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Antioxidant biomedicine: from free radical chemistry
to systems biology mechanisms
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Natural and synthetic antioxidants are widely used in modern medicine. Some of them
proved to be efficient geroprotectors, i.e., they extend the life span of laboratory animals when
added to food or drinking water on a regular basis. /n vitro, antioxidants inhibit free-radical
chain oxidation reactions, resulting in oxidation of fatty acids, edible fats, etc. However, their
efficiency as scavengers of oxygen free radicals in cells and tissues is negligible as compared with
natural antioxidant enzymes. /n vivo, antioxidants decrease the concentration of free radicals
but they are not only and not so much direct inhibitors of free radical processes as physiological-
ly active compounds that prevent the formation of oxygen radicals and free radical oxidation.
For example, synthetic antioxidant dibunol (BHT) prevents the generation of the O, radical
as a by-product of mitochondrial electron transport, while flavonoids exert a preventive antiox-
idant action by inducing the expression of the antioxidant enzymes, superoxide dismutase and
catalase. The endocrine system and regulatory transcription and translation factors play
a significant role in the antioxidant therapy. Therefore, elucidating the molecular mechanisms
of the "antioxidant prophylaxis" is a task of the molecular systems biology.
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Introduction

The vigorous research of free radical processes and of
the role of antioxidants in biology and medicine started in
the mid-20th century. This was stimulated by awarding
the Nobel Prize to C. Hinshelwood and N. N. Semenov
for the studies of free radical mechanisms of chain radical
reactions in 1956. By the mid-1950s, it was already known
that free radicals, specifically the hydroxyl radical (OH"),
arise in water under the action of ionizing radiation and
that toxic products of free radical-induced lipid oxidation,
viz., peroxides derived unsaturated fatty acids, appear in
animal tissues on exposure to ionizing radiation.! In 1954,
the ESR signals of free radicals were detected in animal
tissues and in yeast cells.3 At the same time, a free radical
theory of aging was put forward, and inhibitors of free
radical chain oxidation (antioxidants) were proposed for
prolongation of life of humans and animals.45* At the
same years, it was proved experimentally at the Institute
of Chemical Physics of the USSR Academy of Sciences

* The peroxide theory of biological oxidation was proposed
in 1897 by Russian chemist A. N. Bach, who worked at that
time in Paris.

that 2,6-di-fert-butyl-4-methylphenol (called ionol or
dibunol in Russian literature and butylated hydroxy-
toluene, BHT, in English-language literature) and some
other antioxidants retard the development of leucosis
in mice.%

Currently, the mechanism of action of antioxidants
in living systems (in vivo) does not seem as unambiguous
as half a century ago. This review presents data accord-
ing to which diverse physiological, in particular, thera-
peutic effects of synthetic and natural antioxidants (bio-
antioxidants) are due not so much to direct radical
trapping as to the ability of antioxidants to provide pre-
ventive protection from free radicals and their chemically
reactive products.

Bioantioxidants as inhibitors of free radical processes

In chemistry, antioxidants are substances capable of
terminating branching chain oxidation. In modern chem-
istry, these are mainly derivatives of secondary aromatic
amines and phenols and organic phosphites and sulfides.”
In modern biomedical literature, antioxidants represent
a broad class of phenolic compounds, both synthetic and
natural, whose valence-saturated molecules containing an
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active hydrogen atom (InH) react with an active free radi-
cal R* or RO," that runs the oxidative chain to give radical
(In") of the antioxidant:

R*+InH - RH + In",
RO, + InH —- ROOH + In".

