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Bioantioxidants and Synthetic Inhibitors of Radical Processes

E.B.Burlakova

Data are presented for the physicochemical characteristics of bioantioxidants and the influence on their level in the lipids
of organs and tissues by radical-process inhibitors introduced into animals. A wide variety of pathological states occurring
against the background of changes in the amount of bioantioxidants and the possibility of treating them with the aid of
synthetic inhibitors are discussed. The effectiveness of antioxidants is associated with the important role of free-radical
oxidation reactions in the lipids of cell membranes.
The bibliography includes 155 references.
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I. INTRODUCTION

On the hypothesis that free-radical mechanism play a
major role in the development of pathological processes,
Emanuel' and coworkers suggested in 1957 that relatively
non-toxic inhibitors of oxidation reactions (antioxidants)
be used as protectors against radiation sickness1. The
inhibitors were regarded as potential protective agents
against radiation, capable of decreasing the scale of the
damage associated with the intensification of free-radical
reactions in cell components under the influence of radia-
tion2. In 1957 data were obtained indicating the possibil-
ity of using inhibitors as such protective agents1; these
results were subsequently confirmed However, later
it proved impossible to reproduce in a number of investi-
gations the high effectiveness of inhibitors as protective
agents against radiation and in some cases it was actually
found that preparations of this class intensify the effect of
radiation8. All these findings required a more profound
study of the influence of synthetic inhibitors on cell metabo-
lism. The present author believes that the fundamental
questions associated with the use of inhibitors (antioxi-
dants) in medicine are as follows:

1. Can one assume that free-radical process inhibi-
tors manifest in the organism the same properties as in
model free-radical reaction systems and is their pharma-
cological activity associated with their physicochemical
constants ?

2. Can synthetic inhibitors and the natural antioxidants
present in cell components interact and be interchanged?

3. What are the molecular-biological mechanisms of
the influence of inhibitors on cell metabolism?

In the present review these questions will be consid-
ered in relation to the free-radical processes in the lipid
components of the cell.

II. PHYSICOCHEMICAL CHARACTERISTICS OF BIO-
ANTIOXIDANTS

Experiments in vitro showed that free-radical oxida-
tion reactions can be suppressed in the lipid fractions
extracted from animal organs and tissues9. The overall
antioxidant activity (AOA) of the lipid fraction depends on

the amount, physicochemical properties, and mutual influ-
ence of the individual antioxidants present in it, and also
on the presence of substances which themselves do not
exhibit antioxidant properties but can intensify or weaken
the action of antioxidants10.

It has now been shown that many substances contained
in the lipids of animal organs and tissues have theproper-
ties of radical-process inhibitors. These include tocoph-
erols, ubiquinones, steroid hormones, thyroid hormones,
cholesterol, phospholipids, and certain others. The mech-
anism of the antioxidant action of these substances has not
been established in all cases.

The most thoroughly investigated antioxidants are
tocopherols, which exhibit powerful antiradical proper-
ties 1 - 2 8 . The rate constant for the reaction of a- tocoph-
erol with free radicals ki, measured by a chemilumines-
cence method in the model ethylbenzene oxidation initiation
reaction at 37°C, proved to be 2.6 χ 106 litre mole"1 s"1,
the corresponding values for y-tocopherol and δ-tocoph-
erol being 1,3 χ 106 and 0.5 χ 106 litre mole^s" 1 respec-
tively29'30. These values exceed by 1-2 orders of magni-
tude the rate constants for the reactions with radicals of a
number of familiar synthetic inhibitors investigated using
the same model31. One of the interesting characteristics
of tocopherols as antioxidants is a high stoichiometric
coefficient of inhibition, which is 4.5 for a-tocopherol and
3.5 for y-tocopherol10'3 . This large number of chains ter-
minated by one inhibitor molecule can be explained accord-
ing to the authors by the inhibiting activity of the product
formed from tocopherol when it interacts with free radi-
cals. According to Tappel's mechanism, the phenoxy-
radical derived from tocopherol is converted intoabenzyl
radical, reducing at the same time the OH group33. As a
result of these rearrangements, one o-tocopherol mole-
cule can react with sixperoxy-radicals and one y-tocopherol
can react with four peroxy-radicals32. Despite their high
antiradical activity, tocopherols are weak antioxidants. Thus
the inhibition of the oxidation of ruethyl oleate and arach-
iden by a-tocopherol is six and three times less effective
than the inhibition by the familiar inhibitor 2,6-di-t-butyl-4-
methylphenol (ionol)34'35. It has been suggested that this
is due to the high activity of the radicals formed from tocoph-
erol, which can enter into the chain-propagation reaction
and thereby weaken the effect of tocopherol as an inhibi-
tor3 6"3 8.
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The contribution of tocopherol to the overall antioxidant
activity of mouse liver lipids does not exceed 15-20% and
its contribution to the antiradical activity does not exceed
40-60%.34

