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We studied the effect of intermittent normobaric hypoxia on the formation of adaptive
signs and state of mitochondrial enzymes in the cerebral cortex of rats with different
resistance to hypoxia. Kinetic parameters for mitochondrial enzymes in the substrate
region of the respiratory chain of the cerebral cortex underwent various changes in low
resistant and highly resistant rats over the first 2 h after 1-h intermittent normobaric
hypoxia. Low resistant animals were characterized by more effective functioning of
rotenone-sensitive NADH-cytochrome C reductase and succinate-cytochrome C reduc-
tase under conditions of increased reduction status of the cell. These features correlated
with the increase in the general resistance of animals. Significant changes in kinetic
properties of mitochondrial enzymes and signs of the development of resistance were
not found in highly resistant rats. Reciprocal relations between mitochondrial enzyme
complexes in the substrate region of the respiratory chain probably play a role of the
signal regulatory mechanism, which mediates tissue-specific and general resistance of
rats under conditions of intermittent normobaric hypoxia. These effects did not depend
on oxygenation of the inhaled gas mixture during the inter-hypoxic period.
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Much attention is now paid to nondrug improve-
ment of the nonspecific resistance by intermittent
normobaric hypoxia (INH). There is a large body
of evidence that this treatment improves various
functional parameters under normal and patho-
logical conditions. Hence, this method can be used
for preventive and therapeutic purposes. However,
the molecular mechanisms underlying the action of
INH are poorly understood. The mitochondrial re-
spiratory chain serves as a target for hypoxia. Under
conditions of rapid and sharp decrease in oxygen
supply to cells, this structure is involved in the
regulation of oxygen homeostasis. The mitochon-
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drial respiratory chain plays a signal role and mo-
dulates oxygen consumption and rate of oxygen
release from the extracellular medium to mitochon-
dria. Opposite changes in activity of mitochondrial
enzyme complexes I and II were found at the early
stage of hypoxia [1,4-7,10-12]. They provide the
maintenance of electron transport function in the
cytochrome region of the respiratory chain. It re-
mains unclear whether this mechanism is active
during INH.

This work was designed to study the effect of
INH on the resistance of rats and kinetic properties
of mitochondrial enzymes in the cerebral cortex.
This tissue is most sensitive to hypoxia. We eva-
luated the role of oxygenation in respiration during
the inter-hypoxic period. The role of bioenergetic
mechanisms in the development of resistance was
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studied in animals with different resistance to
hypoxia.

MATERIALS AND METHODS

Experiments were performed on male rats with dif-
ferent initial resistance to hypoxia. The resistance of
experimental animals to acute hypobaric hypoxia
was evaluated in an altitude chamber 1 month be-
fore the start of study. The animals were elevated
to a critical altitude of 11,500 m in an altitude
chamber. We measured the lifetime of rats (LT))
from the moment of reaching the critical altitude to
the second agonal breath. There were animals with
low (LT, €3 min), intermediate (LT, 5-6 min), and
high resistance (LT, =10 min). These animals were
divided into experimental groups to study the
effect of INH on the general resistance of rats and
kinetic parameters of mitochondrial enzymes.

INH training included intermittent passive in-
halation of a hypoxic mixture with 12-8% O, and
atmospheric air (20% O,, INH/O,,, 5-10 min) or
gas mixture with 30% O, (INH/O,, 3-5 min) at
constant pressure. This daily treatment was perfor-
med 6-7 times a day (training session) for a total time
of 1 h.

The effect of INH on adaptation of low resist-
ant, medium resistant, and highly resistant rats was
evaluated 2 and 24 h after the Ist training session,
as well as 1 day after the 8th, 15th, and 21st trai-
ning sessions. The animals were repeatedly moun-
ted to the critical altitude in a pressure chamber.
LT, was measured. LT,/LT, ratio (adaptation coef-
ficient) was expressed in percent. The LT,/LT, ratio
was compared in treated and control animals (no
training under INH conditions).

Kinetic parameters (K, and V) of mitochon-
drial enzymes in the cerebral cortex of low and
highly resistant rats (rotenone-sensitive NADH-cyto-
chrome C reductase [8], succinate-cytochrome C
reductase [9], and cytochrome C oxidase [1]) were
measured 2 h and 1 day after the Ist training ses-
sion under conditions of INH/O,, or INH/O,,. Other-
wise, these parameters were evaluated 1 day after
the course of training with 8, 15, or 21 training
sessions. The animals were decapitated. The brain
was removed and placed in cold homogenization
medium of 5 mM Tris-HCl, 1 mM EDTA, and
0.32 M sucrose. The cortex was separated, weighted,
and homogenized at the temperature of ice melting.
The homogenate was stored at -20°C.