The relatively unreactive free radical In* thus formed
cannot participate in chain propagation reactions and is
destroyed upon collision with another radical (or the ves-
sel wall).”:8

The most common antioxidants are phenolic deriva-
tives in which the OH group is shielded (sterically hin-
dered phenols). For example, in the mid-20th century, the
antioxidant BHT found wide use as stabilizer for industrial
oils and edible fats.?
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Unlike BHT, antioxidants based on alkyl-substituted
hydroxypyridine are water-soluble. 2-Ethyl-3-hydroxy-6-
methylpyridine hydrochloride and succinate were synthe-
sized at the Institute of Chemical Physics of the USSR
Academy of Sciences.$

The molecules of some antioxidants, in particular, vi-
tamin E and ubiquinone derivatives, MitoVit E and
Mito-Q, contain in addition to the hydrophobic antioxi-
dant group, also a lipophilic cationic group (see Ref. 10).
The mitochondria-targeted plastoquinone compounds
with rhodamine and a triphenylphosphonium as cations
(SkQ) were also synthesized.!!

Owing to the electric charge of the cation, these molecules
can use the mitochrondrial transmembrane potential to
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pass through the mitochrondrial membranes and, therefore,
they get into mitochrondria, i.e., just those organelles that
generate the highest amount of reactive oxygen species.10:11

Currently, natural antioxidants include not less than
twenty compounds starting from "classical”" a-tocopherol
(vitamin E) and ascorbic acid (vitamin C). Most of these
are substituted phenols or polyphenol compounds, which,
owing to their hydroxyl groups, are capable of inhibiting
free-radical chain oxidation reactions in model systems
(in vitro), for example, oxidation of linolenic acid.®—17
Among antioxidants, melatonin and other human and an-
imal hormones and even amino acids and peptides are
mentioned.!® Most of functionally substituted phenols and
polyphenols are of plant origin. These are flavonoids, in

OH

OH O

Quercetin



Antioxidant biomedicine and systems biology

Russ.Chem.Bull., Int.Ed., Vol. 59, No. 1, January, 2010 39

particular, querticin, flavones, and resveratrol, which is
especially abundant in grapes and red wine, simple cate-
chols, which are present in large amounts in green tea, and
catechol oligomers, present in high concentrations in
grapes, cocoa beans, efc., carotenoids, tannins, anthocya-
nins, coumarins, hydroxycinnamic acid derivatives, etc.

With appropriate dosage, natural and synthetic anti-
oxidants exert various favorable therapeutic effects and
therefore they have been long used with success in medical
practice. For example, BHT is used to treat burns, gun-
shot wounds, trophic ulcers, and bladder cancer. Mexidol
(2-ethyl-3-hydroxy-6-methylpyridine succinate) is used
to treat brain circulation disorders, and Emoxipine (hy-
drochloride of the same pyridine derivative) is used in
ophthalmology.?

The same synthetic antioxidants proved to be effective
geroprotectors, i.e., compounds that extend the life span of
laboratory animals when added to food or drinking water
on a regular basis. For example, by adding BHT to food, it was
possible in some cases to extend the lives of fruit flies and
mice of some lines by, on average, 25—30%. The addition
of 2-ethyl-3-hydroxy-6-methylpyridine to drinking water
extended the average life spans of flies and mice by 24 and
38%, respectively (see, for example, reviews'®—23). Cur-
rently the highest geroprotector effect has been found for
resveratrol: the extension of the maximum life span by
59% in experiments on fishes and extension of the average
life span by 30% in experiments on mice (on a fatty diet).14

The mitochondria-targeted antioxidants MitoVit E and
Mito-Q had beneficial effects for treating sepsis.1? Similar
antioxidants based on plastoquinone (SkQ) were applied
profitably against age pathologies in animals, in particu-
lar, for treating a number of cardiovascular and ocular
diseases and even as geroprotectors in experiments on mice
or other animal species.!!

