced superoxide

initiated inflammation in rat carrageenan food–edema model. Subsequent studies demon-

strated different ways of free radical participation in inflammatory processes. It has been

shown that superoxide (but not hydrogen peroxide) is able to stimulate the production of

interleukin 1-like factors from human peripheral blood monocytes and PMNs [226]. These

findings suggest that there is a feedback mechanism of inflammation, in which reactive

oxygen species stimulate the enhanced LI 1-like factor production that, in turn, increases

the formation of oxygen radicals.

Critical stage of inflammation is the starting of lipid peroxidation and the formation of

bioactive eicosanoids. It is now known that lipoxygenases, cyclooxygenases, cytochrome P450

monooxygenases, and peroxidases are enzymatic catalysts of these processes (Chapter 26).

Recently, using a peritonitis model of inflammation with MPO knockout mice, Zhang et al.

[227] showed that the peritinitis-stimulated formation of F2-isoprostanes, hydroxy- and

hydroperoxy-eicosatetraenoic acids, hydroxy- and hydroperoxy-octadecadienoic acids, and

their precursors, arachidonic and linoleic acids was suppressed in this model. It was con-

cluded that myeloperoxidase could be a major enzymatic catalyst of lipid peroxidation at

inflammatory sites.

Another pathway of the initiation of lipid peroxidation is the formation of peroxynitrite

from superoxide and nitric oxide. Kausalya and Nath [228] found that the FMLP-stimulated
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injury and killing of endothelial cells in PMN–endothelial cell coculture was inhibited by a

NO donor. However, other authors demonstrated the stimulatory effect of nitric oxide in

inflammation. Thus, Farivar et al. [229] suggested that NO produced by cardiac fibroblasts

might participate in inflammatory cardiac diseases. Zhang et al. [227] pointed out that MPO-

dependent formation of reactive nitrogen species might be a preferred pathway for the

initiation of lipid peroxidation at the inflammatory sites. Liu et al. [230] suggested that

excessive NO production as a consequence of NO synthase induction by glial cells is respon-

sible for brain inflammation and neurodegeneration.

Inflammatory processes play an important role in development of many pathologies. The

participation of inflammatory cells in the development of cardiovascular disease and cancer

has already been discussed above. Below, we will consider the other pathologies, in which

inflammation plays important and even deciding role.

31.3.2 RHEUMATOID ARTHRITIS

In rheumatoid arthritis (RA) the chronic inflammatory state exists in synovium where it is

characterized by the presence of monocytes in the pannus and PMNs in pannus and the

synovial fluid. It has been suggested that the oxygen radical production by PMNs and lipid

peroxidation products are responsible for the destruction of synovial tissues in rheumatoid

arthritis [231]. However, although the role of oxygen radicals in the initiation of free radical

damage in this disease is well established, there are different data on the levels of oxygen

radical production by RA neutrophils. Thus, in contrast to studies demonstrating an increase

in phagocytic superoxide production in rheumatic patients [232–235], no significant difference

has been found in other studies [236–240]. Davis et al. [241] even found depressed superoxide

production by neutrophils from patients with rheumatoid arthritis and neuropenia.

The observed differences in the levels of production of oxygen radicals by neutrophils and

monocytes depend on the nature of stimuli and some other reasons. However, in the case of

RA phagocytes the most important factor might be the prior priming of cells by TNF-a

[233,238] or IL-8 [235] in synovial fluid. For example, we have shown that spontaneous

oxygen radical production by RA neutrophils and monocytes is considerably enhanced in

comparison with healthy donors, whereas there was no significant difference between oxygen

radical production by PMA-stimulated RA and normal neutrophils [234]. NADPH oxidase is

a major enzyme responsible for oxygen radical production in RA and normal neutrophils and

monocytes. However, it was found [234] that superoxide production by RA neutrophils was

reduced in the presence of NO synthase inhibitor NMMA and enhanced by L-arginine, while

superoxide production by monocytes decreased in the presence of mitochondrial inhibitors

rotenone and antimycin A. Thus, NO synthase in neutrophils and mitochondria in monocytes

could be the additional producers of oxygen radicals in RA phagocytes.

Reactive nitrogen species are another factor of free radical damage in rheumatoid arth-

ritis, although their role is less studied than that of oxygen radicals. Stichtenoth and Frolich

[242] pointed out that the inhibition of nitric oxide synthesis had beneficial effects in humans.

Mazzetti et al. [243] found that IL-1b stimulated NO production in RA chondrocytes. We

demonstrated that NO synthase of RA neutrophils generated the enhanced amount of

peroxynitrite [234]. Nitric oxide and oxygen radicals are also important inducers of death

of human osteoarthritic synoviocytes [244].

It is of special interest that rheumatoid arthritis is one of the first examples of the extensive

antioxidant treatment of human patients. In previous years the most recommended pharma-

ceutical antioxidant agent has been SOD. In 1986, Wilsman [245] reviewed the results of

10 years of presumably successful clinical experience with CuZnSOD treatment of inflamma-

tory disorders including RA. Niwa et al. [246] recommended the application of liposomal
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CuZnSOD, which showed no toxicity and had various advantages compared to native SOD.

However, later on, Flohe [247] concluded that the systematic treatment of rheumatoid

arthritis by SOD yielded disappointing results.

In subsequent years the study of CuZnSOD and MnSOD have been prolonged in animal

inflammatory models. Dowling et al. [248] studied the effects of human recombinant MnSOD

and CuZnSOD in adjuvant mediated paw edema and carrageenan-induced synovitis models.

They demonstrated significant advantage of MnSOD in the suppression of inflammation in

these models although MnSOD exhibited both antiinflammatory and inflammatory action

depending on its concentration. Corvo et al. [249] demonstrated that the major limitation of

native SOD — its rapid elimination from the circulation, can be overcome by the use of small-

sized SOD PEG-liposomes. Iyama et al. [250] suggested that the transfer of extracellular SOD

gene may be an effective form of RA therapy. SOD low molecular mimetic M40403 is

apparently able to attenuate chronic inflammation in rat collagen-induced arthritis [251].

Treatment of RA patients with various drugs was shown to affect free radical production

by phagocytic cells. It was found that the therapy with gold compounds [252] and piroxicam

[237] diminished superoxide production in RA patients. Surprisingly, Hurst et al. [253]

reported that successful therapy with penicillamine or sodium aurothiomalate is accompanied

by an increase in superoxide production and serum thiol levels. The mechanism of this

phenomenon is unknown. Mur et al. [254] demonstrated that antirheumatic medication of

RA patients caused reducing cytokine priming of superoxide generation.

Antioxidant vitamins and chelators have been studied as the inhibitors of free radical

production in RA. In contrast to cardiovascular diseases, the effects of vitamin E and C on

RA development were not widely investigated. However, Harper et al. [255] recently demon-

strated that the treatment of vasculitis patients with vitamins E and C reduced superoxide

generation by neutrophils and may have an important role as adjuvant therapy. Antioxidative

flavonoids are apparently the efficient inhibitors of oxygen radical production by RA pha-

gocytes. Wittenborg et al. [256] reported the results of epidemiological study in RA patients

treated with oral enzyme-combination product Phlogenzym containing trypsin, bromelain,

and flavonoid rutin. These authors concluded that the treatment of patients with this

medicine might be even more successful that with nonsteroidal antiinflammatory drugs. We

compared the effects of SOD, catalase, rutin, mannitol, and desferrioxamine on oxygen

radical production by neutrophils from RA patients and normal subjects [234]. It is interest-

ing that only SOD and rutin exhibited strong inhibitory effects while catalase, mannitol

(hydroxyl radical scavenger), and desferrioxamine were ineffective. These findings show

that RA bloodstream leukocytes mainly produce superoxide and that the iron-catalyzed

formation of hydroxyl or hydroxyl-like radicals is of little importance in RA. It is interesting

to compare these data with the effects of rutin and mannitol on neutrophils from Fanconi

anemia patients where iron-catalyzed hydroxyl radical formation is of importance (see below).

It is known that peroxynitrite is able to induce DNA strand breakage, which activates

nuclear enzyme poly(ADP–ribose) synthase (PARS). Szabo et al. [257] showed that the

inhibition of PARS by oral treatment with lipophilic inhibitor 5-iodo-6-amino-1,2-benzopyr-

one delayed the onset of arthritis in rats. It is possible that infrared pulse laser therapy can be

useful for the treatment of RA patients [258].

31.3.3 LUNG DISEASES

Overproduction of oxygen radicals by inflammatory leukocytes in asthmatic patients has been

shown for a long time [259,260]. Vargas et al. [261] suggested that peripheral granulocytes of

patients with allergic bronchial asthma produced oxygen radicals in a hyperreactive state

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c031 Final Proof page 922 2.2.2005 5:57pm

© 2005 by Taylor & Francis Group.



compared to control. Overproduction of superoxide and supposedly hydroxyl radicals in blood

cells from asthmatic children was correlated with the severity of asthma [262]. Plaza et al. [263]

pointed out at importance of the platelet lipoxygenase pathway of free radical production by

platelets from asthmatic patients. These authors also supposed that there is difference in

oxygen radical production in aspirin-tolerant and aspirin-intolerant patients. Enhanced lipid

peroxidation in mild asthmatics has also been demonstrated by the measurement of plasma

isoprostane level [264] and the elevation of exhaled ethane concentration [265].

The latest studies show that reactive nitrogen species play even more important role in

asthma development. It was found that exhaled nitrogen oxide, an indicator of eosinophilic

airway inflammation, is drastically enhanced in asthmatic patients. Correspondingly, it has

been shown that lung damage is characterized by the augmentation of nitrotyrosine and

iNOS expression in neutrophils, eosinophils, and macrophages in the airways of asthmatic

patients [266].

Lung tissue injury is also mediated by reactive oxygen and nitrogen species in another

inflammatory lung disease, acute respiratory distress syndrome (ARDS) [267]. Lamb et al.

[268] showed that bronchoalveolar lavage fluid from ARDS patients contained the enhanced

levels of dityrosine, chlorotyrosine, and nitrotyrosine, the products of neutrophil-mediated

hydroxylation, nitration, and chlorination. These findings indicate that enhanced oxidative

stress in the lungs of ARDS patients causes increased oxidative protein damage. Sittipunt et al.

[269] demonstrated the expression of iNOS at high levels in alveolar macrophages and the

accumulation of nitric oxide end products in the lungs of ARDS patients. It is possible that the

suppression of oxidative stress and the protection of the lungs of ARDS patients might be

achieved by the application of antioxidants. Thus, Ortolani et al. [270] showed that the

administration of rutin and NAC to patients with early ARDS reduced the amount of expired

ethane, decreased MDA concentration, and increased GSH level in the epithelial lining fluid.

Reactive oxygen and nitrogen species are also involved in the pathogenesis of asbestos-

mediated pulmonary diseases. Kamp et al. [271] demonstrated that oxygen radicals mediate

asbestos-induced toxicity to pulmonary cells including alveolar macrophages, epithelial cells,

mesothelial cells, and endothelial cells. Quinlan et al. [272] showed that the inhalation of

chrysotile asbestos by rats led to the appearance of inflammation and proliferation markers in

the lungs. Dorger et al. [273] recently showed the dual role of iNOS in acute asbestos-induced

lung injury. These authors found that iNOS deficiency enhanced inflammation in mice but

diminished free radical-mediated lung damage.