To study kinetic parameters of rotenone-sensiti-
ve NADH-cytochrome C reductase (complexes I+I1II),
the concentration of NADH (substrate) varied from
1.5 to 80 uM. We used 0.1 M phosphate buffer (pH
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7.4) with 12 mM sodium azide, 9.8 mM nicotin-
amide, and 76 mM oxidized cytochrome C. The
rate of NADH-cytochrome C reductase was calcu-
lated as the difference between reaction rates in the
absence and presence of 19.5 uM rotenone at this
concentration of the substrate.

To study kinetic parameters of succinate-cyto-
chrome C reductase (complexes II+III), the concen-
tration of sodium succinate (substrate) varied from
0.5 to 11 mM. We used 0.1 M phosphate buffer
(pH 7.4) with 12 mM sodium azide and 76 mM
cytochrome C.

To study kinetic parameters of cytochrome C
oxidase (complexes 1V), the concentration of ascor-
bate-reduced cytochrome C (95-97%, substrate) in
0.1 M phosphate buffer (pH 7.4) varied from 3.5
to 80 uM.

Kinetic studies were performed on a Specord
M 400 spectrophotometer at 37°C. The reaction was
induced by addition of 2% brain homogenate (0.2%
brain homogenate in study of cytochrome C oxi-
dase activity) to the incubation medium. The reac-
tion was monitored by measuring changes in ab-
sorption at 550 nm (oxidation or reduction of cyto-
chrome C).

K, and V,_, were calculated using Linewea-
ver—Burk plot by the method of least squares (MS
Excel software).

The weight of stress marker organs (thymus,
adrenal glands, and spleen) was measured 2 h and
1 day after the lst training session to estimate the
contribution of the stress component to INH-in-
duced changes.

The results were analyzed by Student’s ¢ test.

RESULTS

The resistance of low resistant rats increased 2 h
after the 1st training session with INH/O,,. This
effect was preserved on day 1 (preconditioning),
progressively increased during further training, and
reached maximum after 8-15 training sessions. The
resistance of low resistant rats decreased after the
21st training session (Fig. 1). However, the resist-
ance of low resistant rats increased 1 day after the
Ist training session with of INH/O,, and progres-
sively increased during the follow-up period (de-
spite the course of training).

Training with INH/O,, or INH/O,, had little
effect on the resistance of highly resistant rats. The
sensitivity of several animals to acute hypobaric
hypoxia even increased under these conditions,
which reflects a decrease in the resistance of these
rats (Fig. 1). Our results are consistent with pub-
lished data that highly resistant rats do not adapt to
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Fig. 1. Effect of duration of the training course with INH/O,; (7) and INH/O,, (2) on the resistance of rats to the critical height in an altitude
chamber on day 1 after training. Low resistant (LT=1-2 min), medium resistant (LT=5 min), and highly resistant rats (LT more than 10 min).

hypoxia [7]. Medium resistant animals were inter-
mediate between low resistant and highly resistant
rats. The effect of preconditioning was not observed
after the 1st training session with INH/O,, or INH/O,,.
The resistance of these animals decreased after 1 day.
However, the resistance of these rats slightly increa-
sed in the follow-up period. These changes in me-
dium resistant animals were less pronounced than in
low resistant rats. Similarly to low resistant rats, the
resistance of medium resistant animals increased
most significantly after 8-15 training sessions. At
the same time, the resistance of these rats decreased
in the follow-up period (Fig. 1).

Our results indicate that various regimens of
INH contribute to the resistance of rats to hypoxia.
The degree of these changes depends on the geno-
type of animas and decreases in the following order:
low resistant rats>medium resistant rats>highly re-
sistant rats. Low resistant rats exhibited only slight
resistance or did not become resistant. Oxygenation
of the inhaled gas mixture during the inter-hypoxic
period modulated the development of resistance
only in low resistant rats. High oxygenation of the
inhaled gas mixture (30% O, vs. atmospheric air)
during the inter-hypoxic period potentiated the
influence of preconditioning on day 1 (as com-
pared to INH/O,,), but had a negative effect on the
development of resistance over the next 2 weeks.

