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Crosstalk between muscle ﬁbers and immune cells is well
known in the processes of muscle repair after exercise, especially resistance exercise. In aerobic exercise, however, this
crosstalk is not fully understood. In the present study, we found
that macrophages, especially anti-inﬂammatory (M2) macrophages, and neutrophils accumulated in skeletal muscles of
mice 24 h after a single bout of an aerobic exercise. The
expression of oncostatin M (OSM), a member of the interleukin
6 family of cytokines, was also increased in muscle ﬁbers
immediately after the exercise. In addition, we determined that
deﬁciency of OSM in mice inhibited the exercise-induced
accumulation of M2 macrophages and neutrophils, whereas
intramuscular injection of OSM increased these immune cells
in skeletal muscles. Furthermore, the chemokines related to the
recruitment of macrophages and neutrophils were induced in
skeletal muscles after aerobic exercise, which were attenuated
in OSM-deﬁcient mice. Among them, CC chemokine ligand 2,
CC chemokine ligand 7, and CXC chemokine ligand 1 were
induced by OSM in skeletal muscles. Next, we analyzed the
direct effects of OSM on the skeletal muscle macrophages,
because the OSM receptor β subunit was expressed predominantly in macrophages in the skeletal muscle. OSM directly
induced the expression of these chemokines and antiinﬂammatory markers in the skeletal muscle macrophages.
From these ﬁndings, we conclude that OSM is essential for
aerobic exercise–induced accumulation of M2 macrophages
and neutrophils in the skeletal muscle partly through the
regulation of chemokine expression in macrophages.

Physical inactivity in a sedentary lifestyle is a leading risk
factor for various noncommunicable diseases, including
obesity, type 2 diabetes, hypertension, and coronary heart
disease (1). Physical inactivity is well known to have a global
prevalence, and there have been various efforts in recent years
to counteract this problem (2). In addition to pharmacological
interventions in the treatment and prevention of noncommunicable diseases, regular exercise is recommended for
preventing, managing, and treating physical inactivity and the
related chronic conditions (1). Exercise is a speciﬁc form of

physical activity, which is carried out for a set purpose, such as
health beneﬁts, in a structured, planned, and continuous (repetitive) manner (3, 4). Beneﬁts of exercise have long been well
known, but such exercise interventions require the understanding of precise mechanisms by which exercise and physical
activity prevent and/or improve these conditions.
Exercises are generally grouped into types depending on the
modality (aerobic versus resistance) and the intensity, duration,
and frequency of training session. Each type of exercise has
unique health beneﬁts through differing skeletal muscle
adaption to it. Aerobic exercise, such as brisk walking, jogging,
and swimming, is most commonly used in the treatment and
prevention of noncommunicable diseases (4, 5), whereas
resistance exercise requires muscle contraction against
external resistance in order to improve the strength and mass
of the muscles (5). Skeletal muscles release a diverse range of
biological active peptides and proteins, so-called myokines (6).
Regardless of the type of exercise, muscle contraction during
exercise is a major stimulus of the expression and secretion of
myokines (6), and therefore, numerous myokines, such as
interleukin 6 (IL-6) family members, IL-6 (7), and leukemia
inhibitory factor (8), are well known to be produced in skeletal
muscles after a bout of acute exercise. Myokines are secreted
into the blood circulation to confer the beneﬁcial health effects
of exercise to other organs, including to adipose tissue and the
liver (6). In addition to their extramuscular effects, some
myokines, including IL-6, have regulatory function of glucose
and lipid metabolism within the skeletal muscle itself (9).
Oncostatin M (OSM), a member of IL-6 family of cytokines
(10), activates the heterodimeric membrane receptor
comprising the OSM receptor β subunit (OSMRβ) and the
common receptor subunit, gp130 (11). OSM has a variety of
biological effects, such as hematopoiesis (12), development of
the liver (13), and modulation of inﬂammation (14). We and
others (15, 16) have demonstrated that treatment with OSM
improves some noncommunicable diseases, including obesity,
type 2 diabetes, and coronary heart disease. We have also reported that OSM produced by adipocytes has the ability to
improve insulin resistance with obesity through the phenotypic change of macrophages from proinﬂammatory (M1) to
anti-inﬂammatory (M2) type in adipose tissue (17). In addition, Hojman et al. (18) reported that a single bout of
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Roles of OSM in skeletal muscle during aerobic exercise
swimming, a type of aerobic exercise, induces the expression of
OSM in skeletal muscle. However, the roles of OSM produced
in skeletal muscle during aerobic exercise have not been sufﬁciently elucidated.
Obesity-related metabolic disorders, including type 2 diabetes and hepatic steatosis, are associated with low-grade
chronic systemic inﬂammation (19). In the obese state,
various inﬂammatory cells are recruited in the white adipose
tissue (20) and skeletal muscle (21). Recruited inﬂammatory
cells, especially M1 macrophages, release proinﬂammatory cytokines, such as tumor necrosis factor alpha (TNF-α) and IL-1β,
resulting in insulin resistance (22–24). On the other hand, M2
macrophages are well known to play an important role in these
tissues on the beneﬁcial effects to obesity-related metabolic
disorders, including enhancement of insulin sensitivity (24).
Exercise induces M1-to-M2 phenotype switch of macrophages
in multiple organs, including in skeletal muscle, liver, and

adipose tissue (25). Accumulation of M2 macrophages enhances insulin sensitivity in skeletal muscle after a single bout of
aerobic exercise (26), but the mechanism of M2 macrophage
accumulation after aerobic exercise is largely unknown.
In the present study, we investigated cellular and molecular
events in the skeletal muscle after a single bout of aerobic
exercise and the roles of OSM in the crosstalk between muscle
ﬁbers and immune cells.

Results
Accumulation of macrophages and neutrophils in skeletal
muscle after a single bout of aerobic exercise
First, we tested whether a single bout of aerobic exercise
enhances muscle insulin sensitivity 24 h after the exercise. No
signiﬁcant differences in blood glucose levels were found between sedentary mice and mice after the exercise (Fig. 1A).

Figure 1. Accumulation of immune cells in the skeletal muscle after the aerobic exercise. Male C57BL/6J mice were subjected to a single bout of
treadmill running exercise at a speed of 15 m/min for 1 h. Mice in the sedentary group were used as controls. A–C, at 24 h after the exercise, mice were
intraperitoneally injected with insulin (1 milliunit/g of body weight). A, insulin-induced decreases in blood glucose in sedentary mice (Sed [1 h] + 24 h) and
mice at 24 h after the exercise (Ex [1 h] + 24 h). B, Western blot analysis of phospho-Akt (pAkt) in the skeletal muscle. The apparent molecular weights are
indicated on the right. C, quantitative analysis of pAkt. The band intensities of pAkt were normalized to total Akt and represented as the fold induction
relative to the intensities of sedentary mice with no insulin injection in the bar graph. D, ﬂow cytometric analysis of immune cells in the skeletal muscle at
24 h after the exercise. E, gene expression of M1 (iNOS and TNF-α) and M2 markers (arginase-1 [Arg1] and IL-10) in the skeletal muscle at 24 h after the
exercise. F, Western blot analysis of M1 (iNOS and TNF-α) and M2 markers (arginase-1 [Arg1] and IL-10) in the skeletal muscle at 24 h after the exercise. The
apparent molecular weights are indicated on the right. G, quantitative analysis of the protein expression of iNOS, TNF-α, Arg1, and IL-10. The band intensities of iNOS, TNF-α, Arg1, and IL-10 were normalized to β-tubulin and represented as the fold induction relative to the intensities of sedentary mice in
the bar graph. Data are expressed as mean ± SD; n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Two-way ANOVA followed by
Tukey’s post hoc test (A and C); Student’s t test (D, E, and G). IL, interleukin; iNOS, inducible nitric oxide synthase; TNF-α, tumor necrosis factor alpha.

