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ABSTRACT
Background and objectives: Pyruvate dehydrogenase kinase 4 (PDK4) is an
enzyme involved in the regulation of glucose and fatty acid metabolism and homeostasis.
The purpose of this study was to investigate effects of continuous exercise and resveratrol
supplementation on insulin resistance and expression of PDK4 in the soleus muscle of elderly
rats with type 2 diabetes.
Methods: After inducing diabetes in 42 old male rats (mean weigh: 250-300 g, aged
about two years), the rats were randomly divided into six groups: healthy control, diabetic
control, continuous exercise, supplementation, continuous exercise + supplementation and
sham. The continuous exercise group was subjected to eight weeks of running, five sessions
a week. Daily 20 mg/Kg body weight resveratrol supplementation was administered to the
supplementation and supplementation + exercise groups. To evaluate insulin resistance, the
HOMA-IR insulin resistance index was calculated as the product of insulin (μIU/mL) and
glucose (mmol/L) divided by 22.5. Expression of the PDK4 gene in the soleus muscle was
analyzed by RT-PCR. Data were analyzed with IBM SPSS Statistics 23 using one-way ANOVA
and Tukey's post hoc test at a significance level of 0.05.
Results: Resveratrol alone or combined with continuous exercise significantly
increased PDK4 expression and slightly decreased insulin resistance in the subjects.
Conclusion: Our results show that diabetes is associated with reduced PDK4
expression and increased insulin resistance. These effects can be effectively reversed in the
soleus muscle of elderly diabetic rats by resveratrol supplementation alone or combined with
continuous exercise.
Keywords: Pyruvate Dehydrogenase Kinase, Insulin Resistance, Exercise,
Resveratrol, Type 2 Diabetes.
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INTRODUCTION
Aging is a natural process that increases
risk of debility and mortality. In this process,
multiple cellular and molecular impairments
ultimately lead to chronic illness. Although
aging is not a disease, it is a risk factor for
most chronic diseases (1). Changes related to
aging and inactivity as well as changes in the
body composition are known causes of
metabolic diseases and diabetes (2). Type 2
diabetes is the result of complex interactions
between genetic and environmental factors
that affect fat and glucose metabolism (3-5).
Caring for diabetics is a complex issue that
requires a series of interventions to improve
glycemic control. In this regard, physical
activity and exercise have long been
considered as key pillars of diabetes care and
management, mainly due to their low cost and
non-pharmacological nature. Physical activity
can help prevent or treat various metabolic
disorders by improving blood glucose and
lipid levels (6). It is well demonstrated that
exercise can improve glucose uptake in the
skeletal muscles of diabetic patients by
increasing the activity of AMP kinases (7-9).
Pyruvate dehydrogenase lipoamide kinase
isozyme 4 (PDK4) is a key enzyme involved
in the regulation of glucose and fatty acid
metabolism and homeostasis (10, 11). The
enzyme is found in the pancreatic islets, heart
and skeletal muscles, which have high glucose
demand and high rates of fatty acids oxidation
(12, 13). PDK4 is overexpressed during
fasting, exercise, and in diabetic individuals.
PDK4 constantly reduces carbohydrate
oxidation and glucose and glycogen use during
exercise (2, 7). In fact, PDK4 expression in the
skeletal muscles increases in response to all
exercise protocols, especially endurance
training. Wang et al. found that PDK4
expression after resistance training and
symmetrical endurance training is 2.2 times
higher than after a single session of endurance
training (14). Type 2 diabetes induces hepatic
and peripheral insulin resistance, and during
moderate-intensity aerobic exercise, peripheral
blood glucose uptake is more than the amount
of glucose produced by the liver, which leads
