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Abstract Based on the observation that heat acclimation
is a slowly developing response, evoked by continuous
exposure to moderate heat, we investigated the time-
dependent acclimatory changes of heart glycogen metabo-
lism. Cardiac levels of key carbohydrate-related enzymes
and substrates were studied in the function of the duration of
short-term (STHA; 6, 12, 24 and 48 h) and long-term heat
acclimation (LTHA; 7, 14, 21 and 30 days) to high envi-
ronmental temperature (35 &+ 1°C). The changes in heart
glycogen metabolism during STHA could be separated in
two phases: up to 12 h exposure, where significant decrease
of the heart glycogen (Glk), glucose-6-phosphate (G6P),
hexokinase (HK) activity as well as increase of heart glu-
cose was observed; and from 24 to 48 h exposure, mani-
fested with elevation of Glk, Glu, glycogen phosphorylase
a (GPa), phosphofructokinase (PFK) and HK activities. The
metabolic changes in the period of LTHA could also be seen
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as separate phases: in a period of 7-14 days of heat expo-
sure there was an increase of heart Glk, Glu, G6P, HK, as
well as a decrease of GPa and PFK, while in the period of
21-28 days there was more intensive rebound of Glk and
G6P, increase of GPa activity and non-significant changes
of Glu, HK and PFK. The results obtained have showed that
acclimation to moderate hyperthermic environment has
caused significant changes in examined parameters which
differ depending on duration to the exposure: intensive
stress-induced glycogenolytic and glycolytic processes in
the period of STHA and intensive energy sparing, mani-
fested by Glk deposition in the period of LTHA.

Keywords Heat acclimation - Enzymes - Substrates -
Carbohydrate metabolism - Heart - Rats

Introduction

Acclimation of the homeothermic organisms to heat
(35 £ 1°C), briefly described as a “within lifetime phe-
notypic response” to environmental stress, is the process of
enhancement of heat tolerance of the organism to the upper
extreme of tolerable temperature and the duration of
endurance in a hot environment [1, 2].

In order to obtain the enhanced energy-efficient
acclimatory homeostasis, homeothermic animals mani-
fest physiological and biochemical adaptations to the new
environmental conditions, at the cellular, tissue, organ and
systemic levels. Since oxygen consumption in heat-accli-
mated organisms is lower, metabolic adjustments designed
to enhance energy reserves take place in order to guarantee
long-term performance to fight the lowered oxygen supply
[3]. In this sense, there is an enhancement of the metabolic
machinery to elevate the energy potential of heat-acclimated

@ Springer



396

J Physiol Sci (2011) 61:395-402

organism which is accompanied by a decrease of the rate of
the whole body metabolism [4, 5]. Metabolic changes which
are most evident during heat acclimation are: energy spar-
ing, which is manifested as a rebound of liver glycogen
(GIK) in rats [6-8] and hamsters [9] (as a result of increased
activity of enzymes involved in a direct Glk synthesis), and
decreased glucose (Glu) production [6-8]. As is the case
with the liver, heat acclimation produces favorable adapta-
tions in mechanical and metabolic aspects of the heart per-
formance, such as: twofold greater heart Glk level, increased
p-adrenergic sensibility, lowered heart rate and greater
stroke volume. All these lead to increased cardiac work
efficiency during long-term heat exposure [3].

It is important to stress that all these adaptations in the
liver and the heart are evident when acclimation homeo-
stasis has already been obtained (after days or weeks at
continuous exposure to elevated ambient temperature of
35 4+ 1°C). However, there are dynamic metabolic chan-
ges during the whole period of achieving the acclimation
homeostasis. Namely, acclimation is a slowly developing
response evoked by a continuous exposure to moderate
heat and has characteristics of a biphasic process. It
consists of an early transient, “inefficient” acclimation
phase [short-term heat acclimation (STHA), up to the 2nd
day of heat exposure] to an “efficient” state after accli-
mation homeostasis has been reached [long-term heat
acclimation (LTHA), after the 2nd day of heat exposure]
[2, 3]. The time-dependent changes of the hepatic car-
bohydrate metabolism have already been described [7],
but little is known about time-dependent acclimatory
changes of heart Glk metabolism in the direction of the
elevation of the energy potential of the heat-acclimated
organism.