2 J. Biol. Chem. (2022) 298(12) 102686

Roles of OSM in skeletal muscle during aerobic exercise
Insulin lowered blood glucose levels (Fig. 1A) and induced
phosphorylation of Akt in the skeletal muscle (Fig. 1, B and C).
In addition, such effects of insulin were signiﬁcantly enhanced
by the exercise (Fig. 1, A–C), suggesting that a single bout of
aerobic exercise enhanced insulin sensitivity in the skeletal
muscle.
In this context, we examined the effects of a single bout of
aerobic exercise on accumulation of immune cells in the
skeletal muscle by using ﬂow cytometry. Both total macrophages (CD45+/CD11b+/F4/80+) and neutrophils (CD45+/
CD11b+/Gr-1high) were increased in the skeletal muscle after
exercise (Fig. 1D). In total macrophages, M2 macrophages
(CD45+/CD11b+/F4/80+/CD206+) were exclusively increased
in the skeletal muscle (Fig. 1D). The exercise had no signiﬁcant
effects on the numbers of M1 macrophages (CD45+/CD11b+/
F4/80+/CD11c+), T cells (CD45+/CD3e+), and B cells (CD45+/
B220+) in the skeletal muscle (Fig. 1D). To investigate the
distribution of accumulated immune cells in the skeletal
muscle (gastrocnemius, plantaris, and soleus muscles),
immunohistological analysis was performed 24 h after the
exercise. Consistent with the data obtained from ﬂow cytometry, both total (F4/80-positive cells) and M2 macrophages
(CD206-positive cells) were increased in the skeletal muscle
after the exercise (Fig. S1). Similar patterns of immune cell
alteration were observed between the gastrocnemius, plantaris,
and soleus muscles (Fig. S1). In addition, both mRNA and
protein expression of markers of M2 macrophage, arginase-1
and IL-10, were increased in the skeletal muscle 24 h after
the exercise (Fig. 1, E–G). There were no signiﬁcant differences, however, between the sedentary and exercise groups in
the expression of markers of M1 macrophages, inducible nitric
oxide synthase (iNOS) or TNF-α, at both mRNA and protein
levels (Fig. 1, E–G).
Expression of OSM in the skeletal muscle after the aerobic
exercise
To assess the roles of OSM in exercise-induced alteration
of immune cells, we ﬁrst examined the effects of the aerobic
exercise on the expression of OSM in the skeletal muscle.
The protein expression of OSM was induced in the skeletal
muscle immediately after exercise and remained at a high
level until 2 h after the exercise (Fig. 2, A and B). To eliminate the possibility that OSM was upregulated by the electrical shock used to encourage running on the treadmill, we
examined the expression of OSM in the skeletal muscle after
swimming exercise and treadmill running exercise with
gentle encouragement by using a tongue depressor. In both
exercise protocols, OSM was increased in the skeletal muscle
immediately after the exercise (Fig. S2). To identify OSMexpressing cells in the skeletal muscle after exercise,
immunohistological analysis was performed 1 h after the
exercise. Intense expression of OSM protein was observed in
the muscle ﬁbers after the exercise (Fig. 2C). In addition,
OSM was widely distributed in both slow-twitch ﬁbers (type
I) and fast-twitch ﬁbers (types IIa, IIb, and IIx) after the
exercise (Fig. 2D).

To investigate whether the exercise induced protein
expression of OSM because of the increase of gene expression
of OSM, we examined the gene expression of OSM in the
skeletal muscle during and after exercise. The mRNA
expression of OSM began to increase at 0.5 h from the start of
the exercise and remained at high level immediately after 1 h
of exercise and at 0.5 h after the exercise (Fig. 2E). In addition,
OSM expression was still high in the skeletal muscle at 24 h
after the exercise (Fig. 2F).
Alteration of macrophages and neutrophils in skeletal muscle
of OSM-deﬁcient mice after aerobic exercise
Next, we investigated the roles of OSM in exercise-induced
metabolic changes and immune cell alterations by using OSMdeﬁcient (OSM−/−) mice. Under sedentary condition, there
were no signiﬁcant differences between WT and OSM−/− mice
in the blood glucose levels (Fig. 3A), Akt phosphorylation
(Fig. 3, B and C), the number of immune cells (Fig. 3D), or the
expression of M1 and M2 markers (Fig. 3, E–G). After the
exercise, there were no signiﬁcant differences between WT
and OSM−/− mice in blood glucose levels before insulin injection (Fig. 3A). Although insulin decreased blood glucose
levels in both WT and OSM−/− mice after the exercise, the
reduction in blood glucose with insulin was lower in OSM−/−
mice than in WT mice (Fig. 3A). In addition, insulinstimulated phosphorylation of Akt was signiﬁcantly attenuated in the skeletal muscle of OSM−/− mice compared with
that in WT mice (Fig. 3, B and C). Flow cytometry revealed
that both total macrophages and neutrophils were decreased in
the skeletal muscle of OSM−/− mice compared with those in
WT mice after exercise (Fig. 3D). In total macrophages, M2
macrophages were decreased, whereas M1 macrophages were
increased in the skeletal muscle of OSM−/− mice after the
exercise (Fig. 3D). There were no signiﬁcant changes in the
numbers of T cells and B cells in the skeletal muscle after the
exercise (Fig. 3D). The alteration patterns of the number of
immune cells observed in ﬂow cytometry were conﬁrmed in all
part of calf muscles (gastrocnemius, plantaris, and soleus) after
the exercise (Fig. S3). Both mRNA and protein expression of
M2 markers (arginase-1 and IL-10) were decreased, and M1
markers (iNOS and TNF-α) were increased in the skeletal
muscle of OSM−/− mice at 24 h after the exercise (Fig. 3, E–G).
Effects of OSM on alteration of macrophages and neutrophils
in skeletal muscle
Double immunoﬂuorescence staining of OSMRβ with
phosphorylated signal transducer and activator of transcription 3 (STAT3) was performed after the exercise because
STAT3 is phosphorylated by OSM through OSMRβ–gp130
receptor complex. Exercise induced phosphorylation of
STAT3 in OSMRβ-positive cells (Fig. 4A), suggesting the
possibility that OSMRβ-positive cells were activated by OSM.
To investigate whether exercise-induced immune cell alterations were reproduced by OSM alone in the skeletal
muscle without the exercise, OSM was injected intramuscularly. Phosphorylated STAT3 was detected in OSMRβ-positive
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Figure 2. The effects of aerobic exercise on the expression of OSM in the skeletal muscle. Male C57BL/6J mice were subjected to a single bout of
treadmill running exercise at a speed of 15 m/min for 0.5 or 1 h. Mice in the sedentary group were used as controls. A, Western blot analysis of OSM in the
skeletal muscle of mice immediately (Ex [1 h] + 0 h), 1 h (Ex [1 h] + 1 h), and 2 h (Ex [1 h] + 2 h) after the exercise and each sedentary control (Sed [1 h] + 0 h,
Sed [1 h] + 1 h, and Sed [1 h] + 2 h). The apparent molecular weights are indicated on the right. B, quantitative analysis of the protein expression of OSM.
The band intensities of OSM were normalized to β-tubulin and represented as the fold induction relative to the intensities on each sedentary group. C,
localization of OSM protein in the skeletal muscle at 1 h after the exercise. Sections were stained with an antibody against OSM (red) and costained with an
antibody against laminin to identify the muscle ﬁbers (green). The scale bars represent 50 μm. D, muscle ﬁber type distribution of exercise-induced OSM in
the skeletal muscle. Sections were stained with an antibody against OSM (red) and costained with antibodies against myosin heavy chain type I, IIa, IIb, or IIx
to identify the muscle ﬁber types (green). C and D, the sections were counterstained with DAPI (blue). The scale bars represent 50 μm. E and F, gene
expression of OSM in the skeletal muscle of mice at 0.5 h from the start of the exercise (Ex [0.5 h] + 0 h), and immediately (Ex [1 h] + 0 h), 0.5 h (Ex [1 h] +
0.5 h), and 24 h (Ex [1 h] + 24 h) after 1 h of exercise. Data are expressed as mean ± SD; n = 5 per group. *p < 0.05 and **p < 0.01. Two-way ANOVA followed
by Tukey’s post hoc test (B and E); Student’s t test (F). DAPI, 40 ,6-diamidino-2-phenylindole; OSM, oncostatin M.

cells at 30 min after the injection of OSM (Fig. 4B). At 24 h
after the injection, total macrophages, M2 macrophages, and
neutrophils were increased in the skeletal muscle (Fig. 4C).
OSM had no signiﬁcant effects on the numbers of M1 macrophages, T cells, and B cells in the skeletal muscle (Fig. 4C).
Similar alteration patterns of the number of immune cells were
observed in all part of calf muscles (gastrocnemius, plantaris,
and soleus) after the injection of OSM (Fig. S4). The expression of M2 markers (arginase-1 and IL-10) was increased by

4 J. Biol. Chem. (2022) 298(12) 102686

OSM, whereas M1 markers (iNOS and TNF-α) were not
signiﬁcantly changed at the mRNA (Fig. 4D) and protein levels
(Fig. 4, E and F).
Effects of OSM on chemokine production in skeletal muscle
To better understand which chemokines contribute to the
accumulation of M2 macrophages and neutrophils in the
skeletal muscle after aerobic exercise, we investigated the
mRNA expression of CC chemokine ligand (CCL) 2, CCL7,

