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In diabetes, defense systems against cellular stress are
impaired. Heat shock proteins (HSPs) function primarily
as molecular chaperones. Factors that raise tissue HSP
levels may slow progression of diabetes and improve diabetic
complications that also affect brain tissue. This study tested
the effect of an 8-week exercise training on brain HSP
response in rats with or without streptozotocin-induced
diabetes (SID). In untrained animals, the HSP levels were
not different between SID and non-diabetic groups. Endur-
ance training, however, increased HSP72 and HSP90

protein in non-diabetic rats, whereas SID significantly
decreased the effect of training on these HSPs. At the
mRNA level, HSP60, HSP90 and GRP75 were increased
due to training, whereasHSP72mRNAwas only increased in
exercise-trained diabetic animals. Training or diabetes had
no effect on protein carbonyl content, a marker of oxidative
damage. Altogether, our findings suggest that endurance
training increases HSP expression in the brain, and that
experimental diabetes is associated with an incomplete HSP
response at the protein level.

Heat shock proteins (HSPs) are stress-inducible
proteins that function primarily as molecular chaper-
ones and have a major role in tissue protection
against a number of insults and pathological condi-
tions, including cerebral ischemia, diabetes and its
complications (Welsh et al., 1995; Kelly et al., 2002).
Endurance exercise training has been shown to up-
regulate tissue HSP expression (Powers et al., 1998;
Noble et al., 1999; Harris & Starnes, 2001) and
increase tissue protection (Powers et al., 1998;
Smolka et al., 2000). Our group previously reported
tissue-specific HSP expression in streptozotocin-
induced diabetic (SID) rats in response to exercise
training (Atalay et al., 2004). Moreover, in humans,
exposure to hyperthermia has been shown to up-
regulate HSP72 protein levels in skeletal muscle and
to improve glucose tolerance and insulin resistance in
type 2 diabetic patients (Chung et al., 2008).
Given that certain disease conditions, including

diabetes, have been linked to incorrect protein fold-
ing (Thomas et al., 1995; Hayden et al., 2005), HSPs
may play important roles in minimizing protein
damage that may occur from the stressful conditions
created by the disease. So far, research on constitu-
tive or inducible expression of HSPs in diabetic state

is limited and equivocal as the expression of HSPs in
diabetes has been reported to be decreased (Swiecki
et al., 2003; Atalay et al., 2004; Chen et al., 2005) or
unchanged (Joyeux et al., 1999; Yamagishi et al.,
2001), possibly as a result of tissue-specific differ-
ences, duration or severity of diabetes, or some other
factors.
In brain tissue, prior HSP induction by mild stress

has provided protection against further and more
severe stress such as ischemia (Kume et al., 1996;
Latchman, 2004). Brain cells synthesize the inducible
70 kDa form of HSP (HSP72) in response to a variety
of stressors, including hyperthermia (Walters et al.,
1998; Leoni et al., 2000), ischemia (Simon et al.,
1991), hypoxia (Murphy et al., 1999) and energy
depletion (Wang et al., 2005). Moreover, overexpres-
sion of HSP70 was shown to protect against both
focal and global cerebral ischemia in vivo (Kelly
et al., 2002; Tsuchiya et al., 2003). Interestingly,
HSP70 has recently been suggested to also have
anti-inflammatory properties, which may partly
explain its neuroprotective function in the post-
ischemic brain (Zheng et al., 2008). However, infor-
mation regarding the effect of physical exercise on
HSPs in the brain tissue is limited, and not available
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in diabetes. Evidently, the brain seems capable of
releasing HSP72 into the bloodstream in response to
prolonged exercise due to exercise-induced elevations
of brain temperature (Nybo et al., 2003), although
this response appears to be subject-dependent (Lan-
caster et al., 2004).
Here, we hypothesized that exercise training would

up-regulate HSP response in brain tissue, and tested
whether training can offset the adverse effects of
experimental diabetes on HSP response.

Materials and methods
Animals

Twelve-week-old male outbred Wistar rats (n5 24 animals)
were used in the study. The animals were maintained at
22 � 2 1C with 12:12 h light–dark cycles and had free access
to standard rat chow and water. Animal care and experimen-
tal procedures were in accordance with the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85–23, revised
1985). The experimental protocol was approved by the Ethics
Committee for the laboratory animal research of University of
Kuopio, Finland.