Single training session with various types of
INH had different effects on the weight of stress
marker organs in low resistant and highly resistant
animals. The weight of organs in low resistant rats
increased over the 1st day after INH/O,, which
reflects activation of the sympathoadrenal system
under these conditions. However, INH/O,, had little

effect on animals of this group. The weight of the thy-
mus, adrenal glands and, to a lesser extent, of the
spleen in highly resistant rats decreased under both
conditions of training. Hence, highly resistant rats de-
monstrated stress signs typical of exhaustion stage.

Study of kinetic parameters of mitochondrial
enzymes showed that basal K,, and V _, for suc-
cinate-cytochrome C reductase and cytochrome C
oxidase do not differ in the cerebral cortex of low
resistant and highly resistant rats. However, K, and
V... for rotenone-sensitive NADH-cytochrome C re-
ductase in the brain of low resistant animals were
much lower than in highly resistant rats (Table 1).
These results are consistent with published data and
provide support for our hypothesis [1]. We hypo-
thesized that mitochondrial NADH-cytochrome C
reductase in the brain of highly resistant rats has a
more effective stoichiometric regulation at high
concentration of NADH compared to low resistant
animals. Hence, this enzyme in the brain of highly
resistant rats is characterized by high functional
activity in a wide range of NADH concentrations.
These concentrations saturate similar enzyme com-
plex in the brain of low resistant rats. Excessive
amounts of reduced equivalents are accumulated in
cells under conditions of hypoxia. Therefore, higher
function of the mitochondrial respiratory chain in
the brain of highly resistant rats under these con-
ditions provides greater resistance of animals to
oxygen deficiency (compared to low resistant rat).

The response and variations in kinetic para-
meters of mitochondrial enzymes in the cerebral
cortex differed in low resistant and highly resistant
rats during training with INH. The following chan-
ges were observed in the brain of low resistant rats
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Fig. 2. Weight of stress-marker organs in highly resistant (HR) and low resistant (LR) rats 2 and 24 h after the 1st training session with
INH/O,, (a) and INH/O,; (b): thymus (1), adrenal glands (2), and spleen (3).

2 h after single exposure to both regimens of INH
(Table 1, Fig. 2):

1) significant increase in K, and V,, for rote-
none-sensitive NADH-cytochrome C reductase (com-
plexes I+III), which approach the values in control
highly resistant rats. These changes persisted 1 day
after treatment;

2) significant decrease in K,, for succinate-cyto-
chrome C reductase (complexes II+III), which re-
flects the increase in enzyme affinity for the sub-
strate (succinate);

3) no significant changes in K, and V,,, for cyto-
chrome C oxidase during this period (complex IV).

Simultaneous increase in K, and V,,, for rote-
none-sensitive NADH-cytochrome C reductase in
the brain of low resistant rats persisted for a long
time. These values progressively increased in the
follow-up period and reached maximum after 8-15
training sessions (Fig. 2, Table 2), which coincided
with significant changes in the resistance of ani-
mals. K, and V,,, for NADH-cytochrome C reduc-
tase returned to the basal level after 21 training
sessions, which correlated with the decrease in the
resistance of animals to hypoxia. These data show
that INH is followed by rapid changes in kinetic
parameters of mitochondrial complex I+III in the
brain of low resistant rats. These changes are direc-
ted towards optimization (improvement of the ef-
fectiveness) of respiratory chain function under
conditions of increased reduction status of respira-
tory carriers. The dynamics of this process is similar
to variations in the general resistance of animals.

The decrease in K, and V,_, for succinate-
cytochrome C reductase reflected an increase in

enzyme affinity for the substrate (succinate). These
opposite changes were most significant 2 h after
the 1st training session with INH, but became less
pronounced in the follow-up period. Intracellular
succinate concentration decreases in the early
stage of hypoxia, which is associated with high
rate of succinate oxidation. In this stage, the ob-
served changes allow the enzyme to maintain
high activity of the succinate oxidase pathway of
oxidation [2-3]. Variations in kinetic properties of
the substrate regions in the respiratory chain are
directed toward electron supply to the cytochrome
region, maintenance of cytochrome C oxidase ac-
tivity, and preservation of energy synthesis in
mitochondria. Our conclusion was also supported
by the absence of significant changes in kinetic
parameters of cytochrome C oxidase during these
periods (Table 2).

INH contributes to reciprocal changes in acti-
vity of the substrate region in the respiratory chain
of the cerebral cortex in low resistant rats. The in-
crease in parameters for one enzyme complex is
accompanied by a decrease in the corresponding pa-
rameters for another complex. These changes were
observed under conditions of INH/O,, and INH/O,.
Hence, changes in oxygenation during the inter-
hypoxic period had little effect on these relations.