Roles of OSM in skeletal muscle during aerobic exercise

Figure 3. Effects of OSM deﬁciency on the accumulation of macrophages and neutrophils in the skeletal muscle after the aerobic exercise. Male WT
and OSM−/− mice were subjected to a single bout of treadmill running exercise at a speed of 15 m/min for 1 h. Mice in the sedentary group were used as
controls. A–C, at 24 h after the exercise, mice were intraperitoneally injected with insulin (1 milliunits/g of body weight). A, insulin-induced decreases in
blood glucose in sedentary WT mice (WT Sed [1 h] + 24 h), sedentary OSM−/− mice (OSM−/− Sed [1 h] + 24 h), WT mice at 24 h after the exercise (WT Ex [1
h] + 24 h), and OSM−/− mice at 24 h after the exercise (OSM−/− Ex [1 h] + 24 h). B, Western blot analysis of pAkt in the skeletal muscle. The apparent
molecular weights are indicated on the right. C, quantitative analysis of pAkt. The band intensities of pAkt were normalized to total Akt and are represented
as the fold induction relative to the intensities of WT mice in the bar graph. D, ﬂow cytometric analysis of immune cells in the skeletal muscle of WT and
OSM−/− mice at 24 h after the exercise. E, gene expression of M1 (iNOS and TNF-α) and M2 markers (arginase-1 [Arg1] and IL-10) in the skeletal muscle of WT
and OSM−/− mice at 24 h after the exercise. F, Western blot analysis of M1 (iNOS and TNF-α) and M2 markers (arginase-1 [Arg1] and IL-10) in the skeletal
muscle of WT and OSM−/− mice at 24 h after the exercise. The apparent molecular weights are indicated on the right. G, quantitative analysis of the protein
expression of iNOS, TNF-α, Arg1, and IL-10. The band intensities of iNOS, TNF-α, Arg1, and IL-10 were normalized to β-tubulin and are represented as the
fold induction relative to the intensities of WT mice in the bar graph. Data are expressed as mean ± SD; n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001. Two-way ANOVA followed by Tukey’s post hoc test. IL, interleukin; iNOS, inducible nitric oxide synthase; OSM, oncostatin M; TNF-α,
tumor necrosis factor alpha.

CX3C chemokine ligand 1 (CX3CL1), and CXC chemokine
ligand (CXCL1) in the skeletal muscle after the exercise. The
chemokines associated with monocyte recruitment, CCL2,
CCL7, and CX3CL1, were induced by exercise in the skeletal
muscle, and their expression levels were highest at 1 h after
exercise (Fig. 5A). CXCL1, a chemokine for induction of

neutrophils, increased immediately after exercise in the skeletal muscle (Fig. 5A). These chemokines were not increased in
the adipose tissue (Fig. S5A) or the liver (Fig. S5B) at the time
points after the exercise. The expression of CCL2, CCL7,
CX3CL1, and CXCL1, which were induced by the exercise in
WT mice, were attenuated in the skeletal muscle of OSM−/−
J. Biol. Chem. (2022) 298(12) 102686
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Figure 4. Effects of OSM on the accumulation of macrophages and neutrophils in the skeletal muscle. A, exercise-induced phosphorylation of STAT3
(pSTAT3) in OSMRβ-positive cells in the skeletal muscle immediately after the exercise. Arrowheads indicate OSMRβ (left panels) and pSTAT3 (middle panels)
double-positive cells. The merged images are shown in the right panels. The sections were counterstained with DAPI (blue). The scale bars represent 50 μm.
B–F, male C57BL/6J mice were injected intramuscularly with vehicle (Veh) or recombinant mouse OSM. B, OSM-induced pSTAT3 in OSMRβ-positive cells in
the skeletal muscle at 30 min after the injection. Arrowheads indicate OSMRβ (left panels) and pSTAT3 (middle panels) double-positive cells. The merged
images are shown in the right panels. The sections were counterstained with DAPI (blue). The scale bars represent 50 μm. C, ﬂow cytometric analysis of
immune cells in the skeletal muscle at 24 h after the injection of OSM (OSM + 24 h) and its controls (Veh + 24 h). D, gene expression of M1 (iNOS and TNF-α)
and M2 markers (arginase-1 [Arg1] and IL-10) in the skeletal muscle at 24 h after the injection. E, Western blot analysis of M1 (iNOS and TNF-α) and M2
markers (arginase-1 [Arg1] and IL-10) in the skeletal muscle at 24 h after the injection. The apparent molecular weights are indicated on the right. F,
quantitative analysis of the protein expression of iNOS, TNF-α, Arg1, and IL-10. The band intensities of iNOS, TNF-α, Arg1, and IL-10 were normalized to
β-tubulin and are represented as the fold induction relative to the intensities of Veh group in the bar graph. Data are expressed as mean ± SD; n = 5 per
group. *p < 0.05, **p < 0.01, and ***p < 0.001. Student’s t test. DAPI, 40 ,6-diamidino-2-phenylindole; IL, interleukin; iNOS, inducible nitric oxide synthase;
OSM, oncostatin M; OSMRβ, OSM receptor β subunit; TNF-α, tumor necrosis factor alpha.

mice at 1 h after exercise (Fig. 5B). In addition, intramuscular
injection with OSM induced the expression of CCL2, CCL7,
and CXCL1 in the skeletal muscle (Fig. 5C). The expression of
CX3CL1, however, was not induced by OSM in the skeletal
muscle (Fig. 5C).
To conﬁrm the protein expression of CCL2, CCL7, and
CXCL1, we performed Western blot analysis using the skeletal
muscle at 2 h after the exercise. The protein expression of
CCL2, CCL7, and CXCL1 was increased by the exercise (Fig. 6,
A and B), which was attenuated in OSM−/− mice (Fig. 6, C and
D). In addition, intramuscular injection with OSM also
induced the protein expression of these chemokines in the
skeletal muscle (Fig. 6, E and F).
Direct effects of OSM on skeletal muscle macrophages
Double-immunoﬂuorescence staining revealed that the
expression of OSMRβ was observed predominantly in
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F4/80-positive cells (macrophages) in the skeletal muscle
(Fig. 7A). As shown in Figure 7B, we conﬁrmed the protein
expression of OSMRβ in macrophages isolated from skeletal
muscles by Western blot analysis. In addition, exerciseinduced phosphorylation of STAT3 was observed in F4/80positive cells (Fig. 7C). Intramuscular injection of OSM
induced phosphorylation of STAT3 in F4/80-positive cells at
30 min after the injection (Fig. 7D). When isolated skeletal
muscle macrophages were stimulated with OSM, phosphorylation of STAT3 was induced at 10 and 20 min after stimulation (Fig. 7, E and F).
To investigate the effects of OSM on the phenotypes of
macrophages in skeletal muscles after the exercise, skeletal
muscle macrophages were isolated from both WT and
OSM−/− mice at 24 h after exercise. Skeletal muscle macrophages isolated from OSM−/− mice decreased the mRNA
expression of M2 markers (arginase-1 and IL-10) and
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Figure 5. Effects of OSM on the mRNA expression of exercise-induced chemokines in the skeletal muscle. A, expression of chemokines in the skeletal
muscle after the aerobic exercise. Male C57BL/6J mice were subjected to a single bout of treadmill running exercise at a speed of 15 m/min for 1 h. Mice in
the sedentary group were used as controls. B, the expression of chemokines in the skeletal muscle of WT and OSM−/− mice at 1 h after the exercise. Male WT
and OSM−/− mice were subjected to a single bout of treadmill running exercise at a speed of 15 m/min for 1 h. C, effects of OSM on the expression of
chemokines in the skeletal muscle of mice at 1 or 2 h after the intramuscular injection of vehicle or recombinant mouse OSM (12.5 ng/g body weight). Data
are expressed as mean ± SD; n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Two-way ANOVA followed by Tukey’s post hoc test.
CCL, CC chemokine ligand; CXCL1, CXC chemokine ligand 1; OSM, oncostatin M.

increased M1 markers (iNOS and TNF-α), compared with
those from WT mice (Fig. 8A). Next, to examine the direct
effects of OSM on skeletal muscle macrophages, macrophages were isolated from the skeletal muscle and stimulated
with OSM. In the skeletal muscle macrophages, OSM
induced the expression of markers of M2 macrophage,
arginase-1, IL-10, and peroxisome proliferator–activated
receptor δ (PPARδ) (Fig. 8B). In contrast, stimulation with
OSM reduced the expression of M1 markers (iNOS and
TNF-α) in the skeletal muscle macrophages (Fig. 8B). In
addition, expression of CCL2, CCL7, and CXCL1 was
increased by stimulation with OSM in skeletal muscle
macrophages (Fig. 8C), which was completely blocked by the
inhibitor of STAT3, WP1066 (Fig. 8D). Among these chemokines, only CXCL1 was increased by OSM in macrophages isolated from the adipose tissue (Fig. S5C). In hepatic
macrophages, OSM increased the expression of CCL2 and
CXCL1, whereas CCL7 was not detected (Fig. S5D).