Many investigators attribute a high antiradical activity
to ubiquinones, among which coenzyme Qio is the most
active 9 '4 0. The mechanism of their antiradical action is
obscure. It is suggested that the ubichromenol form may
be active41. Like tocopherols, ubiquinones are weak anti-
oxidants42"46. Their relative antioxidant effectiveness is
smaller by an order of magnitude than that of ionol and by
a factor of 2-3 than that of tocopherol40. The reduced
enolic forms of ubiquinones are comparable to a-tocoph-
erol as regards their antioxidant properties44'45. This is
because the enolic forms of ubiquinones have higher con-
stants ki. In our laboratory Khrapova and coworkersare
making a comparative study of the antiradical effective-
ness of the enolic and quinone forms of natural antioxi-
dants. The greatest difference between the constants ki
for these forms occurs for tocopherol, which is present
in the organism mainly in the phenolic form (see Table).

The rate constants (litre mole^s" 1) for the interaction of
the enolic and quinone forms of antioxidants with free rad-
icals.

Antioxidant

Tocopherol
Ubiquinone
Vitamin Κ

Enolic
form

2 . 6 1 0 6

2.1-105

3.9-10"

Quinone
form

1.7 103

5 1 0 3

5-103

The ratio of the rate constants for different forms of
vitamin K, which is present in lipids mainly as the qui-
none, is also fairly large. For ubiquinone, the difference
between the rate constants is smaller, which demonstrates
the ease of its transition from the oxidised to the reduced
form and conversely (see Table). The contribution of
ubiquinone to the antioxidant properties of liver lipids
does not exceed 5-10%.40

Much attention has been devoted to the study of hor-
mones as antioxidants. Thyroid hormones have been shown
to exhibit antioxidant activity in the model reaction involv-
ing the oxidation of methyl oleate46. Amongst steroid
hormones, the antiradical effectiveness of which has been
studied on the basis of the quenching of chemilumines-
cence47, oestrogens proved to be the most active. For
example, in the model reaction involving induced oxida-
tion of lipids in mitochondria, diethylstilboestrol has a
constant kn of the same order of magnitude as tocopherol47.
Adrenaline exhibits weak antiradical properties38' 8. The
antiradical action of hormones is probably associated with
the presence of phenolic groups in their molecules.

There are many obscure aspects of the problem of the
antioxidant action of phospholipids and its mechanism.
Some studies demonstrated antiradical activity in certain
phospholipids, for example in phosphatidylcholine48, while
in others it is asserted that the antioxidant activity of phos-
pholipids can be manifested only in those cases where they
are mixed with antioxidants, since phospholipids behave as
synergistic agents for antioxidants49'50. Olcott and cowork-
ers 5 1 suggested that the only phospholipids with antioxidant

activity are those capable of being oxidised under the experi-
mental conditions with formation of a nitroxy-radical, which
exhibits antiradical properties.

The problem of the antioxidant activity of cholesterol is
widely discussed in the literature. Cholesterol was found
to have a weak influence on chemiluminescence in model
systems48'52. However, it has not been established
whether the quenching of the chemiluminescence by choles-
terol is chemical or physical. The cholesterol concentra-
tions at which an effect is observed are fairly large (0.01 M),
which makes it necessary to treat with much caution con-
clusions concerning the antiradical properties of choles-
terol. The behaviour of cholesterol in model lipid oxida-
tion systems is fairly complex. The experimental result
depends on the cholesterol concentration, the rate of oxi-
dation of the model lipid, and the duration of oxidation.
Thus it has been shown53 that, in the oxidation of methyl
oleate, cholesterol exhibits antioxidant properties in the
range of moderate concentrations, while lower and higher
experimental concentrations actually accelerate oxidation.
The antioxidant activity increases with time. These find-
ings can be accounted for if cholesterol is regarded as the
substrate of joint oxidation with methyl oleate and when
account is taken of the fact that the cholesterol oxidation
products may be antioxidants. Indeed it was shown that
cholesterol is oxidised via a free-radical mechanism54 and
that its oxidation can be retarded by radical-reaction inhi-
bitors55.

Thus the main lipid components of membranes—phos-
pholipids and cholesterol—can play a decisive role in the
changes of the overall antioxidant activity in lipids, but the
mechanism of this influence is complex and at present has
not been finally elucidated.

