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Effects of adaptation to hypoxia on the contractility of isolated rat hearts and on their
levels of ATP and inorganic phosphate after total ischemia were evaluated. This ad-
aptation failed to render the cardiac energy-supplying system more resistant to postis-
chemic reperfusion and thus did not accelerate the restoration of cardiac contractility
after ischemia. The results of adaptation to hypoxia were then compared with those
of adaptation to stress, which had been shown to bring about a marked increase in
cardiac resistance to postischemic reperfusion. It is concluded that the profound dif-
ferences noted between the cardioprotective effects of these two forms of adaptation
are due to a much greater accumulation of stabilizing proteins from the HSP70 fam-
ily during adaptation to stress.
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Adaptation to stress and adaptation to hypoxia are
outstanding examples of the organism’s long-term
adaptation to the environment, producing a wide
range of protective effects. As far as the heart is
concerned, adaptation to stress increases its resis-
tance to arrhythmias caused by ischemia and reper-
fusion [7] and mitigates the disturbances of its elec-
trical stability and contractile function occurring in
myocardial infarction [4] and postinfarction cardio-
sclerosis [3]. The cardioprotective effects of such
adaptation have been shown to be due to the acti-
vation of stress-limiting systems at the central level
[7] and to the phenomenon of adaptive stabilization
of structures (ASS) at the cardiac level [6]. The
ASS phenomenon, which is a cellular component of
adaptation, renders the major cellular structures
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such as the sarcolemma, sarcoplasmic reticulum,
mitochondria, and nuclei more resistant to injurious
factors. A key role in the development of this phe-
nomenon is played by heat shock proteins from the
HSP70 family [6]. In cells of adapted animals,
these proteins stabilize cellular structures by break-
ing down the aggregates composed of damaged pro-
teins [10]. Two striking manifestations of the ASS
phenomenon are the much faster return to normal
of the ATP concentration and the less marked de-
pression of contractility observed during postis-
chemic reperfusion of hearts isolated from stress-
adapted animals [5].

Adaptation to hypoxia, too, activates the cen-
tral stress-limiting systems [7] and can produce
cardioprotective effects in vivo similar to those
seen with adaptation to stress; thus, it increases
the resistance of the heart to the damaging actions
of ischemia and reperfusion [1,9]. The question
arises as to whether adaptation to hypoxia can
also exert protective effects at the level of the iso-
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lated heart, or, in other words, whether this form
of adaptation can give rise to the ASS phenom-
enon elicited by adaptation to stress.

Accordingly, the two objectives of the present
study were, first, to evaluate the influence of adap-
tation to hypoxia on the contractility of an isolated
heart and on its levels of ATP and inorganic phos-
phate (P) during total ischemia and subsequent
reperfusion; and, second, to compare the results
with those we obtained previously under similar
conditions for hearts isolated from animals adapted
to stress.

MATERIALS AND METHODS

Male Wistar rats weighing 350-400 g were used.
They were adapted to intermittent hypoxia in a
hypobaric chamber at an “altitude” of 4000 m 4 h
daily for a total of 30 days. Unadapted rats served
as controls. The isolated hearts of all rats were per-
fused, using the Langendorff method, with Krebs-
Henseleit’s solution at a constant flow rate (11-12
ml/min) and a constant pressure (90 mm Hg); the
solution was aerated with a mixture of 95% O, and
5% CO,. The hearts were contracting spontaneously,
and their contractile activity was evaluated by means
of a latex balloon placed in the left ventricle and
connected via a sensor to a Gould-2 2400S auto-
matic recorder; left ventricular pressure, contraction
rate, relaxation rate, and end-diastolic pressure were
calculated. Cardiac tissue levels of ATP and P, were
measured by nuclear magnetic resonance (NMR)
[2]. *'P-NMR spectra were recorded with a CXP-
200 NMR spectrometer (Bruker) after its magnet
had been placed in the heart, and ATP and P, con-
centrations were then estimated from the areas of
the peaks in these spectra.

