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Abstract: Adaptation to one environmental stressor sometimes provides protection against additional, more intensive type of stress, a
phenomenon called cross-tolerance. We aimed to estimate theprotection provided by acute heat stress (AHS) over carbohydrate
disturbances in streptozotocin-diabetic rats. We investigated changes in activity of some hepatic glycolitic and gluconeogenic
enzymes, and concentration of some substrates in control and diabetic animals exposed to AHS (41=0.5°C / 1 h), with 1 h
and 24 h recovery at room temperature before sacrifice or induction of streptozotocin (STZ)-diabetes, respectively. AHS with
1 h-recovery before sacrifice resulted in intensive glycogenolysis, directed to endogenous glucose production and further
utilization of glucose by peripheral tissues, while 24 h recovery resulted in a slight tendency towards normalization of metabolic
disturbances caused by AHS. Experimental diabetes caused a significant decrease of substrates and glycolytic enzymes, but
an increase of gluconeogenic enzymes. In diabetic animals previously exposed to AHS we measured a less intensive decrease of
liver glycogen and glucose-6-phosphate concentration and hexokinase activity, as well as less intensive increase of liver glucose
concentration, glucose-6-phosphatase and fructose-1,6-bisphosphatase activity compared to control diabetic animals that had
been maintained at room temperature. Prior AHS provided some protection over diabetes-induced alterations in carbohydrate-related
parameters, indicating a possible development of cross-tolerance phenomenon between the two stressors, AHS and STZ-diabetes.
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Abbreviations:

STZ — streptozotocin

G6P — glucose-6-phosphate
G6P-ase — glucose-6-phosphatase

F1,6BP-ase — fructose-1,6-bisphosphatase

HK — hexokinase

PFK — phosphofructokinase

NAD — nicotonamide dinucleotide phosphate
PARP — poly(ADP)rybose polymerase

AHS — acute heat stress

HSP — heat shock proteins

PEPCK — phospoenolpyruvate carboxykinase

* E-mail: bmiova@pmf.ukim.mk, bmiova@yahoo.com

1. Introduction

An important beneficial effect of heat exposure is that
adjusting to such an environmental stress can, in
addition to evolving primary thermal preconditioning, add
to the amount of adjustment to additional stress, which
otherwise will be lethal, the so called “cross-tolerance”
phenomenon [1-4]. Heat acclimation has been shown to
have cross-tolerance effect through providing protection
to organisms with a variety of conditions with impaired
oxygen supply or oxygen demand ratios [2-4].

In our previous work [5,6] we have found existence
of cross-tolerance effects between heat acclimation
(30 days at 35+1°C) as a moderate physiological stress
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and streptozotocin-induced diabetes as an intensive
pharmacological stress, observed by moderation
of the carbohydrate-related alterations caused by
experimental diabetes. Also, it was found that whole body
hyperthermia (WBH) may provide a new therapeutic or
preventive modality against obesity-related diseases
such as type 2 diabetes mellitus and metabolic or insulin
resistance syndrome [7]. Concerning cells, heat shock
substantially increased the survival of STZ-treated islet
cells by reduction of B-cell lysis by approximatwly 80%
[8].

Diabetes mellitus, as a complex and heterogenic
metabolic syndrome, is characterized by extensive
disturbances in different metabolic pathways, with
special respect to carbohydrate metabolism [9] and
cell vulnerability [10], most obviously because of the
down-regulated heat shock proteins (HSP) synthesis
[11-13]. Concerning carbohydrate metabolism, it is well
known that diabetes mellitus impairs the normal capacity
of the liver to synthesize glycogen [14,15], causes
suppression of hepatic glycolysis through decreased
hexokinase, glucokinase and phosphofructokinase
activity)  [15,16], increases the activity of
gluconeogenic enzymes, i.e. glucose-6-phosphatase,
phospoenolpyruvate carboxykinase (PEPCK) [17-19]
and fructose-1,6-bisphosphatase [14,18], which finally
results in anelevation of blood glucose level.