Summarising the foregoing, the following points may be
noted:

1. Many substances present in the lipid phase of cells
exhibit antioxidant and antiradical properties. The char-
acteristic features of most of them are a relatively low
antioxidant effectiveness.

2. The overall antioxidant activity of the lipid fraction
is determined by the interaction of its components. The
contributions of individual antioxidants to the antioxidant
activity of lipids are comparable.

3. Although the antiradical properties of natural antioxi-
dants vary within wide limits, this does not have a signifi-
cant influence on their antioxidant properties, probably
because of the high activity of the radicals derived from
the inhibitor, which enter into the chain-propagation reac-
tion and weaken the antioxidant properties of the inhibitor.

It has now been shown that endogenic antioxidants inhi-
bit the lipid oxidation processes in vivo and fulfill their
antioxidant function together with their other specific func-
tions. In order to establish the role of natural antioxidants
in cell metabolism, it is extremely important to elucidate
the question of their interaction and capacity for inter-
change. It is known that many diseases entail a simulta-
neous decrease of the amounts of various antioxidants. For
example a decrease of the concentration of not only tocoph-
erol but also ubiquinones has been observed in vitamin Ε
deficiency56.

The changes in the amount of natural antioxidants in liver
lipids following the introduction of tocopherol into animals
have been studied57'58. Together with an increase of the
steady-state concentration of tocopherol in lipids, there
is a significant accumulation also of other natural antioxi-
dants. According to the authors, this is a consequence of
the preferential consumption of the added tocopherol in
free-radical oxidation reactions, which is confirmed by an
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increase of the concentration of tocopherylquinone—one of
the final reaction products of tocopherols in these pro-
cesses5 8 '5 9. Similar results were obtained also in exper-
iments where ubiquinone had been introduced40. These
results indicate indirectly the importance of the antioxi-
dant properties of tocopherols and ubiquinones, on the one
hand, and the absence of specificity in the inhibition of the
free-radical oxidation of lipid, on the other.

In certain cases the deficiency of natural antioxidants
can be made good by synthetic inhibitors. Thus certain
synthetic antioxidants eliminate many symptoms of vitamin
Ε deficiency, while others are inactive60"63. In order to
establish the principle if the selection of synthetic inhibi-
tors to make good the deficiency of the organism's own anti-
oxidants, it is necessary to compare their effects.

The influence of the introduction of various inhibitors
on the system of natural antioxidants has been studied64'65.
It has been established that only inhibitors with antiradi-
cal activity kic (c is the inhibitor concentration in lipids)
comparable to that of natural antioxidants are capable of
replacing them in the free-radical oxidation of lipids and
of increasing the steady-state concentration of natural anti-
oxidants. Thus the introduction of propylgallateincreases
the concentration of tocopherol in mouse liver lipids by a
factor of 1.5, the concentration of tocopherylquinone decreas-
ing. This supports the hypothesis that the rate of utilisa-
tion of tocopherol decreases owing to the competitive inhi-
bition of the free-radical oxidation of lipids by the synthetic
inhibitor. The overall antioxidantactivity of lipids increases
following the introduction of synthetic inhibitors both due
to the presence of the synthetic inhibitor in lipids and, when
preparations with high values of he are introduced, as a
result of the increase of the concentration of natural anti-
oxidants.

Thus the influence of synthetic inhibitors on the amount
of natural antioxidants in lipids can be accounted for on
the basis of the usual competitive relations for two or sev-
eral inhibitors. However, in experiments with the intro-
duction of synthetic inhibitors into animals, phenomena were
also observed, which cannot be simulated experimentally.
Thus it has been found that, following the introduction of
large amounts of synthetic inhibitors, AOA of lipids in
animal organs initially increases to a maximum and then
falls significantly below the normal values66'67. It has been
suggested that synthetic inhibitors, which have many pro-
perties in common with natural antioxidants, suppressed
their synthesis or enhance the reactions in which they are
consumed66. The dependence of the degree of reduction
of the level of lipid AOA by synthetic inhibitors on their
ability to inhibit oxidation reactions has been investigated65.
It was found that the reduction is greater the higher the
relative antioxidant effectiveness of the inhibitor. When
2,6-di-t-butyl-4-methylphenol is introduced into animals
in a dose of 100 mg kg" , the concentration of tocopherol
in lipids falls65 and tocopherylquinone accumulates at the
same time58. The results of these studies suggested a
relation between the ability of the synthetic inhibitors
present in lipids to inhibit oxidation reactions and the rate
of consumption of the antioxidants.

