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Exercise reduces cellular stress related to skeletal muscle
insulin resistance
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Abstract This study sought to evaluate the effects of a single
session of exercise on the expression of Hsp70, of c-jun N-
terminal kinase (JNK), and insulin receptor substrate 1 serine
612 (IRSser612) phosphorylation in the skeletal muscle of
obese and obese insulin-resistant patients. Twenty-seven vol-
unteers were divided into three experimental groups (eutro-
phic insulin-sensitive, obese insulin-sensitive, and obese
insulin-resistant) according to their body mass index and the
presence of insulin resistance. The volunteers performed
60 min of aerobic exercise on a cycle ergometer at 60 % of
peak oxygen consumption. M. vastus lateralis samples were
obtained before and after exercise. The protein expressions
were evaluated by Western blot. Our findings show that com-
pared with paired eutrophic controls, obese subjects have
higher basal levels of p-JNK (100±23 % vs. 227±67 %, p =
0.03) and p-IRS-1ser612 (100±23 % vs. 340±67 %, p <0.001)
and reduced HSP70 (100±16 % vs. 63±12 %, p <0.001). The
presence of insulin resistance results in a further increase in p-
JNK (460±107 %, p <0.001) and a decrease in Hsp70 (46±
5 %, p =0.006), but p-IRS-1ser612 levels did not differ from
obese subjects (312±73 %, p >0.05). Exercise reduced p-JNK

in obese insulin-resistant subjects (328±33 %, p =0.001), but
not in controls or obese subjects. Furthermore, exercise re-
duced p-IRS-1ser612 for both obese (122±44 %) and obese
insulin-resistant (185±36 %) subjects. A main effect of
exercise was observed in HSP70 (p =0.007). We demon-
strated that a single session of exercise promotes changes that
characterize a reduction in cellular stress that may contribute
to exercise-induced increase in insulin sensitivity.

Keywords Exercise . Insulin resistance .Obesity .Heat shock
protein . Cellular stress

Introduction

According to the World Health Organization, obesity (defined
as body mass index (BMI) greater than 30 kg/m2) is a world-
wide epidemic (WHO 2013). In 2008, 1.4 billion adults were
overweight and more than half a billion were obese. The
worldwide projections for 2015 are approximately 2.3 billion
overweight and 700 million obese adults (WHO 2011). High-
income countries are not the only ones affected by the obesity
epidemic, because the condition is also prevalent in low- and
middle-income countries (Finucane et al. 2011). In Brazil, for
example, approximately 50 and 16 % of the adult population
is overweight and obese, respectively (Brazilian Ministry of
Health 2011).

Obesity is associated with an increased risk for the devel-
opment of numerous metabolic complications, including in-
sulin resistance (Shafrir 1996), glucose intolerance (Sinha
et al. 2002) and type 2 diabetes (Colditz et al. 1990; Sasai
et al. 2010). Long-term insulin resistance leads to an increase
in the activity of pancreatic β cells to compensate for the low
insulin sensitivity and increased glucose intolerance, which
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can lead to β cell dysfunction and, clinically, to type 2 diabe-
tes. Specifically, skeletal muscle insulin resistance plays a
causal role in the development of clinical insulin resistance
and, consequently, type 2 diabetes (Hotamisligil 2010).

The involvement of stress kinases in the development of
insulin resistance in skeletal muscle has been suggested. It has
been proposed that the activation of mitogen-activated protein
kinases, such as c-jun N-terminal kinase (JNK), can disrupt
the insulin signaling pathway through the phosphorylation of
serine residues in the insulin receptor substrate (IRS) (Aguirre
et al. 2000; Lee et al. 2003). In obesity, the mechanisms
involved in the increase of JNK phosphorylation seem to be
related to the state of chronic low-grade inflammation associ-
ated with excess adipose tissue and greater expression of
inflammatory cytokines, such as TNF-α, which are known
to cause JNK phosphorylation (Davis 2000; Uysal et al.
1997). Chung et al. (2008) reported that JNK phosphorylation
in the skeletal muscle of obese insulin-resistant individuals is
higher than in paired healthy subjects. Indeed, the study of
Hirosumi et al. (2002) emphasized the importance of JNK in
the development of insulin resistance by showing that JNK
knockout animals (JNK−/−) did not develop obesity-induced
insulin resistance. Together, these studies clearly show the
involvement of JNK phosphorylation in obesity and the de-
velopment of insulin resistance.