Discussion
Skeletal muscle produces a variety of biological active peptides and proteins, so-called myokines, in response to aerobic
exercise (27). Although contraction of muscle ﬁbers is one of
the initial events in aerobic exercise, only a few myokines,
including IL-6 and brain-derived neurotrophic factor, are
known to be expressed from muscle ﬁbers after aerobic exercise (28, 29). OSM, a member of the IL-6 family of cytokines,
was reported to be induced in the skeletal muscle of mice
during a single bout of swimming, a type of aerobic exercise
(18). However, localization of exercise-induced OSM protein
in the skeletal muscle remains unclear. In the present study,
expression of OSM protein was increased in the skeletal
muscle immediately after aerobic exercise. In addition,
immunohistochemistry revealed that OSM protein was
expressed in the muscle ﬁbers of the skeletal muscle after the
aerobic exercise. OSM is therefore suggested to be a novel
myokine produced in muscle ﬁbers, and it seems to play some
J. Biol. Chem. (2022) 298(12) 102686
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Figure 6. Effects of OSM on the protein expression of exercise-induced chemokines in the skeletal muscle. A, Western blot analysis of CCL2, CCL7, and
CXCL1 in the skeletal muscle of sedentary mice (Sed [1 h] + 2 h) and mice at 2 h after the exercise (Ex [1 h] + 2 h). The apparent molecular weights are
indicated on the right. B, quantitative analysis of the protein expression of CCL2, CCL7, and CXCL1. The band intensities of CCL2, CCL7, and CXCL1 were
normalized to β-tubulin and are represented as the fold induction relative to the intensities of sedentary mice in the bar graph. C, Western blot analysis of
CCL2, CCL7, and CXCL1 in the skeletal muscle of WT and OSM−/− mice at 2 h after the exercise. The apparent molecular weights are indicated on the right. D,
quantitative analysis of the protein expression of CCL2, CCL7, and CXCL1. The band intensities of CCL2, CCL7, and CXCL1 were normalized to β-tubulin and
are represented as the fold induction relative to the intensities of WT mice in the bar graph. E, Western blot analysis of CCL2, CCL7, and CXCL1 in the skeletal
muscle of mice at 2 h after the injection of vehicle (Veh) or OSM. F, quantitative analysis of the protein expression of CCL2, CCL7, and CXCL1. The band
intensities of CCL2, CCL7, and CXCL1 were normalized to β-tubulin and are represented as the fold induction relative to the intensities of Veh group in the
bar graph. Data are expressed as mean ± SD; n = 5 per group. *p < 0.05, **p < 0.01, and ***p < 0.001. Student’s t test. CCL, CC chemokine ligand; CXCL1,
CXC chemokine ligand 1; OSM, oncostatin M.

important roles in biological events as a result of aerobic
exercise.
To adapt to physiological demands in response to exercise,
some alterations are induced in skeletal muscle, including
metabolic changes of muscle ﬁbers and inﬁltration of immune
cells (30, 31). Notably, in response to resistance exercise,
various immune cells, such as neutrophils, macrophages, and
T-cells, inﬁltrate into skeletal muscle as part of the muscle
repair process (32–35). Crosstalk between muscle ﬁbers and
immune cells is therefore an important event in skeletal
muscle adaptation to resistance exercise. Less is known about
such a crosstalk between muscle ﬁbers and immune cells
during and after a single bout of aerobic exercise, although the
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accumulation of M2 macrophages is reported in the skeletal
muscle (26). In the present study, aerobic exercise increased
the number of neutrophils as well as M2 macrophages but did
not signiﬁcantly change the number of M1 macrophages,
T-cells, or B-cells, in the skeletal muscle. The inﬁltration
pattern of immune cells to skeletal muscle after aerobic exercise is different from that in resistance exercise, suggesting
that there is unique crosstalk between muscle ﬁbers and immune cells in response to aerobic exercise.
In numerous aspects of immune responses, chemokines play
important roles in the recruitment of immune cells into tissues
(36). In response to exercise, some chemokines related to the
recruitment of macrophages (CCL2 and CX3CL1) and
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Figure 7. OSM acts on macrophages in the skeletal muscle. A, localization of OSMRβ in the skeletal muscle of C57BL/6J mice. Sections were stained with
antibodies against OSMRβ (red) and F4/80 (green). The sections were counterstained with DAPI (blue). Merged image is shown in the right panel. The scale
bars represent 50 μm. B, Western blot analysis of OSMRβ in the isolated skeletal muscle macrophages of C57BL/6J mice. The apparent molecular weights are
indicated on the right. In negative control (NC), the blotted membranes were incubated with goat immunoglobulin G (IgG) puriﬁed from normal goat serum
instead of anti-OSMRβ antibody. C, localization of exercise-induced pSTAT3 in the skeletal muscle immediately after the exercise. Sections were stained with
antibodies against pSTAT3 (red) and F4/80 (green). Arrowheads indicate pSTAT3 (left panels) and F4/80 (middle panels) double-positive cells. The scale bars
represent 50 μm. D, effects of OSM on phosphorylation of STAT3 (pSTAT3) in skeletal muscle macrophages. C57BL/6J mice were given an injection with
vehicle (upper panels) or recombinant mouse OSM (lower panels) intramuscularly at 30 min before the experiments. Arrowheads indicate pSTAT3 (left panels)
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neutrophils (CXCL1) are known to be increased in skeletal
muscles (37–40). Immunohistochemistry in skeletal muscles
reveals that some chemokines (CCL2 and CX3CL1) are produced from cells in the interstitial space between muscle ﬁbers,
including macrophages, satellite cells, and endothelial cells,
after exercise (37, 38). On the other hand, CCL2 and CXCL1
have been shown to be produced from contracted C2C12
myotubes (41–44), suggesting that muscle ﬁbers may produce
chemokines through their contraction during exercise. The
regulatory mechanisms underlying the expression of chemokines after exercise still therefore require deeper elucidation.
In the present study, the chemokines related to the recruitment of macrophages (CCL2, CCL7, and CX3CL1) and neutrophils (CXCL1) were increased in the skeletal muscle after
the aerobic exercise, whereas the increased expression of these
chemokines was attenuated in OSM−/− mice. Among these
chemokines, CCL2, CCL7, and CXCL1 were induced by the
intramuscular injection of OSM in the skeletal muscle (in vivo)
and in OSM-stimulated macrophages taken from the skeletal
muscle through the activation of STAT3 (in vitro). These results suggest that aerobic exercise induced such chemokines in
the skeletal muscle macrophages at least in part through OSM.
Macrophages are highly plastic cells that are mainly divided
into two phenotypes, M1 and M2 (45, 46). In the present study,
M2 macrophages, but not M1 macrophages, were increased by
aerobic exercise in the skeletal muscle. In addition, M2 macrophages were decreased and M1 macrophages were increased
in the skeletal muscle of OSM−/− mice after aerobic exercise,
compared with those of WT mice. These results suggest that
OSM is important to polarize the phenotypes of macrophages
to M2 type after the aerobic exercise. Furthermore, OSM
directly induced the expression of PPARδ as well as arginase-1,
a marker of M2 macrophages in skeletal muscle macrophages.
The polarization of M2 type is reported to regulate by PPARδ
in bone marrow–derived macrophages (47), and OSM may
directly polarize the phenotypes of macrophages to M2 type
through the induction of PPARδ in the skeletal muscle after
aerobic exercise. On the other hand, OSM induced the
expression of IL-10 in the skeletal muscle macrophages, and
IL-10 is well known to change the phenotypes of macrophages
from M1 to M2 type (48–50). Such direct and indirect effects
of OSM may synergistically contribute to the phenotypic
determination of macrophages after aerobic exercise.
The roles of M2 macrophages and neutrophils that accumulate after aerobic exercise are unclear. However, the
depletion of M2 macrophages in the skeletal muscle by using
clodronate liposome attenuates aerobic exercise–induced increase in insulin sensitivity (26). In addition, walking exercise–
induced neutrophil accumulation is associated with glycemic
control. Neutrophil-induced IL-1β stimulates the translocation
of glucose transporter 4 in the muscle ﬁbers, which leads to the

increase in insulin-stimulated glucose transport (51). Macrophages and neutrophils induced by the aerobic exercise are
suggested to be associated with the increase in insulin sensitivity in the skeletal muscle. Further studies will be required to
better understand the functional roles of these immune cells in
the skeletal muscle after aerobic exercise.
In conclusion, M2 macrophages and neutrophils were
shown to be accumulated in skeletal muscles after aerobic
exercise. OSM directly regulates the recruitment of these immune cells through the expression of some chemokines
(CCL2, CCL7, and CXCL1). It is strongly suggested that OSM
is a key myokine that regulates the accumulation of immune
cell in the skeletal muscle after aerobic exercise.