Cystic fibrosis is the most common lethal autosomal-recessive disease, in which oxidative

stress takes place at the airway surface [274]. This disease is characterized by chronic infection

and inflammation. Enhanced free radical formation in cystic fibrosis has been shown as early

as 1989 [275] and was confirmed in many following studies (see references in Ref. [274] ).

Contemporary studies also confirm the importance of oxidative stress in the development of

cystic fibrosis. Ciabattoni et al. [276] demonstrated the enhanced in vivo lipid peroxidation

and platelet activation in this disease. These authors found that urinary excretion of the

products of nonenzymatic lipid peroxidation PGF2a and TXB2 was significantly higher in

cystic fibrotic patients than in control subjects. It is of importance that vitamin E supple-

mentation resulted in the reduction of the levels of these products of peroxidation. Exhaled

ethane, a noninvasive marker of oxidative stress, has also been shown to increase in cystic

fibrosis patients [277].

It was found that nitric oxide plays a very important role in cystic fibrosis. In contrast to

most inflammatory airway diseases (for example, asthma), exhaled NO decreased in cystic

fibrosis, and nitric oxide deficiency may contribute to the bronchial obstruction [278]. Bebok

et al. [279] demonstrated that NO levels in the vicinity of airway cells during inflammation are
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sufficient to nitrate cystic fibrosis transmembrane conductance regulator (CFTR), causing its

degradation and decreased function. It has been suggested that CFTR degradation may

account for cystic fibrosis development occurring in chronic inflammatory lung diseases.

Morrissey et al. [280] concluded that cystic fibrosis is characterized by disordered NO airway

metabolism and protein nitration.

It has been shown that lung macrophages from patients with systemic sclerosis (SS)

produced the elevated levels of nitric oxide, superoxide, and peroxynitrite and expressed the

enhanced level of iNOS [281]. NAC administration reduced peroxynitrite production and

might be possibly recommended for the treatment SS patients. Solans et al. [282] found the

significant enhancement of lipid peroxidation in erythrocytes from SS patients. Cracowski

et al. [283] showed that in vivo lipid peroxidation was enhanced in scleroderma spectrum

disorders including SS and undifferentiated connective tissue disease.

Antioxidant therapy might be promising medication for the treatment of some lung

disorders. For example, lecithinized phosphatidylcholine–CuZnSOD suppressed the develop-

ment of bleomycin-induced pulmonary fibrosis in mice [284]; these findings could be of

relevance for the treatment of bleomycin-stimulated pulmonary fibrosis in humans. Davis

et al. [285] recently demonstrated that the treatment of premature infants with recombinant

human CuZnSOD may reduce early pulmonary injury.

31.3.4 SKIN INFLAMMATION

The formation of reactive oxygen and nitrogen species is of significant importance in the

pathogenesis of skin inflammation. In 1987, Niwa et al. [286] showed that that the level of

lipid peroxides and SOD activity considerably increased in the skin lesions of patients with

severe skin diseases. Polla et al. [287] found that peripheral blood monocytes but not

peripheral blood neutrophils from patients with atopic dermatitis were primed for superoxide

production. They suggested that the in vivo monocyte priming and enhanced super-

oxide production may be responsible for the pathogenesis of this skin disease. On the other

hand, Greenacre et al. [288] demonstrated that the induction of iNOS in neutrophils and

protein nitration are important stimuli of cutaneous inflammation in rats.

One of the common inducers of skin inflammation is skin exposure to UV irradiation. It

has been suggested that exposure to ultraviolet B (UVB) radiation may be a cause of cNOS

and xanthine oxidase activation of human keratinocytes and that such photo-induced

response may be involved in the pathogenesis of sunburn erythema and inflammation [289].

Antioxidant (�)-epigallocatechin-3-gallate from green tea decreased UVB exposure-induced

skin injury and might be possibly useful for protection against oxygen radical-mediated UVB-

stimulated inflammatory dermatoses, photoaging, and photocarcinogenesis [290]. Another

indirect antioxidant ebselen has been found to inhibit TPA-induced TBAR formation in

mouse skin and probably should be studied as a potential drug for the treatment of inflam-

mation-associated carcinogenesis [291].

Shingu et al. [292] found that sera from patients with systemic lupus erythematosus and

psoriasis vulgaris were resistant to hydrogen peroxide-mediated complement activation.

These authors suggested that reactive oxygen species produced by cytokine-activated fibro-

blasts have an important role in inflammation and subsequent tissue damage at skin lesions.

Er-rali et al. [293] demonstrated the enhanced superoxide production by dermal fibroblasts of

psoriatic patients. Although psoriasis is characterized by the overproduction of reactive

oxygen species, peculiarity of this disease is that the most common efficient therapeutic

agent applied for psoriasis treatment is prooxidant anthralin. The mechanism of skin inflam-

matory response and antipsoriatic efficiency of anthralin is uncertain, but it might be

suggested that its effects are due to the formation of anthralin and oxygen free radicals
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[294]. It has been proposed that anthralin-associated toxicity might be suppressed by system-

atic antioxidant administration [295]. The treatment of psoriatic patients with another drug

dithranol resulted in a decrease in in vivo oxygen radical generation [296].

31.3.5 BRAIN INFLAMMATORY DISEASES

Contemporary data suggest that inflammation in brain is closely associated with the patho-

genesis of degenerative neurologic pathologies such as Alzheimer’s disease, Parkinson’s

disease, multiple sclerosis, and amyotrophic lateral sclerosis. Brain inflammation is mediated

by the activation of glial cells, which produce a variety of proinflammatory and neurotoxic

factors and reactive oxygen and nitrogen species [230]. These brain inflammatory disorders

are considered below.

31.3.5.1 Multiple Sclerosis

The release of reactive oxygen species by monocytes or macrophages is supposed to be an

important factor for the destruction of CNS white matter in multiple sclerosis (MS) patho-

genesis [297,298]. Glabinski et al. [299] demonstrated an increase in PMA-stimulated super-

oxide production in the blood of MS patients. Subsequent studies showed an importance of

excessive NO formation by macrophages, microglia, and astrocytes in demyelinating lesions

in multiple sclerosis [300] probably through the upregulation of inducible NO synthase in MS

lesions [301]. As NO is a relatively unreactive reagent, it has been suggested that nitrotyrosine

residues in brain tissues from MS patients are probably formed in reactions with peroxynitrite

[302]. Thus, Hooper et al. [303] demonstrated that the administration of uric acid, a natural

scavenger of peroxynitrite, to mice with experimental allergic encephalomyelitis (an animal

model of MS) suppressed the invasion of inflammatory cells into CNS and prevented

development of disease. Mijkovic et al. [304] and Nazliel et al. [305] have found that the

level of nitric oxide metabolites was enhanced in cerebrospinal fluid of MS patients.

31.3.5.2 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron degenerative disease, which

characterized by a single-site mutation in the CuZnSOD gene. This fact suggests a possible

damaging role of free radicals in ALS. In 1999, Liu et al. [306] obtained an in vivo evidence for

the enhanced levels of hydroxyl radicals and hydrogen peroxide and the reduced level of

superoxide in ALS mutant mice. These findings indicate the transformation of innocuous

superoxide into highly reactive hydroxyl radicals in ALS in the absence of SOD. (Compare

the similar phenomenon in Fanconi anemia patients discussed below.) An early event of ALS is

mitochondrial dysfunction; therefore, the overexpression of mitochondrial antioxidant genes

MnSOD and GPX4 and preincubation with spin trap 5,5-dimethyl-1-pyrroline-N-oxide

(DMPO) prevented mutant SOD1-mediated motor neuron cell death and increased ALS-like

transgenic mouse survival [307].

31.3.5.3 Alzheimer’s Disease

Alzheimer’s disease (AD), a major dementing disorder of the elderly, draws an exclusive

interest of researchers working in the field of degenerative neurologic pathologies. The study

of oxidative stress in Alzheimer’s disease development is attaching a special interest; corres-

pondingly, numerous reviews on this subject have been published only during the last few

years [308–312]. Reactive oxygen and nitrogen species can be produced in AD by different

sources. It has been established that neurotic plagues in the brain of AD patients contain
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aluminosilicate deposits. Evans et al. [313,314] suggested that alumosilicates may stimulate

the production of reactive oxygen species by phagocytes in Alzheimer’s disease. Iron and

copper ions might also be important initiators of oxygen radical production because these

metals are present in significant concentrations in AD neutrophils and chelators are able to

suppress oxidative stress in Alzheimer’s disease [309]. Mitochondrial anomalies can be also

the source of free radical overproduction in AD brain [308].

It has been established that amyloid b-peptide (Ab) formed by the proteolytic cleavage of

the transmembrane amyloid precursor protein and, particularly its Ab(1–42) form, play a

central role in the AD pathogenesis. Ab(1–42) is able to induce lipid peroxidation and initiate

the formation of free radicals and reactive aldehydes [311]. The formation of isoprostanes,

another marker of oxidative stress, is also increasing in the presence of Ab [310,311]. Montine

et al. [315] demonstrated that lateral ventricular fluid from AD patients contains significantly

enhanced levels of F2-isoprostanes. In contrast to the above findings, Pratico et al. [316]

showed that an increase in lipid peroxidation and the formation of isoprostanes preceded Ab

formation in an animal model of Alzheimer’s disease. Tuppo et al. [317] found that the

concentrations of iPF2a-III isoprostane (the product of nonenzymatic lipid peroxidation)

and TXB2 thromboxane (the product of enzymatic peroxidation of arachidonic acid) were

essentially elevated in urine of patients with probable Alzheimer’s disease. It was also

suggested that peroxynitrite is a nitration agent of proteins, causing the enhancement of

nitrotyrosine and dityrosine formation in AD brain [310]. Xie et al. [318] demonstrated that

peroxynitrite is a mediator of the toxicity of Ab(1–42)-activated microglia in Alzheimer’s

disease. Ab is also able to activate NADPH oxidase in microglia, resulting in the production

of superoxide [319].

The above data demonstrate an important, possibly even critical role of oxidative stress in

AD pathogenesis. Therefore, it is reasonable to suggest that antioxidant administration could

be useful for the treatment of AD patients. Grundman [320] recently summarized the results

of clinical trial, in which vitamin E was administrated to AD patients with moderately severe

disease. It has been concluded that the treatment with vitamin E may delay and slow disease

progress in these patients.

31.3.5.4 Parkinson’s Disease

The hallmark of Parkinson’s disease (PD) is the destruction of dopaminergic neurons in the

substantia nigra. It has been suggested that the metabolism of dopamine may be a cause of

free radical generation [321]. However, there are other sources of free radical overproduction

in PD such as an increase in lipid peroxidation, a decrease in the level of reduced glutathione,

an increase in iron, and the inhibition of mitochondrial Complex I activity [322]. For example,

Berman and Hasting [323] found that dopamine quinone is able to stimulate mitochondrial

dysfunction. A recent study suggested that the loss of dopaminergic neurones in substantia

nigra with PD may be the consequence of the inflammation-induced proliferation of micro-

glia and macrophages expressing iNOS [324].