Recently, some studies have shown an inhibitory activity of
the heat shock protein 70 (HSP70) on JNK, and, consequently,
insulin resistance. Chung et al. (2008) showed that heat shock
therapy, transgenic muscle overexpression, and pharmacolog-
ic means to overexpress HSP70 in mice, either specifically in
skeletal muscle or systemically, protected the animals against
diet- or obesity-induced hyperglycemia, hyperinsulinemia,
glucose intolerance, and insulin resistance. The authors pro-
vided evidence that HSP70 induction is highly associated with
the prevention of JNK phosphorylation by identifying an
essential role for HSP70 in blocking inflammation and
preventing insulin resistance in the context of genetic obesity
or high-fat feeding in animals.

Exercise has been widely recommended for the prevention
and treatment of obesity and other related metabolic diseases.
Although it has been well established that exercise is effective
for the improvement of insulin sensitivity (Garetto et al. 1984;
Richter et al. 1989), the mechanisms are not fully understood.
It is possible that some of the benefits of exercise for obese
insulin-resistant subjects could be mediated in part by alter-
ations in JNK and IRS serine phosphorylation. In this context,
Ropelle et al. (2006) demonstrated in rats that a single bout of
exercise inhibits high-fat diet-induced insulin resistance in
muscle with a parallel reduction in JNK activity; however,
the HSP70 expression induction was not evaluated.

Because HSP70 can interfere in intracellular signaling
(such as JNK phosphorylation) and act as an anti-
inflammatory effector (Park et al. 2001), it is possible that this

protein participates in the improvement of insulin sensitivity
induced by exercise. Considering this evidence, this study
sought to evaluate the effects of a single session of exercise
on the expression of HSP70, activation of JNK and IRSser612

phosphorylation in the skeletal muscle of obese and obese
insulin-resistant patients. We hypothesize that a single mod-
erate intensity aerobic session of exercise will increase HSP70
and reduce activation of JNK and IRSser612 phosphorylation in
the skeletal muscle of obese insulin-resistant patients.

Methods

Subjects

Twenty-seven non-smoking subjects (9 men and 18 women)
recruited from the surrounding community were studied. All
the subjects met the following inclusion criteria: age between
18 and 55 years, not being engaged in a regular exercise
program, stable body weight (±2 kg) for at least 3 months
prior to the study, no participation in a body weight reduction
program for at least 6 months before the study, and no use of
anti-inflammatory medications or other hypoglycemic agents
known to affect metabolism. In addition, the subjects had not
been diagnosed with type 2 diabetes mellitus (confirmed by
the oral glucose tolerance test) or any acute or chronic diseases
(self-reported). Before agreeing to participate in the study, the
subjects gave their written informed consent, which was ap-
proved by the institutional review board of the local institu-
tion, and underwent medical screening.

Initially, each subject had the waist circumference mea-
sured (midway between the lower rib margin and the iliac
crest) and the BMI calculated. The percentage of body fat was
estimated using a tetrapolar bioimpedance apparatus
(Biodynamics®, 450, USA). Total cholesterol, its fractions,
and triglycerides were determined in serum after 12 h of
fasting.

After the initial screening, the subjects were allocated to
one of three groups according to the presence of obesity
(BMI≥30 kg/m2) and insulin resistance (based on the homeo-
static model assessment 1 of insulin resistance (HOMA1-IR))
(Matthews et al. 1985). The cutoff adopted for the HOMA-IR
index was based on the study of Geloneze et al. (2006). Each
experimental group consisted of nine paired subjects (six
women and three men): obese (OB) BMI≥30 kg/m2 and
HOMA1-IR<2.71, obese insulin-resistant (OBR) BMI≥
30 kg/m2 and HOMA1-IR≥2.71, and the control group
(CTRL) BMI≥18.5 and≤24.9 kg/m2 and HOMA1-IR<2.71.