Preparation of diabetic rats

The animals were first randomly assigned to a non-diabetic
control (n5 12) and a diabetic (n5 12) group. Diabetes was
then induced by a single intrapenitoneal injection of strepto-
zotozin (STZ) (60mg/kg, prepared in 0.1mol/L citrate buffer,
pH 4.5) as described (Atalay et al., 2004), which destroys
pancreatic b cells, and is used in experimental models of type 1
diabetes (Wang et al., 1994). Diabetes of the STZ-injected
animals was confirmed by glucosuria using glucose test strips
(BM-Test-5L, Boehringer Mannheim, Mannheim, Germany)
1 week after the injection, and routinely repeated once a week
throughout the study. In addition, blood glucose levels were
measured at the end of the study in truncal blood collected
immediately after decapitation using a commercial kit (Gluco-
quant Glucose/HK, Boehringer Mannheim) using the hexo-
kinase reaction. Animals with sustained diabetes (glucosuria
of at least 20mmol/L 2 weeks after the STZ injection) and the
non-diabetic control animals were further divided into respec-
tive training (n5 6) and non-training (n5 6) groups.

Training protocol

The rats were trained on a treadmill for 8 weeks, 5 days a week
as described previously (Gul et al., 2002). Briefly, after 1 week
of familiarizing to the treadmill, training (5 days a week with
1.5 h/day) continued for a total of 8 weeks. All animals
tolerated the training well and were able to increase the
running distance and intensity according to the training
protocol throughout the study. Response to exercise training
was confirmed by increased citrate synthase activity in skeletal
muscle as reported previously (Atalay et al., 2004).

Tissue harvesting

The animals were sacrificed by decapitation at rest or approxi-
mately 72 h after the last training session. Following decapita-
tion, whole brains (cerebrum) of the animals were quickly
removed, rinsed in ice-cold saline, blotted, placed in liquid
nitrogen, and stored at � 70 1C until use.

Analysis of stress proteins and eukaryotic elongation factors by

Western blot

To analyze protein expression in brain, standard Western blot
techniques were used as previously described (Atalay et al.,
2004; Oksala et al., 2006). First, the frozen whole brains were
pulverized under liquid nitrogen with a mortar and sonicated
in a buffer containing 25% glycerol, 0.42mol/L NaCl,
1.5mmol/L MgCl2, 0.2mmol/L EDTA, 20mmol/L HEPES,
5 mmol/L DTT and 5mmol/L PMSF at 4 1C. Protein extracts
(30 mg of protein per lane) were electrophoresed together with
molecular weight markers on an SDS-polyacrylamide gel and
transferred to a nitrocellulose membrane (Millipore, Bedford,
Massachusetts, USA). Next, after blocking with 5% (w/v) fat-
free milk solution at 37 1C for 60min, the membranes were
treated with monoclonal antibodies (Ab) against HSPs (all
from StressGen, British Columbia, Victoria, Canada) recog-
nizing the 60 kDa HSP (HSP60), HSP72 and the constitutive
cognate form of the 70 kDa HSP (HSC70), the 90 kDa HSP
(HSP90) and glucose-regulated protein 75 (GRP75). The
polyclonal Ab for eukaryotic elongator factor (eEF)-1a and
eEF-2 and EF-2 kinase were purchased from Santa-Cruz
Biotechnology (Santa Cruz, California, USA). As secondary
Ab, horseradish peroxidase-conjugated anti-mouse (Santa-
Cruz Biotechnology) and anti-rat immunoglobulins (Zymed
Laboratories, San Francisco, California, USA) were used,
respectively. The membranes were developed with the en-
hanced chemiluminescence method (NEN Life Sciences, Bos-
ton, Massachusetts, USA) and quantified using image-analysis
software (ScionCorp, Frederick, Maryland, USA). For clarity,
all results are expressed relative to values obtained from the
respective untrained non-diabetic control group.

Analysis of protein carbonyls as indices of oxidative injury

To evaluate the potential effect of diabetes or exercise training
on markers of oxidative stress, protein carbonyls were mea-
sured using an ELISA method, as described previously
(Oksala et al., 2007b), in brain tissue homogenates. The
carbonyl contents are expressed as nmol of protein carbonyl
in mg of total protein (nmol/mg protein).