Experimental procedures
Animals
Eight-week-old male C57BL/6J mice were purchased from
Nihon SLC. WT and OSM−/− littermates were obtained from
our breeding colony using heterozygous breeding pairs. Estrogen is reportedly one of the factors that affect accumulation
of immune cells in the skeletal muscle (52, 53). To avoid the
confounding effects of the hormonal ﬂuctuation because of the
female estrous cycle, only male mice were used in the present
study. All mice were housed in speciﬁc pathogen-free facilities
under light (12-h light/dark)-, temperature (22–25  C)-, and
humidity (50–60% relative humidity)-controlled conditions.
Mice were allowed free access to food and water. All experimental procedures were approved by the Wakayama Medical
University Animal Research Committee and carried out in
accordance with the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals (NIH publication
no.: 80-23, revised 1978) and the Wakayama Medical University in-house guidelines for the care and use of laboratory
animals.
Protocol of aerobic exercise
Mice were randomly assigned to either the sedentary or the
aerobic exercise groups. A motor-driven treadmill (modular
enclosed metabolic treadmill for mice; Columbus Instruments)
and an open circuit calorimeter (Oxymax System, Columbus
Instruments) were used in exercise experiments. The treadmill
was equipped with a small electric shock–delivering grid that
was used to encourage running during the exercise protocol.
Electric shock intensity was set to 0.1 mA. VO2max in 8-weekold male C57BL/6J mice was measured as described elsewhere
(54, 55). All mice were acclimated to the treadmill for 2 days
prior to the exercise bout (day 1: 5 min rest on the treadmill;
day 2: 5 min rest on the treadmill followed by 5 min at the
speed of 5 m/min). On day 3, mice in the aerobic exercise
group were acclimated to treadmill running at a speed of 5 m/

and F4/80 (middle panels) double-positive cells. The merged images are shown in the right panels. The sections were counterstained with DAPI (blue). The
scale bars represent 50 μm. E, Western blot analysis of pSTAT3 in isolated skeletal muscle macrophages by stimulation with OSM (50 ng/ml) for 10 or 20 min.
The apparent molecular weights are indicated on the right. F, quantitative analysis of the pSTAT3. The band intensities of pSTAT3 were normalized to STAT3
and are represented as the fold induction relative to the intensities of the controls (white bar) in the bar graph. Data are expressed as mean ± SD; n = 3 per
group. **p < 0.01 and ***p < 0.001. Two-way ANOVA followed by Tukey’s post hoc test. DAPI, 40 ,6-diamidino-2-phenylindole; OSM, oncostatin M; OSMRβ,
OSM receptor β subunit.
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Figure 8. Direct effects of OSM on skeletal muscle macrophages. A, expression of mRNA of M1 (iNOS and TNF-α) and M2 markers (arginase-1 [Arg1]
and IL-10) in the skeletal muscle macrophages isolated from WT and OSM−/− mice at 24 h after the exercise. B–D, effects of OSM on the expression of
mRNA related to phenotypes of macrophage (B) and chemokines (C and D) in the skeletal muscle macrophages. Macrophages were isolated from
skeletal muscle and then stimulated with OSM (50 ng/ml) for 1 or 2 h (B and C). Macrophages isolated from skeletal muscles were incubated with
WP1066 (1 μM) for 1 h prior to OSM treatment (50 ng/ml, 1 h) (D). Data are expressed as mean ± SD; n = 4 to 5 per group. *p < 0.05 and **p <
0.01. Student’s t test (A); two-way ANOVA followed by Tukey’s post hoc test (B–D). CCL, CC chemokine ligand; CXCL1, CXC chemokine ligand 1; IL,
interleukin; iNOS, inducible nitric oxide synthase; OSM, oncostatin M; TNF-α, tumor necrosis factor alpha.
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min for 5 min followed by 10 m/min for 5 min with 0 inclination. Mice were then forced to run on a treadmill at a speed
of 15 m/min with 0 inclination for 0.5 or 1 h (%VO2max:
73.7 ± 1.8% in C57BL/6J mice). Mice in the sedentary groups
remained in their cages in the treadmill room throughout the
bouts of exercise without food or water. Mice were started to
run on the treadmill at 15:00.
Intramuscular injection with OSM
Injection of OSM in the skeletal muscle was performed as
described elsewhere (56). To investigate the direct effects of
OSM on skeletal muscle, C57BL/6J mice were injected with
recombinant mouse OSM (R&D Systems) into both sides of
calf muscle (6.25 ng/g body weight in each side). This dose of
OSM was based on our previous study (15). C57BL/6J mice
injected with vehicle in both sides of calf muscle were used as
control mice. One, 2, or 24 h after the injection, total RNAs
and proteins were extracted from the calf muscles for quantitative real-time PCR and Western blot analysis, respectively.
About 30 min or 24 h after the injection, the calf muscles were
taken for immunohistochemistry. In this experiment, mice
were not exercised before the injection of OSM so that the
direct effects of OSM could be investigated in vivo because
such exercise would induce the expression of OSM in the
skeletal muscle.
Measurement of blood glucose
Blood glucose was measured with some modiﬁcations as
described previously (15). Mice were fasted for 4 h
(14:00–18:00 h) to remove the effects of food intake on glucose
metabolism, and blood was taken from the retro-orbital
plexus. Blood glucose levels were measured by a glucose
measurement device (Glucocard GT-1640; Arkray).
Insulin signaling analysis
Insulin signaling analysis was performed as previously
described (17). To evaluate insulin signaling, mice fasted for
4 h (14:00–18:00 h) were intraperitoneally injected with human insulin (1 milliunits/g of body weight) at 18:00 h. About
10 min later, calf muscles were taken for Western blot analysis.
Tissue lysates were prepared as described.
Tissue preparation
For immunohistochemistry, mice were deeply anesthetized
with isoﬂurane and transcardially perfused with ice-cold
0.85% NaCl followed by ice-cold Zamboni’s ﬁxative (2%
paraformaldehyde and 0.2% picnic acid in 0.1 M PBS). Both
sides of the calf muscles (gastrocnemius, plantaris, and soleus)
was quickly removed, postﬁxed in the same ﬁxative at 4  C for
3 h, and cryoprotected in 20% sucrose in 0.1 M PBS. All
specimens were embedded with optimal cutting temperature
compound, frozen rapidly in cold n-hexane on dry ice, and
stored at −80  C.
For Western blot analysis and quantitative real-time PCR,
mice were sacriﬁced by cervical dislocation under deep isoﬂurane anesthesia. Both sides of the calf muscles were rapidly
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removed, immediately frozen in liquid nitrogen, and stored
at −80  C.
Isolation of resident macrophages from skeletal muscle,
adipose tissue, and liver, and stimulation with OSM
Isolation of skeletal muscle macrophages was performed as
described elsewhere (57). C57BL/6J mice were deeply anesthetized with isoﬂurane, and both sides of the calf muscle
(gastrocnemius, plantaris, and soleus), the epididymal adipose
tissue, and the liver were quickly removed. The calf muscle was
minced into ﬁne pieces and digested with collagenase type B
(2 mg/ml; Sigma–Aldrich) and collagenase type D (1 mg/ml;
Sigma–Aldrich) dissolved in Dulbecco’s modiﬁed Eagle’s medium (DMEM; Invitrogen) using a gentleMACS Dissociator
(Miltenyi Biotec). Collagenase type II (1 mg/ml; Sigma–
Aldrich) and collagenase type IV (1 mg/ml; Sigma–Aldrich)
were used to digest the adipose tissue and the liver, respectively. The samples were then passed through a nylon mesh
(100 μm pore size; BD Biosciences) and centrifuged at
1200 rpm for 5 min. The cells in the pellets were resuspended
in DMEM supplemented with 2% fetal calf serum and incubated with anti-CD16/CD32 antibodies (BD Biosciences) to
block Fc binding. Macrophages were sorted using anti-F4/80
MicroBeads UltraPure (Miltenyi Biotec) and the autoMACS
Pro Separator (Miltenyi Biotec). The sorted cells were cultured
in DMEM supplemented with 10% fetal calf serum, 100 U/ml
of penicillin (Invitrogen), and 100 μg/ml of streptomycin
(Invitrogen) at 37  C for 24 h in a humidiﬁed atmosphere of
5% CO2. These cells were then treated with vehicle or 50 ng/
ml of recombinant mouse OSM (R&D Systems) for 10 min,
20 min, 1 h, or 2 h. The dose of OSM in in vitro study was
determined according to our previous report (58). For the
experiments using STAT3 inhibitor in skeletal muscle macrophages, WP1066 (Merck Millipore), the cells were incubated
with WP1066 (1 μM) for 1 h prior to OSM treatment (50 ng/
ml for 1 h).
Flow cytometry
Flow cytometry was performed as described previously (58).
Brieﬂy, the cells isolated from the calf muscle (gastrocnemius,
plantaris, and soleus) were incubated with anti-CD16/CD32
antibodies (1:100 dilution; BD Biosciences) to block Fc binding at 4  C for 5 min, followed by incubation with ﬂuorescently
labeled primary antibodies or isotype-matched control antibodies at 4  C for 30 min. The FITC-conjugated anti-CD45
antibody (clone ID: 30-F11), phycoerythrin (PE)-conjugated
anti-CD11b antibody (clone ID: M1/70), allophycocyaninconjugated anti-F4/80 antibody (clone ID: BM8), Super
Bright 600-conjugated anti-Ly6G antibody(clone ID: 1A8Ly6g), PE-Cy7-conjugated anti-CD206 antibody (clone ID:
MR6F3), allophycocyanin-eFluor780-conjugated anti-CD11c
antibody (clone ID: N418), FITC-conjugated anti-CD3e antibody (clone ID: 145-2C11), and eFluor506-conjugated antiB220 antibody (RA3-6B2) were purchased from eBiosciences.
The stained cells were analyzed using a CytoFLEX (Beckman
Coulter). Dead cells were removed from the analysis using
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7-aminoactinomycin D staining (eBioscience). The results of
ﬂow cytometry were analyzed with FlowJo software (Tree
Star). The plot of a forward scatter versus side scatter was used
as the ﬁrst gate to gate out aggregates and debris (Fig. S6). To
identify individual live cells, the events were then gated based
on side scatter versus 7-aminoactinomycin D (Fig. S6). Next,
the CD45, F4/80, and CD11b-triple-positive cells were selected
as macrophages in the skeletal muscle (Fig. S6). M1 and M2
macrophages were identiﬁed as CD11c- and CD206-positive
cells, respectively, in the macrophage fraction as previously
described (57). Single color controls were used to set the
compensation and gates.
Immunohistochemistry
Immunoﬂuorescence staining of the skeletal muscle was
performed as described previously with some modiﬁcations
(15). Six-micrometer-thick frozen sections were cut on a
cryostat. For indirect immunoﬂuorescence staining, sections
were incubated with 5% normal donkey serum (Jackson
ImmunoResearch Laboratories) at room temperature (RT) for
1 h. The sections were then incubated with primary antibodies at 4  C overnight. Primary antibodies were used at the
following dilutions: goat anti-OSM antibody (diluted at 1:100;
catalog no.: ab10843, R&D Systems); goat anti-OSMRβ antibody (diluted at 1:100; catalog no.: AF662, R&D Systems); rat
anti-F4/80 antibody (diluted at 1:100; catalog no.: ab6640,
Abcam); rat anti-CD206 antibody (diluted at 1:400; clone ID:
MR5D3, Serotec); rat anti-CD11c antibody (diluted at 1:100;
catalog no.: ab52632, Abcam); rabbit anti-MPO antibody
(diluted at 1:100; catalog no.: ab9535, Abcam); rat antilaminin α-2 antibody (diluted at 1:100; clone ID: 4H8-2,
Santa Cruz Biotechnology); rabbit anti-laminin antibody
(diluted at 1:100; catalog no.: L9393, Sigma–Aldrich); rabbit
anti–phospho-STAT3 antibody (diluted at 1:100; catalog no.:
9131, Cell Signaling Technology), rabbit antislow twitch
MyHC (type I) antibody (diluted at 1:100; catalog no.:
ab234431, Abcam), mouse antifast twitch MyHC (type IIa)
antibody (diluted at 1:100; clone ID: SC-71, Merck Millipore),
rat antifast twitch MyHC (type IIb) antibody (diluted at 1:100;
clone ID: 2G72F10, Merck Millipore), rabbit antifast twitch
MyHC (type IIx) antibody (diluted at 1:100; catalog no.:
ab91506, Abcam). After being washed, the sections were
incubated with Cy2- or Cy3-conjugated secondary antibodies
(Jackson ImmunoResearch) at RT for 1 h. For direct immunoﬂuorescence staining, sections were incubated with antiCD16/32 antibody (diluted at 1:100; BD Biosciences) to
block Fc binding at 4  C for 1 h, followed by incubation with
ﬂuorescently labeled primary antibodies at 4  C overnight.
Primary antibodies were used at the following dilutions:
FITC-conjugated anti-CD3e antibody (diluted at 1:100; clone
ID: 145-2C11, eBioscience) and PE-conjugated anti-B220
antibody (diluted at 1:100; clone ID: RA3-6B2, BD Biosciences). All sections were counterstained with 40 ,6-diamino2-phenylindole. To reduce autoﬂuorescence, sections were
incubated with TrueVIEW Autoﬂuorescence Quenching Kit

