











Let us compare the rates (mol L™' s7') of these four reactions under fixed conditions of
catalyzed oxidation for the studied amines (T-6, T=398 K, pO, = 98 kPa, [ROOH] =1 x 10~*
mol L™!, [InH]=1 x 107> mol L™!, S, =3000cm? L™1).

Reaction InH + O, InH + O, (Cu) InH + ROOH InH + ROOH (Cu)

E\/@ 1.7 107 1.8 107 1.6 107 40 107
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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 (7> 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 600-630K with the
formation of pyrofore iron and ferrous oxide

FCC204 — Fe + 2C02
FeC,04 — FeO + CO + CO;,

Oxalates of transition metals (Fe, Co, Mn, and Cu) decompose with the formation of a thin
powder of metal and gaseous products, such as CO,, CO, CHy, and H», 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]y,,. The lifetime of a polymer sample 7 depends on
pOs, A, D, and the thickness of the sample / according to the parabolic equation [14-18]
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TABLE 20.3
Temperature Limits for Decay of Metal Formates and Oxalates [16]

Formates T (K) Oxalates T (K)
Cd(HCOO0), 500-580 CoC,04 580-600
Cu(HCOO), 440-500 NiC,04 590-620
Co(HCOO), 520-570 MnC,04 610-640
Fe(HCOO), 550-690 PbC,04 580640
Mn(HCOO), 530-680 FeC,04 590-680
Ni(HCOO), 530-560 AgC,04 370-430
Pb(HCOO), 530-610 ZnC,04 580-620
Zn(HCOO), 480-630 CuC,04 540-600

fP[acceptor],
T = ldegr + 8ADpO; (20.14)

where #4c,, is the time of polymer degradation in the absence of acceptor and D is the diffusion
coefficient of dioxygen in the polymer.
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Biological Oxidation
and Antioxidants
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2 1 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]. Itis 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 N"-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 cytochrome P-450. However, the rate constant for reaction of O,” with NHA
was estimated as 200-5001mol~'s™! 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+ 1001mol~" s~ 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):

0, + Fe¥" = 0, + Fe** (1)
Fe’* + H,0, = Fe** + HO' + HO~ )

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 42.11mol ' s ' [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 IIT 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):

0, + [2Fe**2Fe*t —4S] + 2H" = H,0, + [Fe*T3Fe’t —4S] (3)
[Fe*3Fe3* —4S] — [3Fe* —4S] + Fe' (4)

The rate constant for Reaction (3) is in the range of 10% to 10°1 mol~'s™! [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:

0, + H' <= HOO' pK,(HOO') = 4.8 )

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 x 10°1 mol~'s™! [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' + NADH = H,0, + NAD", k¢ = 2 x 10°1 mol!s™! (6)
HOO' + GAPDH-NADH — H,0, + GAPDH-NAD', k7 =2 x 10" mol"'s""  (7)

As can be seen from Reaction (3), the free radical capable of oxidizing aconitase
[2Fe*"2Fe’ T —48] center is HOO® and not O,

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 p- 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:

4NO + 0, + 2H,0 = 4NO,~ + 4H" ®)

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, 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 umoll™") and decreased expo-
nentially with distance from the cell, becoming undetectable at the distance of 50 pm. 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 x 10° 1> mol~2 s~' [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 O, may be of importance in biological systems.

NO + 0, = 0,NO )

21.4.3 REeAcTiON WITH SUPEROXIDE AND INORGANIC NITROGEN COMPOUNDS

NO + 0, = 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 x 10° 1 mol~! s™'. Goldstein and Czapski [41] also measured the rate constant for
Reaction (11):

NO + HOO" = ONOOH  k;; =(3.240.3) x 10°1 mol~!s~! (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 NO,, N,O3, and NO~ might be of
importance in biological systems. Some reactions of nitrogen oxide species are cited below.

4NO + 0, => 2N,0; (12)
ONOOH = HNO; (13)
ONOOH + NO = NO, + HNO, (14)
NO, + NO = N,0; (15)
NO + ONOO~ =5 NO, + NO,~ (16)

It has been shown [42] that NO,™ and NO;™ 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 x 101 mol " s [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 N>O3, which reacts further with thiol:

4NO + 0, => 2N,0; (12)
N>O; + GSH = GSNO + HNO, (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.

NO + RSH — (RSNOHY' (18)
(RSNOH)" + O, = RSNO + 0, (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—INO 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 Fe?"(heme)NO complex or ferric heme and nitrate [49]:

NO + Fe?"(heme) <= Fe?"(heme)NO (20)
NO + Fe’*(heme) = Fe**(heme)H,0 4+ NO; ™~ (1)

Both reactions are rapid, with the rate constants equal to 3—5 x 10’1 mol's™".

