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Exercise training locally increases expression of interleukin-6 receptor
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Abstract
Expression of IL-6 signaling proteins in skeletal muscle is changed in type 2 diabetes and exercise
training. Elevation of p-STAT3 and SOC3, key mediators of IL-6 signaling, are involved in muscle insulin
resistance. Exercise training has been known to upregulate IL-6Rα protein in adapted skeletal muscle (soleus)
in both normal and diabetes agree with features of muscle adaptation. However, it did not alter p-STAT3 and
SOC3 proteins level in muscle. This study aims to investigate whether exercise training locally affects IL-6Rα
protein expression in plantaris muscle of trained-mice. Eight-week exercise training which formerly promotes
IL-6Rα protein in soleus muscle was carried out in high-fat diet in combination with a low dose STZ induced
diabetic rats. Plantaris was selected as non-trained muscle. Expression of IL-6Rα, p-STAT3 and SOC3 protein
along with muscle adaptation features, content of GLUT4 protein at cell membrane and oxidative enzyme
capacity, in plantaris muscle of exercise training rats with and without diabetes were examined. Plantaris
muscle did not show any muscle adaptation features after exercise training. Exercise training did not alter
expression of IL-6Rα, p-STAT3 and SOC3 protein in plantaris muscle. Diabetes rats with and without
training had high level of p-STAT3 and SOC3 protein in plantaris muscle. Thus, the effect of exercise training
on expression of IL-6Rα in skeletal muscle was localized only in the trained muscle.
J Physiol Biomed Sci. 2019; 32(2): 42-46
Keywords: Diabetes, exercise training, interleukin-6, metabolism, skeletal muscle

Introduction

I

nterleukin-6 (IL-6) signaling proteins in skeletal
muscle is altered by exercise training and type 2
diabetes. Exercise training has been known to
upregulate basal levels of IL-6 receptor (IL-6Rα)
mRNA and protein in skeletal muscle.1,2 Ten weeks
of knee extensor exercise training promoted IL-6Rα
mRNA expression in knee extensor muscle.1
Moreover, one-legged knee extensor exercise training
for 10 weeks increased levels of IL-6Rα protein in
knee extensor muscle.2 IL-6Rα is a determinant of IL6 target tissues as IL-6 signaling transduction is
present only in IL-6Rα expressed cells and its
expression is restricted in some tissues.3 It is
suggested that effect of exercise training-induced IL6Rα enhances local IL-6 effect in skeletal muscle.1
Type 2 diabetes has a chronic elevation of
circulating IL-6.4 The chronic IL-6 elevation took
part in developing muscle insulin resistance.5 IL-6
mediates this effect via activating phosphorylation of
signal transducer and activator of transcription 3 (pSTAT3) and thus expression of suppressor of
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cytokine signaling 3 (SOC3) protein, which both in
turn inhibit insulin signaling.6, 7
A previous study showed that treadmill exercise
training for 8 weeks increased expression of IL-6Rα
protein in soleus muscle of type 2 diabetic rats like
those found in normal rats.8 This increment was
reported in parallel with indices of muscle adaptation,
including GLUT4 content at plasma membrane,
oxidative capacity and exercise performance. All
these data implicate that exercise training promotes
IL-6Rα expression in adapted muscle. On the other
hand, exercise training did not affect levels of pSTAT3 and SOC3 protein in trained muscle of type 2
diabetes.8 These findings suggest an independent role
of endurance training in IL-6 signaling regulation in
muscle. However, endurance training has been
known to adjust bodily system, which in turn
systematically adjusted muscle properties in
nonexercising muscle.
This study aimed to investigate whether the effect
of exercise training-induced IL-6Rα protein expression
occurs exclusively in plantaris muscle of trained mice
independent of diabetes. The endurance exercise training program which was previously showed to promote
IL-6Rα protein in soleus muscle was applied to type 2
diabetic rats. Type 2 diabetes was induced by high-fat
diet in combination with a low dose of streptozotocin.
The plantaris muscle, which has the same function but
recruited after soleus muscle, was then used to
investigate the local effect of exercise training on IL-6
signaling protein in type 2 diabetic rats.
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activity. SDH activity was gauged according to the
staining intensities following an incubation with a
medium.10 Transverse sections of muscle, 10 μm
thick, were cut from the mid-belly region of muscle
in a cryostat at -20˚C. The sections were brought to
room temperature, air-dried and incubated with an
incubation medium (0.2 M sodium succinate and 2.4
mM nitroblue tetrazolium in 0.2 M phosphate buffer;
pH =7.6) for 60 minutes at 37oC. Then, the sections
were rinsed with distilled water, and the unbound
nitroblue tetrazolium was removed with graded
acetone solutions (30, 60, and 90%, respectively).
Sections were then mounted in an aqueous mounting
medium (50% glycerol in PBS). The blue color that
appeared on the muscle section indicated the site of
SDH activity. The SDH staining was captured by
phase-contrast light microscopy at x10 magnification
using a Nikon TE 2000-S inverted microscope
(Nikon, Japan). Approximately 400-500 fibers per
sample were semi-quantitatively analyzed by ImageJ
software (NIH, Bethesda, MD, USA). The images
were converted to an 8-bit gray scale. Then mean
optical density (OD) was determined by averaging
the optical density and corrected for the mean OD of
the background.