Analysis of gene expression

To analyze mRNA expression of HSP60, HSC70, HSP72,
HSP90, GRP75 and cyclophilin B (CypB) in brain tissue, a
quantitative real-time RT-PCR was applied. Briefly, 100mg of
brain tissue was first homogenized with Ultra-Turrax and
total cellular RNA was isolated using TRIzol reagent accord-
ing to the manufacturer’s instructions (Life Technologies,
Gaithersburg, Maryland, USA). Nucleic acid concentrations
were determined by a NanoDrop spectrophotometer (Nano-
Drop Technologies, Wilmington, Delaware, USA) and their
integrity was checked with gel electrophoresis. One microgram
of RNA from each sample was then converted to cDNA using
SuperScript III reverse transcriptase (Invitrogen, Carlsbad,
California, USA) and oligo(dT) primers (Promega, Madison,
Wisconsin, USA). For PCR primer design, the annotated
nucleotide sequences were retrieved from the GenBank data-
base (National Center for Biotechnology Information,
Bethesda, Maryland, USA), and BLAST searches were per-
formed to identify unique stretches of nucleotide sequence,
and not to amplify genomic DNA. The primers were synthe-
sized by Oligomer Oy (Helsinki, Finland) as follows (shown in
50-30 orientation): HSP60 forward primer (-F) AAAGCTG
AACGAGCGACTTG and reverse primer (-R) ATCACTT
GTCCCTCCAACCTTC; HSC70-F AGCACCCAGGCCAG
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TATTG and HSC70-R CAGCATTCAACTCCTCAAATCG;
HSP72-F CAACTGGCTTGACCGAAACC and HSP72-R
AGCGCAAGCCTAGTCCACTTC; HSP90-F GTACGAAA
CAGCACTCCTGTCTTC and HSP90-R ATCCTCATCAA
TACCTAGACCAAGC; GRP75-F ACGAGGATGCCCAA
GGTTC and GRP75-R TGAATGGCAGCTCCAATGG;
CypB-F GCCTTAGCTACAGGAGAGAAAGGA and CypB-
R TCCACCCTGGATCATGAAGTC.

The samples were amplified in duplicate using Brilliant
SYBR Green Master Mix (Stratagene, La Jolla, California,
USA) with 200 nM of gene-specific primers, and run on an
Mx3000P System (Stratagene) with the following program: a
10-min pre-incubation at 95 1C, followed by 40 cycles of 15 s at
95 1C, 20 s at 59 1C, and 25 s at 72 1C. The data were normal-
ized relative to expression of CypB by the previously intro-
duced algorithm (Pfaffl, 2001). Unique amplification products
and absence of primer-dimers were evaluated by melt-curve
analysis.

Statistics

All calculations were performed using SPSS software (SPSS
Inc, Chicago, Illinois, USA). Differences in continuous vari-
ables between groups were assessed using Student’s t-test. To
test the effect of diabetes and endurance training, two-way
ANOVA with Bonferroni’s correction was used. Statistical
significance was set at Po0.05. Data are represented as
means � SE of the mean (SEM) unless otherwise stated.

Results
Effect of diabetes and training on HSP mRNA and protein
in the brain

To determine whether the expression of stress pro-
teins is altered in diabetic brain, we first analyzed the
tissue levels of HSPs in non-diabetic and diabetic
rats. At rest, the levels of all HSPs investigated did
not differ between the groups (Figs 1–4), except
GRP75 mRNA, which was slightly depressed
(P5 0.03) in diabetic animals (Fig. 4).

We also observed that in response to 8-week
endurance training, all HSP mRNAs, excluding
HSC70, were significantly up-regulated in diabetic
animals (Figs 1–4), whereas HSP60, HSP90 and
GRP75 mRNAs were increased in non-diabetic ani-
mals (Figs 1, 3 and 4, respectively). Interestingly,
diabetes significantly inhibited the effect of training
on HSP72 and HSP90 proteins (Figs 2 and 3,
respectively), whereas the levels of constitutive
HSC70 protein were slightly, but non-significantly
(P5 0.08) lower in diabetic animals (Fig. 2).
Training and diabetes showed an interaction only