However, the classical natural antioxidant, o-toco-
pherol, was inefficient in analogous biomedical testing.21
Quite a few examples of this type can be found in the
literature.29—23 The results of analysis of the rate con-
stants and actual concentrations of antioxidants also raise
doubts in the fact that antioxidants perform in vivo in as
simple way as in vitro, i.e., only as free-radical inhibitors.24

Oxygen radical anion (the superoxide radical, O, 7),
an important source of chemically reactive "toxic" oxygen
species, is formed in the cells and tissues of aerobic organisms.
Apparently it is also an important molecular component
ofthe intracellular and intercellular regulation. The main bulk
of O, is formed as by-product of electron transport in
cell mitochondria, the organelles that use up to 99% of all
oxygen consumed by the cells for ATP synthesis.10—12.25
However, there are also specific enzymes, superoxide dis-
mutases (SOD), which catalyze the dismutation of O, ~
to hydrogen peroxide H,0, and oxygen.26:27 This enzyme,
mitochondrial (Mn-SOD), cytosol (Cu,Zn-SOD), or peri-
plasmatic bacterial enzyme (Fe-SOD), reacts with the O, "~

radical anion with the rate constant k= 2+ 10° L mol~!s~!
(see Refs 24, 26—29). Meanwhile, the rate constants for
the reactions of ascorbic acid and 5,7,8-trimethyltocol
(water-soluble a-tocopherol derivative) with the O, "~ rad-
ical do not exceed 105 L mol~! s~!, while those for hy-
droxypyridine antioxidants are no more than 102 L mol~!s~!
(See Ref. 9). For Mito-Q (ubiquinone-based antioxidant),
the rate constant for the reaction with O, ~ in water can
be as high as 108 L mol~! s~! according to pulse radiolysis
data; however, in this case, too, it remains an order of
magnitude lower than for SOD.10 In principle, mitochon-
dria-targeted antioxidants can be accumulated in mito-
chondria.ll However, they can hardly be accumulated up
to a concentration comparable with the amount of SOD
(about 10~° mol L~1)26 without considerable disturbance
of the operation of mitochondrial bionanoreactors.

Since SOD protection has limited reliability, there ex-
ists a finite probability that the O,"~ radical would pene-
trate the "SOD-barrier”" and then react with H,O, to give
the hydroxyl radical (OH *).11:12,17.24,28,29 However, it is
known that specialized enzymes, catalase and/or glu-
tathione peroxidase, which catalyze hydrogen peroxide
decomposition to water and oxygen, always occur near
SOD.? The rate constant for the reaction of the antioxi-
dant o-tocopherol with the OH" radical can be as high
as 8+1010 L mol~! s7! (see Ref. 9). The OH" radical
is known to react with any organic molecules as a strong
oxidant with rate constants close to the diffusion limit
(>1010 L mol~! s71).7 Therefore, none of antioxidants can
compete for hydroxyl radicals in vivo with other organic
molecules, which are obviously always present around this
radical in considerably greater numbers than the mole-
cules of any antioxidant.

The reactions of OH * radicals with lipids, for example,
with mitochondrial cardiolipin can produce peroxyl radi-
cals (RO,"). In addition, OH " radicals can initiate oxida-
tion of proteins, oxidative degradation of DNA with for-
mation of 8-o0xo0-7,8-dihydroguanine and 5,6-dihydroxy-
5,6-dihydrothymine, and so on.12:17 In model reactions,
the rate constants for reactions of synthetic and natural
antioxidants with peroxyl radicals of lipids (RO,") and
protein radicals range up to about 10° L mol~! s~! (see
Refs 9, 10). However, in vivo these radicals arise mainly as
secondary products of free radical reactions that accom-
pany cell death on apoptosis and autophagocytosis during
utilization of the cellular waste by lyzosomes and peroxy-
somes (see, for example, a review3?). Antioxidants are un-
likely to be highly necessary for scavenging active radicals
in the catabolism. The reports on in vivo yields of the
DNA oxidation products for both mitochondrial and nu-
clear DNA are also overestimated due to various artifacts.12

Thus, manifold effects of antioxidants in vivo can hard-
ly be interpreted only on the basis of simple chemical
analogy with the action of the same antioxidants as radical
scavengers in vitro.
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Bioantioxidants as system regulators
of protection from free radicals

The most efficient way to increase the reliability of
complex systems is well-timed prevention of malfunction
(failure) of functional elements.28:29 Antioxidants can pro-
vide exactly this preventive protection from free radicals
in vivo. The particular protection mechanisms may be dif-
ferent for antioxidants of different types.