Materials and Methods
Animals
Male Wistar rats were used in all studies. All
experimental procedures were approved by the
Animal Care and Use Committee, Faculty of Science,
Mahidol University, Thailand. Rats were housed at
the Laboratory Animal Husbandry Unit, Central
Animal Facility, Faculty of Science, Mahidol
University, Thailand, in a room with controlled
humidity (55 ± 5%), temperature (22 ± 2oC), and
lighting (12:12 hours dark and light cycle). The
animals had access to standard rat chow diet and
water ad libitum, prior to diet manipulation.
Experimental design
This study has been previously described.8 Briefly,
the diabetic induction is based on high-fat diet in
combination with a low dose of streptozotocin (STZ)
injection.9 Rats were fed with high-fat diet (60% fat)
ad libitum for 2 weeks. Then they were injected
intraperitoneally with 35 mg/kg of STZ in 0.25 ml/kg
citrate buffer (pH 4.8). Meanwhile, normal rats were
fed with normal diet and injected with vehicle (0.25
ml/kg citrate buffer). After 14 days of the injection,
fasting blood glucose (FBG) was measured by
glucometer (Terumo, Japan). Rats with FBG ≥ 14
mmol/l were considered to be diabetes and were
continuously fed with high-fat diet throughout the
experiment.
Rats from normal and diabetic groups were
subdivided into four groups (n = 6-7 per group):
normal sedentary (NS), diabetic sedentary (DS),
normal with endurance training (NT), and diabetic
with endurance training (DT). Endurance training rats
were forced to run on 12% grade incline treadmill at a
speed of 25 m/min, 60 min/day, 5 times/week for 8
weeks.
At 24 hours after the last bout of exercise, rats
from each group were anesthetized with intraperitoneal injection of pentobarbital sodium. Blood samples
were collected and centrifuged to separate plasma.
Right plantaris muscle was excised, placed in an
embedding mold at their in vivo length and
immediately frozen in isopentane cooled with liquid
nitrogen. Left plantaris muscle was excised and
immediately frozen in liquid nitrogen. All samples
were stored at -80 ˚C for further analysis.

Localization of GLUT4 in skeletal muscle
The expression of glucose transporter 4 (GLUT4)
protein located at plasma membrane was semiquantitatively determined by immunofluorescence.
Muscle sections (10 μm) were fixed in a fixative
solution (75% acetone and 25% ethanol) for 5
minutes and washed with phosphate buffered saline
three times for 5 minutes. Sections were then blocked
with 5% normal goat serum for 60 minutes at room
temperature and incubated with primary antibody
against GLUT4 overnight at 4oC. After incubation,
sections were washed with PBS three times for 5
minutes and incubated with IgG 488 secondary
antibody (Invitrogen, USA) for 60 minutes. Then,
sections were mounted in 50% glycerol. The image of
GLUT4 was captured by an Olympus IX83ZDC
inverted motorized microscope (Olympus, USA).
Mean fluorescence density of GLUT4 located at
plasma membrane was quantified using ImageJ
software.
Protein expression analysis
Plantaris muscle was weighed and added into 20X
cold lysis buffer solution (50 mmol/l Tris (pH 7.5), 1
mmol/l EDTA, 150 mmol/l NaCl, 1 mmol/l NaF, 1
mmol/l Na3VO4, 1% Triton X-100, 1 mmol/l phenylmethylsulfonyl fluoride and 10X protease inhibitor).
The tissues were homogenized by a homogenizer
(Polytron PT 3100, Kinematica AG, Switzerland).
The tissue homogenate was then centrifuged at
12,000 g for 10 minutes at 4oC and the supernatant
was collected. Protein concentration was quantified
using the Bradford method.11 Protein (80 mg) was
loaded onto 10% polyacrylamide gel and transferred