It should be emphasized that K,, for cytochro-
me C oxidase in the brain of low resistant rats sig-
nificantly decreased by the end of INH training,
which reflects an increase in enzyme affinity for
the substrate (Fig. 3, Table 2). Mitochondria lose a
part of cytochrome C during hypoxia. Hence, the
increase in affinity is of considerable physiological
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TABLE 1. K_and V__ for Mitochondrial Enzyme Complexes on Day 1 after Single Training Session with INH (n=5-10;

M+m)
Low resistant Highly resistant
Time from hypoxia to decapitation
control INH/O,, INH/O,, control INH/O,, INH/O,,
K,, for rotenone-sensitive
NADH-cytochrome C reductase
([INADH], pM)
2h 17.7£3.5 30.6£5.2 23.2+3.3 25.2+4.0 22.0+£2.5 21.1£2.2
1 day 17.7£3.5 31.7£3.0 27.5+3.5 25.2+4.0 31.7x2.7 20.7+1.9
K, for succinate-cytochrome C
reductase ([succinate], mM)
2h 1.31+0.06 1.13+0.05 0.89+0.03 1.33+0.03 1.33+0.09 1.45+0.03
1 day 1.31+0.06 1.31+0.05 1.23+0.09 1.33+0.03 1.33+0.05 1.36+0.05
K., for cytochrome C oxidase
([reduced cytochrome C], mM)
2h 45.2+1.8 56.5+£3.4 47.1+2.2 40.4+3.1 44.7+1.8 40.4%£1.2
1 day 45.2+1.8 47.0+£3.9 52.5+2.6 40.4+3.1 42.0+4.2 65.2+4.0
V.. for rotenone-sensitive
NADH-cytochrome C reductase
(UM cytochrome C/mg tissue/min)
2h 5.85+0.45 7.05+0.76 6.81+0.48 6.62+0.52 7.32+0.59 5.88+0.75
1 day 5.85+0.45 7.11£0.57 5.86+0.68 6.62+0.52 8.68+0.59 5.83+0.12
V.. for succinate-cytochrome C
reductase (UM cytochrome C/mg
tissue/min)
2h 8.56+0.36 8.62+0.18 8.49+0.08 9.28+0.19 9.57+0.33 9.10+0.18
1 day 8.56+0.36 8.30+0.14 8.73+0.13 9.28+0.19 9.71+0.26 9.72+0.19
V.. for cytochrome C oxidase
(UM cytochrome C/mg tissue/min)
2h 149.6+4.3 157.1£8.8 150.9+8.5 104.0+16.3 | 124.9+13.4 101.0+7.8
1 day 149.6+4.3 128.8+8.5 134.4+£3.4 104.0+16.3 75.8+5.0 165.3+14.6

significance. The enzyme may function at low con-
centrations of reduced cytochrome C in low resist-
ant animals after adaptation to hypoxia. Cytochro-
me oxidase gain new kinetic properties under these
conditions, which contributes to higher functional
activity of the enzyme during the impairment of
oxygen supply to cells.

Changes in kinetic characteristics of enzymes
are probably related to the formation of isoforms
with new properties. For example, enzyme com-
plex I is a flavin adenine mononucleotide-con-
taining protein that includes several tens of sub-
units. Some of them are translated from the mito-
chondrial genome and others are translated from
the nuclear genome. This multipeptide nature of
the enzyme probably contributes to the appearance
of isoforms with new kinetic characteristics during
prolonged hypoxia. It remains unclear whether 2-h
period can provide expression of new enzyme iso-
forms, or variations in kinetic characteristics are
mediated by other regulatory mechanisms.