In order to determine the cause of the change in the
consumption of antioxidants, the rate of generation of free
radicals in lipids was studied by a chemiluminescence
method''8. When AOA of lipids is altered by the introduc-
tion of synthetic inhibitors, a related change in the capac-
ity of lipids for oxidation is observed. Lipids exhibit a
greater ability to form radicals the higher their antioxi-
dant activity. In other words, with increase of the amount
of antioxidants, the composition of lipids changes in such

a way that the rate of generation of free radicals from them
increases with a corresponding increase in the rate of con-
sumption of antioxidants69. Thus, after the introduction of
tocopherol into animals, AOA increases by a factor of two
and the capacity of their lipids for oxidation increases by a
factor of about ten. Similar data were obtained after the
introduction of propyl gallate and 2,6-di-t-butyl-4-methyl-
phenol as well as in other processes associated with a
change in the level of AOA of lipids. It is noteworthy that
the relation between AOA of lipids and their capacity for
oxidation on the one hand and the corresponding rate of
consumption of antioxidants on the other is satisfactorily
linear64

The existence of this relation ensures the maintenance
of a constant level of oxidation reactions in lipids regard-
less of whether their AOA has changed as a result of the
change in the amount and quality of the natural antioxidants
or as a result of the presence of synthetic inhibitors. The
product kic determines which antioxidants, endogenous or
those introduced into the organism, will be the first to be
consumed and hence whether or not AOA of lipids will fall
below the normal value.

Thus synthetic inhibitors of radical processes can be
used to induce specific changes in AOA of lipids and prob-
ably to influence the course of diseases where a change in
AOA of lipids is a significant factor.

III. THE INFLUENCE OF SYNTHETIC INHIBITORS ON
PATHOLOGICAL PROCESSES INVOLVING CHANGES IN
THE LEVEL OF ANTIOXIDANTS

It has now been shown that, in the development of a wide
variety of pathological states, there is a change in AOA of
the lipids in the organs and tissues10'70.

In terms of the change in AOA of lipids, all the patho-
logical states investigated and the changes in cell metabol-
ic processes under the influence of particular environmen-
tal factors may be divided into three groups. In the first
group radiation damage caused by radiation or by the intro-
duction of radiomimetics66'69'71"76, the state of stress caused
by low temperatures1 0 '7 7 '7 8, hyperoxia79, hyperthermia80,
electrostimulation81, poisoning with benzene78, the ageing
process7 7 '8 2, ischemia83, etc. may be included among pro-
cesses occurring at a reduced AOA level. It is important
to note that the higher the rate of development of the given
pathological state and the greater the involvment of a par-
ticular organ, the more marked is the decrease of AOA.

The changes in AOA of the lipids in the organs of
tumour-bearing animals6 6 '6 8 '8 4"9 0 and reparative regenera-
tion processes in organs and tissues91 belong to the second
group of processes occurring mainly at an increased level
of AOA. As in the first case, there is a relation between
the rate of development of the process, the severity of the
disease, and the change in AOA90.

Processes which lead to a change in AOA by stages, for
example the induction of malignant tumours (carcinogene-
sis) 9 ~94 may be included in the third group f. In the first
stage of carcinogenesis, during a period equal to one-third

t Although in the first and second groups there are var-
ious stages in the changes of AOA, they continue over a
very short time interval compared with the time required
for the development of theprocess, so that one may assume
that the processes occur mainly at an increased or reduced
level of AOA.
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of the time required for the induction of tumours, AOA
falls. It increases subsequently, but normal values are
reached only after a time interval approximately equal to
one-half of the induction period. Finally, the third period
is characterised by a sharp increase of AOA. The changes
in AOA characteristic of different types of carcinogenesis
are of a general type and the curves describing them can
be combined into a single general curve92.

The most interesting and important finding is that a wide
variety of pharmacological agents (vitamins, hormones,
adaptogens, alkylating preparations, antimetabolites, cyto-
static agents, aliphatic acid esters, alkylindolinylamines,
supermutagens, etc) influence AOA in doses sufficient for
a manifest pharmacological effect. There are prepara-
tions which only increase AOA (for example hydroxypyri-
dines), those which only decrease AOA (alkylating agents),
and those which can both increase and decrease AOA (adapto-
gens, radical reaction inhibitors, hormones, antimetabo-
lites, derivatives of nitrosoalkylurea, etc.r ' 7 1 ' 8 6 ' 8 7 ' 9 0 ' 9 5 " 9 9 .