For example, BHT prevents the generation of O,"~
radicals as by-products of electron transport in mitochon-
dria. In a study of low-temperature ESR signals of rat
tissues, we found that BHT increases the degree of myo-
cardium oxygenation.3! In addition, BHT injections gave
rise to an ESR signal from the nitrosyl complex of haemo-
globin (NO—Hb) in animal blood.3? Nitric oxide serves as
the signal molecule, which causes, in particular, relax-
ation of arterial smooth muscles, thus enhancing oxygen
supply of the myocardium.33 It is also known34 that hy-
poxia results in structural damage in mitochondrial mem-
branes, and this leads to considerable decrease in the reli-
ability of electron transport, and mitochondria become
generators of intense O,"~ fluxes. Thus, by increasing the
degree of myocardium oxygenation, BHT prevents the de-
velopment of hypoxia and thus prevents the transforma-
tion of mitochondria into O, generators.

This antioxidant preventive action is mediated through
the hormonal regulation system, as after BHT injections
not only nitric oxide appeared in the rat blood but also
dramatic increase in the corticotropin and corticosteroid
concentrations took place simultaneously with dramatic
decrease in the thyrotropin and L-3,3",5-triiodothyronine
concentrations. Hence, BHT induces substantial shifts in
the functions of adenohypophysis, the source of corti-
cotropin and thyrotropin hormones, and peripheral endo-
crine glands: the adrenal cortex (corticosteroids) and the
thyroid gland (triiodothyronine).35 The corticotropin release
into blood followed by increase in the synthesis of corti-
costeroids and decrease in the synthesis of thyroid hormo-
nes is a significant phase of system adaptation to stress.
This suggests that BHT being introduced into the diet of
animals on a regular basis also acts as a mild stress training
factor, as it stimulates the endocrine system and thus in-
creases the reliability (adaptative capability) of the organism.

Thus, the antioxidant BHT is actually able to decrease
the level of active oxygen species in cells but its effect is
manifested not through direct radical elimination (scav-
enge), but in a preventive manner, i.e., upon decrease
in the probability of their generation. It was shown by
spin probe technique that hydrophobic BHT molecules
react with serum albumin, a blood protein, performing
a number of important functions, in particular, transport
of the hormone aldosterone.3! Thus, hormone trans-
port proteins can serve as the molecular targets of the
antioxidant.

The so-called mitochondria-targeted antioxidants can
also act in the preventive manner. Phenolic compounds
like MitoVit-E and SkQ1 have weakly acidic properties
and can serve as protonophore uncouplers, as, for example,
2,4-dinitrophenol.2’ In addition, hydrophobic cations can
transfer counter-ions (anions) through a mitochondrial
lipid membrane, which also decreases the transmembrane po-
tential, and, according to the Mitchell theory, has a un-
coupling effect.?’ The molecules combining a hydrophobic
part and a cationic group, in particular, a triphenylphospho-
nium group in their structure serve as efficient uncouplers
of the oxidative phosphorylation in mitochondria (they were
synthesized for this purpose 40 years ago as uncouplers39).
It is also known that the electron transport in mitochon-
dria experiences a "back pressure” of the transmembrane
potential. Therefore, oxidative phosphorylation uncou-
plers, in particular, transmembrane transfer agents of pro-
tons and anions, decrease the transmembrane potential
and thus decrease the generation of O, ~ radicals and
other reactive oxygen species in mitochondria.3” This pro-
vides grounds for believing that mitochondria-targeted
antioxidants not only and not so much scavenge directly
the O, radical (or its protonated form HO,") as prevent
the formation of these radicals in mitochondria. It is note-
worthy that SkQ1 synthesized from plant plastoquinone!!
proved to be a substantially more efficient therapeutic agent
in biomedical investigations than similar mitochondria-
targeted antioxidants MitoVit E and Mito-Q synthesized
from vitamin E and animal ubiquinone, respectively.10

Like BHT, the antioxidant 2-ethyl-3-hydroxy-6-me-
thylpyridine increases the reliability of the electron trans-
porting bionanoreactors but the mechanisms of "antioxi-
dant prophylaxis" can in this case differ from those for
BHT. The antioxidants based on hydroxypyridines are an-
alogs of pyridoxine (1) and pyridoxal phosphate (2), which
are group By vitamins.