K, for rotenone-sensitive NADH-cytochrome C
reductase in the brain of highly resistant (non-adap-
ted) rats did not increase, but even decreased by 40%
4 h after single training session with INH. This para-
meter returned to normal in the follow-up period
(Table 1). Kinetic parameters of succinate-cytochro-
me C reductase remained unchanged under these
conditions. These data are consistent with the results
of our previous experiments. Regulatory differences
in properties of mitochondrial complexes I and II in
the brain of low resistant and highly resistant rats
were revealed during hypoxia and ischemia [1,4-
6,10]. The first response of low resistant animals to
hypoxia is inhibition of complex I and activation of
complex II in the brain. By contrast, activation of
complex I in the brain of highly resistant animals is
not accompanied by changes in complex II activity.
We hypothesized that the succinate oxidase oxidation
pathway serves as a signal mechanism, whose in-
volvement in function of the respiratory chain deter-
mines the course of adaptive processes.
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TABLE 2. K and V__ for Mitochondrial Enzyme Complexes in Low Resistant Rats after Training Course with INH (n=5-
10; M+m)
Number of training sessions Control INH/O,, INH/O,,
K, for rotenone-sensitive NADH-cytochrome C
reductase ([NADH], uM)
1 17.7£3.5 31.7£3.0 27.5+3.5
8 18.6+2.2 26.8+3.4 32.4+6.4
15 18.6+2.2 34.7+6.4 31.7+6.6
21 18.6+£2.2 23.6+2.5 22.6%3.1
K., for succinate-cytochrome C reductase
([succinate], mM)
1 1.31+0.06 1.31+0.05 1.23+0.09
8 0.88+0.04 0.73+0.02 0.74+0.03
15 0.88+0.04 0.73+0.03 0.79+0.07
21 0.88+0.04 0.76+0.04 0.76+0.04
K,, for cytochrome C oxidase ([reduced
cytochrome C], mM)
1 45.2+1.8 47.0£3.9 52.5+2.6
8 51.7£2.7 53.246.0 60.2+£3.7
15 51.7x2.7 53.2+5.4 52.2+1.8
21 51.7+2.7 39.2+2.5 37.7£1.5
V.., for rotenone-sensitive NADH-cytochrome C
reductase (UM cytochrome C/mg tissue/min)
1 5.85+0.45 7.11+0.57 5.86+0.68
8 6.54+0.49 6.64+0.80 8.54+1.29
15 6.54+0.49 10.46+1.97 8.21+1.02
21 6.54+0.49 8.23+0.68 6.95+0.92
V.. for succinate-cytochrome C reductase
(UM cytochrome C/mg tissue/min)
8.56+0.36 8.30+0.14 8.73+0.13
8 2.85+0.19 2.17+0.06 2.14+0.06
15 2.85+0.19 2.51+0.11 2.66+0.15
21 2.85+0.19 2.68+0.09 2.69+0.21
V., for cytochrome C oxidase
(UM cytochrome C/mg tissue/min)
1 149.6+4.3 128.8+8.5 134.4+£3.4
8 144.3+8.0 118.1+16.5 141.7£9.4
15 144.3+8.0 120.8+5.8 134.3+£9.1
21 144.3+£8.0 109.3+4.2 109.4+4.6

Our results indicate that the bioenergetic me-
chanisms for INH are similar to those for other types
of hypoxia. These data provide support to our hypo-
thesis that mitochondrial complexes play a role in the
response to various types of hypoxia. Moreover, they
are closely related to the development of resistance.

This study allowed us to make the following
conclusions.

INH increases general resistance of animals.
These changes are most pronounced in low resistant
animals after 8-15 training sessions. The effect be-

comes less significant with increasing the initial
resistance and is not observed in highly resistant
rats. INH causes a strain of the sympathoadrenal
system in highly resistant rats.

Kinetic parameters for mitochondrial enzymes in
the substrate region of the respiratory chain of the
cerebral cortex underwent various changes in low
resistant and highly resistant rats over the first 2 h
after INH. Low resistant animals were characterized
by higher functional activity of rotenone-sensitive
NADH-cytochrome C reductase and succinate-cyto-



L. D. Lukyanova, A. M. Dudchenko, et al.

1

% of control
200

180
160
140
120 1
100

80

60 T T T T T 1
0 2 24 7 15 21
L hours L days

% of control
200

180
160
140
1207

100

801

80

o0 6 é 2‘4 7‘ 1‘5 él
L hours

Time after training

Fig. 3. Dependence of K for mitochondrial enzymes on the duration of training course with INH/O,; (a) and INH/O,, (b). K  for NADH-
cytochrome C reductase (1), succinate-cytochrome C reductase (2), and cytochrome C oxidase (3).

chrome C reductase under conditions of increased re-
duction status of the cell. These features correlated
with an increase in general resistance of animals.
Significant changes in kinetic properties of mitochon-
drial enzymes and signs for the development of re-
sistance were not found in highly resistant rats.

Reciprocal relations between mitochondrial en-
zyme complexes in the substrate region of the re-
spiratory chain probably play a role of the signal
regulatory mechanism, which mediates tissue-speci-
fic and general resistance of rats under conditions
of INH (similarly to other types of hypoxia).

INH/O,, and INH/O,, have similar effect on the
test parameters.
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