Plasma biochemical analysis
Plasma sample was determined for fasting plasma
glucose, triglycerides, and total cholesterol using
enzymatic colorimetric methods (Erba Diagnostics
Mannhiem GmbH, Germany). Fasting plasma insulin
was determined using a Rat Insulin ELISA Kit
according to manufacturer’s protocol (Millipore,
Germany).
Muscle oxidative capacity
Muscle oxidative capacity was determined by
assessing succinate dehydrogenase enzyme (SDH)
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to the nitrocellulose sheet. Then it was blocked with
5% nonfat dry milk for 60 minutes at room
temperature and incubated with mouse monoclonal
antibodies against IL-6, IL-6Rα, and tubulin (Santa
Cruz Biotechnology, USA), p-STAT3 (tyr705), and
rabbit polyclonal antibody against SOC3 (Cell
Signaling Technology, USA), and GLUT4 (Abcam,
UK). The blots were then probed with the corresponding secondary antibodies to IgG conjugated to
horseradish peroxidase. Proteins were visualized by
chemiluminescence detection according to manufacturer’s protocol (Millipore, Germany), and light
emitted was detected on x-ray film, which was further

quantified by densitometry using ImageJ software.
Statistical analysis
Data were analyzed using GraphPad Prism 6.0
software (GraphPad Software, USA). Data were
expressed as mean and the standard errors of mean
(mean ± SEM). A two-way analysis of variance
(ANOVA) was used to evaluate the effect of diabetes
and exercise training on all parameters. Results were
considered significant when P < 0.05.

Results
Biochemical and physical characteristics of the rats
were previously published8 and were briefly
described for comprehensive data. Diabetic rats had
high levels of plasma glucose and total cholesterol as
well as low levels of plasma insulin and running
time.8 Exercise training reduced plasma triglyceride
levels and improved running time in both normal and
diabetic groups.8 In addition, exercise training was
showed to induce muscle adaptation in soleus muscle
of both normal and diabetic rats.8 However, the
identical exercise training procedure did not induce
plantaris muscle adaptation in this study. Exercise
training did not promote total and plasma membrane
GLUT4 protein content in plantaris muscle of both
normal and diabetic rats (Figure 1A-B). Muscle SDH
activity, which represents muscle oxidative capacity,
did not increase in plantaris muscle of both groups
(Figure 2). Collectively, plantairs muscle is sufficient

A

B

Figure 1 Expression of GLUT4 protein in total (A) and
plasma membranes (B) of plantaris muscle from normal and
diabetes with or without 8 weeks of exercise training (n = 7 for
NS, DS, DT; n = 6 for NT). Total GLUT4 protein in plantaris
muscle was analyzed by immunoblot. GLUT4 content at
plasma membrane was analyzed by immunofluorescence
(green). Scale bar = 50 µm. NS, normal sedentary; DS,
diabetic sedentary; NT, normal training; DT, diabetic training.
Data are presented as mean ± SEM.