Herod et al. [50] has studied the kinetics and mechanism of oxyhemoglobin (HbO,) and
oxymyoglobin (MbO,) oxidation by nitric oxide. At pH 7.0 the rate constants for these reactions
were equal to 43.6+0.5 x 10°1 mol™" s~ ! for MbO, and 89+ 3 x 10° 1 mol™! s! for HbO,. 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:

NO + HbO, < Hb(Fe*")OONO —> MetHb + NO; . (22)
MetMb is also able to bind reversibly NO, yielding a nitrosyl adduct [51]:

NO + metMb <= 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 E°(NO/
NO™)=—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 ¢ 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.

NO + cyt.(Fe’*) = NO™ + cyt.(Fe*™) (24)
NO™ + 0, — 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 ¢ 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].

N>03%~ + H* = HNO + NO,~ (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~ + Cu(I)SOD <= ‘NO + 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 'O, 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 = HNO +'0, (28)

However, it has been shown that this proposal is wrong and is explained by some analytical
errors of HNO and 'O, 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-pD-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
*NO.. This radical is much more reactive than nitric oxide; its rate constants with thiols, urate,
and Trolox C are about 10’—10% 1mol~' s~! [88,89] (Table 21.1). It has been proposed [88]
that thiols are dominant acceptors of NO," in cells and tissues while urate is a major scavenger

TABLE 21.1
Bimolecular Rate Constants for the
Reactions of "NO, Radical

k(x107) Imol™"s77) Ref.
Glutathione [88]
Cysteine 5 [88]
Urate [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' + LH = a-TocH + 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 (k;o=0.02-0.081 mol~' s~! [23,24]. The dissociation energy of the a-Toc—H bond
is also relatively low (76 kcal mol~! [25]). In contrast, the rate constants for the reactions of
free radicals with a-tocopherol are about 10° to 107 times higher (for example, &, is about
2% 10°1 mol~! s7! [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 12.5s, 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 («, B, 8, v, 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 Q;q in several model
systems [27]. It is interesting that although the relative reactivities of a-tocopherolhydroqui-
none and ubihydroquinone Q¢ 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 Q;, 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
vy-tocopherol LLU-« [2,7,7-trimethyl-2-(carboxyethyl)-6-hydroxychroman] is a more effective
inhibitor of iron-stimulated lipid peroxidation and Iuminol- or lucigenin-amplified CL than
a- and +y-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 A/l 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 BioLocGicAL 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.
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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 (15kDa TBP) [33]. The 30-kDa TBP is unique to
hepatocytes while 15kDa 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-, y-, 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
vy-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 y-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 y-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 y-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 PGE, through
the interaction with peroxynitrite. Vitamin E supplementation diminished enzymatic and
nonenzymatic lipid peroxidation in rats (measured by the levels of F,-isoprostanes and
PGF,, 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 Q,, ubiquinone Q;, B-carotene, canthax-
anthin, and (+)-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  ErrecTs 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
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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 Iso value equal to 0.29 wmol 17!
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 ¢ [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.

N
o/

/\NH

T Z

BN 80933

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 (pK, =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 (k=0.3240.08 1 mol~! s~!) and only by deprotonation [11] but relatively quickly
with perhydroxyl radical (k=1.6x10* 1 mol~' s~') [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).

AH, +R' = AH' + RH (11)
AH, + Fe*™ = AH' + Fe’* + H* (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 4 mM) 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 BioLocicAL 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

(@) (0]
(0] CH(OH)CH,OH (0] CH(OH)CH,OH
HO OH HO 0.
Ascorbic acid Ascorbate free radical

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 F,-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 x 10°1 mol ™' s7").

a-Toc” + Asc = a-Toc + Asc’ (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 5x10° 1 mol~' s™!. 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-y-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
(D), flavonols (II), flavanone (IIT), 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, (+)-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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FIGURE 29.5 Major classes of flavonoids.