Considering these findings, we aimed to determine
whether animals also can be partially protected from the
diabetogenic effects of streptozotocin, particularly the
level of carbohydrate-related disturbances, by inducing a
previous protective stress response such as a response
to acute heat stress (1 hour at 41+0.5°C). Taking into
consideration that the protective heat shock response
cascade starts within minutes and its full impact is not
expressed at the systemic level until 24 hours after
a given stress [20,21], we investigated the effect of
different recovery times (i.e. 1 h and 24 h) after the heat
stress and before induction of experimental diabetes, on
liver glycogen levels and glucose metabolism.

We hypothesize that there is cross-tolerance effect
between acute hyperthermic stress and streptozotocin-
induced diabetes due to effects on the carbohydrate-
related enzymes and substrates, which depends on
the time of recovery before induction of experimental
diabetes.

2. Experimental Procedures

2.1 Experimental animals and treatment
The experiment was performed on adult Wistar rats
(4-5 months old; n=48), kept on a standard food and

water regime during the whole experimental procedure
and ata 12:12 L:D lighting regime (6 a.m. to 6 p.m. light).

The animals were divided into two main groups:
control (C) and diabetic (D). Further, each of the groups
was divided into three subgroups, depending on the
exposure to heat stress, as well as the period of recovery
after the acute hyperthermic stress. Acute hyperthermic
stress (AHS) was carried out for 1 hour in a special heat
chamber, with a regulated air temperature of 41+0.5°C.

The first of the control subgroups, C was a control
group that was maintained at room temperature
(20£2°C) for the whole experiment; the second
subgroup H1C was exposed to AHS, followed by
1 hour recovery at room temperature before sacrifice; the
third subgroup H24C was exposed to AHS, followed by
24 hour recovery at room temperature before sacrifice.

In all diabetic subgroups, the experimental diabetes
was induced by a single intraperitoneal injection
of streptozotocine (STZ, 55 mg kg' body weight)
dissolved in 0.1 mol L citrate buffer with a pH of 4.5.
For the diabetic animals, the three subgroups were
the following: D animals kept at room temperature for
the whole experimental period and sacrificed 21 days
after STZ-administration; H1D animals that were first
exposed to AHS, than allowed to recover for 1 h at room
temperature, later injected with STZ and sacrificed
21 days after STZ-administration and; H24D animals
that were first exposed to AHS, than allowed to recover
for 24 h at room temperature, later injected with STZ
and sacrificed 21 days after STZ-administration. The
organization of the experimental groups is presented in
Table 1a and 1b.

The rectal temperature was measured with a digital
rectal thermometer before and immediately after the
AHS. Animals were sacrificed after Na-thiopental
narcosis (65 mg kg b.w.). After laparatomy, pieces of
liver were immediately frozen in liquid nitrogen (-196°C)
and kept in liquid nitrogen store there until analysis.

2.2 Analytical methods

For determining enzyme activityy, crude liver
homogenates were prepared in an appropriate medium
of homogenization (sucrose for glucose-6-phosphatase,
lactic acid for fructose-1,6-bisphosphatase and
NaF/glycilglycine for glycogen phosphorylase a).
Glucose-6-phosphatase (E.C. 3.1.3.9) was assayed
by the method of Hers [22] and the substrate mixture
contained G-6-P (100 mmol L") and EDTA (2 mmol L),
pH 6.5. Substrate mixture for fructose-1,6-bisphosphatase
(E.C. 3.1.3.11) was prepared from 5 mmol L' fructose-
1,6-bisphosphate, 2.5 mmol L' MgSO,, 5 mmol L'
MnSO,, 30 mmol L cysteine and 20 mmol L' serine
[23]. For the activity of liver glycogen phosphorylase a
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A
Experimental 1.AHS 2.Recovery 3.Sacrifice
groups (41+0.5°C) (20+2°C) of animals
C / / X
H1C 1h 1h X
H24C 1h 24h X
B
Experimental 1.AHS o 3.STZ 4.STZ-diabetes 5.Sacrifice
groups (41x0.5°C) 2.Recovery (20+2°C) (single dose) (duration) of animals
D / / STZ 21 days X
H1D 1h 1h ST1Z 21 days X
H24D 1h 24h ST1Z 21 days X

Table 1. Organization of the animals in the experimental groups.