Maximum exercise test

The subjects had a maximum exercise test conducted on an
electronically braked cycle ergometer (Corival, Medgraphics,
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USA) using a ramp protocol (Myers and Bellin 2000). The
power was increased every 60 s at an individual rate, which
was based on the subject's exercise history questionnaire
(Veterans Specific Activity Questionnaire ), to induce fatigue
within 8 to 12 min. Electrocardiography was conducted by a
medical cardiologist, and no symptoms of coronary heart
disease were observed during the exercise stress test.
Expired air was analyzed breath by breath during the test
using a portable metabolic cart (K4b2, Cosmed, Italy), cali-
brated as recommended by the manufacturer. Heart rate (HR)
was recorded every minute using a HR transmitter strap
(S810i series TM, Polar, USA). The subjects had to achieve
at least three of the criteria proposed by Poole et al. (2008) for
the determination of the peak oxygen consumption (VO2peak).

Muscle biopsy

Two muscle biopsies were performed in the m. vastus
lateralis of the dominant leg using the Bergström technique
(Bergström and Hultman 1966) under local anesthesia (2 %
lidocaine with epinephrine). Samples were harvested by suc-
tion and frozen in liquid nitrogen until analysis. The first
biopsy was performed in the morning at least 7 days prior to
the exercise session, between 2 to 3 h after the standardized
breakfast (241 kcal of total energy intake, 59 % carbohydrate,
18% protein, and 23% fat). The second biopsy was performed
30 min after the end of the exercise session (described below).

Aerobic exercise session

Before the single exercise session, the subjects were asked to
refrain from vigorous exercise, caffeine, and alcoholic bever-
ages for at least 24 h. The subjects ingested a standardized
breakfast, described above, 2 h before the start of exercise.
Subjects were considered hydrated (urine specific gravity
(USG) lower than 1.030 (mean of 1.016±0.008, ranging from
1.002 to 1.030). Then, the subjects rested for 30 min in the
supine position.

The exercise session consisted of a 5-min warm-up cycling
at 20% of the individual peak power achieved in the maximum
exercise test. The workload was then increased to 50 % of the
peak power for 60 min (three sets of 20 min separated by 5 min
intervals of passive rest). This intensity was chosen to require a
metabolic rate of 60 % of the subject's peak oxygen consump-
tion (VO2peak), which was confirmed during each trial by
measuring oxygen consumption in the first 10 min of the
second set employing open-circuit spirometry, as described
above. The subjects exercised for another 3 min to cool down.
Water was provided ad libitum during the passive rest intervals,
and subjects were hydrated after the exercise period (mean
USG of 1.011±0.006, ranging from 1.000 to 1.022). HR was
recorded every 5 min. While performing the exercise session,
mean values of room temperature (p =0.17) and relative air

humidity (p =0.4) were similar for the three groups (OBR 23.8
±0.64 °C and 70±6 %, OB 23.4±0.9 °C and 73±9 %, and
CTRL 22.8±0.9 °C and 76±9 %) respectively.

Determination of protein expression and phosphorylation
in skeletal muscle

Muscle samples (approximately 50 mg) were lysed by mac-
eration in ice in 100 μL of lysis buffer (1 % Triton X100;
100 mM Tris pH 8.0, 20 % glycerol, 0.2 mM EDTA) contain-
ing protease inhibitor cocktail (Complete Protease Inhibitor
Cocktail, Roche, Germany) and phosphatase inhibitor cocktail
(Phosphatase Inhibitor Cocktail PhosStop, Roche, Germany).
The lysates were centrifuged at 2700×g for 20 min at 4 °C,
and the supernatant containing the cytosolic protein was col-
lected. Protein concentration in the extracts was determined by
the Bradford method (Bradford 1976) using bovine serum
albumin (BSA; 1 mg/ml) as standard. Approximately 50–
150 μg of total protein was fractionated on polyacrylamide
gel (8–12%) containing sodium dodecyl sulfate (20 %) (SDS-
PAGE). The samples were distributed in the gel where CTRL,
OB, and OBR were matched by gender and age. The electro-
phoresis was performed at 90 V for about 18 h at a tempera-
ture between 4 and 8 °C.