There were attempts to treat PD patients with antioxidants [325], but it seems that no

encouraging results have been achieved. As the changes of glutathione metabolism plays an

important role in the pathogenesis of neurodegenerative diseases, it was suggested that the

supplementation with glutathione could be useful for PD treatment. However, GSH pene-

trates the blood–brain barrier poorly; therefore, the treatment with glutathione precursors or

analogs could be more promising [321].

Oxidative stress induced by reactive oxygen species is described for many other brain

disorders of inflammatory and noninflammatory nature. Some examples of such disorders are

given below. Quick and Dugan [326] demonstrated superoxide-mediated damage of neurons
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in a model of ataxia–telangiectasia, an autosomal recessive disorder in children. The product

of nonenzymatic lipid peroxidation isoprostane 8-iso-PGF2a induced oxidant stress-induced

cerebral microvascular injury and brain damage [327]. Svenungsson et al. [328] showed that

the levels of nitric metabolites and proinflammatory cytokines increased in neuropsychiatric

lupus erythematosus. Fluid percussion brain injury was accompanied by superoxide produc-

tion through COX-2 activation [329]. An increase in the levels of isoprostane are also

observed in spinal cord injury [330] and traumatic brain injury [331].

31.3.6 KIDNEY DISEASES

In 1986, Diamond et al. [332] demonstrated an important role of oxygen radicals in amino-

nucleoside nephrosis and showed protective effects of SOD and allopurinol. Similarly, Adachi

et al. [333] showed that SOD inhibited lipid peroxidation in kidneys of rats with glomerular

nephritis. Recent studies confirm the participation of free radicals in various kidney disorders.

Zhou et al. [334] showed an increase in plasma NO levels and lipid peroxidation in plasma

and erythrocytes in chronic glomerulonephritis patients. At the same time, SOD, catalase,

and glutathione peroxidase activities in erythrocytes of these patients were significantly

decreased. In contrast, total and renal NOS activities were found to be reduced in glomer-

ulonephritis rat model of chronic renal disease supposedly due to an increase in circulating

endogenous NOS inhibitors [335]. Walpen et al. [336] pointed out that nitric oxide is a critical

mediator of several forms glomerulonephritis. These authors showed that the inhibition of

NO synthesis in a rat model of glomerulonephritis resulted in the reduction of macrophage

inflammatory protein 2 mRNA expression and attenuated neutrophil infiltration in the

glomerulus. Increased formation of nitric oxide and oxygen radicals has been shown in

acute renal failure (ARF) during sepsis [337]. It has been suggested that the superoxide

level increased in kidney during ARF due to a decrease in extracellular SOD that in turn

decreased vascular NO and caused renal vasoconstriction. Correspondingly, protective effect

of the SOD mimic metalloporphyrin on renal function has been found.

Lucchi et al. [338] found that the concentrations of conjugated linolenic acid (CLA) and

conjugated dienes were substantially reduced in the erythrocytes of patients with chronic

renal failure (CRF); at the same time CLA significantly increased in the plasma and adipose

tissue of the end-stage patients. Increased CLA levels in the end-stage CRF patients are

supposedly a consequence of reduced metabolism of CLA to conjugated dienes. Chen et al.

[339] showed that IgA from patients with IgA nephropathy may induce oxidative injury in

glomerular mesangial cells of patients with IgA nephropathy. Thamilselvan et al. [340]

suggested that the oxalate-induced free radical-mediated damage in renal epithelial cells

promoted the calcium oxalate stone formation.

31.3.7 LIVER DISEASES

A number of early in vitro studies demonstrated a considerable role of free radicals in liver

injury (see, for example, Proceedings of International Meeting on Free Radicals in Liver Injury

[341]). Later on, it was shown that chronic inflammation in the liver-induced oxidative DNA

damage stimulated chronic active hepatitis and increased the risk of hepatocarcinogenesis

[342,343]. Farinati et al. [344] showed that 8-OHdG content increased in circulating leukocytes

of patients with chronic hepatitis C virus (HCV) infection. DNA oxidative damage is sup-

posedly an early event of HCV-related hepatitis. The formation of isoprostanes in the liver of

carbon tetrachloride-treated rats can be suppressed by the administration of vitamin E [345].

An important factor in pathogenesis of chronic hepatitis C is iron overload. Casaril et al.

[346] found that even a mild increase in iron content caused additional free radical-mediated
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damage due to viral infection. It has long been suggested that oxygen radicals may directly

mediate cell damage in cirrhosis liver [347]. Kono et al. [348] proposed that oxygen radicals

produced by NADPH oxidase of hepatic Kupffer cells have a predominant role in the

pathogenesis of early alcohol-induced hepatitis. Yamamoto et al. [349] suggested that

the copper-catalyzed formation of hydroxyl radicals in the liver might be responsible for the

pathogenesis of acute hepatitis in Long-Evans Cinnamon rats, which similarly to patients

with Wilson’s disease, accumulate excess of copper.

31.3.8 SEPTIC SHOCK, PANCREATITIS, AND INFLAMMATORY BOWEL DISEASE

The formation of reactive oxygen and nitrogen species has been reported in many other

inflammatory disorders. We quote the most interesting (in our opinion) examples below.

Similar to the other inflammatory diseases, the overproduction of superoxide and nitric oxide

has been shown under septic conditions [350,351]. Fukuyama et al. [352] demonstrated the

formation of peroxynitrite in chronic renal failure patients with septic shock, which has been

suggested to be responsible for nitration of tyrosine residues. Macarthur et al. [353] proposed

that the inactivation of catecholamines by superoxide plays an important role in the patho-

genesis of septic shock. It has been suggested that antioxidants ascorbic acid and NAC may

improve the function of lymphocytes, which are important targets of endotoxins contributing

to oxygen radical overproduction by septic shock [354].

Free radicals are supposed to have a significant role in the progression of acute pancrea-

titis. The involvement of free radicals was firstly demonstrated in many animal models

[355,356]. Later on, it has been shown that the levels of superoxide and lipid peroxides

increased in the blood from patients with acute pancreatitis [357]. Rahman et al. [358]

found enhanced urinary nitrite excretion in patients with severe acute pacreatitis. It was

suggested that this fact is not simply a reflection of systemic inflammation but probably a

consequence of the endotoxin-mediated upregulation of inducible NO synthase.

Gionchetti et al. [359] found that superoxide production by circulating PMNs in untreated

patients with ulcerative colitis and Crohn’s disease in remission was significantly lower

compared to controls. Interestingly, later on, Oldenburg et al. [360] showed that oxygen

radical production by the whole blood in patients with the same pathologies has been

enhanced. This difference could depend on the use different methods of oxygen radical

detection, cytochrome c reduction in Ref. [359] and luminol-amplified CL in Ref. [360].

Miller et al. [361] showed that superoxide production, lipid peroxidation, and tyrosine

nitration were considerably enhanced in aortas from patients with abdominal aortic aneur-

ysm undergoing surgical repair. Increase in superoxide production was due to the expression

of NADPH oxidase.

31.4 IRON-CATALYZED PATHOPHYSIOLOGICAL DISORDERS

The catalytic effects of iron on free radical processes in biological systems have been con-

sidered in Chapter 21. It has been recognized for a long time that the appearance of ‘‘free’’

iron in blood and tissues may initiate cell injury and cause various pathophysiological

disorders. One of the first examples of the enhancement of oxygen radical production

catalyzed by high levels of nonprotein-bound iron in humans has been reported by Gutteridge

et al. [362] for the patients with neuronal ceroid lipofuscinoses. In subsequent work by these

authors [363] an increase in oxygen radical production catalyzed by ‘‘free’’ iron has been

demonstrated for patients with idiopathic hemochromatosis. Aust and White [364] proposed

that ischemia–reperfusion tissue damage is stimulated by iron release during reperfusion and
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can be ameliorated by the use of chelators. It has also been suggested that iron-catalyzed

oxygen radical formation takes place after reperfusion of the ischemic bowel [365].

Iron-catalyzed free radical-mediated damage is supposed to be an important factor of

many diseases including those considered above. Sayre et al. [366] reviewed the role of iron-

mediated processes in Alzheimer’s disease, Parkinson’s disease, and some other neurodegen-

erative diseases. Hepatic iron deposition was found in chronic hepatitis C. Thus, Kageyama

et al. [367] identified enhanced hepatic iron accumulation and lipid peroxidation in patients

with hepatitis C that were decreased during interferon therapy. Jung et al. [368] demonstrated

in a model of sepsis that hepatocellular iron reduced the formation of nitrite and nitrate and

S-nitrosothiols and increased the production of reactive oxygen species. Carmine et al. [369]

found children with acute lymphoblastic leukemia undergoing chemotherapy characterized

by the enhanced plasma levels of iron that can be related to toxic side effects. Ogihara et al.

[370] also found nonprotein-bound iron in cerebrospinal fluid of newborn infants with

hypoxic ischemic encephalopathy as well as higher levels of dityrosine and ascorbic acid.

These authors suggested that iron-catalyzed formation of hydroxyl radicals occurs in the

CNS of children during asphyxiation. Below, we will consider the other pathologies associ-

ated with iron-stimulated free radical damage.

31.4.1 HEMOCHROMATOSIS AND HEMODIALYSIS OF PATIENTS

Hereditary hemochromatosis is a pathophysiological disorder characterized by disordered

iron metabolism and the accumulation of excessive iron in body organs. Hemochromatosis is

the origin of cirrhosis and liver failure; moreover, the risk of hepatocellular carcinoma is

increased by 200 times in hemochromatosis patients [371]. Stimulation of free radical forma-

tion in hemochromatosis patients has been shown earlier [363]. Increased lipid peroxidation

has also been shown in the kidneys of IOL animals [372,373]. Young et al. [374] demonstrated

that enhanced lipid peroxidation is accompanied by reduced antioxidant status in hemochro-

matosis patients. Using model of chronic experimental hemosiderosis in rats, Zhou et al. [375]

confirmed that chronic iron overload increased oxygen radical production and renal injury.

Hussain et al. [376] showed that the formation of reactive oxygen and nitrogen species by iron

overload in hemochromatosis resulted in mutations in the p53 tumor suppressor gene, the

most prominent genetic alteration in the development of human cancer.

Oxidative stress and inflammation are elevated in hemodialysis patients, which, at least

partly, might be initiated by intravenous iron administration. Thus, Tovbin et al. [377]

showed that the administration of iron saccharide to hemodialysis patients increased the

blood level of oxidized proteins. Similarly, an increase in the levels of free (‘‘nontransferrin-

bound’’ or ‘‘labile’’) iron has been shown in the plasma of hemodialysis patients [378]

including patients after intravenous iron saccharate infusion [379].

31.4.2 THALASSEMIA

Thalassemia (Tl) is a genetic disorder with wide variety of clinical phenotypes associated with

impaired synthesis of hemoglobin. These phenotypes are varied from clinically silent hetero-

zygous b-thalassemia to severe transfusion-dependent thalassemia major. The development

of this pathology leads to chronic anemia and increased dietary absorption, which results in

iron overload. Regular transfusion in patients increases the iron release from hemoglobin.

The enhancement of free radical production and suppression of antioxidant level have been

shown in patients with different forms of thalassemia. It has been suggested that the unstable

hemoglobin, excess of a-Hb subunits, and the high levels of cytosolic and membrane-bound
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iron are major sources of free radical overproduction by thalassemic erythrocytes. The

formation of highly reactive hydroxyl radicals was observed in b-thalassemic erythrocytes

in the presence of ascorbate [380]. The formation of hydroxyl radicals is apparently typical for

some other hemoglobinopathic erythrocytes such as sickle erythrocytes [381].