Legend: C- control animals; H1C, H24C —animals exposed to AHS followed with 1h- and 24h- recovery period before sacrifice; D- 21-days
diabetic animals; H1D, H24D — diabetic animals previously exposed to AHS, followed with 1h- and 24h- recovery period before administration
of STZ; the animals were sacrificed 21 days after STZ-administration. Total number of animals in the experiment was 48 (n=8 animals in each

group).

(E.C. 2.4.1.1) substrate mixture contained 50 mmol L~
glucose-1-phosphate, 1% glycogen, 2.5 mmol L' EDTA,
0.15 mol L' NaF and 0.5 mmol L' caffeine (pH=6.0) [24].
Enzyme activity was expressed as nmol Pi min"' mg™
protein. For all three enzymes, after incubation in water
bath (15 min at 37°C for glucose-6-phosphatase and
fructose-1,6-bisphosphatase, as well as 40 min at 30°C
for glycogen phosphorylase a), the enzyme activity was
suppressed with 1 mol L' trichloacedic acid (TCA).
Later, the amount of released inorganic phosphate was
determined by the method of Fiske and Subbarow [25].
All analyses were performed to determine the amount of
suppressed enzyme before and after incubation.

Determination of hexokinase [26] and
phosphofructokinase activity [27] was done in a
mitochondrial fraction (10,000 x g). The enzyme
activities were determined by measuring the changes of
the NAD or NADH oxidation/reduction per minute using
a UV - spectrophotometer, respectively and expressed
as U g proteins.

For the interpretation of the activity as a specific
enzyme activity in the tissue extracts, the total quantity
of the proteins was determined by the Lowry method
using bovine serum albumin as a standard [28].

Liver glycogen, glucose and glucose-6-phosphate
concentrations [29] were determined in perchlorate
homogenates and neutralized with 5 mol L' K,CO,.
We measured the production of NADPH at 340 nm in a
reaction catalyzed by glucose-6-phoshate dehydrogenase.
The substrate concentration was expressed as
pmol g tissue. All analyses were performed in duplicates.

2.3 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 analyses using the Statistica 7 and Statgraph 3
statistical packages. Correlation analyses for each
parameter were assayed by regression analyses and
only significant coefficients of correlation are presented
in the figures. In all tests, a probability level of P<0.050
was used as a significant difference.

3. Results

3.1 Rectal temperature and body weight

We measured the rectal temperature of those rats
that were exposed to AHS (41+0.5°C / 1 hour) before
and just after the AHS treatment (Table 2). The rectal
temperature of animals was elevated by approximately
3-3.5°C and animals became hyperthermic. However,
this raised temperature did not cause the death of any
animals. At the same time, the animals loss about 3-4%
of their body weight after the heat stress (results are
not presented), due to evaporative loss and increased
salivary secretion.

3.2 Blood glucose level and liver glucose
concentration

The obtained results about blood glucose level and

liver glucose concentration are presented in Figure 1.

A significant decrease in blood glucose level and liver
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glucose concentration could be seen after exposure to
AHS in both groups with different periods of recovery
(C:H1C, C:H24C, P<0.050), while non-significant changes
were observed between both hyperthermic groups.

As expected, experimental diabetes significantly
increased glucose concentration, both in the serum
and in the liver homogenates (C:D, P<0.050). Diabetic
animals previously exposed to AHS had significant
lower blood glucose than the diabetic animals (D:H1D,
D:H24D, P<0.050). The regression analyses showed
strong positive correlations between blood glucose level
and liver glucose concentration for all experimental
groups (r= +0.927, P<0.050).

3.3 Glycogen  content  and
phosphorylase a activity
The changes in liver glycogen content and glycogen

phosphorylase a are presented in Figure 2. Liver glycogen

glycogen

30 Blood glucose level

mmol/L

5 |i-
0

HIC H24C D HID H24D

Changes in rectal temperature
Group of animals Before AHS After AHS
H1C 37.4+0.4 41.0=0.4*
H24C 37.6+0.8 40.9=1.2*
H1D 37.8+0.3 41.1=£0.7%
H24D 37.4+0.7 40.9+0.4*

Table 2. Changes in rectal temperature before and after the heat
stress (41=0.5°C /1 h).

