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Activity of mitochondrial ATP-dependent potassium channel in rats with high genetically
determined resistance to hypoxia was higher than in sensitive animals. Adaptation of low re-
sistant rats to hypoxia was accompanied by activation of the channel, facilitation of potassium
recycling in mitochondria, and a decrease in the rate of H O, formation. Our results indicate
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that mitochondrial ATP-dependent potassium channel plays an important role in the delayed
mechanisms of animal’s adaptation to hypoxia.
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Recent studies showed that ATP-dependent potassium
channels of the cytoplasmic and mitochondrial mem-
brane play a key role in the protection of the heart and
brain from ischemic injury [3]. The antiarrhythmic ef-
fect is mainly associated with function of the cytoplas-
mic ATP-dependent potassium channel. Mitochondrial
ATP-dependent potassium channel (mitoK, ) plays
a greater role in the maintenance of mitochondrial
structure [10,14], while K* influx into mitochondria is
primarily provided by activity of mitoK _ [6]. It is be-
lieved that K™ ions enter the matrix upon activation of
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this channel. This process is followed by swelling of
mitochondria and increase in the static volume, which
depends on channel function. Opening of the chan-
nel and mitochondrial swelling are probably followed
by activation of another component of the potassium
cycle (K*/H" antiporter) specialized for K* release,
which contributes to the maintenance of intracellular
potassium homeostasis, stability, and regulation of mi-
tochondrial matrix volume [6].

MitoK ,, plays an important role in a variety of
general physiological processes. The channel is in-
volved in the regulation of oxidative stress and apop-
tosis, adaptation of animals to extreme conditions,
nonshivering thermogenesis, and cardioprotection
[3]. Activation of the channel improves heart resis-
tance to hypoxia during the first and second phase
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of preconditioning [8]. During adaption to hypoxia,
mitoK , is more rapidly involved in the realization
of immediate defense mechanisms and development
of body tolerance (compared to the cytoplasmic chan-
nel) [8]. Opening of this channel is required for the
cardioprotective effect of long-term intermittent hy-
poxia [4]. This process plays a role in the prevention
of calcium overload during ischemia—reperfusion,
which probably underlies the mechanism of cardio-
protection [15].

Published data indicate that mitoK, . plays a role
in the protection of the myocardium and other tissues
from ischemic injury. However, the mechanism for
the involvement of this channel in the development of
hypoxia tolerance remains unknown. The role of mito-
K, in the formation of hypoxic resistance in animals
with different individual hypoxia tolerance is poorly
understood. There are contradictory results on the role
of mitoK, . in the early and delayed mechanisms of
adaptation [2,12].

Here we compared functional activity of mito-
K,., in tissue of animals that differ in genetically de-

ATP
termined hypoxia tolerance. The role of mitoK, , in
adaptive mechanisms of the organism was evaluated.
The course of intermittent normobaric hypoxia (INH)

served as the model of long-term adaptation.

MATERIALS AND METHODS

Experiments were performed on male inbred albino
rats (n=35) weighing 180-200 g. The animals differed
in hypoxia tolerance. The study was conducted on
hypoxia-resistant and hypoxia-sensitive rats (as de-
scribed previously [2]). Sensitive rats were exposed
to the course of INH. Daily training course of INH
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consisted of intermittent passive breathing with a hy-
poxic gas mixture (10% O,, 5 min, constant pressure)
and atmospheric air (20% O,, 3 min). This procedure
was repeated 6-7 times over 1 h. The training cycle
was performed daily (5 times a week) for 4 weeks
(long-term adaptation to INH under conditions of
preconditioning). Activity of mitoK, 5 and forma-

ATP
tion of H O, were studied in mitochondria from the

heart andzliéer. Control animals were not exposed to
hypoxic training.

Mitochondria were isolated from the liver and
heart of rats by the standard method of differential
centrifugation. The final protein content in mitochon-
drial suspension from the liver and heart was 80-100
and 35-50 mg/ml, respectively.

The ATP-inhibited potassium transport in mito-
chondria was evaluated by the energy-dependent swel-
ling of mitochondria in a hypotonic medium (50 mM
HCI) [7] and K" efflux from mitochondria induced by
an uncoupling agent dinitrophenol (DNP) in the pre-
sence of respiratory substrates. We used a K*-selective
electrode [1]. The rate of mitochondrial swelling was
estimated from changes in absorption at 520 nm per
1 mg mitochondrial protein over 1 min.

H,O, formation in mitochondria was studied in a
peroxidase-containing system [5] using Amplex Red
(staining agent, Molecular Probes). The amount of
newly formed H,O, was evaluated from the calibration
curve with a standard solution of hydrogen peroxide.
An aliquot of H,O, (5 ul, 1-2 nmol hydrogen peroxide)
was added to the incubation medium. The concentra-
tion of a standard solution of H,O, was estimated from
extinction E,, =43.6 cm™".