As hydroxyl or hydroxyl-like radicals are produced by the superoxide-driven Fenton

reaction, superoxide overproduction must also occur in thalassemic cells. First, it has been

shown by Grinberg et al. [382], who demonstrated that thalassemic erythrocytes produced the

enhanced amount of superoxide in comparison with normal cells in the presence of proox-

idant antimalarial drug primaquine. Later on, it has been found that the production of

superoxide and free radical-mediated damage (measured through the MetHb/Hb ratio) was

much higher in thalassemic erythrocytes even in the absence of prooxidants, although

quinones (menadione, 1,4-naphthoquinone-2-methyl-3-sulfonate) and primaquine further

increased oxidative stress [383]. Overproduction of superoxide was also observed in thalasse-

mic leukocytes [384].

Overproduction of free radicals by erythrocytes and leukocytes and iron overload result in

a sharp increase in free radical damage in Tl patients. Thus, Livrea et al. [385] found a twofold

increase in the levels of conjugated dienes, MDA, and protein carbonyls with respect to

control in serum from 42 b-thalassemic patients. Simultaneously, there was a decrease in the

content of antioxidant vitamins C (44%) and E (42%). It was suggested that the iron-induced

liver damage in thalassemia may play a major role in the depletion of antioxidant vitamins.

Plasma thiobarbituric acid-reactive substances (TBARS) and conjugated dienes were elevated

in b-thalassemic children compared to controls together with compensatory increase in SOD

activity [386]. The development of lipid peroxidation in thalassemic erythrocytes probably

depends on a decrease in reduced glutathione level and decreased catalase activity [387].

Another important characteristic of oxidative stress in thalassemia is LDL oxidative

modification. Livrea et al. [388] showed that the concentration of hydroperoxides in LDL

of thalassemia patients was equal to 22.60+12.84 nmol/mg LDL protein compared to

6.25+3.04 nmol/mg in control LDL. These authors proposed that the enhanced LDL oxida-

tion in thalassemia was connected with the depletion of vitamin E in LDL. Interestingly, these

findings contradict the suggestion about the prooxidant role of vitamin E (a-tocopherol) in

LDL oxidation (Chapter 25). It was proposed that LDL oxidation could be the origin of

atherogenetic risk in thalassemic patients.

The mechanism of the initiation of free radical-mediated damage in thalassemia is still

uncertain. Some data indicate an important role of excess a-hemoglobin chains in this

process. Thus, Scott et al. [389] showed that ‘‘model’’ beta-thalassemic cells with unpaired

a-hemoglobin chains entrapped within normal erythrocytes generated significantly greater

amounts of methemoglobin and intracellular hydrogen peroxide than did control cells.

a-Chains are also the most efficient oxidants of LDL protein ApoB [390]. Another possible

mechanism of free radical formation in thalassemic erythrocytes is ferric ion-mediated Hb

oxidation [391]. It has been proposed that the release of small amounts of free ions from

unpaired a-hemoglobin chains in b-thalassemic erythrocytes can initiate redox processes

catalyzed by the oxidation of reduced glutathione.

The most successful up-to-date treatment of thalassemic patients is chelating therapy,

which is based on patient’s lifetime application of iron chelators. Removal of excess iron is

supposed to be effective route for suppressing free radical-mediated damage. There is a great

number of studies showing successful treatment of thalassemic patients with intravenous

chelator desferal (desferrioxamine) and oral chelator deferiprone (L1). Biochemical studies

show the efficacy of both chelators in removal of excess iron. For example, the incubation of

thalassemic erythrocytes with 0.5 mmol l�1 L1 during 6 h resulted in 96% removal of mem-

brane-free iron [392]. It was demonstrated that L1 is able to remove pathologic deposits of
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chelatable iron from thalassemic and sickle erythrocyte membranes. Animal study confirmed

removing of pathologic free iron deposits from murine thalassemic erythrocytes and improve-

ment of erythrocyte survival after L1 therapy [393].

Unfortunately, the iron complexes of both chelators desferal and L1 are able to catalyze

the formation of oxygen radicals [394,395]. Cragg et al. [395] also showed that L1 exposure

markedly enhanced free radical-mediated DNA damage in iron-loaded liver cells. It has been

suggested that the prooxidant:antioxidant ratio of L1 activity depends on the composition of

complexes formed: a 1:3 Fe/L1 is supposed to be inactive in the production of free radicals

while the generation of radicals is possible at lower Fe/L1 ratios [395]. But it should be noted

that in real biological systems there is always equilibrium between iron–chelator complexes of

different composition.

Taking into account the possible prooxidant effect of chelators, the simultaneous appli-

cation of antioxidants and desferal or L1 might be useful in the treatment of thalassemic

patients. There are two major free radical-mediated damaging processes during chelating

therapy, which could be stopped by the application of antioxidants: the formation of free

radicals by the ferrous ion–chelator complexes and the peroxidation of lipids. Tesoriere et al.

[396] studied the effect of oral supplementation of vitamin E on lipid peroxidation in plasma

and the oxidative damage to LDL and erythrocytes in 15 b-thalassemia intermedia patients.

Low level of vitamin E and high level of MDA in plasma were normalized after 3 months,

while the low level of vitamin E in LDL became normal only after 9 months; however, the

level of conjugated dienes remained twice higher than control. Thus, in authors’ opinion oral

treatment with vitamin E improves the antioxidant:oxidant balance in plasma, LDL, and

erythrocytes in b-thalassemia intermedia patients.

Bioflavonoid rutin (vitamin P) was proposed to be useful antioxidant for the suppression

of free radical production in thalassemia [383]. Grinberg et al. [397] showed that rutin

protected hemoglobin inside the erythrocyte from primaquine-induced free radical-mediated

attack. We compared the protective effects of rutin and L1 on menadione-stimulated super-

oxide production by normal and thalassemic erythrocytes [383]. The most interesting finding

is the difference found between the inhibitory effects of these compounds on normal and

pathologic erythrocytes. Rutin was equally efficient in the suppression superoxide overpro-

duction by normal and thalassemic erythrocytes while L1 diminished superoxide production

by thalassemic cells and did not affect it in the case of normal cells (Figure 31.1). This fact is a

strong support of a traditional point of view that iron overload is a main source of free radical

damage in thalassemic erythrocytes.

31.4.3 SICKLE CELL DISEASE

It is known that erythrocytes from patients with sickle cell anemia contain various types of

abnormal iron deposits [398], which could be the origin of the overproduction of oxygen

radicals in these cells. Indeed, Hebbel et al. [399] has showed that sickle erythrocytes spon-

taneously generate approximately twice as much superoxide as normal erythrocytes. Later on,

it has been shown that these cells are also able to generate hydroxyl radicals catalyzed by three

types of ‘‘iron,’’ preexisting free iron, free iron released during oxidative stress, and iron that

cannot be chelated with desferrioxamine [400].

It has been proposed that a major source of oxygen radicals in sickle erythrocytes is

mutant hemoglobin HbS. However, although HbS showed an accelerated autoxidation rate

under in vitro conditions, its in vivo oxidative activity was not determined. Sheng et al. [401]

suggested that the observed oxidation rate of HbS is exaggerated by adventitious iron. Dias-

Da-Motta et al. [402] proposed that another source of enhanced superoxide production in

sickle cells are monocytes; in contrast, there is no difference in superoxide release by sickle
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and normal neutrophils. These authors suggested that enhanced monocyte superoxide gen-

eration caused the inactivation of nitric oxide (via the formation of peroxynitrite) and

additional tissue damage. Nath et al. [403] demonstrated an increase in lipid peroxidation

in the kidney of transgenic sickle mouse.

However, the latest findings completely changed the conception of the mechanism of free

radical damage in sickle cell disease. Aslan et al. [404] showed that in contrast to previous

reports [399,400] there is no significant difference in the rates of superoxide and hydrogen

peroxide production as well as in the levels of lipid peroxides between HbA and HbS cells.

Instead, it has been concluded that increased reactive oxygen species production in tissue is

possibly a major factor of impaired NO signaling and corresponding tissue damage. It has

also been suggested that hypoxia–reperfusion associated with sickle cell disease resulted in the

release of xanthine oxidase into circulation from hepatic cells. Superoxide produced by

xanthine oxidase reacts with NO and induced vascular dysfunction. A new mechanism

appears to allow considering sickle cell disease as a chronic inflammatory disease [405], in

which iron-catalyzed oxygen radical production is not a major damaging factor. Recently

Aslan et al. [406] demonstrated the increased rates of tissue reactive oxygen species produc-

tion, liver and kidney NOS2 expression, and tissue nitrotyrosine formation in humans with

sickle cell disease and murine sickle model.

31.4.4 FANCONI ANEMIA

Fanconi anemia (FA) is a rare usually fatal autosomal recessive disease with a life expectancy

of about 16 years. Although no differences in the activity of antioxidant enzymes (SOD,

catalase, and glutathione peroxidase) and the levels of reduced glutathione in FA were found

in comparison with controls, enhanced oxygen radical production have been shown in FA

cells. Thus, Nagasawa and Little [407] suggested that the suppression of cytotoxic effect of

mitomycin C on FA fibroblasts by SOD pointed out at superoxide-mediated cell damage.

Scarpa et al. [408] showed that superoxide production by FA erythrocytes was 2.3 times

higher than in controls while SOD activities were very similar. Later on, Malorni et al. [409]

found a decrease in the SOD and catalase activities and probable increase in superoxide

production by FA erythrocytes.

Effects of rutin and L1 on MD-stimulated cytochrome c
reduction by RBC and Th-RBC
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FIGURE 31.1 Effects of rutin and L1 on menadione-stimulated cytochrome c reduction normal and Tl

erythrocytes. (From IB Afanas’ev et al.Transfusion Sci 23: 237–238, 2000.)
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However, the major producers of oxygen radicals in Fanconi anemia are leukocytes and

not erythrocytes. It has been found that blood and bone marrow FA leukocytes produced

much more oxygen radicals than controls without stimulation or stimulated with concana-

valin A, SiO2, latex, and opsonized zymosan [410]. Another important finding was that FA

leukocytes not only released enhanced amount of oxygen radicals but that the concentration

of hydroxyl or hydroxyl-like radicals in these cells was also increased. (This conclusion was

made comparing the levels of lucigenin- and luminol-amplified CL by FA and normal

leukocytes.) As hydroxyl radicals are to be formed by the iron-catalyzed decomposition of

hydrogen peroxide (the Fenton reaction), these findings point out at the importance of iron-

mediated free radical damage in FA.

The importance of iron in the induction of oxidative stress in FA has already been

suggested. In 1987, Joenje et al. [411] supposed that reactive oxygen species may be involved

in the induction of chromosomal damage in FA. In 1989, Porfirio et al. [412] showed that the

iron chelator desferrioxamine reduced spontaneous chromosomal breakage of FA cells. The

involvement of iron-stimulated hydroxyl radical formation is also seen from the different

effects of free radical scavengers and iron chelators on FA and normal leukocytes. Thus,

hydroxyl radical scavengers rutin and mannitol were much more effective inhibitors of

oxygen radical release by FA leukocytes compared to normal cells, while SOD was about

five to ten times more effective in normal leukocytes [410]. It is important that the adminis-

tration of nontoxic flavonoid rutin (vitamin P) to FA children resulted in the significant

reduction of oxygen radical overproduction by blood leukocytes, a decrease in the amount of

chromosomal aberration, and the improvement of hematological characteristics and patients’

health [410,413]. On these grounds rutin has been recommended for the treatment of FA

patients. It should be noted that earlier hypersensitivity toward iron has been also shown for

FA lymphoblastoid cells [414].