Legend: C- control animals, H1C, H24C —animals exposed
to AHS followed with 1 h- and 24 h- recovery period before
sacrifice; D- diabetic animals; H1D, H24D - diabetic
animals previously exposed to AHS, followed by a 1 h- and
24 h- recovery period before administration of STZ; the
animals were sacrificed 21 days after STZ-administration.
Total number of animals in the experiment was 48 (n=8
animals in each subgroup). *- significant difference
(P<0.050) compared to subgroup before heat stress.

1 Hepatic glucose concentration
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Fig ure 1. Bloodglucoselevel (A) and hepatic glucose concentration (B) in control and diabetic animals exposed to acute heat stress (41+0.5°C/1h).
Legend: C- control animals; H1C, H24C -animals exposed to AHS followed with 1 h- and 24 h- recovery period before sacrifice;
D- diabetic animals; H1D, H24D - diabetic animals previously exposed to AHS, followed by a 1 h- and 24 h- recovery period before
administration of STZ; the animals were sacrificed 21 days after STZ-administration.

a-significant difference (P<0.050) compared to C;
b-significant difference (P<0.050) compared to H1C;
c-significant difference (P<0.050) compared to D;
d-significant difference (P<0.050) compared to H1D.
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Figure 2. Liverglycogen content (A) and glycogen phosphorylase a (B) in control and diabetic animals exposed to acute heat stress (41+0.5°C /1 h).
Legend: C- control animals; H1C, H24C -animals exposed to AHS followed with 1 h- and 24 h- recovery period before sacrifice;
D- diabetic animals; H1D, H24D - diabetic animals previously exposed to AHS, followed by a 1 h- and 24 h- recovery period before
administration of STZ; the animals were sacrificed 21 days after STZ-administration.

a-significant difference (P<0.050) compared to C;
b-significant difference (P<0.050) compared to H1C;
c-significant difference (P<0.050) compared to D.
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content was significantly and dramatically reduced by
approximately 80-90% in AHS treated groups, at both 1 h-
and 24 h-recovery subgroups (C:H1C, C:H24C, P<0.050).
Nevertheless, the 24 h-recovery caused a rebound of the
glycogen content compared to 1 h-recovery subgroup
(H1C:H24C, +52.5%, P<0.05).

In the same experimental groups, the obtained
results showed that AHS caused a non-significant
increase of the GPa activity in the H1C subgroup (8.6%,
n.s) and a significant increase in the H24C subgroup
(9.8%, P<0.050).

STZ- diabetes significantly decreased liver glycogen
content (C:D, P<0.050) and GPa activity (C:D, -22.3,
P<0.050). On the other side, in both heat-exposed
diabetic animal subgroups (H1D and H24D), the
spending of glycogen stores was less evident compared
to diabetic unexposed animals (by approximately
2 fold), most obviously as a result of additional decrease
of GPa activity (D:H1D and D:H24D, P<0.050). Thus
providing the assumption that there is some moderation
of the glycogenolytic effect when animals are heat-
preconditioned before STZ-administration. It could be that
prior heat exposure has some protective effect against the
intensive glycogenolytic and hyperglycemic effect of STZ.

0.60 Glucose-6-phosphate concentration

0.50

—_—

0.40

pmol/g

A C HIC H24C D HID  H24D

3.4 Glucose-6-phosphate concentration,
glucose-6-phosphatase and fructose-1,6-
bisphosphatase activity

The changes in the liver G6P concentration, G6P-ase
and F1,6BP-ase activity are presented in Figure 3. The
G6P concentration is significantly and markedly reduced
in conditions of AHS, for both 1 h- and 24 h-recovery
groups (Figure 3A, C:H1C, C:H24C, P<0.050). The
24 h-recovery caused additional spending of G6P
concentration (H1C:H24C, -55.1%, P<0.05) compared
to 1 h-recovery group. Acute heat stress reduced the
activity of G6P-ase and F1,6BP-ase, regardless of the
period of recovery (Figure 3B and C, C:H1C; C:H24C,
P<0.050), and the changes were more evident in the
groups with 24 h-recovery than in the 1 h-recovery
groups.