to a decrease in blood glucose level. Longterm exercise reduces plasma insulin level,
which in turn lowers the risk of hypoglycemia
in type 2 diabetes (15-18). Nowadays, much
attention has been given to management of
diabetes through non-pharmaceutical strategies
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such as exercise and herbal supplements (19,
20). Resveratrol is a natural polyphenol
produced in response to pathogens and
environmental stress in purple and reddish
plants (21-23). Research has shown that
resveratrol has anti-inflammatory, antioxidant
and anti-diabetic effects (24, 25). Thomas et
al. revealed that resveratrol exerts anti-diabetic
effects by altering PDK4 expression via the
PGC-1α pathway in skeletal muscles of elderly
diabetic patients (26). In this study, we aimed
to examine effects of continuous exercise with
or without resveratrol supplementation on
PDK4 expression in the soleus muscle and
insulin resistance of elderly type 2 diabetic
rats.
MATERIALS AND METHODS
This experimental study was approved by the
animal care and use committee at the Islamic
Azad University of Sari (approval reference
number: R.IAU.SARI.REC.1397.8). Forty-two
male elderly Wistar rats (age: 40-50 weeks,
weight: 250-300g) which were replicated at
the Azad University of Sari Research Center,
were randomly divided into six groups (7 rats
in each group): normal control, diabetic
control, continuous exercise, supplementation,
continuous exercise+supplementation and
sham. Subjects were kept in transparent
polycarbonate cages (dimensions: 30 x 15 x 15
cm, manufactured by Razi Rad Co.) at ambient
temperature of 20±2 °C, humidity of 50%±5
and 12:12 light dark cycle. The subjects had
access to food and water ad libitum. To
minimize stress, rats in the training groups
were familiarized with a rodent treadmill for
five consecutive days (with a speed of 10
m/min at 0% inclination for 5 min/day) (27,
28). Rats in the continuous exercise group
were subjected to eight weeks of running, five
days a week. The exercise intensity (running
speed) was set at 15 m/min for 5 minutes in
the initial week. The speed and time of
training were gradually increased every week
by 1-2 m/min and 1-2 minutes, respectively.
Eventually, the running speed reached 28
m/min in the last week (29). Diabetes was
induced by intraperitoneal injection of 50
mg/Kg body weight streptozotocin. Diabetes
was confirmed by checking blood samples
from the corner of the eye and fasting glucose
level of
>250 mg/dl (30). In the
supplementation and supplementation +
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exercise groups, 20 mg/Kg body weight
resveratrol was intraperitoneally injected daily
(24,30,31). Ketamine and xylocaine was
intraperitoneally injected to the subjects 48
hours after the last exercise session and 10-12
hours of fasting. In addition to blood sampling,
tissue samples were taken from the soleus
muscle and stored at -80 °C. Plasma glucose
concentration was measured by a colorimetric
method based on enzymatic reaction of
glucose oxidase using commercial kits (Pars
Azmun Co., Iran). Plasma insulin was
measured using ELISA kits. To evaluate
insulin
resistance,
the
HOMA-IR
(Homeostasis
Model Assessment-Insulin
Resistance) was calculated as the product of
insulin (μIU/mL) and glucose (mmol/L)
divided by 22.5. Expression of the PDK4 gene
in the soleus muscle was analyzed by RTPCR. First, the tissue samples were
homogenized in phosphate buffer (pH 7.0)
at4 °C with a homogenizer. Total RNA was
extracted from the samples using the RNXPlus kit (SinaClon; RN7713C). Nanodrop ND1000 spectrophotometer (Thermo Sci.,
Newington, NH) was used to estimate the
quantity and quality of the extracted RNA.
Synthesis of cDNA was done using the Revert
Aid Reverse Transcriptase (Thermo science,
Germany) at 42 °C for 1 hour (Thermo
science, Germany). A Rotor Gene 6000
(Corbett Research, Australia) thermocycler
and Real Q-PCR 29 Master Mix Kit
(Amplicon, Denmark) in 40 cycles were
applied for amplifications. Each reaction