Having considered the above, we estimated the effect of
STHA (6, 12, 24 and 48 h) and LTHA (7, 14, 21 and
28 days) at 35 £ 1°C through the heart glycolytic/glyco-
genolytic potential. In this sense, we have paid special
attention to the dynamics of hexokinase (HK) and phos-
phofructokinase (PFK), as well as to the glycogen phos-
phorylase a (GPa) activity, together with the changes in
peripheral substrates Glk, Glu and intermediate substrate
glucose-6-phosphate (G6P).

Materials and methods

The experimental study was performed on adult
(3—4 months old), male Wistar rats (n = 70), with an esti-
mated weight of 250-300 g, at 12-h (06-18 h) light
regime.

The animals were divided into nine groups, comprising a
control group (C), which was maintained at an ambient
temperature of 20 £ 2°C, and eight heat acclimated groups.
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Heat acclimation was attained by continuous exposure to
35 &+ 1°C for 6, 12, 24 and 48 h (STHA) and 7, 14, 21 and
28 days (LTHA), according to the heat acclimated model
described in [1, 6-8, 10, 11]. Heat acclimation was attenu-
ated in an air-flowed light-cycled (12:12-h light:dark cycle)
heat chamber (4.20 m x 2.0 m x 3.0 m) by continuous
exposure to regulated air temperature of 35 + 1°C and rel-
ative humidity of 30—40%. The animals were housed 3 per
cage and they received laboratory chow and water ad libitum.

All experimental animals were anesthetized with a
Na-thiopental narcosis (45 mg/kg) and sacrificed using a
standard laparotomic procedure. Immediately after the
opening of the abdominal cavity, the isolated heart was
washed with cold saline solution and immersed in liquid
nitrogen. The tissues were kept at —80°C until analysis and
were finally prepared into tissue powder (at liquid Nj-
temperature). The tissue powder was homogenized with an
ultrasonic homogenizator (Cole-Parmer Instrument 4710)
in a period of 10-15s. The whole procedure was per-
formed at a temperature of 0—4°C (in ice).

Heart Glk, Glu and G6P concentration (assayed
according to Keppler and Decker [12]) were determined in
perchlorate homogenates and neutralized with 5 M K,CO;.
We measured the production of NADPH at 340 nm in a
reaction catalyzed by glucose-6-phosphate dehydrogenase.
The activity of the GPa [13] was determined in a nuclear
fraction, indirectly through the quantity of the produced
inorganic phosphate [14]. We used the/a mitochondrial
fraction for determination of HK [15] and PFK [16], by
measuring the production of NADH at 340 nm. For the
interpretation of the activity as a specific enzyme activity
(nmol Py/min/mg prot. for the GFa and U/mg prot. for the
HK and PFK), the total quantity of the proteins was
determined [17].

Statistics

Results are presented as means £+ SD. To examine the
statistical differences between each group, we used one-
way ANOVA with Neuman—Keuls post hoc test. Correla-
tion analyses for each parameter, depending on duration of
acclimation, as well as between the parameters, were also
assessed. Only significant coefficients of correlation are
presented in the figures. In all tests, a probability level of
p < 0.05 was used as a significant difference.

Results

Glycogen content and glucose concentration

The time-dependent changes of heart Glk content and Glu
concentration are presented in Fig. 1, followed by the
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Fig. 1 Glycogen content and Glk (mg/g) Glu (umol/g)

glucose concentration in rats 0,6 2.4

during STHA (6, 12, 24 and T

48 h) and LTHA (7, 14, 21 ad 29

28 days) heat acclimation at 0.5 ’

35 £ 1°C. *p < 0.05 in Glycogen 2.0

comparison with control 0,4

(C) animals. Coefficient of 18

correlation (r) in a function of 03

duration of heat exposure Glucose 1,6

(rgix = 0.859, rgi, = —0.614)

and between Glk/Glu during the 0.2 1.4

whole experimental period -

(reiv = —0.627) 0,1 1,2

0,0 + T T T 1,0

C6122448 7 14 21 28
STHA (hours) LTHA (days) Acclimation at 35+1°C

Table 1 Statistical and percentage analysis of differences between experimental groups with respect to glycogen content and glucose

concentration

Glycogen content (mg/g)

Glucose concentration (umol/g)