While ‘‘free’’ iron is a catalyst of hydroxyl or hydroxyl-like radical overproduction by FA

leukocytes, the other stimuli might also exist, which are responsible for the enhancement of

the formation of superoxide, a precursor of hydroxyl radicals in the superoxide-dependent

Fenton reaction. Thus, Schultz and Shahidi [415] showed that such a stimulus could be

TNF-a, which was detected in the plasma of FA patients but not in healthy donors. Another

factor of enhanced oxidative stress in FA might be a low thioredoxin level, which may cause

an increasing DNA damage [416].

It has already been noted above that oxygen radical-mediated DNA damage is an

important element of oxidative stress in FA patients. Takeuchi and Morimoto [417] demon-

strated the increased formation of 8-OHdG, a product of DNA oxidation, in FA lympho-

blasts. Clarke et al. [418] showed that increased sensitivity of FA cells to mitomycin

C-induced apoptosis is due to oxygen radical overproduction and not DNA crosslinking. In

conclusion, the work by Pagano et al. [419] should be mentioned, which stressed the signifi-

cance of oxygen radical-mediated DNA damage in FA cells.

31.5 BLOOM’S SYNDROME AND DOWN SYNDROME

Bloom’s syndrome is a rare autosomal recessive disease characterized by a high level of

spontaneous chromosomal aberrations and sister chromatid exchange (SCE). Bloom’s syn-

drome involves exhibiting numerous clinical features including predisposition to cancer. The

importance of oxidative stress in Bloom’s syndrome follows from the overproduction of

superoxide, an increase in free radical-mediated damaging processes, and SOD induction

[420]. The capacity to produce elevated levels of oxygen radicals probably induces the

spontaneous chromosomal instability of Bloom’s cells and is responsible for the high inci-

dence of neoplasia in Bloom’ patients [421]. It should be noted that Emerit and Cerutti [422]
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applied exogenous SOD for the suppression of oxidative stress in Down’s syndrome, but

found no change in SCE rates.

Down’s syndrome caused by trisomy 21 is associated with premature aging, congenital

anomalies, and neurodevelopmental impairment. This neurodegenerative disorder is also

characterized by oxygen radical overproduction and enhanced SOD activity. Thus Colton

et al. [423] demonstrated the enhanced superoxide production by microglia from trisomy 16

mice, an animal model of Down’s syndrome. Busciglio and Yankner [424] showed that

Down’s neurons produced the three- to fourfold increase in the amount of reactive oxygen

species and the elevated level of lipid peroxidation that preceded neuronal death. It has been

suggested that the defective repair of oxidative damage in mitochondrial DNA is responsible

for the defective mitochondrial electron transport and the overproduction of superoxide in

Down’s syndrome [425]. Schuchmann and Heinemann [426] studied superoxide generation in

cultured hippocampal neurons from trisomy 16 mice (Ts16). They suggested that elevated

superoxide production by Ts16 neurons is probably caused by a deficient Complex I of

mitochondrial electron transport chain, which finally leads to neuronal cell death. Recently,

Capone et al. [427], using lucigenin-amplified CL, confirmed that mitochondrial superoxide

production increased in Down’s syndrome.

31.6 OTHER EXAMPLES OF FREE RADICAL FORMATION IN
PATHOPHYSIOLOGICAL DISORDERS

Some other examples of free radical formation in various pathologies are discussed below. (Of

course, they are only few examples among many others, which can be found in literature.)

Mitochondrial diseases are associated with superoxide overproduction [428] and cytochrome c

release [429]. For example, mitochondrial superoxide production apparently contributes to

hippocampal pathology produced by kainate [430]. It has been found that erythrocytes from

iron deficiency anemia are more susceptible to oxidative stress than normal cells but have a

good capacity for recovery [431]. The beneficial effects of treatment of iron deficiency anemia

with iron dextran and iron polymaltose complexes have been shown [432,433].

Shin et al. [434] found that rutin and harmaline (1-methyl-7-methoxy-3,4-dihydro-b-

carboline) exhibited beneficial protective effects against the development of the surgically

induced reflux oesophagitis. Enhanced levels of urinary NO metabolites and TBAR products

were found in migraine sufferers [435]. A significant decrease in NO synthesis and MDA

increase have been demonstrated in PMNs of schizophrenia patients [436]. Selvam [437]

suggested that oxalate-induced membrane injury in calcium oxalate stone disease is mediated

by superoxide and hydroxyl and peroxyl radicals. Yang et al. [438] demonstrated that the

production of reactive oxygen species significantly increased in fatty liver mitochondria of

obese mice. Dandona et al. [439] also showed an increase in reactive oxygen species produced

by leukocytes of obese subjects and demonstrated that dietary restriction and weight loss

reduced both reactive oxygen species generation by leukocytes and oxidative damage to

lipids, proteins, and amino acids.

31.7 FREE RADICALS IN AGING

31.7.1 THE LATEST DEVELOPMENTS

Since Harman’s famous work [440] on free radical theory of aging in 1956, numerous studies

have been dedicated to the development of his theory, which were reviewed by many authors

(see, for example, early reviews, Refs. [441–444]). There is of course no necessity and

possibility to discuss these reviews, which have been perfectly considered by their authors.
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The connection between free radical generation and aging has been demonstrated in early and

contemporary studies. Thus, the difference in oxygen radical production in cells from young

and old organisms has been shown [445,446]. Martins et al. [447] found a significant increase

in the formation of reactive oxygen species by granulocytes of healthy persons from 40 to 69

years of age in comparison with younger men. On the contrary, Phillips et al. [448] showed

that enhanced oxygen radical production occurs both in older and younger humans, but in

contrast to damaging effects in older age, it could be a normal physiological response in youth

when oxygen radicals act as signal transducers. Ide et al. [449] showed that the plasma

TBARS and urinary 8-iso-PGF2a levels were higher in healthy young men compared to

premenopausal women. These authors concluded that enhanced oxidative stress might be

one of the important factors of atherosclerotic diseases in men. Positive correlation probably

exists between mammalian life span and cellular resistance to oxidative stress [450]. In

contrast to previous proposal, no difference was found between the effects of ubiquinone

homologies on superoxide production and longevity in different mammals [451].

However, it should be noted that aging not always results in an increase in the formation

of reactive oxygen species especially if other pathophysiological dysfunctions occur. For

example, it has been shown that trauma and age-related decline in neutrophil function

cause a decrease in superoxide production and the immune response to bacteria in the elderly

[452]. Csiszar et al. [453] demonstrated that aging drastically changed the prooxidant:antioxi-

dant balance in young and aged rats. It was found that coronary arteriols of aged rats were

characterized by the enhanced superoxide and 3-nitrotyrosine formation, increased iNOS

mRNA expression, and decreased eNOS and COX-1 expressions. It has been concluded that

aging contributes to the development of oxidative stress through impairing of NO-mediated

dilations. Drew and Leeuwenburgh [454] recently discussed the role of reactive nitrogen

species and nitration in aging.

Despite inconclusive data at present, the study of antioxidants in protection against age-

related disorders remains promising. Diet supplementation with antioxidants resulted in a

significant increase in the mean life span of laboratory animals and reduced the risk of

arteriosclerosis [455]. Van der Loo et al. [456] demonstrated the accumulation of vitamin E

in plasma and major organs of 3-year-old rats not susceptible to atherosclerosis. It was

concluded that the accumulation of vitamin E in aged rats could be a compensatory mech-

anism of self-regulatory protective adaptation against cardiovascular aging. Cherubuni et al.

[457] also suggested that an appropriate level of vitamin E and a low level of LDL oxidation

in the elderly might be important for achieving advanced age without development of

atherosclerosis.

31.7.2 THE MITOCHONDRIAL THEORY OF AGING

Harman’s theory of aging predicts that the cells continuously exposed to reactive oxygen

species are progressively damaged. It has been suggested that oxidative damage to mitochon-

dria, which is a power source of oxygen radicals, can be a major determinant of the rate of

aging [458]. The theory postulates that oxygen radicals induce mutations in the mitochondrial

DNA (mtDNA) and that the accumulation of these mutations leads to errors in the mtDNA-

encoded polypeptides, defective electron transport, and the suppression of oxidative phos-

phorylation [459,460]. These disturbances may stimulate increased production of reactive

oxygen species and result in a ‘‘vicious’’ circle [461]. The best confirmation of mitochondrial

theory of aging is findings that mitochondrial superoxide production correlates with rates of

aging of various species [462,463]. Lenaz et al. [460] suggested that Complex I is a primary

target of superoxide attack in aging. Harman [464] also proposed that defective mitochondrial

Complex I in aging and Alzheimer’s disease is responsible for a decrease in endothelium
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calcium and a following increase in mitochondrial calcium pool, which amplifies superoxide

formation.

Recent development of mitochondrial theory of aging is so-called reductive hotspot

hypothesis. De Grey [465] proposed that the cells with suppressed oxidative phosphorylation

survive by reducing dioxygen at the plasma membrane rather than at the mitochondrial inner

membrane. Plasma membrane redox system is apparently an origin of the conversion of

superoxide into hydroxyl and peroxyl radicals and LDL oxidation. Morre et al. [466]

suggested that plasma membrane oxidoreductase links the accumulation of lesions in mito-

chondrial DNA to the formation of reactive oxygen species on the cell surface.
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32 Comments on Contemporary
Methods of Oxygen and
Nitrogen Free Radical
Detection

Detailed analysis of the experimental methods of reactive oxygen and nitrogen species

detection is outside the scope of this book. However, the consideration of the most important

contemporary analytical assays is necessary because the reliability of the data already con-

sidered strongly depends on the reliability of the methods applied.

32.1 DETECTION OF SUPEROXIDE IN BIOLOGICAL SYSTEMS

Early methods of superoxide detection are well known and described in many books and

reviews. They include cytochrome c reduction, nitroblue tetrazolium reduction, spin trapping,

etc. (see, for example, Ref. [1] ). The most efficient assays are based on the ability of super-

oxide to reduce some compounds by one-electron transfer mechanism because such processes

(Reaction (1)) proceed with high rates [2]:

O2
.� þA ¼) O2 þA

.� (1)

However, to be a quantitative assay of superoxide detection, Reaction (1) had to be an

exothermic reaction, i.e., the difference between the one-electron reduction potentials of

reagents DE o¼E o[O2
.�/O2]�E o[A

.�/A] must be <0. In this case the rate constants of Reac-

tion (1) will be sufficiently high (108�109 l mol�1 s�1). Among traditionally applied assays,

three compounds satisfy this condition: cytochrome c, lucigenin, and tetranitromethane

(Table 32.1).

32.1.1 CYTOCHROME C REDUCTION

SOD-inhibitable one-electron reduction of ferric cytochrome c is probably the most fre-

quently used method of superoxide detection.