STZ-diabetes  significantly =~ decreased  G6P
concentration and increased activity of both enzymes
regardless of the heat stress and the period of recovery
(C:D, P<0.050). On the other side, in both heat-exposed
diabetic animals (H1D and H24D), the reduction of
G6P concentration is less intensive compared to that
seen in diabetic animals (by approximately 30-40%). It
is important to stress that the two diabetic HS-groups
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Figure 3. Glucose-6-phosphatase (A) and fructose-1,6-bisphosphatase activity (B) in control and diabetic animals exposed to acute heat stress

c.d

D HID H24D

(41+0.5°C /1 h). Legend: C- control animals; H1C, H24C —animals exposed to AHS followed with 1 h- and 24 h- recovery period before
sacrifice; D- diabetic animals; H1D, H24D — diabetic animals previously exposed to AHS, followed by a 1 h- and 24 h- recovery period
before administration of STZ; the animals were sacrificed 21 days after STZ-administration.

a-significant difference (P<0.050
b-significant difference (P<0.050
c-significant difference (P<0.050
d-significant difference (P<0.050

compared to C;
compared to H1C;
compared to D;
compared to H1D.
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showed lower G6P-ase and F1,6BP-ase activity
compared to control diabetic animals (D:H1D, D:H24D,
-13.7% up to -25.1%, P<0.05). The results indicated,
with some moderation, a diabetes-induced elevation
of the gluconeogenetic enzymes caused by prior AHS
treatment.

The obtained results show similar trends for both
gluconeogenic enzymes for all experimental groups,
presented with a moderately strong correlation between
G6P-ase and F1,6BP-ase (r = +0.673, P<0.050).

3.5 HK and PFK activity

The changes in the HK and PFK activity are presented
on Figure 4. Regression analyses has showed strong
positive correlation between HK and PFK activity for all
experimental groups (r = +0.894, P<0.050).

The obtained results showed that AHS causes
significant reduction of the HK and PFK activity,
regardless of the period of recovery (C:H1C, C:H24C,
P<0.050). It is important to stress that 24 h-recovery
resulted with increment of the enzymes activities
compared to 1 h-recovery (C1:H24C, P<0.050).

Concerning diabetic animals, there were decrease
on the level of HK activity (-80.3%, P<0.050) and PFK
activity (-42.1%, P<0.050). Exposure of diabetic animals
to AHS with 1 h-recovery causes significant increase of
HK-activity (D:H1D, +172.7%, P<0.05), while AHS with
24 h-recovery restored the HK and PEK activity to the
diabetic animals (D:H24D, n.s). These changes in HK
activity are in a strong negative correlation with the
glucose concentration in all three diabetic subgroups
(r=-0.615, P<0.050).

4. Discussion

Evidence from many species suggests that carbohydrate
metabolism is altered during heat stress [30]. Our results

035 HEK activity
0.30

g 02 ab

2 020 a

= e

en 015

£

S5 oo . d
005 ’—I—‘ i
000

A C HIC H24C D HID H24D

showed that acute heat stress, regardless of the period
of recovery, causes intensive diminishing of the liver
glycogen content and G6P concentration, moderate
decrease of blood and liver glucose concentration,
decrease of the gluconeogenic enzymes G6P-ase
and F1,6BP-ase, as well as decrease of glycolytic
enzymes HK and PFK. Same for the glycogen content,
the intermediate G6P also was dramatically decreased
and the regression analyses demonstrated strong
positive correlation between liver glycogen and G6P
concentration in all experimental groups (r= +0.895,
P<0.050).

It could be that this intensive spending of glycogen
stores that we found is a result of increased peripheral
needs of the substrates in a condition of heat stress
exposure [31,32]. Some of these metabolic changes
after AHS could be also related to changes in basal
insulin  concentrations.  Previous investigations
demonstrated that insulin concentrations gradually
increase in lactating heat-stressed cows [33] and have
confirmed this in growing heat-stressed calves [34,35]
and pigs [36]. Also, decreased glucose level and
increased insulin concentration was found in subjects
adapted for 2 hours at 40°C [37].

