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is predominantly activated by the calcium supplied
via the voltage-dependent and partially via the re-
ceptor-controlled channels.
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The disturbance of energy metabolism in the cell
during hypoxia is primarily associated with re-
stricted activity of the respiratory chain at the level
of the 1st enzyme complex [2-5,8,9].

Recovery of the electron-transporting function
of the NAD-dependent site of the respiratory chain
may appreciably reduce the damage caused by hypo-
xia and raise the organism’s resistance to oxygen
deficiency. One of the possible methods of thus res-
toring the work of the respiratory chain is the use
of artificial electron acceptors, which can directly
transfer electrons from NADH to the 3rd enzyme
complex, bypassing the blocked site [4,5,9,13].

Possible protective, antihypoxic properties of
glutathione, a natural metabolite of the organism
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and an active acceptor of reduction equivalents,
were studied in the present work.

MATERIALS AND METHODS

The study was carried out on females and off-
spring of albino nonpedigree rats kept on a stan-
dard diet in the vivarium. Resistance to hypoxia
was assessed in the offspring of rats administered
an aqueous solution of reduced glutathione i a
dose of 15 mg/kg intragastrically on days 16-19 of
gestation. The time of survival at an “altitude” of
11,000 m (reserve time, RT), determined after
Purshottam [16], served as the test of individual
resistance to acute hypoxia.

The effect of glutathione on the hypoxic myo-
cardium was studied on the model of the perfused
heart. Animals with a low resistance to hypoxia
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Fig. 1. Effect of glutathione on activity of hypoxic myocardium. a) "work"” of perfused heart (a); b) rate of oxygen uptake

in myocardium (VO,);. N: normal physiological level. Arrow indicates start of hypoxic perfusion, taken as the zero point of

monitoring.

are optimal objects for such testing [4,6]. In fe-
male rats, resistance to hypoxia drops sharply dur-
ing gestation, bottoming out directly before the
delivery (on the 20th day of pregmancy) [6].
Therefore, female rats of a 20-day gestation were
used as the test objects for assessing the anti-
hypoxic properties of glutathione. As in the previ-
ous series of experiments, glutathione in a dose of
15 mg/kg was administered intragastrically to fe-
male rats on days 16-19 of gestation. On the 20th
day the animals were sacrificed; the heart was iso-
lated and perfused after Langendorff [15]. The
pefusion fluid was oxygenated with the following
gas mixtures: 95% O, + 5% CO, (normoxic mix-
ture) and 20% O, + 75% N, + 5% CO, (hypoxic
mixture).

The heart rate and heartbeat force were re-
corded. The amount of “work” performed by the
heart was calculated as the product of the heart
rate and heartbeat force. This parameter is directly
proportional to the level of energy production in
the myocardium and to the ATP expenditure
[4,5]. The rate of oxygen uptake was polarographi-
cally determined in the isolated heart [4].

The experimental results were statistically pro-
cessed using Student’s r test. All the numerical data
are presented as M+m.

RESULTS

Analysis of the results of the experiments per-
formed on the perfused heart provides evidence that
glutathione has cardioprotective, antihypoxic prop-

erties. For instance, cardiac activity during hypoxia
is markedly higher in the animals administered
glutathione than in the control (Fig. 1). Since the
“work” of the heart is an integrated parameter
reflecting the degree of energy production in the
myocardium [4], its increase in the presence of
glutathione reflects the energy-supplying effect of
the latter. However, such an effect of glutathione
is not attended by an increased oxygen uptake in
the hypoxic myocardium (Fig. 2), this indicating
a higher efficacy of the ATP-synthesizing systems
and an elevated oxidation/phosphorylation ratio.

To date, improvement of the energy state of
the hypoxic myocardium has been mainly achie-
ved by the use of drugs raising the intensity of
oxygen utilization in it. For instance, the ant-
ihypoxic effects of hydroquinone and menadione
cause not only a marked enhancement of cardiac
activity and elevation of the ATP level, but also
an increased oxygen uptake in the myocardium of
animals not resistant to hypoxia [4,5,9]. The
mechanisms of such an effect of quinones are
associated with the fact that, being good oxidants
for reduced forms of pyridine coenzymes, they are
capable of bypassing the initial site of the respi-
ratory chain blocked during hypoxia. This offers
the possibility of restoring electron transport in the
terminal portions of the respiratory chain, result-
ing in an increased oxygen uptake, and ATP pro-
duction becomes possible at the terminal sites of
oxidative phosphorylation.