Proteins were transferred to previously activated (10 s in
100 % methanol) polyvinylidene fluoride membranes
(Millipore, EUA), wetted in transfer buffer (25 mMTris,
192mMglycine, 20%methanol). Transference was performed
at constant amperage of 350 mA for 2 h at 4 °C. Transference
efficiency was verified by Ponceau S staining (0.5 %) in every
membrane. The membranes were then blocked with 5 % BSA
in TBS-Tween buffer (150 mMNaCl, 10 mMTris, pH 7.6, and
0.1 % Tween-20) for 1 h at room temperature under gentle
agitation. The membranes were incubated with primary anti-
body (1:1,000, 5 % BSA in TBS-Tween buffer) (Hsp70 (Cell
Signaling, #4872) SAPK/JNK (Cell Signaling, #9252),
phospho-SAPK/JNK (Thr183/Tyr185, Cell Signaling, #
9251), IRS-1 (59G8, Cell Signaling, #2390), phospho-IRS-
1(Ser612, Cell Signaling, #3203) (C15H5), GAPDH (14C10)
(Cell Signaling, # 2118)) at 4 °C, under gentle agitation for
approximately 18 h. The membranes were washed in TBS-
Tween, three times for 5 min, and incubated for 120 min at
room temperature with peroxidase-conjugated secondary anti-
body (1:2,000, Cell Signaling). After washing three times for
5 min with TBS-Tween, the membranes were incubated in
enhanced chemiluminescence solution for 15 min, protected
from light. The membranes were then exposed to X-ray film
(Hyperfilm, Amersham, USA) that was developed using devel-
oper and fixer (RP X-Omat, Kodak, USA) according to the
manufacturer's recommendations. The film was scanned, and
the bands were analyzed using Scion Image software (Scion
Corporation based on NIH Image; National Institutes of Health,
Scion Corporation, Frederick, MD, USA).
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Statistical analysis

The software Statistica (v8.0, StatSoft, Inc.) was used for
statistical analysis. Sample size was estimated based on the
study of O'Leary et al. (2006), using the fasting plasma insulin
concentration as the reference variable. The Shapiro–Wilk test
was used to assess the normality of the data. One-way analysis
of variance (one-wayANOVA)was performed to compare the
characterization data among groups. We used a two-way repeat-
ed measure ANOVA to evaluate the effect of exercise on the
parameters studied in the different groups, followed by Tukey's
post hoc test when a significant F value was observed. We used
the Pearson test to evaluate the correlation between muscle
Hsp70 expression and JNK phosphorylation, and JNK phos-
phorylation and plasma insulin concentration. A significance
level of p≤0.05 was used. Data are presented as means ± SEM.

Results

Subject characteristics

Subject characteristics are presented in Table 1. Age (p =
0.91), height (p =0.72), maximal power output (p =0.60),
and VO2peak (p =0.46) were not different among groups.
As planned, the OBR and OB had a higher body weight

(p <0.001), BMI (p <0.001), body fat percentage (p <0.001),
and waist circumference (p <0.001) compared to CTRL, but
they were not different when compared to each other (p >
0.05). There were no differences among the three
groups with respect to plasma glucose (p =0.14), total
serum cholesterol (p =0.13), and serum HDL-C (p =
0.32), and LDL-C (p =0.44). Higher serum concentra-
tions of triglycerides (p =0.03), VLDL-C (p =0.02), and
insulin (p <0.001) were observed in OBR, as well as a
higher HOMA1-IR (p <0.001), compared to the other
groups (Table 1).

JNK1/2 phosphorylation in skeletal muscle

JNK1/2 phosphorylation was higher in OB (p =0.03) and
OBR (p <0.001) than in the CTRL group. OBR presented
higher JNK1/2 phosphorylation than OB (p <0.001). After the
exercise session, a reduction in JNK1/2 phosphorylation was
observed in OBR (p =0.001). The exercise had no effect
on JNK1/2 phosphorylation in CTRL (p =0.93) and OB
(p =0.95) (Fig. 1a and b).