The emergency of intensive glycogen depletion
is important and urgent since hepatic glycogen stores
are most mobile and best available energy reservoir in
the body. The decrease of glycogen was followed by a
non-significant increase of the GPa activity in H1C group
and significant increase in the H24C subgroup, and
both of these parameters indicate an elevation in the
glycogenolysis process. The changes of the energetic
substrates (spending of glycogen and glucose) of the
organism could be a fast reaction after the stress.
Specifically, decreased hepatic glycogen in a condition
of hyperthermic stress is a result of elevation of the
blood adrenaline concentration [38], which is mediated
by Ca-dependent mechanism [39]. This further causes

6 PFK activity

s i

ab
a
4 a
2 I
1
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B C HIC  H24C D HID  H24D

U/mg proteins

Figure 4. HK (A) and PFK activity (B) in control and diabetic animals exposed to acute heat stress (41+0.5°C /1 h).Legend: C- control animals;
H1C, H24C —animals exposed to AHS followed with 1 h- and 24 h- recovery period before sacrifice; D- diabetic animals; H1D, H24D
— diabetic animals previously exposed to AHS, followed by a 1 h- and 24 h- recovery period before administration of STZ; the animals

were sacrificed 21 days after STZ-administration.

a-significant difference (P<0.050) compared to C;

b-significant

difference (P<0.050) compared to H1C;  c-significant difference (P<0.050) compared to D; d-significant difference (P<0.050)

compared to H1D.
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increase in activity of Ca-dependent protein kinase and
increase of glycogen phosphorylase, as we found in our
results.

It could be noticed that in the 1 h-recovery group,
the glycogenolisys is directed to endogenous glucose
production and its further utilization by the peripheral
tissues. Contrastingly, the HK activity in H1C groups
was significantly decreased, same for the PFK activity,
suggesting decreased hepatic glucose phosphorylation
and glycolysis 1 hour after heat stress. Statistical
analyses also suggested a strong correlation between
HK and PFK activity (r = 0.906, P<0.050) on the level on
C, H1C and H24C subgroups.

Concerning 24 h-recovery groups, there is a significant
increase in liver glycogen and HK activity compared to
H1C subgroups. Since in H24C animals an additional
decrease of G6P-ase and G6P concentration is observed
compared to H1C animals, it might be that some
resynthesis of glycogen is manifested. Also, as there is
higher PFK in H24C animals than in the H1C ones, some
of the G6P could be directed in glycolysis. Even though
the observed changes in the H24C subgroup are slight,
they might imply for tendency of normalization of the
metabolic disturbances 24 hours after the heat stress.

In both of the different periods of recovery, the
gluconeogenesis, manifested by F1,6BP-ase was
decreased. It is important to note that the both
gluconeogenic enzymes (G6P-ase and F1,6BP-ase)
showed parallel manner, with significant positive
coefficient of correlation concerning the C, H1C and
H24C subgroups (r= 0.517, P<0.050).

As for experimental diabetes, our results showed that
besides the well known hyperglycemia, there also was
a reduction in hepatic glycogen and G6P concentration,
decrease in glycogenolytic/ glycolytic enzymes
(GP-ase, HK and PFK) acitivity and an elevation in
gluconeogenic enzyme activity (G6P-ase and F1,6BP-
ase) in rats. The elevated G6P-ase activity and mRNA
level [40] in animals in the diabetic state resulted in
increased dephosphorylation of G6P and stimulation
of endogenous glucose production [41], which is the
main reason for hyperglycemia in all types of diabetes
[42]. The increased G6P-ase activity in conditions of
experimental diabetes is accompanied with increased
activity of F1,6BP-ase. In rats with streptozotocin-
induced diabetes there is 2-fold increase in the F1,6BP-
ase in hepatocyte suspension [43] and 10-fold increase
of F1,6BP-ase mRNA [44].The reduced concentration of
G6P in diabetic rats, which is a stimulator of glycogen
synthase [45,46], resulted in decreased glycogen
production [47]. In our results experimental diabetes
caused a decrease of GPa. It was most obvious that
lower enzyme activity was caused by a reduction in

the enzyme protein level and was presumably due to a
decrease in synthesis [48].