(Vector Laboratories) according to the manufacturer’s instructions. Immunoﬂuorescence images were acquired using
an epiﬂuorescence microscope (Olympus) equipped with a
digital charge-coupled device camera (Olympus).
The number of F4/80-, CD11c-, CD206-, MPO-, CD3e-, and
B220-positive cells was quantiﬁed in relation to the total area
of the cross section of the calf muscle. After immunohistochemical staining to laminin, whole images of the muscle
sections were acquired on a ﬂuorescence microscope (BZX810; Keyence) using image stitching software (BZ-H4XD and
BZ-H4A; Keyence). The total area in each muscle section was
measured using ImageJ (US NIH). The number of positive cells
was normalized by the total area of the muscle section. Six
coronal sections of the calf muscle containing soleus,
gastrocnemius, and plantaris muscles at 120 μm intervals were
used for quantiﬁcation.
Western blot analysis
Western blot analysis was performed with some modiﬁcations, as previously described (15). Lysates from the calf
muscles were prepared using a raioimmunoprecipitation assay
buffer (Upstate Biotechnology) containing a protease inhibitor
cocktail (Upstate Biotechnology), 1 mM sodium orthovanadate, 1 mM sodium ﬂuoride, and 1 mM phenylmethylsulfonyl
ﬂuoride. The protein concentrations of the lysates were
determined using the Bicinchoninic Acid Protein Assay kit
(Pierce). About 20 μg of protein samples were separated by
SDS-PAGE and transferred to Immun-Blot low ﬂuorescence
polyvinylidene diﬂuoride membranes (Bio-Rad). After blocking with EveryBlot Blocking Buffer (Bio-Rad) at RT for 5 min,
the blotted membranes were incubated with primary antibodies at 4  C overnight. Primary antibodies were used at the
following dilutions: rabbit anti-iNOS antibody (diluted at
1:2000; catalog no.: ab15323, Abcam); rabbit anti-TNF-α
antibody (diluted at 1:2000; catalog no.: ab6671, Abcam); sheep
anti-arginase-1 antibody (diluted at 1:2000; catalog no.:
AF5868, R&D Systems); goat anti-IL-10 antibody (diluted at
1:1000; catalog no.: AF519, R&D Systems); goat anti-OSM
antibody (diluted at 1:1000, R&D Systems); goat anti-CCL2
antibody (diluted at 1:1000, catalog no.: AF-479-NA, R&D
Systems); goat anti-CCL7 antibody (diluted at 1:1000, catalog
no.: AF-456-NA, R&D Systems); goat anti-CXCL1 antibody
(diluted at 1:1000, catalog no.: AF-453-NA, R&D Systems);
goat anti-OSMRβ antibody (diluted at 1:1000, R&D Systems);
rabbit anti–phospho-STAT3 antibody (diluted at 1:1000); and
rabbit anti–phospho-Akt antibody (diluted 1:2000, catalog no.:
4060, Cell Signaling Technology). Thereafter, the membranes
were incubated with IRDye 800CW-conjugated donkey antigoat immunoglobulin G (IgG) antibody (diluted at 1:20,000,
LI-COR Biosciences), StarBright Blue 700-conjugated goat
anti-rabbit IgG antibody (diluted at 1:5000, Bio-Rad), or
horseradish peroxidase–conjugated donkey antisheep IgG
antibody (diluted at 1:10,000, Jackson ImmunoResearch). For
the experiments using horseradish peroxidase–conjugated
secondary antibody, labeled proteins were detected with
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chemiluminescence using the enhanced chemiluminescence
detection reagent (GE Healthcare). Images were obtained using a ChemiDoc Touch Imaging System (Bio-Rad) according
to the manufacturer’s instructions. Subsequently, the blotted
membranes were stripped in 0.25 M glycine, pH 2.5, at RT for
10 min and incubated with hFAB Rhodamine–conjugated
anti-β-tubulin antibody (diluted at 1:10,000, Bio-Rad), rabbit
anti-STAT3 antibody (diluted at 1:1000, catalog no.: sc-482,
Santa Cruz Biotechnology), or rabbit anti-Akt antibody
(diluted 1:2000, catalog no.: 9272, Cell Signaling Technology)
at RT for 1 h.
Quantitative real-time PCR
Quantitative real-time PCR was performed as described
previously with some modiﬁcations (15). Brieﬂy, total RNAs
from the calf muscle, epididymal adipose tissue, and liver, and
from cultured macrophages were prepared using TRI reagent
(Molecular Research Center). Using the total RNA, the complementary DNA was synthesized with High Capacity complementary DNA Reverse Transcription Kit (Applied
Biosystems). Quantitative real-time PCR for each gene was
performed using Rotor Gene Q (Qiagen) and Rotor Gene
Probe PCR Kits (Qiagen). The following TaqMan Gene
Expression Assays (Applied Biosystems) were used: OSM
(Mm01193966_m1), iNOS (Mm00440502_m1), arginase-1
(Mm00475988_m1), TNF-α (Mm00443258_m1), IL-10
(Mm00439616_m1), CCL2 (Mm00441242_m1), CCL7
(Mm00443113_m1), CX3CL1 (Mm00436454_m1), CXCL1
(Mm04207460_m1), PPARδ (Mm00803184_m1), and 18S
(Hs99999901_s1). The PCR ampliﬁcation protocol was as
follows: initial denaturation at 95  C for 10 min and then 40
cycles of 95  C for 10 s and 60  C for 45 s. The expression of
each gene was normalized by 18S ribosomal RNA expression
and analyzed using ΔΔCT method.
Statistical analysis
Results are shown as mean ± SD. Comparison between the
two groups was analyzed by Student’s t test. For multiplegroup comparisons, ANOVA was used followed by Tukey’s
post hoc test. Data were analyzed with GraphPad Prism 9
(GraphPad Software, Inc). The criterion for statistical signiﬁcance was p < 0.05.