Since glutathione does not raise the oxygen
uptake in the hypoxic myocardium, the mecha-
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Fig. 2. Scheme of work of respiratory chain in ascarid
muscles during anoxia. See text for explanation.

nism of its action is not confined to bypassing of
the respiratory chain, as is true for quinones. Evi-
dently, a direct effect of restorating respiratory
chain activity may also be ruled out for glu-
tathione, because such a process would necessarily
be attended by an increased oxygen uptake.

We speculate that the following mechanism of
action of glutathione takes place during hypoxia:
when the respiratory chain is blocked and a large
amount of reduced forms of coenzymes is accumu-
lated at the NAD-dependent site, glutathione may
act as a natural electron acceptor, reducing the
hyperreduction in the initial site of the respiratory
chain. At the same time, however, the electron
flux is not directed toward the terminal portions
of the respiratory chain (as occurs in the presence
of quinones), but may be utilized in specific glu-
tathione-mediated reactions.

Although such a mechanism of action of glu-
tathione does not presume the recovery of the elec-
tron-transporting function of the terminal portions
of the respiratory chain, its patent energy-ergic
properties manifest themselves in the experiments.
One may assume that the protective effect of glu-
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tathione is, in one way or another, associated with
restoration of the ability of the respiratory chain
to produce ATP. This may occur at the first site
of oxidative phosphorylation.

Such natural phenomena are well known. For
instance, in the absence of oxygen, only one, the
Ist, site of oxidative phosphorylation functions in
the mitochondria of ascarid muscle [1]. In this
case, the electron flux from NADH via flavopro-
tein (FP) is perceived not by ubiquinone (Q), but
by an organic acceptor of electrons (OAE); vola-
tile fatty acids (C,-C,) may serve as the latter (Fig.
2). Such a protective-compensatory mechanism
enables the ascarid to obtain the necessary mini-
mum of ATP even during anoxia.

The protective, antihypoxic effect of glutathione
has been confirmed by the results of our findings
on the organism’s individual resistance to acute
hypoxic hypoxia determined in the experiments on
the offspring of rats given glutathione.

Probably, the high resistance of the newborn
to hypoxia which has been noted by many re-
searchers [6,7,11,12,14] stems from the fact that
energy metabolism does not depend on the
NADH-oxidase oxidation pathway, which is prima-
rity disturbed during hypoxia, and is practically
entirely maintained by the oxidation of fatty ac-
ids. The state of increased resistance to hypoxia is
preserved by the newborn pups over the whole
period of nursing (Fig.-3). During the period of
weaning (16th-30th day of life in rats), when the
mother’s milk starts to be gradually replaced with
general hydrocarbon-rich food, a pronounced drop
of individual resistance to hypoxia occurs (Fig. 3).
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Fig. 3.
level of individual resistance to hypoxia in adult animals.

Age—related alterations in individual resistance of amimals to acute hypoxic hypoxia. a) males; b) females. N: average
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The lowest level of resistance is observed in female
rat pups on the 20th day of life, and in male rat
pups on the 30th day.

Following such a critical decrease of the
organism’s resistance to hypoxia, a gradual continu-
ous increase occurs, until on day 60 the level
typical of adult animals is attained (Fig. 3).

Intragastric administration of glutathione to
female rats during gestation resulted in a higher
resistance of the offspring to acute hypoxic hypoxia
as compared with that in the control (Fig. 3). The
newborn pups showed a sufficiently high level of
resistance even during the critical period of wean-
ing. In male pups, such an enhanced resistance to
hypoxia caused by glutathione was preserved over
the entire developmental period followed up, and
on the 60th day of life this parameter attained the
control level observed in adult animals.

Evidently, glutathione administered to the fe-
male in the last trimester (When its tolerance of
hypoxia is lowest [6]) stimulates the development
of adaptative-compensatory mechanisms directed
toward raising the resistance to hypoxia in the
organisms of both mother and fetus. These pro-
tective mechanisms continue to function actively in
the postdelivery period, especially during perinatal
and early postnatal development, when the risk of
hypoxic damage is especially high.

To summarize the results of our findings, we
may conclude that glutathione, a natural metabo-
lite of the organism, exhibits properties of an ac-
tive antihypoxic agent and/or of a protector with
an energy-supplying effect. The mechanisms of its
action may be associated with a decrease of the
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hyperreduced state of the respiratory chain and
restoration of its ability to produce ATP at the first
site of oxidative phosphorylation.
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