The possibility of using these compounds in the treat-
ment of particular diseases is associated with the nature
of the influence of the preparations on AOA. If the patho-
logical process takes place at a reduced AOA level, awide
variety of compounds which increase antioxidant activity
have a protective effect, which is more marked the great-
er the increase of AOA which they induce69. On the other
hand, preparations which diminish AOA are effective in
processes occurring at an enhanced AOA level71'89'90'95.
For example, all antitumour preparations decrease AOA
and the degree of inhibition of tumour growth is greater
the more marked and longer lasting is the decrease of AOA
by these substances89'90.

The relation between the influence of the preparation on
AOA and on the course of a particular pathological process
was demonstrated most strikingly in a study of prepara-
tions which can both increase and decrease AOA (depend-
ing on the dose) or when the same preparation is introduced at
different times during the development of the process occur-
ring with changes in AOA by stages.

As stated above, the introduction inhibitors in small
doses increases the antioxidant activity of lipids with sub-
sequent recovery to the normal value, while large doses
lead to an increase of AOA and its subsequent fall below
normal values. The characteristics of the action of syn-
thetic inhibitors used in the treatment of a wide variety of
pathological states of the organism are associated with
these properties. Thus it has been established that the
ability of the inhibitor to protect against radiation increases
with its dose, reaching a maximum for the optimal dose
(Copt)» and then decreasing. At a certain negative inhibi-
tor dose (Cneg) n o effect is observed and with subsequent
increase of the amount of antioxidant there is a transition
from protective to sensitising properties of the inhibi-
tors 7 4 ' 00~102. A similar effect is observed when the inhi-
bitors are introduced both before and after irradiation103.
Copt is the maximum amount of the preparation for which
AOA of lipids does not decrease below the normal value66'74.

A similar dual effect on tumour growth has been observed:
small doses of the inhibitor accelerate and large doses
retard the development of the tumour. The accelerating
effect on tumour growth is observed in the range of doses
below COpt>86'89 while antitumour activity is observed for
doses greater than Copt· 6 6 ' 6 8 ' 8 8 ' 8 9 Since the influence on
tumour growth is more marked the greater the reduction
of AOA by inhibitors, for each preparation there is an
inverse relation between its antitumour properties and its
ability to protect against radiation1 0 4 '1 0 6. The antitumour
effect of equimolar doses of preparations is greater the

lower the value of COpt for these inhibitors104. In the dose
range from C o p t to Cneg inhibitors can be useful in the
radiotherapy of tumours106.

Data for the variation of AOA in tumour growth, on
irradiation, and following the introduction of inhibitors led
to the prediction and subsequent experimental confirma-
tion1 0 7"1 0 9 of the existence of four regions of different effects
of the joint application of radical-process inhibitors and
irradiation on the tumour and the organism of the tumour-
bearing animal. In region I of inhibitor doses and
irradiation the preparation protects both the animal and
the tumour from the action of radiation, in region Π the
preparation enhances the action of radiation on both the
organism and on the tumour, in region III the preparation
protects the tumour but sensitises the organism to the
action of radiation, and finally in region IV the preparation
enhances the effect of radiation on the tumour and at the
same time protects the organism108.

The available literature data for the anticarcinogenic
effect of antioxidants behaving at the same time as radical
process inhibitors are extremely contradictory. It has
been shown that both natural (vitamin E) and synthetic anti-
oxidants can retard tumour growth9 3 '9 4 '1 1 0"1", have no effect
whatever118"120, and can "promote" carcinogenesis121'"123.

Since in the tumour induction process there are stages
involving a decrease and an increase of AOA, different
effects can be expected following the introduction of inhi-
bitors in different doses and at different stages of carcino-
genesis. Indeed, the introduction of an inhibitor belong-
ing to the class of screened phenols in a dose which only
increases AOA led to the arrest of the formation of tumours
in the initial period and to a decrease of the percentage of
tumours formed. On the other hand, if the same amount
of the preparation was introduced at the stage correspond-
ing to the increase of AOA, the tumours appeared sooner.
The reverse behaviour was observed when large doses of
inhibitors, causing a decrease of AOA were introduced124.
From these standpoints, the discrepancies in the litera-
ture data are not unexpected.

One of the important aspects of the use of inhibitors is
their application to protect the organism under stress, in
the course of which AOA decreases. Synthetic inhibitors
applied in doses increasing AOA exhibit antistress activ-
ity and protect animals from hyperoxia79, poisoning by
benzene , and stress due to cold77'78. The introduction
of inhibitors in doses decreasing AOA enhances the effect
of the stress-inducing agent78. Numerous studies have
been made on the protective properties of tocopherol in
poisoning by carbon tetrachloride and in intoxication by
ozone. These have been reviewed325.

It has been shown83 that in the experimental ischemia
of kidneys lipid AOA decreases and inhibitors applied in
doses increasing AOA exhibit anti-ischemic activity, sig-
nificantly prolonging the life of the animal.