Data availability
All data generated or analyzed during this study are
included in this article or are available from the corresponding
author (Yoshihiro Morikawa, Wakayama Medical University,
E-mail: yoshim@wakayama-med.ac.jp) upon reasonable
request.
Supporting information—This article contains supporting information (18, 59) .
Acknowledgments—We acknowledge editing by Benjamin Phillis
from the Clinical Study Support Center at Wakayama Medical
University.

14 J. Biol. Chem. (2022) 298(12) 102686

Author contributions—Y. M. conceptualization; T. K. formal analysis; T. K. investigation; T. K. writing–original draft; Y. M. writing–
review & editing; Y. M. supervision; Y. M. project administration; T.
K. and Y. M. funding acquisition.
Funding and additional information—This work was supported by
a Grant-in-Aid for Scientiﬁc Research (B) (KAKENHI grant
numbers: 26282195 and 17H02177) from the Japan Society for the
Promotion of Science (to Y. M.), Novartis Pharma research grants
(to T. K.), a grant from Takeda Science Foundation (to T. K.), and
research grant on priority areas from Wakayama Medical University
(to T. K.).
Conﬂict of interest—The authors declare that they have no conﬂicts
of interest with the contents of this article.
Abbreviations—The abbreviations used are: CCL, CC chemokine
ligand; CXCL1, CXC chemokine ligand 1; CX3CL1, CX3C chemokine ligand 1; DMEM, Dulbecco’s modiﬁed Eagle’s medium; IgG,
immunoglobulin G; IL, interleukin; iNOS, inducible nitric oxide
synthase; NIH, National Institutes of Health; OSM, oncostatin M;
OSMRβ, OSM receptor β subunit; PE, phycoerythrin; PPARδ,
peroxisome proliferator–activated receptor δ; RT, room temperature; STAT3, signal transducer and activator of transcription 3;
TNF-α, tumor necrosis factor alpha.

References
1. Egan, B., and Zierath, J. R. (2013) Exercise metabolism and the molecular
regulation of skeletal muscle adaptation. Cell Metab. 17, 162–184
2. Kohl, H. W., 3rd, Craig, C. L., Lambert, E. V., Inoue, S., Alkandari, J. R.,
Leetongin, G., et al. (2012) The pandemic of physical inactivity: global
action for public health. Lancet 380, 294–305
3. Duggal, N. A., Niemiro, G., Harridge, S. D. R., Simpson, R. J., and Lord, J.
M. (2019) Can physical activity ameliorate immunosenescence and
thereby reduce age-related multi-morbidity? Nat. Rev. Immunol. 19,
563–572
4. Colberg, S. R., Sigal, R. J., Yardley, J. E., Riddell, M. C., Dunstan, D. W.,
Dempsey, P. C., et al. (2016) Physical activity/exercise and diabetes: a
position statement of the American diabetes association. Diabetes Care
39, 2065–2079
5. Hawley, J. A., Hargreaves, M., Joyner, M. J., and Zierath, J. R. (2014)
Integrative biology of exercise. Cell 159, 738–749
6. Pedersen, B. K., and Febbraio, M. A. (2012) Muscles, exercise and obesity:
skeletal muscle as a secretory organ. Nat. Rev. Endocrinol. 8, 457–465
7. Keller, C., Steensberg, A., Pilegaard, H., Osada, T., Saltin, B., Pedersen, B.
K., et al. (2001) Transcriptional activation of the IL-6 gene in human
contracting skeletal muscle: inﬂuence of muscle glycogen content. FASEB
J. 15, 2748–2750
8. Broholm, C., Mortensen, O. H., Nielsen, S., Akerstrom, T., Zankari, A.,
Dahl, B., et al. (2008) Exercise induces expression of leukaemia inhibitory
factor in human skeletal muscle. J. Physiol. 586, 2195–2201
9. Pedersen, B. K., and Febbraio, M. A. (2008) Muscle as an endocrine organ:
focus on muscle-derived interleukin-6. Physiol. Rev. 88, 1379–1406
10. Rose, T. M., and Bruce, A. G. (1991) Oncostatin M is a member of a
cytokine family that includes leukemia-inhibitory factor, granulocyte
colony-stimulating factor, and interleukin 6. Proc. Natl. Acad. Sci. U. S. A.
88, 8641–8645
11. Tanaka, M., Hara, T., Copeland, N. G., Gilbert, D. J., Jenkins, N. A., and
Miyajima, A. (1999) Reconstitution of the functional mouse oncostatin M
(OSM) receptor: molecular cloning of the mouse OSM receptor beta
subunit. Blood 93, 804–815
12. Mukouyama, Y., Hara, T., Xu, M., Tamura, K., Donovan, P. J., Kim, H.,
et al. (1998) In vitro expansion of murine multipotential hematopoietic
progenitors from the embryonic aorta-gonad-mesonephros region. Immunity 8, 105–114

Roles of OSM in skeletal muscle during aerobic exercise
13. Kamiya, A., Kinoshita, T., Ito, Y., Matsui, T., Morikawa, Y., Senba, E.,
et al. (1999) Fetal liver development requires a paracrine action of
oncostatin M through the gp130 signal transducer. EMBO J. 18,
2127–2136
14. Wallace, P. M., MacMaster, J. F., Rouleau, K. A., Brown, T. J., Loy, J. K.,
Donaldson, K. L., et al. (1999) Regulation of inﬂammatory responses by
oncostatin M. J. Immunol. 162, 5547–5555
15. Komori, T., Tanaka, M., Furuta, H., Akamizu, T., Miyajima, A., and
Morikawa, Y. (2015) Oncostatin M is a potential agent for the treatment
of obesity and related metabolic disorders: a study in mice. Diabetologia
58, 1868–1876
16. Abe, H., Takeda, N., Isagawa, T., Semba, H., Nishimura, S., Morioka, M.
S., et al. (2019) Macrophage hypoxia signaling regulates cardiac ﬁbrosis
via Oncostatin M. Nat. Commun. 10, 2824
17. Komori, T., Tanaka, M., Senba, E., Miyajima, A., and Morikawa, Y. (2013)
Lack of oncostatin M receptor β leads to adipose tissue inﬂammation and
insulin resistance by switching macrophage phenotype. J. Biol. Chem. 288,
21861–21875
18. Hojman, P., Dethlefsen, C., Brandt, C., Hansen, J., Pedersen, L., and
Pedersen, B. K. (2011) Exercise-induced muscle-derived cytokines inhibit
mammary cancer cell growth. Am. J. Physiol. Endocrinol. Metab. 301,
E504–E510
19. Tilg, H., and Moschen, A. R. (2008) Insulin resistance, inﬂammation, and
non-alcoholic fatty liver disease. Trends Endocrinol. Metab. 19, 371–379
20. Weisberg, S. P., McCann, D., Desai, M., Rosenbaum, M., Leibel, R. L., and
Ferrante, A. W., Jr. (2003) Obesity is associated with macrophage accumulation in adipose tissue. J. Clin. Invest. 112, 1796–1808
21. Fink, L. N., Costford, S. R., Lee, Y. S., Jensen, T. E., Bilan, P. J., Oberbach,
A., et al. (2014) Pro-inﬂammatory macrophages increase in skeletal
muscle of high-fat-fed mice and correlate with metabolic risk markers in
humans. Obesity 22, 747–757
22. Fujisaka, S., Usui, I., Bukhari, A., Ikutani, M., Oya, T., Kanatani, Y., et al.
(2009) Regulatory mechanisms for adipose tissue M1 and M2 macrophages in diet-induced obese mice. Diabetes 58, 2574–2582
23. Jager, J., Grémeaux, T., Cormont, M., Le Marchand, Y., and Tanti, J. F.
(2007) Interleukin-1β-induced insulin resistance in adipocytes through
down-regulation of insulin receptor substrate-1 expression. Endocrinology
148, 241–251
24. Lumeng, C. N., Bodzin, J. L., and Saltiel, A. R. (2007) Obesity induces a
phenotypic switch in adipose tissue macrophage polarization. J. Clin.
Invest. 117, 175–184
25. Goh, J., Goh, K. P., and Abbasi, A. (2016) Exercise and adipose tissue
macrophages: new frontiers in obesity research? Front. Endocrinol. 7, 65
26. Ikeda, S., Tamura, Y., Kakehi, S., Takeno, K., Kawaguchi, M., Watanabe,
T., et al. (2013) Exercise-induced enhancement of insulin sensitivity is
associated with accumulation of M2-polarized macrophages in mouse
skeletal muscle. Biochem. Biophys. Res. Commun. 441, 36–41
27. Laurens, C., Bergouignan, A., and Moro, C. (2020) Exercise-released
myokines in the control of energy metabolism. Front. Physiol. 11, 91
28. Hiscock, N., Chan, M. H., Bisucci, T., Darby, I. A., and Febbraio, M. A.
(2004) Skeletal myocytes are a source of interleukin-6 mRNA expression
and protein release during contraction: evidence of ﬁber type speciﬁcity.
FASEB J. 18, 992–994
29. Delchev, S., Gerginska, F., Georgieva, K., and Shishmanova-Doseva, M.
(2020) Alterations in myonuclear number and BDNF expression in soleus
muscle ﬁbers following endurance training are androgen-dependent. Acta
Morphologica et Anthropologica 27, 9–16
30. Hargreaves, M., and Spriet, L. L. (2020) Skeletal muscle energy metabolism during exercise. Nat. Metab. 2, 817–828
31. Pillon, N. J., Bilan, P. J., Fink, L. N., and Klip, A. (2013) Cross-talk
between skeletal muscle and immune cells: muscle-derived mediators
and metabolic implications. Am. J. Physiol. Endocrinol. Metab. 304,
E453–E465
32. Prou, E., Guevel, A., Benezet, P., and Marini, J. F. (1999) Exercise-induced
muscle damage: absence of adaptive effect after a single session of
eccentric isokinetic heavy resistance exercise. J. Sports Med. Phys. Fitness
39, 226–232