O2
.� þ cyt: c(III) ¼) O2 þ cyt: c(II) (2)

Reaction (2) is an outer-sphere exothermic process (DE 0 is about �0.4 V) and therefore, the

equilibrium of this reaction is completely shifted to the right, i.e., the reoxidation of reduced

cytochrome c by dioxygen is impossible. However, the rate constant for Reaction (2)

(2.6+0.1�105 l mol�1 s�1) is unexpectedly low for the exothermic one-electron transfer
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reactions (usually 108�109 l mol�1 s�1) that limits the ability of cytochrome c to compete with

other electron acceptors such as quinones.

Possible errors due to the competition of cytochrome c reduction with the reversible

reduction of quinones by superoxide are frequently neglected. For example, it has been

found that quinones (Q), benzoquinone (BQ), and menadione (MD) enhanced the SOD-

inhibitable cytochrome c reduction by xanthine oxidase [6]. This seems to be a mystery

because only menadione may enhance superoxide production by redox cycling (E o[MD
.�]/

[MD]¼�0.20 V against E o[O2
.�]/[O2]¼�0.16 V) via Reactions (3) and (4), whereas for

benzoquinone (E o[BQ
.�]/[BQ]¼ þ0.099 V) Reaction (4) completely shifted to the left.

Enzyme

Q ¼) Q
.� (3)

Q
.� þO2 () QþO2

.� (4)

This proposal was supported by the measurement of superoxide production by lucigenin-

amplified CL (see below); it was found that only menadione enhanced CL in this system while

benzoquinone inhibited CL [6].

Increase in cytochrome c reduction in the presence of benzoquinone could be due to

Reaction (5).

BQ
.� þ cyt: c(III) ¼) BQ þ cyt: c(II) (5)

However, a more discouraged fact is that benzoquinone accelerated SOD-inhibitable part of

cytochrome c reduction, which is usually considered as a reliable proof of superoxide

formation. Such a phenomenon has been first shown by Winterbourn [7], who suggested

that SOD may shift the equilibrium of Reaction (4) to the right even for nonredox cycling

quinones. The artificial enhancement of superoxide production by SOD in the presence of

quinones was demonstrated in the experiments with lucigenin-amplified CL, in which benzo-

quinone was inhibitory [6].

The efficiency of superoxide assays strongly depend on the nature of superoxide produ-

cers. Significant difficulties arise in the detection of superoxide in cells and tissue. Cytochrome

c is unable to penetrate cell membranes and therefore, can be used only for the measurement

of extracellular superoxide. Furthermore, SOD-inhibitable cytochrome c reduction is difficult

to apply in nonphagocytic cells and tissue due to the complications of measuring low rates of

superoxide release, direct reduction of cytochrome c by cellular enzymes, the reoxidation of

reduced cytochrome by hydrogen peroxide, etc. [8]. Moreover, in nonphagocytic cells super-

oxide is formed exclusively inside the cells and is not released outside as in phagocytes. These

circumstances severely limit the number of analytical methods, which can be used for super-

oxide detection in vasculature.

TABLE 32.1
DEo and Rate Constants for Reaction (1) with Cytochrome c,

Lucigenin, and Tetranitromethane

DEo (V) k1 (l mol21 s21) Ref.

Cytochrome c About �0.4 2.6+ 0.1� 105 [3]

Lucigenin �0.35 108 [4]

Tetranitromethane 2� 109 [5]
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It has earlier been suggested to make cytochrome c a more specific reagent for superoxide

detection by its acetylation or succinoylation [9–11]. It was proposed that acetylation and

succinoylation must cause a greater decrease in the reaction of cytochrome c with NADPH

cytochrome P-450 reductase than with superoxide due to a decrease in the electrostatic charge

of native cytochrome c [12]. However, the rate constant for the most selective succinoylated

cytochrome c became about 10% of native cytochrome [13], making this assay even less

sensitive.

32.1.2 SPIN-TRAPPING

In 1974, Harbour et al. [14] demonstrated that superoxide reacts with 5,5-dimethyl-1-pyrro-

line-N-oxide (DMPO), forming a spin-adduct DMPO–OOH, which is easily identified by its

ESR spectrum (Figure 32.1) Unfortunately, this spin-adduct is rather unstable (the half-life of

DMPO–OOH is changed from 27 s at pH 9 to 91 s at pH 5 [15]). Another disadvantage of

using DMPO is a low rate of reaction with superoxide (see below). Nonetheless, the applica-

tion of spin trapping is of a great worth — it is the only direct method of superoxide

identification as free radical in biological systems.

Spin trapping has been widely used for superoxide detection in various in vitro systems

[16]: this method was applied for the study of microsomal reduction of nitro compounds [17],

microsomal lipid peroxidation [18], xanthine–xanthine oxidase system [19], etc. As DMPO–

OOH adduct quickly decomposes yielding DMPO–OH, the latter is frequently used for the

measurement of superoxide formation. (Discrimination between spin trapping of superoxide

and hydroxyl radicals by DMPO can be performed by the application of hydroxyl radical

scavengers, see below.) For example, Mansbach et al. [20] showed that the incubation of

cultured enterocytes with menadione or nitrazepam in the presence of DMPO resulted in the

formation of DMPO–OH signal, which supposedly originated from the reduction of DMPO–

OOH adduct by glutathione peroxidase.

N

O

N

O

DMPO

N

OH

CP-H

N

OH

O

TEMPONEH

R

R=(C3H7O)2P(O) R=(C4H9O)2P(O)

DPPMPO DBPMPO

FIGURE 32.1 Spin traps.
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Several methods were developed for diminishing the shortcomings of DMPO application.

Thus, Souza et al. [21] developed procedure, which permits to take into account DMPO–OH

decay during ESR measurement in rat aorta rings. Although this method may reduce the

inaccuracy of measuring ESR signal, it cannot rule out the most important shortcoming — a

very low rate of DMPO reaction with superoxide. It has also recently been proposed to use

b-cyclodextrins to augment the stability of DMPO–OOH complexes [22]. It was found

that the half-life of DMPO–OOH was sevenfold enhanced in the presence of methylated

b-cyclodextrin.

Another approach to this problem is a search for the other more effective spin traps.

Frejaville et al. [23] demonstrated that the half-life of spin-adduct of superoxide with

5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEMPO) is about tenfold longer

than that of DMPO–OOH. Despite a much more efficiency of this spin trap, its hydrophilic

properties limit its use for superoxide detection in lipid membranes. Stolze et al. [24] studied

the efficiency of some lipophilic derivatives of DEMPO in the reaction with superoxide. These

authors demonstrated a higher stability of superoxide spin-adducts with 5-(di-n-propoxypho-

sphoryl)-5-methyl-1-pyrroline-N-oxide (DPPMPO) and 5-(di-n-butoxyphosphoryl)-5-methyl-

1-pyrroline-N-oxide (DBPMPO) (lifetimes are equal to 7 and 8min in phosphate buffer and

28 and 16 min in toluene and ethanol).

Another type of spin traps, which have been recommended for the detection of super-

oxide, are the derivatives of hydroxylamine. In 1982, Rosen et al. [25] showed that superoxide

is able to oxidize the hydroxylamine derivative 2-ethyl-1-hydroxy-2,5,5-trimethyl-3-oxazoli-

dine (OXANOH) to corresponding free radical 2-ethyl-1-hydroxy-2,5,5-trimethyl-3-

oxazolidinoxyl (OXANO). Although this radical is very stable and easily identified by its

ESR spectrum, it is also easily reduced by ascorbic acid and other reductants. Furthermore,

OXANOH and other hydroxylamines are oxidized by dioxygen in the presence of transition

metal ions to form superoxide, and therefore, superoxide detection must be carried out in the

presence of chelators.

Later on, other hydroxylamine derivatives such as 1-hydroxy-2,2,6,6-tetramethyl-4-

oxo-piperidine (TEMPONEH) and 1-hydroxy-3-carboxy-pyrrolidine (CP-3) have been used

for superoxide detection [26]. It was found that these spin traps react with both superoxide

and peroxynitrite and that they might be applied for quantification of these reactive species

[27]. The CP-3 radical is less predisposed to reduction by ascorbic acid and therefore is

probably more suitable for superoxide detection in biological systems.

Unfortunately, due to the above shortcomings of hydroxylamine derivatives as spin traps,

the uncertainties of the mechanism of their reactions with superoxide are added. Although it

is supposed that nitroxide radicals are formed by oxidation with superoxide (Reaction (6)),

this reaction cannot be an elemental stage because superoxide cannot abstract a hydrogen

atom.

R2NOH þO2
.� þHþ ¼) R2NO

. þH2O2 (6)

It has earlier been proposed (Ref. [2], p. 70) that this reaction may proceed through the

deprotonation–oxidation mechanism:

R2NOHþO2
.� ¼) R2NO� þHOO

.
(7)

R2NO� þO2 ¼) R2NO
. þO2

.� (8)

But in this case spin trapping with hydroxylamine may artificially enhance superoxide

production through redox cycling. On the other hand, hydroxylamines are probably able to

react directly with perhydroxyl HOO
.
.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c032 Final Proof page 954 2.2.2005 5:58pm

© 2005 by Taylor & Francis Group.



R2NOH þHOO
. ¼) R2NO

. þH2O2 (9)

However, the concentration of perhydroxyl is about 1000 times less than superoxide at

physiological pH (Chapter 21), and therefore Reaction (9) is apparently of no importance.

There is also a big uncertainty in published rate constants for Reaction (6). In Refs.

[25–27] these rate constants are found to be of 103�104 l mol�1 s�1. However, these values are

apparently overestimated because Bielski et al. [28] earlier showed that the rate constant for

the reaction of superoxide with hydroxylamine does not exceed 30 l mol�1 s�1. Thus, the use

of hydroxylamines as spin traps for superoxide detection has several disadvantages.

32.1.3 LUCIGENIN-AMPLIFIED CL AS A SENSITIVE AND SPECIFIC ASSAY OF SUPEROXIDE

DETECTION

Lucigenin (bis-N-methylacridinium)-amplified CL, which is produced by Reactions (10), (11),

or Reactions (12), (11), is probably the most specific assay of superoxide detection.

O2
.� þ Luc2þ ¼) O2 þ Lucþ (10)

O2
.� þ Lucþ ¼) LucO2 (decomposition) ¼) hn (11)

reduced enzymeþ Luc2þ ¼) oxidized enzymeþ Lucþ (12)

Lucþ þO2 ¼) Luc2þ þO2
.� (13)

CL is produced during the decomposition of excited dioxetane intermediate LucO2. Recently,

Okajima and Ohsaka [29] confirmed that simultaneously electrogenerated O2
.� and Lucþ

produced CL by the decomposition of LucO2.

The efficiency and specificity of this method depends on the irreversibility of the whole

process due to a high rate constant and favorable thermodynamics of Reaction (10) [4] and a

high rate of subsequent Reaction (11) (which is the recombination of a free radical anion and

a free radical cation with the diffusion rate constant of about 109 l mol�1 s�1).

Since 1960, when Totter et al. [30] proposed that lucigenin-amplified CL produced in the

reactions catalyzed by xanthine oxidase is mediated by oxygen radicals, this method has been

widely applied for superoxide detection in cell-free and cellular systems and later on in tissue.