An important property of the inhibitors, which opens up
new fields for their application (for example in tissue and
organ transplants), is their ability to influence specifical-
ly the rate of cell multiplication. In small doses inhibi-
tors accelerate cell multiplication both in reparative regen-
eration91 and when introduced into intact animals, increas-
ing the level of the proliferative activity of the cells of their
organs126. In doses decreasing AOA inhibitors retard cell
multiplication. In the light of these facts, the desirabil-
ity of employing inhibitors as geroprotectors is evident127

Although not all the aspects of the application of radi-
cal-process inhibitors have been considered, the principal
features of antioxidant therapy are already clear from the
data presented:
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1. Inhibitor-antioxidants can be used in the treatment of
diseases involving a reduced level of AOA. The prepara-
tions are more effective the higher the level of AOA fol-
lowing their introduction.

2. Inhibitors can be used also to suppress processes
involving an increase of AOA. The inhibiting effect is
shown only for inhibitor doses which reduce AOA.

3. Depending on the dose and the method and duration of
introduction, the effect of the inhibitor can be reversed.
The contradictory data concerning the therapeutic effects of
preparations of this class are probably associated with this
fact.

4. There is a consistent relation between different
aspects of the biological activity of antioxidants, and their
effectiveness has been found to depend on their physico-
chemical constants as inhibitors. This suggests thatanti-
oxidant properties are the cause of the wide spectrum of
the biological activity of radical-process inhibitors. Fur-
thermore, this justifies an initial selection of antioxidants
on the basis of physicochemical models and makes it pos-
sible to recommend the synthesis of inhibitors which are
most effective in a particular application.

IV. THE ROLE OF ANTIOXIDANTS IN THE STRUCTURE
AND FUNCTION OF MEMBRANES

The problem arises of the causes of the significant role
of the changes in AOA in the development of the pathologi-
cal process and of the basis of the therapeutic activity of
preparations normalising AOA.

Lipids together with proteins are the most important
components of membranes. If it is assumed that antioxi-
dant properties are indeed important for the functioning of
membranes, there should be a correlation between the
changes in these properties in the membranes of various
organelles and the changes in their function, depending on
AOA.

Together with the study of the widely known regulatory
mechanisms in the cell (such as the repression-derepres-
sion of genes, the blocking-deblocking of the genome, the
inhibition and activation of enzymes by allosteric effectors,
and regulation with the aid of a secondary hormone media-
tor-c-AMP, etc) much attention is devoted nowadays to
the study of the role of membranes in the regulation of cell
metabolism. Numerous instances of the experimental con-
firmation of the Konev-Changeux hypothesis concerning
the important role of cooperative transitions in the mem-
brane in the switching of cell metabolism occurred in recent
years128'129.

The receptor function of membranes, compartmental-
isation, the contact of properties of cell surfaces, and the
transport function of membranes are all aspects of their
funtional activity which can be regarded as the most
important regulatory mechanisms of the vital activity of
the cell. The relation between the structure of membranes
and their functions is well known. Structural organisa-
tion in its turn is closely related to the physicochemical
properties of the main components—lipids and proteins.
The presence of antioxidants in the lipid phase of the mem-
branes has been regarded by a number of workers as an
obligatory condition for the maintenance of the membrane
structure, since the development of peroxide oxidation in
lipids leads to its breakdown130'131. There exists the
hypothesis that lipid antioxidants also play an intrinsic
structural role in the membrane132 The changes in AOA
of the lipids in liver homogenate have been compared133

with the changes in AOA of the lipids in various cell frac-
tions. It was observed that both in the lipids from the nuclei
and from the microsomes and mitochondria the nature of
the changes in AOA is virtually the same as in the homog-
enate in all the instances investigated.

The fractions of AOA corresponding to lipids of partic-
ular organelles are various and change with time, which
suggests a redistribution of AOA among the subcellular
fractions. The instant of the attainment of AOA maximum
is somewhat different for various fractions. Such data
have been obtained in the normal physiological variation of
AOA—the daily rhythm: after the introduction of a syn-
thetic antioxidant, after the recovery of the weight of the
liver following partial hepatectomy, under the influence of
radiation, and in tumour growth. Thus the changes in
AOA in the organelle lipids are of the same type, although
they differ in scale and duration.