CH,OH CHO (|3H
HO = CH,OH HO = CHZ—O—I|3=O
| | OH
N N
Me N Me N
1 2

Pyridoxal phosphate (2) is a cofactor of glutamate as-
partate aminotransferase, RNA polymerase, and some oth-
er enzymes of the biosynthesis of nitrogen-containing
compounds.2’ This implies that hydroxypyridine antioxi-
dants are vitamin B¢ antimetabolites and thus inhibit the
activity of key enzymes of the synthesis of amino acids and
nucleotides. In particular, this allows an understanding of
the efficiency of 2-ethyl-3-hydroxy-6-methylpyridine as a
radioprotector in yeast cell experiments.38 The inhibition
of biosynthesis retards the cell division and thus provides
the cells with additional time for restoring the genetic
structures damaged by ionizing radiation.
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Recently, it has been shown that the magnetic isotope
Mg (nuclear spin I = 5/2) is a much more efficient co-
factor of oxidative phosphorylation in mitochondria than
non-magnetic 2#Mg and 2°Mg isotopes (I = 0).3% Mean-
while, the slower the ATP synthesis in the active site of
ATP-synthase, the higher the probability of electron leak-
age on to oxygen to give O, ~ during the operation of
electron-transport chains.?8:29:37 One can expect the de-
velopment of new geroprotectors based on the magnetic
isotope 2°Mg that would ensure a decrease in the oxygen
radical generation as a result of the preventive antioxidant
effect of the stable magnetic magnesium isotope in vivo.4?

Most of flavonoids, which are traditionally regarded as
natural antioxidants, refer to the extensive class of physio-
logically active compounds long known as phytoalexins.
They are synthesized in plant tissues for fighting against
bacterial and fungal infections like antibiotics and for act-
ing as inhibitors of transcription and translation of partic-
ular proteins in the cells of the infecting organism.4! The
direct antioxidant activity exhibited by flavonoid mole-
cules in model peroxide oxidation reactions has a minor
physiological role, like, for example, the ability of the hor-
mone melatonin or ethanol molecules to scavenge the OH*
radical. However, flavonoids can provide the preventive
protection from oxygen radicals by induction of specific
antioxidant enzymes. For example, a considerable increase
in the activity of SOD enzymes and catalase was detected
in blood erythrocytes of humans who have received the
food additive Protandim (extracts of five medical plants).13
The natural antioxidant resveratrol induces the expression
and activity of mitochondrial Mn-SOD in mice.16

Quite a lot of data have now been accumulated dem-
onstrating that even vitamin E, a "key antioxidant”, can
hardly serve as a free radical inhibitor in vivo and, hence,
this issue in handbooks should be revised.43 Four isomers
of vitamin E are known: a-, B-, y-, and 8-tocopherols. All
four isomers react in vitro with the peroxyl radical RO,"
with approximately the same rate constants of about
10° L mol~!s~!. In the living nature, mainly a-tocopherol
is encountered. As shown in recent experiments on cell
cultures and isolated enzymes, this form of vitamin E in-
hibits a key regulator enzyme of biosynthesis, protein ki-
nase C, inhibits 5-lipoxygenase and phospholipase A,, and
also activates protein phosphatase 2A and diacylglycerol
kinase. It was proved that a-tocopherol modulates the
expression of genes encoding the synthesis of a number of
protective proteins including a-TTP, a-tropomyosin, and
collagenase. Probably, a-tocopherol serves as the ligand
for yet unidentified specific proteins: transcription fac-
tors, membrane receptors, and so on. Moreover, o-toco-
phenyl phosphate rather than the antioxidant phenolic
form of vitamin E serves as the bioregulator.42