IRS-1 phosphorylation on serine 612 in skeletal muscle

Phosphorylation of IRS-1ser612 in both obese groups (OB and
OBR) was higher than that of the CTRL (p <0.001). There

Table 1 Clinical and metabolic characteristics and exercise testing of subjects

Variables CTRL (n=8) OB (n =9) OBR (n=9) P value

Gender (male/female) 3/6 3/6 3/6 –

Age (years) 37±8 38±9 40±8 0.91

Body weight (kg) 62.5±13.2 88.3±13.6a 96.3±16.6a <0.001

Height (cm) 166.0±12.0 162.0±12.0 166.0±12.0 0.72

BMI (kg/m2) 22.5±2.4 33.6±2.9a 34.8±2.7a <0.001

Body fat (%) 23.3±3.9 34.2±7.3a 35.5±5.1a <0.001

Waist circumference (cm) 73.0±8.0 95±6.0a 104.1±10.9a <0.001

VO2peak (mL min−1 kg−1) 27.5±5.3 24.3±5.0 23.1±4.0 0.46

Peak power (watts) 133±66 151±75 151±56 0.60

Fasting insulin (μU/mL) 5.0±1.7 9.0±2.0 20.2±5.4b <0.001

Fasting glucose (mg/dL) 80.0±5.0 83.0±8.0 83.0±10.0 0.14

HOMA1-IR ((mmol)(μU)/L2) 1.0±0.4 1.8±0.5 4.1±1.0b <0.001

Total cholesterol (mg/dL) 176.0±32.0 189.0±32.0 217.0±26.0 0.13

LDL-C (mg/dL) 110.0±29.0 123.0±34.0 135.0±18.0 0.44

HDL-C (mg/dL) 51.0±10.0 45.0±8.0 46.0±9.0 0.32

VLDL-C (mg/dL) 16.0±6.0 20.9±9.8 35.2±16.0b 0.02

Triglycerides (mg/dL) 79.0±30.0 104.0±49.0 176.0±76.0b 0.03

CTRL eutrophic insulin-sensitive, OB obese insulin-sensitive, OBR obese insulin-resistant, BMI body mass index, HOMA1-IR homeostatic model
assessment 1 of insulin resistance, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, VLDL-C very low density
lipoprotein cholesterol
a Difference between OB and OBR compared to CTRL
bDifference between OBR and CTRL and OB
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was no difference between OB and OBR in the p-IRS-1ser612

(p =0.96). There was a decrease in p-IRS-1ser612 in the OB (p
<0.001) and OBR (p =0.002) groups after the exercise ses-
sion. There was no effect of the exercise session in the CTRL
group (p =0.99, Fig. 1c and d).

HSP70 (Hsp72/73) expression in skeletal muscle

The HSP70 expression at baseline and after the exercise
session is presented in Fig. 1e and f. The OBR and OB groups
had lower HSP70 expression than the CTRL group (p <0.001)
at baseline. The OB had higher HSP70 expression than
OBR (p =0.006). There was a main effect of exercise on
HSP70 expression after the exercise session (p =0.007), but
there was no interaction among the groups (p =0.90). The
GAPDH values did not change with exercise (p =0.99),
among or within the groups (p =0.76) (CTRL 11,033±1,526

versus 10,836±1,982 pixels, OB 11,401±2,809 versus
10,411±658 pixels, and OBR 10,875±2,034 versus 10,431±
1,251 pixels, baseline and after exercise, respectively).

Correlation analyses

A positive correlation between basal JNK1/2 phosphorylation
and fasting insulin concentration (r =0.68, r 2=0.47, p =
0.0006) was observed. We have also observed a negative
correlation between JNK1/2 activation and Hsp70 expression
(r =−0.68, r2=0.47, p =0.0016) (Fig. 2a and b).