It is important to consider whether the change in the
functional activity of membranes leads to a change in the
antioxidant activity of their lipids. It has been estab-
lished134 that, when cells pass from stage Gi to the stage
of DNA synthesis, there is a sharp phased decrease of
lipid AOA both in the nuclei and in the entire homogenate.
Comparison of the change in the functional state of mito-
chondria and lipid AOA also shows that an increase of
AOA leads to an increase of respiratory control and atransi-
tion of the mitochondria to the most completely regulated
state. For microsomal fractions, a change in functional
activity was observed in processes involving a change in
AOA13*.

Thus an increase or decrease of lipid AOA in the homo-
genate leads to consistent changes of the same type in lipid
AOA in the organelle membranes and to corresponding poly-
functional rearrangements of their metabolism.

In discussing the mechanism of the influence of free-
radical oxidation reactions in lipids on the functioning of
membranes, the following versions may be considered10:

1. The appearance of polar peroxy-groups in lipids can
lead to a change in the intensity of hydrophobic interactions
and can influence lipid-protein bonds in the membrane.

2. The free valence in the lipid components of the mem-
branes can alter the stability of the complexes of enzymes
and other macromolecules, for example DNA, with the mem-
brane. Therefore even a slight change in free-radical
concentration can alter the cell metabolism.

3. The change in the rate of oxidation reactions in lipids
is associated with the change in lipid composition. At the
same time it is known that phospholipids are cofactors and
effectors for enzymes and that a change in their relative
content can have a significant influence on metabolism,

4. The functioning of the membrane leads to a change in
its conformation or is accompanied by such a change. The
structural transitions in membranes are in their turn induced
by conformational and phase transitions in proteins or lip-
ids. Therefore a change in the physicochemical proper-
ties of lipids can alter the physicochemical properties of the
membranes and hence their functional activity.

As stated above, the present author observed that both
at the cellular and membrane levels the lipid composition
changes in response to an increase in AOA in such a way
that the lipids are more easily oxidised. Since the oxidised
forms of lipids are more popular, one could postulate that
their formation is a method whereby lipids can leave the
membrane and their composition can be restored136'137. Then
an increase of AOA should retard the release of the most
readily oxidisable lipids. This should result in an enrich-
ment of the membrane lipids in these fractions, which should
in turn accelerate the utilisation of antioxidants.
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It has been established53'138 that the increase of AOA
induced by the introduction of synthetic antioxidants leads
to an increase of the relative amount of phospholipids and to
a decrease of the amount of cholesterol. Changes are also
observed among the phospholipid fractions. With increase
of AOA, the lipids in the liver cell membranes are enriched
in phosphatidylserine, phosphatidylinositol, and phospha-
tidylethanolamine—the more readily oxidised fractions of
phospholipids.. A decrease of AOA leads also to a decrease
of the relative amount of such fractions and to an enrich-
ment of lipids in sphingomyelin and phosphatidylcholine136"139.
Thus the changes in the rates of oxidation reactions in lip-
ids and in their compositions are interrelated in a single
system, which ensures the steady-state oxidation of lipids.

We shall consider further the results of the change in
the relative composition of membrane phospholipids. As
stated above, a change in the composition of membrane
lipids leads to a change in their microviscosity and influ-
ences their structural rearrangements in membranes. This
results in an intensification or a weakening of the metabolic
activity of enzyme proteins incorporated in the membrane.

To elucidate the influence of AOA on membrane struc-
ture, a study was made of the change in the state of bio-
membrane components using spin probes located prefer-
entially in the lipid or protein phases of the membrane140.
The following iminoxy-radicals were used for the investi-
gation: 4-capryloyloxy-2,2,6,6-tetramethylpiperidin-l-
yloxy-radicals (probe I), and 2,2,6,6-tetramethyl-4,5-ben-
zo-l,2,3,4-tetrahydrocarbolin-3-yloxy-radicals (probe II).
Probe I was located preferentially in the lipid components
of the membrane and probe II in the protein components.
The influence of temperature on the mobility of the spin
probes in the membranes of the organelles (nuclei and
mitrochondria) in the cells of organs in intact animals and
following the introduction of synthetic antioxidants was
investigated, At 27° and 40°C there was a general con-
fbrmational transition in the membranes, revealed with
the aid of both probes. An increase in lipid AOA by the
introduction of the antioxidant displaces the conformation-
al transitions towards lower temperatures. It is inter-
esting to note that the microviscosities in the membrane
lipids and proteins vary in the opposite directions: the
rotational mobility of the radical increases in lipids and
decreases in proteins. An extremum is reached in the
lipid phase 24 h sooner than in the protein phase. Thus
the introduction of the antioxidant leads to the formation of
a more "liquid" lipid component and to a more viscous
protein component.