Group Means = SD % Group Means = SD % Group Means = SD % Group Means = SD %

C 0.23 £ 0.03 C 1.40 & 0.10

6h 0.10 £ 0.03* 5586 7d 0.39 & 0.04* 71.54  6h 218 £ 0.10% 5571 7d 1.76 & 0.14*  25.94
12h 0.14 &£ 0.03* —39.85 14d 0.41 &+ 0.02* 81.56  12h 1.72 &£ 0.12%  23.18 14d 1.67 £ 0.11* 19.42
24h 0.29 £ 0.04* 30.08 21d 0.51 &£ 0.02*  126.86 24h 1.86 & 0.14* 3296 21d 1.45 + 0.19 3.35
48h 0.34 £+ 0.03* 49.02  28d 0.51 &£ 0.06% 125.61 48h 1.80 & 0.05* 28.66 28d 1.38 &+ 0.09 —1.49

% ratio between control (C) group and heat-exposed (6, 12, 24 and 48 h, and 7, 14, 21, and 28 days) groups of animals

* p < 0.05 in comparison with control (C) animals

detailed statistical and percentage calculations (Table 1).
Heart Glk content showed biphasic changes for the period
of STHA: statistical significant reduction of heart Glk
content in the first 12 h and significant increase up to the
48th hour. Concerning Glu concentration, there was sig-
nificant increment during the whole period of STHA. It is
important to stress that the lowest Glk content (C:6h,
—55%, p < 0.05) was accompanied by the highest Glu
concentration (C:6h, +55%, p < 0.05).

During the whole period of LTHA, there was continuous
elevation of Glk, which finally resulted in 1.2-fold rebound
of the heart Glk stores (C:28d, p < 0.05). Up to 2 weeks of
heat exposure, heart Glu level attempted to maintain a
relatively stable higher concentration (C:7d, C:21d,
p < 0.05), followed by its normalization till the end of
experimental period (C:21d, C:28d, n.s.).

Analyzing the overall changes in a function of duration
of heat exposure, we found a relatively strong positive
dependence of heart Glk content (rg = 0.859, p < 0.05)
and negative dependence for the Glu concentration
(rgu = —0.614, p < 0.05). Also, a negative correlation

between these two parameters could be seen during the
whole experimental period (g = —0.627, p < 0.05).

Glucose-6-phosphate concentration and hexokinase
activity

Figure 2 and Table 2 present the dynamics of the changes
of G6P concentration and HK activity during STHA and
LTHA. During the period of STHA, the changes in the
concentration of G6P can be presented as two different
phases: significant decrease (C:6 h, and C:12 h, p < 0.05)
and tendency of normalization to the control values
(C:24 h and C:48 h, n.s.). Starting from the 7th day of heat
exposure, up to the end of the experimental period (28th
day), there was a continuous elevation of heart G6P con-
centration (from 19 to 62%, p < 0.05).

Concerning HK activity, there was intensive and sig-
nificant decrease during the first 6 h (C:6 h, p < 0.05) and
normalization in the 12th hour of exposure. Starting from
the 24th hour of heat exposure, the HK activity was sig-
nificantly increased (up to 50%, p < 0.05), except in the
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Fig. 2 Glucose-6-phosphate GO6P (umol/g) HK (U/mg prot)
concentration and hexokinase 0,9 3,0
activity in rats during STHA
(6, 12, 24 and 48 h) and LTHA 08 o 28
(7, 14, 21 and 28 days) heat 0.7 2,6
acclimation at 35 £+ 1°C. 154
*p < 0.05 in comparison with 0,6 +7
control (C) animals. Coefficient 05 2,2
of correlation (7) in a function of ’ 2,0
duration of heat exposure 04 18
(rgep = 0.892), between G6P/ 03 ’
HK (rGép/HK = 0814) and GIlk/ ” 1,6
G6P (rle/GGP = O982)dur1ng 0,2 1.4
the whole experimental period

0,1 12

s TrT T T T T 1,0
C6122448 7 14 21 28

STHA (hours) LTHA (days) Acclimation at 35+1°C

Table 2 Statistical and percentage analysis of differences between experimental groups with respect to glucose-6-phosphate concentration and

hexokinase activity

G6P concentration (umol/g)

HK activity (U/mg prot.)