The amount of K* in mitochondria was evaluated

with a selective potassium electrode after addition of
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Fig. 1. Energy-dependent mitochondrial swelling in the heart and liver of rats with different resistance to hypoxia. Respiratory substrates:
(a) glutamate (4 mM) and malate (1 mM); (b) succinate (5 mM) in the presence of rotenone (1 uM). The measurements are performed for
2-3 min. Here and in Fig. 2: light bars, hypoxia-sensitive rats; dark bars, hypoxia-resistant rats; shaded bars, sensitive rats after adapta-

tion to hypoxia under conditions of INH.
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detergent (0.05% Triton X-100) to the incubation me-
dium [1].

RESULTS

The rate of potassium transport in mitochondria and
functional activity of mitoK ,_ were shown to differ in
resistant and sensitive rats. The rate of ATP-dependent
swelling of myocardial mitochondria during oxidation
of NADH-dependent substrates in resistant rats was
1.5-fold higher than in sensitive animals; in the liver
these values differed by 75% (Fig. 1). However, the
described differences were less pronounced in experi-
ments when succinate was used as the substrate (with
rotenone).

Similar results were obtained on the model of
DNP-induced K* efflux from mitochondria. This pro-
cess depends on functional activity of mitoK,  and is
inhibited by ATP. The rate of DNP-induced K* efflux
from mitochondria of the myocardium and liver in
resistant rats was 1.5-fold higher than in heart mito-
chondria from sensitive animals (Fig. 2).

Similarly to ATP-dependent mitochondrial swell-
ing, differences in the rate of potassium transport in
intact mitochondria from resistant and sensitive rats
during oxidation of NAD-dependent substrates were
more pronounced than during succinate oxidation
(Table 1). The data indicate that function of mitoK, .
under these conditions is related to activity of mito-
chondrial complex I, but not of complex II.

Potassium concentration in intact mitochondria
from resistant rats was much lower than that in sensi-
tive animals (Table 2). Stimulation of K* influx into
mitochondria is accompanied by an increase in the rate
of K* efflux, which probably results from activation of
electroneutral K*/H* exchange [6].

This hypothesis is confirmed by the results of our
experiment. Long-term study of mitochondrial swell-
ing demonstrated the influx and efflux of K* (Fig. 3).
Two phases of mitochondrial swelling and contraction
were observed over 30 min. These data illustrate syn-
chronization of K™ influx and efflux in some mitochon-
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Fig. 2. Rate of DNP-induced K+ efflux from mitochondria of the
heart and liver in rats with different resistance to hypoxia. Respira-
tory substrate: glutamate (4 mM) and malate (1 mM). *p<0.05 and
**p<0.01 compared to sensitive animals.

dria. The effect was more pronounced in a hypotonic
medium with 50 mM potassium. The rate of swelling
was higher in isotonic medium (K* concentration 100-
120 mM, data not shown). Variations in K* influx and
efflux were less significant under these conditions.
Our results are consistent with published data. The
valinomycin-induced energy-dependent K* influx into
mitochondria is accompanied by a rapid activation of
electroneutral ion exchange for the proton [13]. Potas-
sium recycling was suppressed by ATP-Mg*", which
probably results from inhibition of K* influx (Fig. 3).

ATP inhibition constant (K, ) in myocardial and
liver mitochondria was calculated in animals with dif-
ferent resistance to hypoxia. This index in resistant
rats was 2-fold lower than in sensitive specimens. K,
was estimated in mitochondria of the heart and liver
from resistant (6.3 and 43.1, respectively) and sensi-
tive animals (14.7 and 79.8, respectively).

MitoK,  regulates H O, formation in mitochon-
dria. Addition of ATP to mitochondria is followed by
inhibition of this channel and increase in the rate of
H,0O, formation, which is partially abolished by chan-
nel activator [5]. We showed that the rate of ATP-de-

TABLE 1. H,0, Generation in Mitochondria of the Heart and Liver from Rats with Different Resistance to Hypoxia

Rate of H,0, generation, pmol/mg protein/min

Hypoxia tolerance heart liver
-ATP +ATP -ATP +ATP
Resistant 1419 381£18 129+11 266*15
Sensitive 159+11 23716 89+13 17513
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Fig. 3. Variations in the influx and efflux of K* in rat liver mitochon-
dria under conditions of energy-dependent swelling in the presence
of succinate (5 mM) and rotenone (1 uM) in the incubation medium
with 50 mM KCI. The measurements are performed for 45 min.

pendent H,O, generation in myocardial mitochondria
from resistant animals increases by 3 times after ad-
dition of ATP in the presence of NAD-dependent sub-
strates. This parameter was elevated only by 1.5 times
in myocardial mitochondria from sensitive animals
(Table 1). H,O, generation in liver mitochondria also
increased after adding ATP. However, no significant
differences were found between resistant and sensitive
rats. An ATP-induced increase in the rate of H,O, ge-
neration in mitochondria from the heart and liver was
observed in experiments with endogenous substrates
(Table 3). However, the rate of this process sharply in-
creased in the presence of NAD-dependent substrates.
The rate of H O, generation in heart mitochondria
from resistant animals was higher that that in sensitive
specimens. Hence, this function of mitoK, , is well
regulated in mitochondria of resistant rats.
Tissue-specific differences were found in activity
of mitoK, .. The rate of mitochondrial swelling in the
myocardium was 1.5-fold greater than in the liver.
The observed differences are probably associated with
higher activity of mitoK, , in cardiomyocytes [3] and
specific features of energy synthesis in these tissues.
The data are consistent with our finding that the rate
of DNP-induced K* efflux in myocardial mitochondria
is 1.5 times higher than in the liver (Fig. 2). K, for