Postischemic reperfusion was simulated by re-
storing the solution flow through the heart after 20
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min of total ischemia (complete absence of flow).
The significance of intergroup differences was es-
timated by Student’s test.

RESULTS

Variations in the parameters of cardiac contractility
(developed pressure, end-diastolic pressure, and
contraction and relaxation rates) during the ische-
mia and 30-minute reperfusion are shown in Fig. 1.
It can be seen that the two groups did not differ
in any of these parameters either initially or during
the 20-minute period of ischemia; by the end of
this period, the developed pressure and contraction
and relaxation rates had fallen to zero, while the
end-diastolic pressure had risen as a result of car-
diac muscle contracture to approximately the same
level (=50 mm Hg) in both groups.

The two groups also showed similar variations
in the parameters of cardiac contractility during the
30-minute reperfusion period. Although the devel-
oped pressure, contraction rate, and relaxation rate
had risen by the end of this period to 42-44% of
their initial levels in the control group and to 60-
62% in the hypoxia-adapted group, these differences
were insignificant; the intergroup difference in end-
diastolic pressure by minute 30 of reperfusion was
also insignificant (55 and 48 mm Hg in the con-
trol and adapted groups, respectively, vs. the initial
11 mm Hg in both groups). :

Nor did the two groups differ significantly in
ATP or P, levels before or during the periods of
ischemia and reperfusion (Table 1). Thus, we see
that ATP levels in the cardiac myocytes of both
groups were similar before ischemia (18-20 pmol/g
dry tissue weight), dropped approximately threefold
during ischemia, and then rose to about 8-9 umol/
g dry tissue weight over the 30-minute reperfusion
period. Accumulation of P, in the myocardium dur-

TABLE 1. Effects of Adaptation to Intermittent Hypoxia on ATP and P, Levels (umol/g Dry Weight) in Isolated Rat Hearts during

Ischemia and Reperfusion

ATP P,
Time
control hearts (n=8) adapted hearts (n=9) | control hearts (n=8) adapted hearts (n=9)

Before ischemia 21.3x3.7 17.6¢1.7 13.3x1.4 11.5%£1.7
Ischemia, minutes:

5 18.7+3.6 13.2£1.3 21.944.9 19.7£2.2

10 14.242.3 11.121.4 43.613.0 41.612.9

15 9.742.6 4.8%0.8 5§5.442.7 57.2+3.5

20 6.3x1.7 5.2+0.7 72.645.6 65.3+5.5
Reperfusion, minutes:

5 9.3+2.1 7.5+0.7 20.2+2.4 18.3£3.4

10 7.7¢1.4 7.410.9 25.4+2.3 19.7+2.4

20 9.2+1.7 8.0x0.9 18.5+1.9 17.610.9

30 8.2+1.7 9.1£1.3 14.220.9 11.3%1.1
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Fig. 1.

Effects of adaptation to intermittent hypoxia on developed pressure, end —~ diastolic pressure, contraction rate, and relaxation

rate in isolated rat hearts. Abscissa: time, min. Ordinate: a) developed pressure, mm Hg; b) end —diastolic pressure, mm Hg; ¢}
contraction rate, mm Hg/sec; d) relaxation rate, mm Hg/sec. 1) control hearts (n=8); 2) adapted hearts (n=9).

ing ischemia points to intensified breakdown of
adenine nucleotides. In our study, the 20-minute
ischemia resulted in an approximately fivefold rise
of P, in the cardiac myocytes of the control and
adapted groups, indicating that the pool of adenine
nucleotides was considerably depleted in the absence
of oxygen. When reperfusion was started, P, drop-
ped precipitously during the first 5 min and reached
its initial level by minute 30 in both groups.

The adaptation to intermittent hypoxia thus
failed to render the energy-supplying system of the
myocytes of an isolated heart more resistant to
ischemia and, consequently, did not speed up the
restoration of cardiac contractile function during
postischemic reperfusion.