on HSP72 and HSP90 proteins (Figs 2 and 4,
respectively), whereas at the mRNA level, this inter-
action was observed on HSP72, HSP90 and GRP75
(Figs 1, 3 and 4, respectively).
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Fig. 1. Effect of 8 weeks of exercise training on HSP60
protein and mRNA levels in non-diabetic and diabetic rat
brain. Values are mean � SEM. The acronyms for the
groups (n5 6 per group) are as follows: untrained non-
diabetic control (CON), non-diabetic control with training
(CON-TR), untrained diabetic (SID) and diabetic with
training (SID-TR). **Po0.01 for the difference due to
training. SID, streptozotocin-induced diabetes.
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Fig. 2. Effect of 8 weeks of exercise training on HSP72 and
HSC70 protein and mRNA levels in non-diabetic and
diabetic rat brain. Values are mean � SEM. The groups
are as in Fig. 1. **Po0.01, ***Po0.001 for the difference
due to training, two-way ANOVA for training effect and
#Po0.05 for the interaction between training and diabetes.
ANOVA, analysis of variance.
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Fig. 3. Effect of 8 weeks of exercise training on HSP90
protein and mRNA levels in non-diabetic and diabetic rat
brain. Values are mean � SEM. The groups are as in Fig. 1.
zPo0.05, **Po0.01 for the difference due to training,
##Po0.01 for the interaction between training and diabetes.
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Effect of diabetes and training on key elongation
factors

The levels of elongation factor eEF-1 and eEF-2 were
similar in diabetic and control animals (P5 0.39)
(Fig. 5). Exercise training increased eEF-1 and
eEF-2 kinase levels slightly, but non-significantly,
in diabetic animals only (P5 0.07 and 0.097, respec-
tively) (Fig. 5).

Effect of diabetes and training on protein carbonyls

The protein carbonyl contents were similar in dia-
betic and non-diabetic animals, and exercise training
had no effect on these values (Fig. 6).

Discussion

The brain is a unique tissue regarding the HSP
response, because the transcriptional regulation in
neuronal cells is different from other tissues (Kaar-
niranta et al., 2002). In the present study, HSP72 and
HSP90 levels were found to be similar between
diabetic and non-diabetic animals at rest. On the
other hand, endurance training induced an HSP
response in the brain in non-diabetic animals that
was blunted in diabetic animals at the protein level.
These observations are novel, and, to our knowledge,
no data exist on brain HSP expression using exercise
training in a diabetes model. Earlier studies indicate
that some HSPs are released in the brain in response
to acute exercise (Walters et al., 1998; Leoni et al.,
2000; Febbraio et al., 2002; Nybo et al., 2003; Lan-
caster et al., 2004), and that habitual exercise induces
HSP72 expression in specific brain areas (Campisi et
al., 2003), suggesting a potentiating effect of physical
activity on HSP72 expression.
We found similar levels of HSP60 in the brain of

diabetic and non-diabetic animals at rest, whereas
the mRNA for GRP75 was slightly decreased in
diabetic animals. Recently, HSP60 levels have been
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Fig. 5. Effect of 8 weeks of exercise training on eEF-1, eEF-
2 and eEF-2kinase protein levels in non-diabetic and dia-
betic rat brain. Values are mean � SEM. The groups are as
in Fig. 1.
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Fig. 4. Effect of 8 weeks of exercise training on GRP75
protein and mRNA levels in non-diabetic and diabetic rat
brain. Values are mean � SEM. The groups are as in Fig. 1.
zPo0.05, ***Po0.001 for the difference due to training,
##Po0.01 for the interaction between training and diabetes.
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Fig. 6. Effect of 8 weeks of exercise training on protein
carbonyl content in non-diabetic and diabetic rat brain.
Values are mean � SEM. The groups are as in Fig. 1.
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found to be reduced in the heart (Shan et al., 2003;
Oksala et al., 2006) and increased in the kidney and
liver (Oksala et al., 2006; Oksala et al., 2007a) of
diabetic animals. To our knowledge, however, only
one study has investigated the levels of HSP60 in the
diabetic brain (Yuan et al., 2006). The authors
reported elevated levels of mitochondrial HSP60 in
the hippocampal region. No information was avail-
able previously on HSP60 response of whole brain to
diabetes and exercise. Elevated levels of HSP60,
HSP90 and GRP78 have also been reported in the
skeletal muscle in diabetic patients (Höjlund
et al., 2003). On the contrary, (Yamagishi et al.,
2001) found significantly decreased levels of the
constitutive HSC70 in the liver, but not in the brain
of diabetic rats, while HSP90 expression remained
unchanged. Similarly, our group has previously re-
ported that experimental diabetes decreased HSP72
levels in the heart, liver and skeletal muscle, whereas
HSP90 was increased in the heart and decreased in
the liver (Atalay et al., 2004). Hence, the available
studies indicate that the diabetic state may exert
variable and tissue-specific effects on HSP expression.
We found increased levels of HSP72 and HSP90