Discussion

This study investigated the effects of a single session of
aerobic exercise on molecular components that are directly

Fig. 1 Expression and phosphorylation of skeletal muscle proteins be-
fore (baseline, white bars) and after (after exercise, black bars) a 1-h
aerobic exercise session in eutrophic insulin-sensitive controls (CTRL),
obese insulin-sensitive (OB), and obese insulin-resistant (OBR). Repre-
sentative Western blot images of p-JNK and total JNK (a), p-IRS1ser612

and total IRS1 (c), and Hsp72/73 and GAPDH (e). Densitometric anal-
ysis of phosphorylated JNK to total JNK, n =8 (b), IRS1, n =5 (d), and
Hsp72/73 to GAPDH, n =8 (f). Data are reported as mean±SEM. *p<
0.05 baseline vs after exercise; #p<0.05 vs CTRL at the same time point;
$p <0.05 vs OB at the same time point
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involved in the development of obesity-induced insulin resis-
tance. To our knowledge, this is the first study to investigate
the response of a single session of exercise on the expression
of HSP70, JNK, and IRS-1 serine residue phosphorylation in
the skeletal muscle of OBR. Our findings show that at rest,
OB individuals already have higher levels of p-JNK and
p-IRS-1ser612 and reduced HSP70 expression in the skeletal
muscle than paired CTRL. The presence of insulin resistance
further increases JNK phosphorylation and decreases HSP70
expression, as shown in the OBR group. A single session of
exercise reduced skeletal muscle JNK and p-IRS-1ser612

phosphorylation levels in OBR. A main effect of exercise on
HSP70 expression was observed. Taken together, we showed
that a single session of aerobic exercise is able to modulate
intramuscular expression of molecules related to the insulin
signaling pathway that are altered in OBR.

In the present study, we observed that activation of JNK in
the skeletal muscle at rest was higher in OB than CTRL, with
a further increase in OBR. A significant positive correlation
between plasma insulin concentration and JNK phosphoryla-
tion in the skeletal muscle was also observed, a result that
supports the participation of this stress kinase in the develop-
ment of insulin resistance. Increased JNK phosphorylation in
the skeletal muscle of obese insulin-resistant individuals has
been reported in humans and animals. Hirosumi et al. (2002)
reported that genetically and diet-induced obesity in animals is
followed by a greater JNK1 activity in the skeletal muscle,
adipose, and hepatic tissues. Moreover, Chung et al. (2008)
also observed greater activation of JNK in the skeletal muscle
of obese insulin-resistant subjects compared with healthy,
eutrophic individuals. Therefore, our results confirm the ones
found in the literature and expand them showing for the first
time that human obesity per se increases JNK phosphorylation
in the skeletal muscle, suggesting that obese subjects without
any clinical signs of insulin resistance might already have
altered skeletal muscle activation of stress kinases involved
in the development of insulin resistance.

We showed for the first time that an aerobic exercise
session reduced JNK phosphorylation in OBR, and this result
is in accordance with previous observations in animals
(Ropelle et al. 2006), which found that a single session of

swimming exercise prevented high-fat diet-induced insulin
resistance in parallel with reduced activation of JNK.
Similarly, Schenk and Horowitz (2007) reported a session of
exercise protected against insulin resistance induced by lipid
infusion in healthy human subjects. The authors reported
reduced activity of stress kinases evidenced by lower JNK
and IKK/NFκB activation in the skeletal muscle. Therefore,
our findings demonstrate that a single session of exercise is
able to reduce a stress kinase casually involved in the devel-
opment of insulin resistance.

A key component in the development of insulin resistance
is the phosphorylation of serine residues of IRS-1 known to
inhibit the insulin signaling pathway (Bandyopadhyay et al.
2005; Yi et al. 2007; De Fea and Roth, 1997; Geiger and
Gupte 2011). In the present study, we observed that p-IRS-
1ser612 in the skeletal muscle was higher in both obese groups,
but the phosphorylation status was not modulated by the
presence of insulin resistance. We speculate that OB might
already have some impairment of intracellular insulin signal-
ing, although insulin sensitivity, indirectly evaluated by the
HOMA1-IR index, is still preserved. In addition, there are
several other serine residues in the IRS-1 that may be poten-
tially involved in the development of insulin resistance (Yi
et al. 2007). After a single session of exercise, p-IRS-1ser612

decreased in both groups of obese subjects. Therefore, a single
session of exercise might increase skeletal muscle insulin
sensitivity and glucose uptake through a decrease in p-IRS-
1ser612 and, thus, greater PI3-K-IRS-1 association (De Fea and
Roth 1997).