Group Means = SD % Group Means = SD % Group Means = SD % Group Means =SD %

C 0.45 £ 0.02 C 1.75 £ 0.34

6h 0.24 £0.03* —4720 7d 0.54 £0.10# 19.02 6h 1.17 £ 0.22% 3282 7d 2.64 £ 0.25% 5091
12 h 0.33 £0.03* —2747 14d 0.58 £ 0.05% 27.61 12h 1.84 £ 0.29 550 14d 2.14 £ 0.15%  22.77
24 h 0.44 + 0.09 =275 21d 0.71 £ 0.08* 56.01 24h 2.51 £ 0.29*% 43.61 21d 2.08 +0.33 19.08
48 h 0.48 £ 0.09 635 28d 0.73 £ 0.10%¥  62.57 48 h 2.23 + 0.27* 2746  28d 2.06 + 0.25 18.11

% ratio between control (C) group and heat-exposed (6, 12, 24 and 48 h, and 7, 14, 21, and 28 days) groups of animals

* p < 0.05 in comparison with control (C) animals

last 2 weeks, where this increment was non-significant
(C:21 days and C:28 days, about +19%, n.s.).

Regression analyses showed positive coefficient of
correlation for G6P concentration during the whole period
of heat acclimation (rgep = 0.892, p < 0.05) and a non-
significant correlation for the HK activity. Both of the
parameters have a significant correlation during heat
exposure (rgepux = 0.814, p < 0.05).

Glycogen phosphorylase a and phosphofructokinase
activity

The dynamics of the changes of GF a and PFK activity are
presented in Fig. 3, while the statistical and percentage
changes during whole period of heat acclimation for these
two enzymes are presented in Table 3.

The biphasic changes were also observed for GPa and
PFK activity for the period of STHA (up to the 12th hour
and up to the 48th hour). Namely, in the first 12 h of heat
exposure, GPa showed decreased enzyme activity, which
was followed by a significant increase up to the 48th hour,
reaching the peak in the 24th hour (C:24 h, 79.5%,
p < 0.05). As for PFK activity, the non-significant changes
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that characterize the period until the 12th hour of STHA
were followed by a significant increase of PFK activity up
to the 48th hour, reaching the peak in the 24th hour
(C:24 h, 102.8%, p < 0.05).

In the next period of heat exposure, we observed a
decrease of GPa in the 7th and 14th days and finally,
increased enzyme activity in the following period (21st and
28th days). On the other hand, the period of LTHA (7 and
14 days) is characterized by a significant reduction of PFK
activity, while non-significant changes were observed at the
end of the acclimation period (C:21 days, C:28 days, n.s.).

The statistical analysis showed existence of a relatively
strong correlation between the activity of heart GPa and
PFK during whole experimental period (rgpaprk = 0.807,
p < 0.05), as well as during STHA (rgpaprk = 0.988,
p < 0.05) and LTHA (rgpapex = 0.706, p < 0.05), separately.

Discussion
As previously described, acclimation consists of an early

transient, “inefficient” acclimation phase (STHA, up to the
2nd day of heat exposure) to an “efficient” state, after
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Fig. 3 Glycogen phosphorylase
a and phosphofructokinase ZOITFK (U/mg prot)

activity in rats during STHA *

GPa (umol Pi.min'l.mg profl)

r 110
* ¥

(6, 12, 24 and 48 h) and LTHA 18 £ 100
(7, 14, 21 and 28 days) heat 16 - P 90
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*p < 0.05 in comparison with 14 1
control (C) animals. Coefficient 12 4 70
of correlation (r) between GPa/ 60
PFK during whole experimental 10 b 50
period (rgepmx = 0.807), 8 r 40
STHA (rc,ﬁp/HK = 0988) and
LTHA (rgepmx = 0.706) 61 30
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*
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Table 3 Statistical and percentage analysis of differences between experimental groups with respect to glycogen phosphorylase a and phos-

phofructokinase activity

GPa activity (nmol P; min~' mg prot.” ")

PFK activity (U/mg prot.)

Group  Means + SD % Group Means = SD % Group Means £ SD % Group Means £ SD %

C 56.38 £ 7.7 C 883 £12

6 h 52.54 £ 43 —-6.8 7d 3951 £39% =299 6h 833 £ 1.8 -95 7d 312 £ 1.2% —64.6
12 h 66.73 + 8.4 183 14d 5327 +59 —-55 12h 10.54 £ 2.5 6.5 14d 577 £ 2.3* —34.6
24 h 101.21 + 5.7* 79.5 21d 93.06 &+ 7.6* 650 24h 1791 £ 2.2*% 1028 21d 7.47 £ 0.9 —153
48 h 69.96 + 11.4* 240 28d 90.69 £ 7.1* 60.8 48h 10.35 £ 2.5* 224  28d 8.87 £ 0.6 04

% ratio between control (C) group and heat-exposed (6, 12, 24 and 48 h, and 7, 14, 21, and 28 days) groups of animals

* p < 0.05 in comparison with control (C) animals

acclimation homeostasis has been reached (LTHA, after
the 2nd day of heat exposure) [2, 3]. The changes of the
enzymes and substrates presented in this work appeared
depending on the duration of heat exposure.