29.3.1 Free RADICAL SCAVENGING AcCTIVITY

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" + FIOH = ROOH + FIO® (14)
HO" + FIOH = H,O + FIO* (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 10°
1mol~" s™!, while the rate constants for significantly less reactive peroxyl radicals are usually
of (0.1-1)x10” 1 mol ' s~'. As seen from Table 29.3, flavonoids react with superoxide with
the rate constants of (0.1-5)x 10* I mol ' s~!. 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.
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TABLE 29.1

Rate Constants for Reaction of Peroxyl Radical ROO*
with Flavonoids and Related Compounds (Kinetic
Chemiluminescence Experiments) [102]

Compound kis X 107 (Imol™"s™")
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

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 29.2
Rate Constants for the Reaction of Hydroxyl Radical with Flavonoids
and Related Compounds (Pulse-Radiolytic Experiments)

Compound kia x10° I mol™' s’ Ref.
Baicalin 77 [103]*
(+)-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]

4Competition experiments with DMPO.
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TABLE 29.3
Rate Constants for Reaction of Superoxide with Flavonoids

and Related Compounds (Pulse-Radiolysis Experiments)

Compound ki6x10* (Imol™" s77) 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]
(+)-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]*
Dihydroquercetin 15 [106]

#Competition experiments with DMPO.

cyclooxygenase [95], lipoxygenase [96,97], microsomal monooxygenase [98], and glutathione
S-transferase [99]. Beyeler et al. [98] proposed that the inhibition by flavonones and (+)-
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 o’

OH o

T —, + H,0, [l6]
OH OH

O O

FIGURE 29.6 Mechanism of reaction of superoxide with flavonoids having two o-hydroxyl substituents.
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TABLE 29.4
I5¢ Values (pmol I™") of Flavonoids for the Inhibition of Xanthine Oxidase and Scavenging

Superoxide lon

Z
©

[N e Y R L

10
11

13

14

16

17

19

20
21

Flavonoid
(%) Taxifolin
(+)-Catechin
(—)-Epicatechin
(—)-Epigallocatechin
4’-hydroxyflavanone
Naringenin
7-hydroxyflavanone
Chrysin
Apigenin
Luteolin
Baicalein

3-Hydroxyflavone

Galangin

Kaempferol

Quercetin

Rutin

Fisetin
Morin

Myricetin

Baicalin
Wogonin

I5¢ for Xanthine
Oxidase Inhibition

>100
>100
>100
>100

>30

>50

38+ 7
0.84 + 0.13

0.70 £ 0.23
0.55 + 0.04
2.79 £ 0.01

3.12
>100

1.80 £+ 0.07

1.06 + 0.03

2.62+0.13
10.1 + 1.1

522+ 0.6
37.8 £ 0.9

433+ 0.19

10.1 £ 0.70

238+ 0.13
165+ 1.3

215.19
157.38

“Measured on the basis of NBT reduction by xanthine oxidase.
®Generation of superoxide by the NADH + phenazine methosulfate system was measured on the basis of NBT

reduction.

Iso for Superoxide
Scavenging

1.73 + 0.12
1.61 £+ 0.04; 46.0 + 5.0
1.594+0.08; 11.8 + 1.0
0.48 +0.02
>18

>50

>100

1.87 +£0.21
732423
1.33 £ 0.04
1.13 £ 0.16
2.72 4+ 0.02
21.2 +4.0
370.33

>100

>300

6.74 + 0.32
151.8 +41.9
0.84 + 0.04
245+ 4.6
1.63 +0.02

423 +1.8%
125+09Y
51.84+2.8
10.6 + 1.6

2.7+ 1.4
154 +0.6°
204 + 1.5
1.84 + 0.07
122 +33
9.1 4+ 0.08
188.8 + 27.8
0.33 + 0.03

20.1 + 1.1°
14.3 +0.8°
1254+ 0.5
224.12
300.1

Ref.

[108]
[108,110]
[108,110]
[108]
[108]
[108]
[108]
[108]
[110]
[108]
[108]
[108]
[110]
[111]
[108]
[110]
[108]
[110]
[108]
[110]
[108]

[109]
[109]
[110]
[108]

[109]
[109]
[110]
[108]
[110]
[108]
[110]
[108]

[109]
[109]
[110]
[111]
[111]
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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 1 mol~!' s~!. 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-y-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
iINOS 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 (Iso=7 wmol 17') but not superoxide (Iso>200wmol 17') [121]. Apparently
through scavenging HOCI, silibinin inhibited the formation of leukotrienes LTB4 and
LTC4/D4/F4 produced by human granulocytes (which are especially important in inflamma-
tory reactions), PGE, formation by human monocytes, TXB, formation by human platelets,
and 6-K-PGfl-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 < rutin =luteolin <
kaempferol < morin. Robak and Gryglewski [109] determined 5, 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 /5o values
changing from 1.4 wmol 1! for myricetin to 71.9 wmol 17! for rutin. However, as seen below,
these I5q 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 p-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 peroxidatio