protein in non-diabetic animals by exercise training.
This is consistent with a previous report where the
brain tissue was shown to release HSP72 protein
actively during prolonged exercise (Nybo et al.,
2003). On the other hand, exhaustive exercise has
been shown to induce an HSP72 response only in the
active brain regions (Campisi et al., 2003), also
suggesting a role for increased metabolic rate in
HSP72 induction. Therefore, the existing literature
and our findings support a role for exercise-induced
HSP72 response in brain tissue.
Interestingly, diabetes inhibited the effect of ex-

ercise training on HSP72 induction at the protein
level, whereas the mRNA level was significantly up-
regulated. Although no comparable information on
training is available in brain tissue, other studies have
shown an accumulation of myocardial HSP72 fol-
lowing heat stress in both diabetic and non-diabetic
animals (Joyeux et al., 1999; Swiecki et al., 2003).
This discrepancy may be explained by tissue-specific
differences, the duration or severity of diabetes, type
of stressor or other still unknown factors. Moreover,
because endurance training up-regulated HSP72 and
HSP90 protein levels in non-diabetic animals, it is
likely that these proteins play an important role in
protecting brain tissue during stress as suggested
earlier (Stahnke et al., 2007), but in diabetes, this
response was depressed. We also found significantly
increased HSP60 and GRP75 mRNA expression
in response to training in both diabetic and non-
diabetic animals, although the protein levels
remained unchanged, providing additional evidence
that not all mRNAs are translated into protein.

Protein carbonyl content in the brain was not
affected by training or diabetes, suggesting that
oxidative stress may not explain the differential effect
of exercise training on HSP expression in diabetic
and non-diabetic animals. We have reported pre-
viously that exercise training increased the protein
carbonyl content in the heart, liver and skeletal
muscle in SID rats (Atalay et al., 2004). Our findings
are consistent with a previous study (Radak et al.,
1995) suggesting that brain tissue may be less suscep-
tible to exercise-induced to oxidative damage.
The initial level of mRNA translation into protein

has been acknowledged for its crucial role in con-
trolling net protein synthesis (Proud, 2006). The
elongation step of protein synthesis may also be
affected, especially with oxidant compounds (Par-
rado et al., 2003). Many pathologic states, including
diabetes, have been associated with changes in the
elongation factors (Kimball et al., 1994). Indeed,
experimental diabetes was shown to decrease the
rate of peptide chain elongation, which was further
associated with reduced levels of the elongation
factor eEF-2 (Bergstedt et al., 1993). However, in
our study, the decrease (on average 7.5%) in total
eEF-2 protein in diabetic animals was non-signifi-
cant, and exercise had no significant effect on this
protein. The eEF-2 kinase is highly specific for
phosphorylation eEF-2 and also inactivates eEF-2,
and thus can modulate the rate of polypeptide chain
elongation during translation. We found slightly, but
non-significantly increased levels of eEF-2 kinase in
trained diabetic rats. Furthermore, we could not
analyze the phosphorylated form of the eEF-2 pro-
tein, which limits the available data.
Taken together, our findings suggest that endur-

ance training increases HSP expression in brain
tissue, and that experimental diabetes impairs the
HSP response at the protein level. Thus, endurance
training may act as a potential tool for enhancing
chaperone-mediated cellular regulation in the brain.

Perspectives

Physical exercise has a protective effect on the brain
and its mental processes. This is important as dia-
betes is a risk factor for the decline in cognitive
function and ischemic stroke. In addition to the well-
known role of HSPs in protein homeostasis and cell
survival, recent reports provide evidence that an
increased HSP72 expression in the brain provides
protection from ischemia and also has anti-inflam-
matory effects (Kelly et al., 2002; Zheng et al., 2008).
However, there is little information available about
how the beneficial effects of physical exercise are
mediated in the brain compared with the information
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about other tissues such as skeletal muscle. We noted
that endurance exercise training selectively increases
HSP expression in brain tissue, and that experimen-
tal diabetes impairs this response at the protein level.
This in turn indicates that the beneficial effects of
physical exercise are affected by the diabetic state,
which is an important area for further investigation.
Nevertheless, the potential importance of strategies
to elevate HSP expression in a safe and physiological
manner using physical exercise provides cost-effec-
tive means for improving brain health by chaperone-
mediated cellular regulation.

Key words: diabetes, brain, exercise, heat shock protein.
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