Short-term heat acclimation

Glk represents one of the most important energy depots in
the organism as a whole [18]. Besides the well-known
hepatic glycogenolysis in the STHA [6-8], we also
observed intensive glycogenolysis at the level of heart Glk
stores (Fig. 1). This spending of heart Glk stores in the first
12 h of heat exposure was accompanied by decrease of the
GPa activity. Namely, depletion of Glk reserves causes
inactivation of the GPa, which will further result in mini-
mal glycogenolysis, with activation of glycogen synthase
[19]. It could be that Glk itself is an important regulator of
its own rate of catabolism [20], as well as an important
determinant of GPa activity and rate of glycogenolysis,
both in skeletal muscles and the heart [21]. Despite the
difference between isoenzyme forms of GPa in skeletal
muscles and the heart, their activation is the same [22].

In this sense, an investigation indicates that, during
increased physical activity, activation of GPa is reduced in
muscles with low Glk content [19, 23] and increased in
muscles with high Glk reserves [19-21].

Spending of the heart Glk stores is followed with a
decrease of G6P concentration (Fig. 2) and an increase of
heart Glu level (Fig. 1) in the first 12 h of STHA. On the
one hand, this situation is a reflection of the increased
insulin sensitivity, followed by increased GLUT-4 trans-
port protein redistribution in a condition of acute hyper-
thermic stress [3, 24]. On the other hand, it could be a
result of increased epinephrine secretion and increased
autonomic excitability [3, 11]. The same period of STHA is
accompanied with a reduced activity of HK (Fig. 2), which
is responsible for the most significant increase of heart
intracellular Glu (Fig. 1). It could be observed that the
activity of HK does not limit the Glu uptake, i.e. some Glu
uptake exists during the maximum reduced HK activity.
Concerning glycogenolytic/glycolytic enzymes (GPa and
PFK), a relatively strong positive correlation (r = 0.988,
p < 0.05) between these two parameters was found dur-
ing the whole period of STHA (Fig. 3). This positive
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correlation indicates an intensive glycogenolysis in the
direction of production of pyruvate.

Taking into consideration the above, it could be
observed that acute heat exposure (up to the 12th hour)
leads to reduced spending of heart Glu and elevation of the
rate of the process of glycogenolysis.

In the following period of STHA (24 and 48 h), the
direction of the metabolic processes is changed. Namely,
the second period of STHA is characterized with an
attempt at Glk resynthesis, accompanied by increased
GPa activity and non-significant differences of G6P, which
is correlated with the Glk resynthesis. Nevertheless, this
situation resulted in higher heart Glu concentration as in
the first 12 h (Fig. 1). This is in accordance with the
findings of Wheelock et al. [25], indicating that a greater
input of Glu into cells exists in warm-exposed animals
compared to those kept at room temperature.

The increased Glu level (Fig. 1) in myocardiocytes in
the period of 24-48 h of heat exposure was followed by
increased HK activity (Fig. 2). Compared to the group
exposed to heat for 6 h, the increased HK activity reduces
the intracellular (free) Glu concentration and increases
concentration of intermediate substrate G6P, which most
obviously is directed to Glk production. In the same period,
there is increased PFK activity (Fig. 3), which also sug-
gests increased glycolytic potential. Our results showed a
positive correlation between heart GPa and PFK activity
(Fig. 3), since they are both regulated by the concentration
of GOP, i.e. GPa is indirectly inhibited as a result of G6P
accumulation after PFK inhibition [13]. In the period of
2448 h of heat exposure, the increased GPa and PFK
activity were followed by insignificant changes in the G6P
concentration and increased Glk pool, meaning that one
part of G6P is used for Glk synthesis and another for
entering glycolysis.