The activity of SOD and other antioxidant enzymes
in human and animal cells and tissues is under hor-
mone control. Experiments with Macaca mulatta mon-

keys showed a tight positive correlation between the corti-
sol and dehydroepiandrosterone sulfate (DHEAS) circa-
dian rhythms in blood plasma and the circadian rhythm of
SOD activity in erythrocytes.43 Like the above-mentioned
experiments with dibunol, this implies that corticosteroid
hormones play an important role in the "antioxidant pro-
phylaxis" regulation.

It is well known that stress is accompanied by intensi-
fication of breathing; this, in turn, leads to enhanced gen-
eration of the O, radicals as by-products of breathing.
In experiments on monkeys when the animals were sub-
jected to a psychoemotional stress (two-hour immobiliza-
tion), the plasma levels of cortisol and DHEAS sharply
increased but the activities of SOD and glutathione perox-
idase, two key antioxidant enzymes, in erythrocytes re-
mained invariable during the stress and even during sever-
al hours after the stress release.44 Thus, an acute stress is
accompanied by kinetic deficiency of antioxidant enzymes.
This means that a timely (before the stress) introduction
of bioantioxidants, for example, flavonoids inducing the
SOD synthesis may considerably increase the reliability of
cell and tissue protection from oxygen free radicals.

Resveratrol was found to activate the expression of so-
called sirtuin proteins.!4 The first of this protein family,
Sir2 (Silent Information Regulator Two), was discovered
in yeast cells. In human and animal organisms, seven sir-
tuins (Sirt1—7) orthological to yeast cell Sir2 have been
found by now. These are localized in the cell nucleus (Sirt1,
Sirt2, Sirt6, Sirt7), cytoplasm (Sirtl, Sirt2), and mito-
chondria (Sirt3, Sirt4, Sirt5). These proteins, NAD*-de-
pendent deacetylases/ADP-monoribosyltransferase, serve
as key regulators of many important cell processes includ-
ing glucose metabolism, insulin secretion, and adaptation
to the oxidative stress and hypoxia.1445 For example, Sirt1
whose gene is sensitive to the redox state of intracellular
medium produces structural changes in chromatin, which
activate the synthesis of protective proteins, including an-
tioxidant enzymes, and increases the number of mitochon-
dria in the cells.4¢ Some data indicate that Sirtl and, pos-
sibly, other sirtuins regulate the amplitude and duration of
the expression of circadian genes (metabolic clock).4’

Thus, more and more experimental results indicate that
the molecular mechanisms of the "antioxidant prophylaxis”
should be studied on the ways of molecular systems biology.

Conclusions

Antioxidants increase the reliability of cell and tissue
protection from chemically reactive oxygen species. How-
ever, their efficiency as scavengers of oxygen free radicals
in living systems is low compared to natural antioxidant
enzymes. In vivo antioxidants decrease the concentrations
of free radicals but they function not only as inhibitors of
free radical processes, but rather in the preventive manner
as physiologically active compounds that prevent the for-
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mation of oxygen radicals and free radical oxidation
products. For example, the synthetic antioxidant BHT
(dibunol) prevents the formation of the O,"~ radical as
a by-product of electron transport in mitochondria; the
natural antioxidant resveratrol also has a preventive anti-
oxidant action but through induction of synthesis of the
antioxidant enzyme SOD. In all cases, a significant role is
played by the endocrine system and the regulatory tran-
scription and translation factors. Therefore, elucidation of
molecular mechanisms of "antioxidant prophylaxis" is
a task of molecular systems biology.

This work was supported by the Russian Foundation
for Basic Research (Project No. 07-03-00897).
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