Weimann et al. [31] observed the superoxide-mediated lucigenin-amplified CL during

NADPH oxidation in rat liver microsomes. Gyllenhammar [32] showed that lucigenin-amp-

lified CL can be used for the study of kinetics of superoxide generation by stimulated

neutrophils. Kahl et al. [33] applied lucigenin-amplified CL for the determination of antioxi-

dant efficacy by the suppression of microsomal superoxide production. It has also been

shown that the intensity of lucigenin-amplified CL produced by microsomes can be signifi-

cantly enhanced in the presence of detergents [34,35].

Lucigenin-amplified CL has also been widely used for the detection and measurement of

superoxide production by phagocytic and nonphagocytic cells and tissue. It turned out to be

an especially effective assay for measuring weak intracellular superoxide production by

nonphagocytic cells and tissue where other methods such as cytochrome c reduction are

ineffective [8]. Below, we are quoting just several studies among numerous examples of

successful application of lucigenin-amplified CL for the detection of superoxide production.

Thus, Omar et al. [36] applied this method for the measurement of superoxide production in

vascular tissue. With the aid of lucigenin-amplified CL the enhanced superoxide production

has been registered during many pathophysiological disorders such as hypercholesterolemia

[37], atherosclerosis [38], diabetes mellitus [39], angiotensin II-mediated hypertension [40], etc.

Miller et al. [41] showed that superoxide levels (measured by lucigenin-amplified CL) were
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2.5 times higher in the abdominal aortic aneurysm segments compared to the adjacent

nonaneurysmal aorta segments from patients undergoing surgical repair.

Important studies were performed by Trush and coworkers [42], who showed the advan-

tages of applying lucigenin-amplified CL for the measurement of superoxide production by

mitochondria in unstimulated monocytes and macrophages as well as by isolated mitochon-

dria [43,44]. Later on, these authors have shown that mitochondrial superoxide production

measured by lucigenin-amplified CL increased in the liver of rats treated with the promoter of

hepatocarcinogenesis ethinyl estradiol [45], in liver from obese mice [46], and in children with

Down syndrome [47].

However, the use of lucigenin-amplified CL has been recently criticized due to its possible

overestimation of superoxide production via redox cycling. A principal reason for this

proposal was the fact that in some cases the level of superoxide measured by CL was higher

than that determined by other methods such as cytochrome c reduction or spin trapping. This

criticism has been started by Liochev and Fridovich [48], who found that lucigenin enhanced

the reduction of cytochrome c in the reactions catalyzed by xanthine oxidase and some other

enzymes. These authors concluded that lucigenin enhanced superoxide production via redox

cycling. Artificial enhancement of superoxide production due to the redox cycling of lucigenin

has also been proposed by other authors [49–53].

The reliability of lucigenin-amplified CL as a highly selective and sensitive assay of

superoxide detection has been recently reviewed [54,55]. There are three major facts, which

supposedly point out at the redox cycling of lucigenin: the augmentation of cytochrome c

reduction, an increase in CL with increasing lucigenin concentration, and the enhancement of

dioxygen consumption in the presence of lucigenin. Redox cycling of lucigenin consists of two

stages (Reactions (12) and (13)). There is no doubt that lucigenin can be reduced by some

enzymatic systems to lucigenin semiquinone (Reaction (12)); for example, it has been shown

that lucigenin is directly reduced by xanthine oxidase with NADH as a substrate but not with

xanthine [4]. However, thermodynamic consideration shows that the second stage of redox

cycling Reaction (13) is unfavorable.

In 1969, Legg and Hercules [56] measured the difference between the one-electron reduction

potentials of lucigenin and dioxygen in DMF, DEo¼Eo[Luc
.�/Luc]�Eo[O2

.�/O2]¼ 0.6 V.

Estimate of this difference in aqueous solution yields DEo¼ 0.35 V [4]. It means that the

equilibrium of Reaction (10) is completely shifted to the right, i.e., the back reaction (Reaction

(13)) is virtually impossible. (As already mentioned, the following Reaction (11) must have a

diffusion rate constant of about 109 l mol�1 s�1 and will shift even more the equilibrium of

Reaction (10) to the right.) Thus, the acceleration of cytochrome c reduction by lucigenin in

enzymatic reactions observed in Ref. [48] could not be a consequence of lucigenin redox cycling.

Correspondingly, it has been suggested that in this system lucigenin is acting as a mediator of

electron transfer from superoxide to cytochrome [4].

It should be mentioned that Spasojevic et al. [57] recently determined the two-electron

reduction potential of lucigenin in water as �0.14 V. As this value is close to the one-

electron reduction potential of dioxygen Eo[O2
.�/O2]¼�0.16 V, these authors regarded

their finding as a support for lucigenin redox cycling. However, it has been demonstrated

long ago that two-electron reduction potentials cannot be used for the calculation of equi-

librium for one-electron transfer processes [58].

Another factor, which is considered in some studies [49–53] to be a proof of lucigenin

redox cycling, is an increase in CL intensity with increasing lucigenin concentration. Actually,

there are many reasons for a dependence of the CL response on lucigenin concentrations

except redox cycling. For example, the amount of lucigenin could be insufficient to scavenge

all superoxide produced by Reaction (10) or the rate of penetration of the cellular membrane
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by lucigenin is too low. Surprisingly, only redox cycling has been considered in literature as an

origin of the dependence of lucigenin-amplified CL on lucigenin concentration.

Analysis of literature data shows that in many cases the intensity of lucigenin-amplified

CL does not depend on lucigenin concentration at all (Figure 4B of Ref. [4]; CL produced by

xanthine oxidase was independent of 50–200 mM lucigenin. Figures 1A and 2A of Ref. [51],

CL produced by vascular homogenates and artery rings without the addition of NADH or

NADPH was independent of 5–250 mM lucigenin.) There are also examples of level off or

even a decrease in CL with increasing lucigenin concentration [32], which of course disagree

with the possibility of redox cycling. In recent work Li and Shah [59] also showed that

lucigenin-amplified CL produced by NADPH-stimulated endothelial cells very slowly

increased or leveled off in the 10–400 mM concentration range of lucigenin. It is interesting

that the NADH-stimulated CL sharply increased under the same conditions, pointing out a

completely different mechanism of lucigenin-amplified CL. Nonredox cycling mechanism of

lucigenin-amplified CL in these cells was supported by findings that there was the same

dependence of superoxide formation measured by SOD-inhibitable cytochrome c reduction

on cytochrome concentration. (We believe that nobody still suggested the possibility of

cytochrome c redox cycling.)

Since redox cycling of lucigenin must stimulate dioxygen consumption by Reaction (13), it

has been proposed that comparison of superoxide formation and dioxygen consumption

might be useful for the verification of conditions where redox cycling can be neglected.

Trush and coworkers [55,60] demonstrated that in most systems dioxygen consumption is

negligible at lucigenin concentrations lower than 100 mM and increases in higher concentra-

tions. But it does not mean that an increase in dioxygen consumption always originates from

the redox cycling of lucigenin. Thus, Souza et al. [21] found that superoxide production by rat

aorta homogenates in the presence of NADPH or NADH was about three times lower than

dioxygen consumption and that superoxide production in aorta rings was five to six times

lower than dioxygen consumption. These authors pointed out that dioxygen consumption

could not be reliable measure of redox cycling.

The most convincing proof of the reliability of lucigenin-amplified CL as the method of

superoxide detection is its comparison with other methods (Table 32.2). It is seen that the

excellent correlations between various assays have been obtained by different authors. A

comparison of these correlations shows one typical error frequently made at the interpret-

ation of lucigenin CL data. We have shown [61] that the proportionality coefficients (slopes in

Table 32.2) (Figure 32.2) for the correlations between lucigenin-amplified CL and cytochrome

c reduction and epinephrine oxidation differ in different systems. Therefore, it is impossible to

use the calibration data received for one system in calculations for other systems. For

example, Sohn et al. [53] demonstrated an excellent correlation between lucigenin-amplified

CL and cytochrome c reduction measurements of superoxide generation by xanthine–xan-

thine oxidase. Then, they used this correlation for the construction of the ‘‘expected’’ values

for CL in the NADH/cell lysate system and found out that experimental values were much

higher than the ‘‘expected’’ ones. However, they did not take into account that proportion-

ality coefficients for these two systems are different and therefore, the calculated ‘‘expected’’

values are wrong ones.

32.1.4 OTHER CHEMILUMINESCENT METHODS OF SUPEROXIDE DETECTION

Another well-known CL amplifier, which is also frequently used for superoxide detection in

biological systems, is luminol (5-amino-2,3-dihydro-1,4-phthalazinedione). It has been pro-

posed that luminol semiquinone reacts with superoxide to form the peroxide intermediate,

whose decomposition is accompanied by chemiluminescence [62].
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oxidant

Lum ¼) Lum
.

(14)

Lum
. þO2

.� þHþ ¼) LumO2 (15)

decomposition

LumO2 ¼) hn (16)

Lum
. þO2 ¼) Lumþ þO2

.� (17)

Although the use of luminol-amplified CL for superoxide detection in cell-free and cellular

systems yielded many important data, which were confirmed by the other analytical methods,

these data are more questionable than in the case of lucigenin-amplified CL. At the first stage

(Reaction (14)) luminol must be oxidized to luminol semiquinone, and therefore, the whole
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FIGURE 32.2 Correlations between maximal chemiluminescence intensity (CL) and the rates of cyto-

chrome c reduction by the xanthine–XO and NADH–XO systems [61]. Line 1, xanthine–XO and line 2,

NADH–XO (in this case CL values were multiplied by 10.)

TABLE 32.2
Correlations between Lucigenin-Amplified CL and SOD-Inhibited Cytochrome c Reduction

or Epinephrine Oxidation

Superoxide Producer Correlation Coefficient Slope Ref.

Xanthine–xanthine oxidase 0.979 41.5 [61]

Xanthine–xanthine oxidase 0.99 [59]

Xanthine–xanthine oxidase 0.997 [48]

NADH-xanthine oxidase 0.978 0.47 [61]

MCLA-amplified CLa) 0.998 [53]

PMA-stimulated neutrophils 0.978 92 [61]

PMA-stimulated monocytes 0.992 105 [61]

TPA-stimulated monocyte/macrophages 0.98 [59]

PMA-stimulated WBC 0.930 10.8 [61]

Zymosan-stimulated WBC 0.994 5500 [61]

NADH-stimulated SMPb) 0.97 (epinephrine) [43]

aCalculated from data presented in Ref. [53] (see text).
bSMP are submitochondrial particles.
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process is dependent on a suitable oxidant. Very good oxidants of luminol are peroxides

(HRP and myeloperoxidase), the latter is probably responsible for luminol-amplified CL

produced by neutrophils. Such CL response is inhibited by SOD, confirming the participation

of superoxide (Reaction (15)) [63,64].

There are also other drawbacks of luminol CL assay, for example, the possibility of

superoxide generation by Reaction (17) and a dependence of the decomposition rate of

Reaction (16) and the quantum yield of luminescence from pH [62]. Nonetheless, very

interesting findings might be obtained from comparison of the measurement of lucigenin-

and luminol-amplified CL. It has been suggested [63] that the oxidants responsible for the

reduction of luminol by xanthine oxidase could be hydroxyl radicals or ferryl or perferryl

complexes formed by the Fenton reaction. In this case superoxide participates in the stimu-

lation of luminol-amplified CL in two stages, reducing ferric ions to ferrous ions and

participating in Reaction (15). We suggested [65] that comparison of lucigenin and luminol

CL produced by neutrophils from healthy people and patients with iron-overloading path-

ologies can be used for the characterization of iron-induced damage in these pathologies

(Chapter 31). Recently, Rose and Waite [66] confirmed that ferrous ions indeed induced

luminol-amplified CL in the presence of dioxygen.