Generally, it could be concluded that the period of
STHA might be divided into two phases (Tables 1, 2, 3).
Namely, the first phase of acute hyperthermic stress (6 and
12 h) is characterized by an increased intensity of heart
glycogenolysis, followed by a moderate increase of gly-
colytic potential. The second phase of STHA (24 and 48 h)
is characterized by enhanced Glk synthesis and glycolytic
potential. This leads to the assumption that the latter period
(24-48 h) actually represents an intermediate period, i.e.
initial phase of heart metabolic adaptation towards the new
temperature condition, necessary for an easy and efficient
adaptation to the newly created conditions.

Long-term heat acclimation
The obtained results show that, unlike the STHA, LTHA

(7, 12, 24 and 28 days) of moderate hyperthermic envi-
ronment is characterized by less dynamic, but still
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significant changes in the level of the examined parameters
of heart carbohydrate metabolism (Tables 1, 2, 3). LTHA
resulted in a further increase of heart Glk content (Fig. 1),
achieving the maximum values after the 21st and 28th days
at 35 £ 1°C. We found that the increased Glk and G6P in
the myocardium are followed by enhanced Glu concen-
tration, especially at the beginning of LTHA (7 and
14 days). This is probably due to the increased Glu uptake,
increased insulin sensitivity and increased number of
GLUT-4 transports proteins [3, 11, 24]. On the other hand,
normalization of the free Glu concentration in myocar-
diocytes in the second period of LTHA (21st and 30th
days) is a result of the previously increased HK activity
(starting from the 7th to the 14th days) and Glu phos-
phorylation, which further reduced Glu concentration
(Fig. 1) and increased G6P concentration (Fig. 2).
Increased HK activity is accompanied by further
reduced activity of the GPa and PFK (minimum values
after 7 days heat exposure). These changes indicate that the
synthesized G6P is used for the production of larger pool of
Glk, followed by attenuated glycogenolysis and glycolytic
rate. Several other investigations suggest that the accli-
mation-induced augmentation of constitutive Glk is
accompanied by parallel enzymatic changes which may
affect the rate of glycogenolysis [11]. Some of these met-
abolic features, characteristic of the heart during heat
acclimation are due to a sustained low thyroxin level [3, 6,
8, 11, 26-28]. Several other investigations have reported
that hypothyroidism is also associated with a dramatic loss
in the activity of heart PFK-1, as well as PFK-2 activity
and fructose 2,6 bisphosphate level [29-31]. The sustained
low level of plasma thyroid hormones, induced by heat
acclimation, plays a major role in the emergence of these
important cardiac acclimatory responses, apparently via the
influence on the transcription of critical genes involved in
cardiomyocyte contraction and relaxation [32, 33].
However, our results show that this acclimatory
response is partially changed during second period of
LTHA (starting from the 21st day until the end of the
experimental period), when we found a further increase of
heart Glk content (Fig. 1), by achieving the maximum
values after the 21st and 28th days exposition at 35 £ 1°C;
that is, according to Horowitz [3], the Glk level in the long-
term heat acclimated heart is twofold greater. In our results,
the increased Glk content is accompanied by increased
G6P concentration during the whole experimental period
(Fig. 2; raiygep = 0.981). Accumulation of G6P probably
enhances the glycogen synthase phosphatase reaction
which resulted in elevated rate of glycogenogenesis and
production of Glk [34]. There was also an increase in the
activity of GPa in the second period of LTHA. It is
important to notice that increased GPa activity probably
represents a kind of defense mechanism which protects
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cells from excessive augmentation of endogenous Glk. A
larger Glk pool and elevated GPa activity may mediate
acceleration of glycolytic potential via increased PFK.

After the 21st day of heat exposure, there was normal-
ization of the myocardial Glu level (Fig. 1) and HK
activity (Fig. 2) and resynthesis of the heart Glk pool.
Some literature data [2, 3, 11] have reported that the
important metabolic cardio-protective pathway developed
during heat acclimation is mediated by the production of a
larger pool of Glk (Glk breakdown may provide the heart
with the Glu necessary for glycolysis) in conjunction with
quantitatively increased glycolysis. In our results, this last
was manifested with moderate increased glycolytic flux
(increased activity of PFK compared to the previous per-
iod). These metabolic changes during heat acclimation
represent important cardio-protective mechanisms which
are necessary to ensure the continuous ATP generation
needed for preservation of the cellular integrity and to
maintain heart function.