Figure 2 Succinate dehydrogenase activity of plantaris
muscle from normal and diabetes with or without 8 weeks of
exercise training (n = 7). Upper panel showed representative
histological staining of SDH activity in plantaris muscle. Scale
bar = 50 µm. Lower panel showed quantitative analysis of
SDH activity. NS, normal sedentary; DS, diabetic sedentary;
NT, normal training; DT, diabetic training. Data are presented
as mean ± SEM.
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This effect is not affected by systemic challenge, i.e.
type 2 diabetes, suggesting an independent effect of
exercise training-induced IL-6Rα protein in trained
muscle.8 Thus, exercise training might act locally to
promote IL-6Rα protein expression solely in adapted
muscle. This study showed that exercise training
protocol, which was primarily demonstrated to induce
muscle adaptation in soleus did not induce any
adaptation in plantaris muscle. In contrast to
previously found in soleus muscle, exercise training
did not promote IL-6Rα protein in plantaris muscle of
normal and diabetic rats. On the other hand, elevation
of p-STAT3 and SOC3 proteins in diabetic rats were
present in plantaris muscle of diabetes regardless of
exercise training.
In the present study, exercise training did not
induce any change in IL-6Rα protein expression in
plantaris muscle associated with lack of muscle
adaptation in this muscle of both normal and diabetic

B

A

Figure 3 Expression of IL-6 (A) and IL-6Rα (B) proteins in
plantaris muscle from normal and diabetes with or without 8
weeks of exercise training (IL-6: n = 7 for NS, DS, DT; n = 6
for NT and IL-6Rα: n = 6 for NS, DS, NT; n = 7 for DT). NS,
normal sedentary; DS, diabetic sedentary; NT, normal training; DT, diabetic training. Data are presented as mean ±
SEM.

B

to represent a non-adapted muscle, particularly in this
exercise training protocol.
Regarding IL-6 signaling proteins, the level of IL6 in plantaris muscle was not altered by diabetes and
exercise training (Figure 3A). As expected, IL-6Rα
protein expression did not change in plantaris muscle
after exercise training in both normal and diabetes
rats (Figure 3B), unlike that found in soleus muscle
after exercise training.8 Diabetic rats had higher
levels of p-STAT3 and SOC3 protein in plantaris
muscle when compared with normal rats regardless of
exercise training (Figure 4A-B), similar to that
previously found in soleus muscle of diabetic rats.8
However, the levels of p-STAT3 and SOC3 protein
were unchanged by endurance training in both normal
and diabetic rats (Figure 4A-B).

Figure 4 Expression of p-STAT3 (A) and SOC3 (B) proteins
in plantaris muscle from normal and diabetes with or without 8
weeks of exercise training (n = 6). NS, normal sedentary; DS,
diabetic sedentary; NT, normal training; DT, diabetic training.
Data are presented as mean ± SEM. †P < 0.05 compared to
the corresponding normal groups.

Discussion
Exercise training has been known to increase
expression of IL-6Rα protein in trained muscle.2,8
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rats. On the contrary, this exercise training previously
showed to promote IL-6Rα protein as well as muscle
adaptation in soleus muscle of both normal and
diabetic rats.8 Although soleus and plantaris muscle
have the same function, they were recruited from
different pattern of activities. It has been known that
leg extensor muscle groups were progressively
recruited from deep-slow fiber muscle (soleus) to
more peripheral-fast fiber muscle (plantaris) with
increasing speed of activity. They revealed that
exercise training rats on treadmill at a low speed (less
than 40 m/min) lead to release of cytochrome c, a
mitochondrial enzyme, primarily in soleus muscle.
Meanwhile, this adaptation was found in more
peripheral muscle with a further increase in running
speed.12 Given a speed of 25 m/min running in our
study, it is reasonable to categorize soleus and
plantaris as adapted and non-adapted muscle,
respectively. To support this notion, SDH activities,
which is a well-known indicator of oxidative activity
in skeletal muscle,10 were unchanged in plantaris
muscle after exercise training. However, they were
increased in soleus muscle after an identical exercise
training procedure.8 In addition, there was another
study reporting that 10 weeks knee extensor exercise
increased expression of IL-6Rα protein in vastus
lateralis muscle.2 The subjects in this study were
separately reported to have high levels of oxidative
enzyme capacity, citrate synthase, and β-hydroxyacyl-CoA dehydrogenase in vastus lateralis muscle.13
On the other hand, effect of type 2 diabetes, which
represented a systemic challenge, on expression of pSTAT3 and SOC3 proteins in plantaris muscle is
similar to those primarily found in soleus muscle.8
Collectively, all these data imply that effect of
exercise on expression of IL-6Rα protein in muscle is
activated locally to exercising muscle. In addition,
training and diabetes have an independent role in
regulating p-STAT3 and SOC3 signaling pathways in
plantaris muscle.
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