Finally, this research paid special interest to the
diabetic subgroups previously exposed to AHS and
allowed to recover for 1 h or 24 h before induction of
diabetes. In all diabetic groups, STZ-diabetes lasted for
21 days before sacrifice of the animals. Generally, heat
preconditioning significantly moderated the diabetes-
induced alterations in the observed carbohydrate-
related enzymes and substrates.

Specifically, in the diabetic animals previously
exposed to heat stress (H1D, H24D) we measured
less intensive decrease of liver glycogen content and
G6P concentration, as well as less intensive increase
of liver glucose concentration than diabetic animals that
had no previous heat stress (D). Concerning enzyme
activities, we measured higher glucose phosphorylation
(higher HK activity) in H1D group, which resulted in a
higher G6P concentration and further higher glycogen
content than that observed in diabetic animals that had
no previous heat stress. Conversely, the glucose output
(presented by lower GPa, G6P-ase and F1,6BP-ase)
was decreased in the same animals. The situation is
similar in H24D groups, except for the less intensive
glucose phosphorylation (lower HK activity) and
non-significantly lower intracellular G6P compared to
the H1D group. If we can take in to consideration that
diabetes is manifested with intensive glycogenolysis
and gluconeogenesis, obviously prior heat stress
causes moderation of both of the enzymatic processes
responsible for hepatic glucose output. We can consider
that preconditioning of diabetic animals with heat
expose provides a protective effect over the metabolic
disturbances caused by experimental diabetes.

Our first clarification for the above assumption
is reduced loss of viability of pancreatic cells by heat
preconditioning. Namely, previous studies have shown
that heat shock (43°C for 90 min) reduces cell lysis
from streptozotocin by 90% and the depletion of NAD,
the major cause of radical induced islet cell death, was
suppressed after heat shock [8]. According to Okamoto
model for b-cells destruction [49], STZ and other different
kind of stimulus (e.g. radiation, viruses) cause DNA
damage, which activate the nuclear enzyme poly(ADP-
ribose) polymerase (PARP) and cause depletion of the
substrate NAD.

Since NAD+ is a key cofactor of glycolysis, the
reduction of NAD+ levels is sufficient to impair this
process [50], which further diminishes the major source
of rapid ATP formation that could be used for NAD+
resynthesis. In addition, the low level of NAD reduces
the flow of glucose-derived metabolites into the TCA
cycle for oxidation, and later compromises energy
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balance [51]. As heat stress causes preservation and
consequently an increase of inracellular NAD [52], we
thought that the deleterious effects of PARP and STZ
over B-cells should be less evident in heat-exposed
organisms. Furthermore, probably there still will be
some insulin production, which could be main reason
for moderation of the diabetic disturbances in hepatic
metabolism.

All of the heat-stressed animals in our investigations
become hyperthermic during 1 hour exposure to
41+0.5°C, but it is important to mention that this
increment of the rectal temperature was not lethal for
the animals . It is well known that the response of the
organism to the increased environmental temperature
causes induction of heat shock response (HSR) and
production of a highly conservative family of proteins,
i.e. the heat shock proteins (HSP) [53]. Whole-body
hyperthermia is associated with HSP 70 synthesis and
induction of thermotolerance [54]. According to some
previous investigations [55], whole body hyperthermia
also resulted with markedly increased HSP70 levels in
the liver and adrenal gland of both control and diabetic
rats, but still, the induction of HSP70 was significantly
reduced in these tissues of diabetic rats compared to
those of controls.

Most of the stress proteins are molecular
chaperones [56] and are crucial for the maintenance
of cell integrity during normal growth as well as during
pathophysiological conditions. Considering this,
we propose that HSP synthesis could be another
protective mechanism caused by previous heat
stress over the diabetogenic effects of STZ. Based
on some previous investigations [1-4], we assume
that the beneficial effect of heat exposure is that
this primary thermal preconditioning adds to the
amount of adjustment to additional stress (such as
STZ-diabetes), which is previously defined as a
“cross-tolerance” phenomenon.
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