In addition to superoxide and hydroxyl radicals, luminol produces CL in the reaction with

peroxynitrite [67]. To discriminate between superoxide- and peroxynitrite-induced CL, the

use of lucigenin-amplified CL has been recommended [68] because peroxynitrite does not

interfere in this assay. Another way is to apply the inhibitors of peroxynitrite to distinguish

between superoxide- and peroxynitrite-induced luminol CL.

At present, other CL amplifiers are recommended for the detection of superoxide in cells

and tissue such as coelenterazine (2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl)-8-benzyl-3,7-

dihydroimidazo[1,2-a]pyrazin-3-one]) and its analogs CLA (2-methyl-6-phenyl-3,7-dihydroi-

midazo[1,2-a]pyrazin-3-one]) and MCLA [2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimi-

dazo[1,2-a]pyrazin-3-one]). It has been suggested that the origin of CL produced by these

compounds is the oxidation of the acetamidopyrazine moiety [69,70]. Unfortunately, to our

knowledge, there are still no reliable thermodynamic and kinetic data to validate the appli-

cation of the above CL amplifiers for superoxide detection. Reichl et al. [71] proposed to use

the photoprotein pholasin for the detection of superoxide and myeloperoxide activity in

stimulated neutrophils.

32.1.5 ADRENOCHROME (EPINEPHRINE) OXIDATION

One of the oldest methods of superoxide detection is the oxidation of epinephrine [72]. This

method has the typical disadvantages of oxidizable compounds due to the possibility of the

nonsuperoxide-mediated oxidation of epinephrine. Still, SOD-inhibitable epinephrine oxida-

tion might be used as a superoxide assay [72].

32.1.6 NITROBLUE TETRAZOLIUM REDUCTION

Nitroblue tetrazolium (NBT, 3,3’-(3,3’-dimethoxy-1,1’-biphenyl-4,4’-diyl)bis-2-(4-nitrophe-

nyl)-5-phenyl-2H-tetrazolium dichloride) is reduced by superoxide to formazan as a final

product, which can be measured spectrophotometrically [73]. Although the rate constant for

NBT reduction by superoxide is moderately high 5.88+0.12�104 l mol�1 s�1 [74], the

formation of formazan is not a simple one-electron transfer process, and the final product

is formed as a result of disproportionation of intermediate free radicals. Similar to cyto-

chrome c, NBT is easily reduced by the other reductants; that confines its application for

superoxide detection. Moreover, similar to epinephrine, NBT free radical is apparently
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capable of reducing dioxygen to superoxide [75]. WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophe-

nyl)-2H-5-tetrazoliol]-1,3-benzene disulfonate sodium salt), a water-soluble NBT analog, is

also recommended for the application in spectrophotometric assay of superoxide [76,77].

Another sulfonated tetrazolium XTT ( (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2-tetrazo-

lium 5-carboxanilide) also forms a water-soluble formazan and is not directly reduced by

xanthine or glucose oxidases. However, XTT might be reduced by NADPH oxidases that

makes doubtful its application for the detection of superoxide in cells [78].

32.1.7 FLUORESCENT METHODS

Two fluorescent probes dihydroethidium (DHE) and dichlorodihydrofluorescein (DCFH)

are used for superoxide detection in biological systems [54]. Both assays are subjected to some

drawbacks such as the oxidation of cytochrome c, the dismutation of superoxide in the

presence of DHE [79], and the interaction of DCFH with hydrogen peroxide, hydroperoxides,

or peroxynitrite. Particularly big enhancement of DCF formation due to the oxidation of

cytochrome c is observed when cytochrome is released from mitochondria during cell death

[80]. Rota et al. [81,82] concluded that DCF fluorescence could not be a reliable assay of

superoxide detection in cells because superoxide is formed during the DCFH oxidation by

peroxidases. It has also been shown that DCFH is oxidized by heme, hemoglobin, myoglobin,

and cytochrome c [83]. However, recent work by Caldefie-Chezet et al. [84] showed that the

measurements of superoxide production by PMNs with the use of 2’-7’-dichlorofluorescin

diacetate flow cytometry correlated with the data obtained by lucigenin- and luminol-

amplified CL assays.

32.1.8 INTERACTION WITH ACONITASE

Gardner and Fridovich [85] proposed that the inactivation of aconitase might be used as an

assay of superoxide formation in cells. The mechanism of the interaction of superoxide with

aconitases has been considered in Chapter 21. As follows from data presented in that chapter,

peroxynitrite is also able to inactivate aconitases rapidly; therefore, this method cannot be a

specific assay of superoxide detection.

32.2 DETECTION OF HYDROXYL RADICALS

Several methods have been recommended for the detection of hydroxyl radicals in biological

systems. A main uncertainty of hydroxyl radical detection is that in contrast to superoxide, we

are not always sure that the reactive oxygen radicals under investigation are free hydroxyl

radicals and not ‘‘hydroxyl-like’’ species such as ferryl or perferryl ions. Well-known methods

based on the ability of hydroxyl radicals to hydroxylate aromatic compounds, degrade

deoxyribose [86], decarboxylate 14C-benzoic acid [87], and produce ethylene from methionine

[88,89] have been proposed, but they cannot unquestionably differentiate between free

hydroxyl and ‘‘hydroxyl-like’’ radicals. The development of ESR spin-trapping methods

[90,91] allows answering positively on the question concerning the formation of free hydroxyl

radicals, at least, under the in vitro conditions. In contrast to trapping of superoxide, the rate

constant for trapping of hydroxyl radicals by DMPO is very high (3.4� 109 l mol�1 s�1 [16]),

and therefore, DMPO spin trapping is a very effective direct method of hydroxyl radical

detection. The possible confusion with DMPO–OH formed at DMPO–OOH decomposition

is easily resolved by the use of ethanol; in its presence the formation of hydroxyl radicals is

confirmed by their conversion into radicals CH3CH(OH)
.
. However, there are other compli-

cations, which can compromise the DMPO spin trapping of hydroxyl radicals. For example,
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it has been demonstrated that the Fe3þ(DETAPAC) complex is able to react directly with

DMPO to form DMPO–OH adduct [92].

Oosthuizen and Greyling [93] recently investigated the possibility of using chemilumines-

cent methods for hydroxyl radical detection. These authors concluded that the lifetime of

hydroxyl radicals (10�9 s) is too short to produce a meaningful level of CL. However, in the

presence of carbonate the significant levels of luminol- and MCLA-amplified CL were

observed supposedly due to Reaction (18), in which the formed much more stable radical

CO3
.� is capable of interacting with luminol or MCLA.

HO
. þHCO�3 ¼) H2Oþ CO3

.� (18)

32.3 DETECTION OF NITRIC OXIDE

At present, several studies are dedicated to the development of methods for nitric oxide and

peroxynitrite detection (see for example Ref. [94] for review). Now, in addition to previous

analytical methods such as the reaction of NO with oxyhemoglobin, yielding nitrate and

metHb, and Griess reaction (the reaction of nitrite with sulfanilamide and N-(1-naphthyl)-

ethylenediamine), there are some more new specific assays. One of them is based on the

formation of paramagnetic complex with iron-diethyldithiocarbamate (Fe-DETC). For ex-

ample, Vanin et al. [95] showed that the incubation of LPS-stimulated macrophages with

DETC resulted in the appearance of an ESR spectrum of NOFe(DETC)2. In 1997, Xia and

Zweier [96] demonstrated that nitric oxide produced by NO synthase formed NOFe(DETC)2
while NO�, another active nitrogen species, which can supposedly be produced by NO

synthase, was undetectable. In contrast, Komarov et al. [97] found that iron N-methyl-D-

glucamine dithiocarbamate (Fe-MGD) formed paramagnetic complex with NO� and NOþ

under aerobic conditions. Correspondingly, these authors questioned the possibility to dis-

criminate the formation of nitric oxide and other nitrogen species by the use of iron–

dithiocarbamate complexes. However, subsequent researchers [98,99] concluded that the

accurate use of Fe2þ�MGD allows to register only nitric oxide formation because no ESR

signal was observed when nitroxyl ion was generated from Angeli’s salt. Nonetheless, it

should be taken into account that the redox chemistry of iron–dithiocarbamate complexes

is very complicated.

Another important ESR method of NO detection is based on the interaction of NO with

the stable radical phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl (PTIO) and its derivatives

carboxy-PTIO or trimethylammonio-PTIO [100]. It is interesting that in this assay NO

reduces stable free radical PTIO to another stable free radical PTI and the NO2 radical,

and the reaction can be monitored by both a decrease in the ESR PTIO spectrum and an

increase in the ESR PTI spectrum [101].

PTIO(NO
.
)(��NO)þ .

NO ¼) PTIO(NO
.
)(��N)þ .

NO2 (19)

Kelm et al. [102] proposed a simple method of simultaneous spectroscopic detection of nitric

oxide and superoxide based on NO-induced oxidation of oxyhemoglobin to methemoglobin

and superoxide-mediated reduction of cytochrome c.

32.4 DETECTION OF PEROXYNITRITE

Dihydrorhodamine 123 (DHR) and DCFH are widely used for the detection of peroxynitrite.

Peroxynitrite oxidizes DHR and DCFH with efficiency equal to 38% and 44%, respectively
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[103]. Possel et al. [104] also concluded that DCFH is more sensitive to peroxynitrite

oxidation than DHR. Unfortunately, both compounds are oxidized by other reactive species

(for example, DCFH by superoxide and DHR by HOCl), and therefore, their use for

peroxynitrite detection must be confirmed by the other methods.

As mentioned above, the formation of peroxynitrite might be measured by luminol-

amplified CL [67]. CL response was greatly augmented by bicarbonate and inhibited by

SOD. Radi et al. [67] proposed the following mechanism of carbonate-enhanced luminol

CL stimulated by peroxynitrite:

ONOO� þHCO3
� þHþ ¼) ONOOC(O)O� þH2O (20)

ONOOC(O)O� þ LH� ¼) L
.� þO2

.� þNO� þ CO2 þHþ (21)

Luminol semiquinone is further oxidized to luminol endoperoxide, which elicited CL at

decomposition. It should be added that in our experiments peroxynitrite-stimulated luminol

CL in cells was enhanced in the presence of the NO synthase substrate L-arginine and sharply

diminished in the presence of NO synthase inhibitors. Thus, the application of substrates and

inhibitors of NO synthases may discriminate luminol-amplified CL stimulated by superoxide

and peroxynitrite.

The formation of peroxynitrite in cells and tissue is frequently characterized by the

formation of nitrotyrosine. The formation of nitrotyrosine is not a very specific assay of

peroxynitrite detection because the other nitrogen oxide may also take part in this process,

but peroxynitrite is undoubtedly the most efficient nitrating agent. (Mechanism of tyrosine

nitration by peroxynitrite and other reactive nitrogen compounds has been considered in

Chapters 21 and 22.)
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