TABLE 2. Potassium Concentration in Mitochondria of
the Heart and Liver from Rats with Different Resistance to
Hypoxia after Adaptation to Hypoxia

K* concentration, umol/mg protein
Hypoxia
tolerance
liver heart
Resistant 88+6 112+5
Sensitive 60+4 81+6
Sensitive adapted 58.0+£3.5 70£3

ATP inhibition in heart mitochondria was much lower
than in the liver.

The rate of ATP-dependent H,O, generation in
heart mitochondria was much higher than in liver mi-
tochondria (Table 1). An increase in the rate of H,O,
generation in mitochondria of the myocardium and liv-
er after addition of ATP was observed in the absence of
exogenous oxidation substrates and in the presence of
NAD-dependent substrates (Table 3). H,O, generation
in mitochondria of the myocardium and liver increased
sharply after addition of ATP and NAD-dependent
substrates (but not of succinate), which indicates that
this process depends on MPK I activity.

The existence of tissue-specific differences reflects
higher intensity of K™ transport in heart mitochondria
compared to liver mitochondria. These data suggest
that mitoK, , performs various functions in the stu-
dies types of tissues. mitoK,  plays an important role
in contractile function of the heart, especially during
hypoxia. It can be hypothesized that a greater rate of
K transport in the heart (compared to that in the liver)
is related to a higher density of these channels.

Long-term adaptation of animals to various types
of hypoxia contributes to the increase in their tole-
rance. The observed changes are particularly pro-
nounced in sensitive specimens [2]. Our results are
consistent with these data. The resistance of sensitive
rats to hypoxia was shown to increase by 2-2.5 times
after the course of INH. Hypoxia tolerance of resistant
animals was reduced over the first week of training,
but increased slightly in the follow-up period. Taking
these data into account, a further study of potassium
channels was conducted only on sensitive rats.

Adaptation of animals to INH for 3 weeks was
accompanied by a significant increase in the rate of
mitochondrial ATP-dependent K* transport in sensi-
tive rats, which did not differ from that in resistant
specimens (Figs. 1 and 2). Adaptation had a strong
effect on the rate of mitochondrial K* transport in the
liver and heart.

Our findings indicate that adaptation of animals
to hypoxia is followed by mitochondrial contraction,
but not by mitochondrial swelling. This conclusion is
derived from a 30% decrease in K* concentration in
mitochondria of the myocardium and liver from sen-
sitive animals after adaptation to hypoxia. These data
show that adaptation to hypoxia activates not only the
influx, but also the efflux of K from mitochondria
(realized by the K*/H" exchange system). Our results
confirm the fact that activation of K* influx during
adaptation to hypoxia is compensated by increased
rate of K* efflux [5,6].

Therefore, mitoK, , plays a role in the delayed
mechanisms of adaptation under conditions of long-
term hypoxia. Potassium recycling in mitochondria
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TABLE 3. H,0, Generation in Heart Mitochondria from Rats with Different Resistance to Hypoxia in the Presence or Absence

of Respiratory Substrates

Rate of H,0, generation, pmol/mg protein/min

Hypoxia tolerance without substrate

glutamate+malate

-ATP +ATP -ATP +ATP
Resistant 43+2 145+7 141+6 381+18
Sensitive 65.0+1.5 178+10 159+11 237+16

is activated under these conditions. On the one hand,
the resultant mild uncoupling maintains mitochon-
drial volume at a certain level. On the other hand, this
process is accompanied by a decrease in the rate of
reactive oxygen species generation [9]. The reduced
accumulation of reactive oxygen species during acti-
vation of the potassium cycle probably underlies the
mechanism for body adaptation to hypoxia and car-
dioprotective effect of channel-activating agents. The
influence of mitoK, , on reactive oxygen species gen-
eration in mitochondria determines the physiological
importance of this channel not only during ischemia,
but also under other pathological conditions. The in-
hibition of reactive oxygen species accumulation in
mitochondria upon activation of the potassium and
calcium cycle holds much promise for the prevention
and therapy of hypoxia consequences. This approach
will be more efficient than the removal of peroxide
radicals with antioxidants, which is extensively used
in medical practice. It should be emphasized that long-
term hypoxic preconditioning is accompanied not only
by activation of mitoK ., but also by the increased
expression of this channel [11].

We conclude that mitoK,  plays an important ro-
le in adaptation of animals to hypoxia. Adaptation to
hypoxia is accompanied by activation of mitoK ., fa-
cilitation of potassium recycling in mitochondria, and
decrease in the rate of H,O, formation. These changes
accompany the general economy of energy production.
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