Taking all these changes into consideration (our results
and previous literature data), it seems that, starting from the
21st day of heat exposure, the heart muscle achieves a new
and relatively stable steady-state level, i.e. the acclimated
heart becomes more energetically efficient, realized
through elevation of glycogenogenesis and normalization
of glycolytic potential.

In summary, the results obtained have shown that
acclimation to moderate hyperthermic environment can
cause significant metabolic changes which differ depend-
ing on the duration to the exposure. It is important to stress
that both of the STHA and LTHA showed biphasic chan-
ges, observed on the level of all examined enzymes and
substrates: for STHA, the first phase up to 12 h and the
second phase from 24 to 48 h of heat exposure; and for
LTHA, the first phase from 7 to 14 days and the second
phase from 21 to 28 days of heat exposure. Generally, an
intensive stress could be seen: induced glycogenolytic and
glycolytic processes in the period of STHA and intensive
glycogen deposition in the period of LTHA. In the period
of LTHA, a new steady-state level of energy sparing in
heat-acclimated rat hearts was achieved.

References

1. Horowitz M (2001) Heat acclimation: phenotypic plasticity and
cues to the underlying molecular mechanisms. J Therm Biol
26:357-363

2. Horowitz M (2002) From molecular and cellular to integrative
heat defense during exposure to chronic heat. Comp Biochem
Physiol Part A 131:475-483

3. Horowitz M (2003) Matching the heart to heat-induced circula-
tory load: heat-acclimatory responses. News Physiol Sci
108:213-221

4.

10.

12.

13.

14.

18.

19.

20.

21.

22.

23.

Katsumata M, Yano H, Ishida N, Miyazaki A (1990) Influence of
a high ambient temperature and administration of clenbuterol on
body composition in rats. J Nutr Sci Vitaminol 36:569-578

. Horowitz M (1994) Heat stress and heat acclimation: the cellular

response-modifier of autonomic control: integrative and cellular
aspects of autonomic function: temperature and osmoregulation.
Libbey Eurotext, Paris, pp 87-95

. Mitev S, Dinevska-Kjovkarovska S, Miova B (2005) The effect

of acclimation to high environmental temperature on the activity
of hepatic glycogen phosphorylase (a+b and a), liver glycogen
content and blood glucose level. J Therm Biol 30:563-568

. Miova B, Dinevska-Kjovkarovska S, Mitev S (2008) Changes in

carbohydrate metabolism during acclimation to a moderate
hyperthermic environment in rats. J Basic Clin Physiol Pharma-
col 19:65-87

. Dinevska-Kjovkarovska S, Guladin T, Miova B, Mitev S,

Gerazova K (2009) Changes in the hypothalamo-pituitary-adre-
nocortical and hypothalamo-pituitary-thyroid axes in diabetic rats
acclimated to moderate hyperthermic environment. J Therm Biol
34:200-205

. Chayoth R, Cassuto Y (1971) Carbohydrate metabolism of heat

acclimated hamsters. I. Control of gluconeogenesis in the liver.
Am J Physiol 220:1067-1070

Horowitz M (1976) Acclimation of rats to moderate heat: body
water distribution and adaptability of the submaxillary salivary
gland. Pfleugers Arch 366:173-176

. Eynan M, Knubuvetz T, Meiri U, Navon G, Gerstenblith G,

Bromberg Z, Hasin Y, Horowitz M (2002) Heat acclimation-
induced elevated glycogen, glycolysis, and low thyroxine
improve heart ischemic tolerance. J Appl Physiol 93:2095-2104
Keppler D, Decker K (1974) Glycogen determination with
amyloglucosidase. In: Bergmeyer HU (ed) Methods of enzymatic
analysis, vol 3. Academic, New York, pp 1127-1131

Morgan H, Parmeggiani A (1964) Regulation of glycogenolysis
in muscle. III. Control of muscle glycogen phosphorylase activ-
ity. J Biol Chem Vol 239:2435-2439

Fiske CA, Subbarow Y (1925) The colorimetric determination of
phosphorus. J Biol Chem 66:357—-400

. Bontemps F, Hue L, Hers HG (1978) Phosphorylation of glucose

in isolated hepatocytes. Biochem J 774:603-611

. Bergmeyer U, Michal G (1974) In: Bergmeyer HU (ed) Methods

of enzymatic analysis, vol 1. Academic, New York

. Lowry OH, Rosebrough JN, Farr LA, Randall JR (1951) Protein

measurement with the Folin phenol reagent. J Biol Chem
193:265-275

Torlinska T, Paluszak J, Waliszevska A, Banach R (1984) Effect
of hyperthermia on blood levels of corticosterone and certain
metabolites in rats during thiobutabarbital anaesthesia. Acta
Physiol Pol 35(3):243-247