The change in the antioxidant properties of membrane
lipids in tumour growth and under the influence of radia-
tion140 also altered the microviscosities of lipids and pro-
teins and the conditions governing the structural rearrange-
ments in the membrane. These findings can be accounted
for by a change in the composition of the lipids in these
processes, since it is known that a change in the choles-
terol : phospholipids ratio and in the relative content of
phospholipids alters the viscosity of the membrane compo-
nents and the phase transition temperatures141'142.

The second and no less important aspect is the influ-
ence of the change in the composition of lipids on the rela-
tive rates of the enzymatic reactions for which these lipids
are effectors or cofactors.

It is known that the removal of phospholipids deactivates
many enzymes and leads to the loss of their sensitivity to
particular regulating agents143'144. The addition of phos-
pholipids and cholesterol restores the activity of these
enzymes and their sensitivity, the reactivating effect being
frequently related specifically to the addition of a particu-

lar phospholipid. Thus /3-hydroxybutyrate dehydrogenase
is reactivated by phosphatidylcholine145'146, adenylate cyclase
by phosphatidylinositol147, and FAD-dependent malate
deydrogenase by cardiolipin148. The addition of phospha-
tidylserine to adenylate cyclase restores its sensitivity to
glucagon149 and the addition of phosphatidylinositol restores
its sensitivity to noradrenaline150. It is extremely inter-
esting that phospholipids behave as allosteric effectors for
many regulating proteins143. This is not suprising, since
the majority of the regulatory proteins have a quaternary
structure enriched in non-polar aminoacids, for which
hydrophobic interactions are extremely characteristic.

In view of the foregoing, it becomes understandable why
a change in AOA leading to a change in lipid composition
alters the structural viscosity of lipids, the lipid-protein
linkages in the membrane, and the rate of the enzymatic
reactions for which phospholipids are effectors. Owing to
this, a change in the rates of oxidation reactions in lipids
causes a transition of the cell to a new metabolic state
characterised by new relations between the rate of particu-
lar enzymatic reactions.

The influence of lipids on regulating proteins permits
an explanation of the possibility of switching the cell metabo-
lism from one pathway to another when the composition of
phospholipids is altered We may quote as an example
the experiment in which a synthetic antioxidant was intro-
duced into animals with a consequent increase of the con-
centration of phosphatidylethanolamine in liver microsomes
together with an increase of AOA, According to model
experiments151, the addition of total phospholipids or of
individual components reactivates or increases the activity
of glucose-6-phosphates. It was of fundamental impor-
tance to establish the possiblity of regulating the activity of
enzymes by lipids in vivo. In our laboratory Molochkina
and Dzhalyabova observed that, simultaneously with the
increase of the concentration of phosphatidylethanolamine,
the activity of glucose-6-phosphatase increases in liver
microsomes. A similar relation obtains not only follow-
ing the introduction of antioxidants, but also in other pro-
cesses accompanied by a change in AOA of lipids and hence
in the concentration of phosphatidylethanolamine.

From the same standpoint, it is possible to explain also
the role of lipids in the regulation of the rate of cell prolif-
eration. As stated above, an increase of AOA leads to an
increase of the concentration of phosphatidylserine and phos-
phatidylinositol, which function as effectors for adenylate
cyclase. The influence of lipids on the activity and sensi-
tivity of adenylate cyclase—the enzyme responsible for the
formation of cAMP—makes it possible to explain the role
of antioxidants in the regulation of cell proliferation at the
molecular-biological level. Studies have been published
recently in which much attention was devoted to the change
in the composition of lipids during the synthesis of DNA. It
is suggested that phospholipids form complexes with a DNA
molecule, altering its stability, and are essential for the
initiation of the synthesis of DNA153'154. Furthermore, in
vivo experiments established the influence of phospholipids
on the matrix activity of the gene and a difference between
the amounts of phospholipids in repressed and derepressed
genes154. It has been shown153 that a change in AOA and
composition of nuclear lipids is associated with a change
in DNA synthesis. An increase in the amount of sphingo-
myelin in nuclear lipids against the background of a sharp
decrease of AOA at the beginning of DNA synthesis is par-
ticularly significant,

The above experimental data show that the change in the
antioxidant properties of lipids, caused both by a change in
the amount of intrinsic natural antioxidants and by the
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introduction of non-toxic synthetic inhibitor-antioxidants,
alters significantly the cell metabolism. The importance
of the change in the antioxidant properties is associated
with the role of membranes in the regulation of cell metab-
olism, the functional activity of the membranes being altered
when the physicochemical characteristics and the compo-
sition of the membrane components are changed.

In view of the foregoing factors, synthetic inhibitor-
antioxidants can be usefully employed to act specifically on
a wide variety of processes occurring with change in AOA
of lipids.
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