To better understand the reasons for the fail-
ure of such adaptation to protect the isolated heart,
it is useful to compare the present results with those
obtained in our previous study with isolated hearts,

where adaptation to stress afforded good protection
against reperfusion-induced damage [5]. It is impor-
tant to note that the protective effect of adaptation
to stress was achieved in hearts containing higher
ATP levels than the control (unadapted) hearts.
Hence a plausible explanation for the failure of
adaptation to hypoxia to protect the heart is that
this form of adaptation, unlike adaptation to stress,
does not lead to the formation of a mechanism by
which the energy-supplying system is protected
against the injurious factors acting during ischemia
and reperfusion. In evaluating this adaptive mecha-
nism, one should bear in mind the key role of in-
tracellular calcium excess in the depletion of ATP
stores in the course of ischemia and reperfusion.
The ATP level may by lowered by at least three
mechanisms that are activated by Ca?* excess. These
are: 1) excessive activation of Ca**-dependent AT-
Pases; 2) activation of proteases whose targets may
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then become the mitochondrial enzymes of oxida-
tive phosphorylation; and 3) abnormal functioning
of mitochondria as a result of Ca?* absorption by
these organelles [8]. In view of this, it should be
appreciated that adaptation to stress, unlike adap-
tation to hypoxia, almost completely prevents the
exit of Ca®* to the myocardial homogenate from the
sarcoplasmic reticulum and mitochondria in the
process of its prolonged storage [7], effectively pre-
cludes falls in the rates of oxygen consumption by
and phosphorylation in mitochondria during autoly-
sis [6], and enables the Ca®*-transporting systems of
the sarcoplasmic reticulum to function more reliably
in the face of injurious agents [7]. This implies that
the adaptation to stress leads, on the one hand, to
increased stability of membrane structures and of
mitochondria where ATP is synthesized, and, on the
other hand, to a greater reliability of the Ca?*-trans-
porting systems of the sarcoplasmic reticulum,
which provides the main mechanism limiting the
intraceilular calcium overload. Clearly, these adap-
tive shifts can both play an important role in the
accelerated replenishment of ATP stores and resto-
ration of contractile function during reperfusion.
The effects just mentioned are not produced by
adaptation to hypoxia, which by itself accounts for
the failure of such adaptation to ensure accelerated
restoration of ATP levels and contractile activity
during reperfusion. Of considerable interest in this
context is the question of why this form of adapta-
tion is not accompanied by the increase in the sta-
bility of cellular structures that occurs during adap-
tation to stress. One possible answer lies in the ASS
phenomenon and the important role played by the
protective effects of HSP70 in its mechanisms. As
shown previously, five isoforms of these proteins
accumulate in large quantities in the myocardium
during adaptation to stress, whereas only two
isoforms accumulate there, and in small amounts,
during adaptation to hypoxia [6]. The adaptation to
stress presumably results in accelerated restoration of
ATP stores during postischemic reperfusion because
the membranes and calcium pump of the sarcoplas-
mic reticulum as well as the mitochondrial mem-
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branes and oxidative phosphorylation enzymes in-
volved in ATP synthesis (ATP translocase and cre-
atine kinase) are rendered, as a result of HSP70 ac-
cumulation, more resistant to the reperfusion shock.
In contrast, in the course of adaptation to hypoxia
these proteins accumulate in very minor amounts
and thus cannot afford protection to the energy-
supplying system and contractile function. In this
form of adaptation, therefore, the ASS phenomenon
is virtually absent and the cardioprotective effects
observed at the organismic level are attributable to
activation of the central stress-limiting systems, en-
largement of the coronary vascular bed, and in-
creased delivery of oxygen and oxidation substrates
[7]. Obviously, none of these mechanisms can op-
erate in a totally ischemic isolated heart, as was
used in the present study.

It may be concluded that, due to the profound
differences between the cardioprotective mechanisms
exerted by the two forms of adaptation considered
here, the combined use of these forms may prove an
extremely effective means of protecting the heart.
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