Munger R, Temler E, Didier J, Haesler E, Felber JP (1993)
Correlations of glycogen-synthase and phosphorylase activities
with glycogen concentration in human muscle biopsies—evi-
dence for a double-feedback mechanism regulating glycogen-
synthesis and breakdown. Metabolism 42:36—43

Jensen J, Aslesen R, Jebens E, Skrondal A (1999) Adrenaline-
mediated glycogen phosphorylase activation is enhanced in rat
soleus muscle with increased glycogen content. Biochim Biophys
Acta 1472:215-221

Hespel P, Richter EA (1992) Mechanism linking glycogen con-
centration and glycogenolytic rate in perfused contracting rat
skeletal muscle. Biochem J 284:777-780

Davis CH, Schliselfeld LH, Wolf DP, Leavitt CA, Krebs EG
(1967) Interrelationships among glycogen phosphorylase iso-
zymes. J Biol Chem 242:4824-4833

Constable CH, Favier RJ, Mc Lane JA, Fell RD, Chen M,
Holloszy JO (1987) Energy metabolism in contracting rat skeletal

@ Springer



402

J Physiol Sci (2011) 61:395-402

24.

25.

26.

27.

muscle: adaptation to exercise training. AJP Cell Physiol
253:C316-C322

Levi E, Navon G, Hasin Y, Horowitz M (1997) Chronic heat
improves mechanical and metabolic performance of trained rat
heart upon ischemia and reperfusion. Am J Physiol 272:H2085—
H2094

Wheelock JB, Sanders SR, Shwartz G, Hernandez LL, Baker SH,
Mc Fadden JW, Odens LJ, Burgos R, Hartman SR, Johnson RM,
Jones BE, Collier RJ, Rhoads RP, VanBaale MJ, Baumgard LH
(2006) Effects of heat stress and rbST on production parameters
and glucose homeostasis. J Dairy Sci 89(Suppl 1):290-291
Eynan M, Palmon A, Hasin Y, Horowitz M (1999) Heat accli-
mation induces changes in cardiac mechanical performance: the
role of thyroid hormone. Am J Physiol Regul Integr Comp
Physiol 276:550-558

Eynan M, Gross C, Hasin Y, Palmon A, Horowitz M (2000)
Changes in cardiac mechanics with heat acclimation: adrenergic
signaling and SR-Ca regulatory proteins. Am J Physiol Regul
Integr Comp Physiol 279:R77-R85

@ Springer

28.

29.

30.

31.

32.

33.

34.

Depree C, Vanoverschelbe J, Taegtmeyer H (1999) Glucose for
the heart. Circulation 99:578-588

Gualberto A, Molinero P, Sobrino F (1987) The effect of
experimental hypothyroidism on phosphofructokinase activity
and fructose 2,6-bisphosphate. Biochem J 244:137-142

Wall SR, Van-den-Hove MF, Crepin KM, Hue L, Rousseau GG
(1989) Thyroid hormone stimulates expression of 6-phosphofr-
ucto-2-kinase in rat liver. FEBS Lett 257:211-214

Cohen O, Stern M, Horowitz M (2001) Heat acclimation
improves cardiac contractility and ischemic tolerance. Is accli-
mation memorized? J Mol Cell Cardiol 33:A22

Kiss E, Jakab G, Kranias EG, Edes I (1994) Thyroid hormone
induced alterations in phospholamban protein expression. Circ
Res 75:245-251

Koss KL, Kranias EG (1996) Phospholamban: a prominent reg-
ulator of myocardial contractility. Circ Res 79:1059-1063
Villar-Palasi C, Guinovart JJ (1997) The role of glucose-6-
phosphate in the control of glycogen synthase. FASEB J 11:544—
548



	Heat acclimation-induced changes in heart glycogen/glucose metabolism in rats
	Abstract
	Introduction
	Materials and methods
	Statistics

	Results
	Glycogen content and glucose concentration
	Glucose-6-phosphate concentration and hexokinase activity
	Glycogen phosphorylase a and phosphofructokinase activity

	Discussion
	Short-term heat acclimation
	Long-term heat acclimation

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