Recent reports have identified an essential role for HSP70
in preventing insulin resistance in the context of genetic
obesity or high-fat feeding (Chung et al. 2008). In the present
study, HSP70 expression in the skeletal muscle of OB was
lower than that of the CTRL and was even lower in OBR.
Chung et al. (2008) had previously demonstrated that obese
insulin-resistant subjects have lower muscle Hsp72 expression
than eutrophic subjects. Additionally, Kurucz et al. (2002)
reported a decreased expression of the Hsp72 mRNA in the
skeletal muscle from patients with type 2 diabetes and that the
Hsp72 mRNA correlated with glucose tolerance. However, to
our knowledge, the present study is the first to demonstrate

Fig. 2 Correlation between the
activation of JNK in the skeletal
muscle and the fasting plasma
insulin concentration (a) and
between the activation of JNK
and Hsp70 expression in the
skeletal muscle (b)
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that OB already have lower skeletal muscle HSP70 than
CTRL and that insulin resistance further reduces HSP70 ex-
pression in obese subjects. This finding suggests that a reduc-
tion in skeletal muscle HSP70 expression occurs before the
insulin resistance in obesity and that insulin resistance can
accentuate this reduction. In addition, an inverse relationship
between HSP70 expression and JNK phosphorylation in the
skeletal muscle was observed. It has been suggested that the
reduction in HSP70 expression in insulin-resistant tissues may
result from inhibition of the heat shock factor 1 (HSF1)
(Geiger and Gupte 2011). Stress kinase hyperactivation, ca-
pable of serine phosphorylating HSF1, can repress the heat
shock response in insulin-resistant tissues, thereby reducing
HSP70 expression. Such kinases include glycogen synthase
kinase 3, extracellular signal-regulated kinase and JNK (Kline
andMorimoto 1997). Although the results of the present study
do not provide direct support for this mechanism, we hypoth-
esize that increased JNK phosphorylation might be involved
in the reduction in HSP70 expression via inhibition of HSF1
in the obese subjects.

Previous studies have suggested that HSP70 induction
interferes in JNK activity and results in an improvement in
insulin sensitivity (Chung et al. 2008; Gupte et al. 2009). In
the study by Chung et al. (2008), different means of increasing
Hsp72 expression in the skeletal muscle protected mice from
developing insulin resistance in response to a high-fat diet. In
another study, Hsp72 induction, by means of heat exposure in
rats receiving a high-fat diet, also improved glucose tolerance
(Gupte et al. 2009). Using monocytes from obese subjects,
Simar et al. (2012) observed that Hsp72 induction through
heat exposure (2 h at 42 °C) was associated with decreased
serine p-IRS-1ser312. In these studies, increased HSP70 ex-
pression was associated with a reduction in JNK and IKKβ
activation. The Hsp70 overexpression might inhibit JNK
phosphorylation by direct binding and abrogation of JNK
phosphorylation by SAPK/ERK kinase 1 and MAP kinase
kinase 7 (Park et al. 2001). HSP70 and JNK interaction might
also impede JNK enzyme activity or inhibit JNK interaction
with its substrate, c-Jun. Other potential mechanisms include
HSP70 action on phosphatases that deactivate JNK such as
MAP kinase phosphatase 1 (MKP1) and MKP3 or the dual
leucine zipper-bearing kinase (Meriin et al. 1999; Daviau et al.
2006). This observation suggests a potential role of HSP70 in
inhibiting signaling pathways related to insulin resistance
induced by diet- or genetic-induced obesity.

Although the single session of exercise increased HSP70
expression, reduced JNK activity and p-IRS-1ser612 in the
skeletal muscle, it cannot be assumed that these alterations
promoted an increase in insulin sensitivity of tissues.
However, we used an exercise protocol previously known to
improve insulin sensitivity (Christ-Roberts et al. 2003). In
addition, it is known that exercise can improve insulin-
dependent and insulin-independent glucose uptake in the

skeletal muscle, but other pathways, apart from those assessed
in the present study, might also have a role in the improvement
of insulin sensitivity.

In summary, we have demonstrated that a single
session of exercise promotes changes that characterize
reduction in stress (reduction on JNK activity, IRS-1
inhibition, and increase in HSP70 expression), which
may contribute to physical exercise-induced increase in insu-
lin sensitivity.
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