solution contained 5 µl of master mix and 100
nm of primers. Primer sequences were as
follows:
PDK4,
GCAAACTGGTGCTCAAGG
(forward);
CAGCCACAAAGATGGTCA
(reverse);
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), ACTTTTAGGCGTGGCTGATG
(forward);
TTTTGCTGCTCACTGTATTTTATTTT
(reverse). Level of mRNA was normalized
relative to the amount of GAPDH mRNA.
Data were expressed as mean value ± standard
deviation (SD). Data were analyzed using
Shapiro-Wilk's test, Leven's test, one-way
ANOVA and Tukey's post hoc test. All
statistical analyses were performed in IBM
SPSS Statistics 23 at significance level of
0.05.
RESULTS
The combination of resveratrol and
continuous exercise caused a significant
increase in PDK4 expression compared with
the other groups. PDK4 mRNA level in the
resveratrol group and the continuous exercise
group was significantly higher than in the
diabetic control and sham groups (Figure 1).
More importantly, the increase in the PDK4
mRNA level after combined resveratrol
supplementation and continuous exercise was
more profound compared to that after
resveratrol and exercise alone (P<0.001).
PDK4 mRNA levels did not differ
significantly between the resveratrol and the
control groups (Figure 1).

Figure 1- Comparison of the mean PDK4 mRNA levels detected by RT-PCR. There was no significant difference in the
PDK4 mRNA levels between the groups with similar symbols. One-way ANOVA with post hoc-Tukey test was applied to
compare mean value of parameters between all groups. C: control; DM: diabetes mellitus; CE+Resv: continuous exercise
+ resveratrol; CE: continuous exercise; Resv: resveratrol
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We observed no significant differences in the
mean value of HOMA-IR between the study
groups (P>0.05). In diabetics, continuous
exercise, resveratrol and their combination

caused a 10.9%, 13.8% and 15.1%
decrease in HOMA-IR value, respectively,
compared with the control and sham groups
(Figure 2).

Figure 2- Mean HOMA-IR values in the study groups. There was no significant difference in mean level of
HOMA-IR between groups. C: control; DM: diabetes mellitus; CE+Resv: continuous exercise + resveratrol; CE:
continuous exercise; Resv: resveratrol

DISCUSSION
We evaluated the effects of resveratrol
supplementation, continuous exercise and their
combination on PDK4 expression and insulin
resistance in the soleus muscle of elderly rats
with type 2 diabetes. Our results indicated that
the PDK4 expression is reduced in the soleus
muscle of elderly rats with type 2 diabetes,
which could be due to the increased PDK4
protein content in diabetic rats (32). A number
of previous studies have shown that diabetes is
associated with an increase in PDK4
concentration, a reduction in PDK4 gene
expression, and PDK4 gene dysfunction (7, 9,
33). PDKs are regulated by insulin,
glucocorticoids, thyroid hormone and fatty
acids. Emerging evidence suggests that PDK
decreases pyruvate dehydrogenase complex
activity, which is observed in several
metabolic disorders including diabetes (7, 9).
Insulin can regulate pyruvate dehydrogenase A
activity, increase pyruvate dehyrogenase
phosphatase activity and reduce PDK4 level in
skeletal muscles of rats (2). This suggests that
PDK4-induced
inhibition
of
pyruvate
dehydrogenase
and
glucose
oxidation
inhibition may contribute to insulin resistance
(2). Recent finding demonstrate that aging is
associated with reduced insulin-mediated
GLUT4 translocation that may contribute to
insulin resistance in elderly subjects (2). In the
present study, downexpression of the PDK4
gene was associated with elevated insulin
resistance in the diabetic rats. It has been
suggested that the PDK4 transcriptional
regulation could be a potential therapeutic
strategy for diabetes (10, 34).
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In the present study, PDK4 expression
increased significantly and insulin resistance
decreased
slightly
after
resveratrol
supplementation in the elderly rats with type 2
diabetes. Previous studies also reported that
resveratrol supplementation can improve
muscle aging and insulin resistance (19, 26).
Accumulating body of evidence shows that
resveratrol activates the longevity-related
protein Sirtuin 1 (SIRT1) and increases insulin
sensitivity (26). Such benefits can be due to
the ability of resveratrol to stimulate
intracellular metabolic pathways, which
improves insulin sensitivity and muscle
glucose uptake, thus ultimately decreasing
blood glucose levels (19). Previous studies
reported that resveratrol supplementation can
induce PDK4 transcription in gastrocnemius
muscle in response to reduced PDK4 content
(26).
We observed that PDK4 mRNA level was
higher in the resveratrol and continuous
exercise groups compared to the control and
sham groups. More importantly, the increase
in the PDK4 mRNA levels after a combination
of resveratrol and continuous exercise was
more profound compared to that after
resveratrol and exercise alone. Resveratrol and
continuous exercise induced a non-significant
decrease in insulin resistance compared to
treatment with resveratrol or continuous
exercise alone. Several studies evaluated the
effects of resveratrol supplementation along
with different trainings on skeletal muscle
glucose metabolism in elderly type 2 diabetic
patients (2). A more recent study has shown
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that exercise, resveratrol supplementation and
their combination have protective effects
against sarcopenia, an age-related syndrome,
by increasing the expression of p-AMPK
and SIRT1 (35). The modulating effects of
SIRT1 on energy homeostasis in skeletal
muscles may require an upstream activating
signal mediated through the energy sensor
AMPK in response to resveratrol stimulation
(26). Also, increased energy demand related to
exercise results in increased PGC-1α
expression in the muscle, which in turn
induces ERRα expression. ERRα then binds to
the PDK4 gene promoter and induces PDK4
expression (7). Wang et al. showed that PGC1α and PDK4 mRNA levels increase by 5 to 8fold in both muscle fiber types after exercise
(14).
Although resveratrol has anti-oxidant and antiinflammatory properties, its combination with
continuous exercise can be more effective for
reversing the type 2 diabetes - induced
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