33. Dolezal, B. A., Potteiger, J. A., Jacobsen, D. J., and Benedict, S. H. (2000)
Muscle damage and resting metabolic rate after acute resistance exercise
with an eccentric overload. Med. Sci. Sports Exerc. 32, 1202–1207
34. Pizza, F. X., Koh, T. J., McGregor, S. J., and Brooks, S. V. (2002) Muscle
inﬂammatory cells after passive stretches, isometric contractions, and
lengthening contractions. J. Appl. Physiol. (1985) 92, 1873–1878
35. Lockhart, N. C., and Brooks, S. V. (2008) Neutrophil accumulation
following passive stretches contributes to adaptations that reduce
contraction-induced skeletal muscle injury in mice. J. Appl. Physiol.
(1985) 104, 1109–1115
36. Moser, B., Wolf, M., Walz, A., and Loetscher, P. (2004) Chemokines:
multiple levels of leukocyte migration control. Trends Immunol. 25,
75–84
37. Della Gatta, P. A., Cameron-Smith, D., and Peake, J. M. (2014) Acute
resistance exercise increases the expression of chemotactic factors within
skeletal muscle. Eur. J. Appl. Physiol. 114, 2157–2167
38. Strömberg, A., Olsson, K., Dijksterhuis, J. P., Rullman, E., Schulte, G., and
Gustafsson, T. (2016) CX3CL1-a macrophage chemoattractant induced
by a single bout of exercise in human skeletal muscle. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 310, R297–R304
39. Catoire, M., Mensink, M., Kalkhoven, E., Schrauwen, P., and Kersten, S.
(2014) Identiﬁcation of human exercise-induced myokines using secretome analysis. Physiol. Genomics 46, 256–267
40. Pedersen, L., Pilegaard, H., Hansen, J., Brandt, C., Adser, H., Hidalgo, J.,
et al. (2011) Exercise-induced liver chemokine CXCL-1 expression is
linked to muscle-derived interleukin-6 expression. J. Physiol. 589,
1409–1420
41. Fernández-Verdejo, R., Vanwynsberghe, A. M., Hai, T., Deldicque, L., and
Francaux, M. (2017) Activating transcription factor 3 regulates chemokine expression in contracting C 2 C 12 myotubes and in mouse skeletal
muscle after eccentric exercise. Biochem. Biophys. Res. Commun. 492,
249–254
42. Scheler, M., Irmler, M., Lehr, S., Hartwig, S., Staiger, H., Al-Hasani, H.,
et al. (2013) Cytokine response of primary human myotubes in an in vitro
exercise model. Am. J. Physiol. Cell Physiol. 305, C877–C886
43. Nedachi, T., Hatakeyama, H., Kono, T., Sato, M., and Kanzaki, M. (2009)
Characterization of contraction-inducible CXC chemokines and their
roles in C2C12 myocytes. Am. J. Physiol. Endocrinol. Metab. 297,
E866–E878
44. Miyatake, S., Bilan, P. J., Pillon, N. J., and Klip, A. (2016) Contracting
C2C12 myotubes release CCL2 in an NF-κB-dependent manner to induce
monocyte chemoattraction. Am. J. Physiol. Endocrinol. Metab. 310,
E160–E170
45. Das, A., Sinha, M., Datta, S., Abas, M., Chaffee, S., Sen, C. K., et al. (2015)
Monocyte and macrophage plasticity in tissue repair and regeneration.
Am. J. Pathol. 185, 2596–2606
46. Porcheray, F., Viaud, S., Rimaniol, A. C., Léone, C., Samah, B., DereuddreBosquet, N., et al. (2005) Macrophage activation switching: an asset for
the resolution of inﬂammation. Clin. Exp. Immunol. 142, 481–489
47. Odegaard, J. I., Ricardo-Gonzalez, R. R., Red Eagle, A., Vats, D., Morel, C.
R., Goforth, M. H., et al. (2008) Alternative M2 activation of Kupffer cells
by PPARdelta ameliorates obesity-induced insulin resistance. Cell Metab.
7, 496–507
48. Shapouri-Moghaddam, A., Mohammadian, S., Vazini, H., Taghadosi, M.,
Esmaeili, S. A., Mardani, F., et al. (2018) Macrophage plasticity, polarization, and function in health and disease. J. Cell Physiol. 233, 6425–6440
49. Deng, B., Wehling-Henricks, M., Villalta, S. A., Wang, Y., and Tidball, J.
G. (2012) IL-10 triggers changes in macrophage phenotype that promote
muscle growth and regeneration. J. Immunol. 189, 3669–3680
50. Boehler, R. M., Kuo, R., Shin, S., Goodman, A. G., Pilecki, M. A., Gower,
R. M., et al. (2014) Lentivirus delivery of IL-10 to promote and sustain
macrophage polarization towards an anti-inﬂammatory phenotype. Biotechnol. Bioeng. 111, 1210–1221
51. Tsuchiya, M., Sekiai, S., Hatakeyama, H., Koide, M., Chaweewannakorn,
C., Yaoita, F., et al. (2018) Neutrophils provide a favorable IL-1-mediated
immunometabolic niche that primes GLUT4 translocation and performance in skeletal muscles. Cell Rep. 23, 2354–2364

J. Biol. Chem. (2022) 298(12) 102686

15

Roles of OSM in skeletal muscle during aerobic exercise
52. Iqbal, S., Thomas, A., Bunyan, K., and Tiidus, P. M. (2008) Progesterone
and estrogen inﬂuence postexercise leukocyte inﬁltration in overiectomized female rats. Appl. Physiol. Nutr. Metab. 33, 1207–1212
53. Liao, Z. H., Huang, T., Xiao, J. W., Gu, R. C., Ouyang, J., Wu, G., et al.
(2019) Estrogen signaling effects on muscle-speciﬁc immune responses
through controlling the recruitment and function of macrophages and T
cells. Skelet. Muscle 9, 20
54. Høydal, M. A., Wisløff, U., Kemi, O. J., and Ellingsen, O. (2007) Running
speed and maximal oxygen uptake in rats and mice: practical implications
for exercise training. Eur. J. Cardiovasc. Prev. Rehabil. 14, 753–760
55. Høydal, M. A., Stølen, T. O., Kettlewell, S., Maier, L. S., Brown, J. H.,
Sowa, T., et al. (2016) Exercise training reverses myocardial dysfunction
induced by CaMKIIδC overexpression by restoring Ca2+ homeostasis. J.
Appl. Physiol. 121, 212–220

16 J. Biol. Chem. (2022) 298(12) 102686

56. Gong, W. Y., Abdelhamid, R. E., Carvalho, C. S., and Sluka, K. A. (2016)
Resident macrophages in muscle contribute to development of Hyperalgesia in a mouse model of noninﬂammatory muscle pain. J. Pain 17,
1081–1094
57. Shabani, M., Sadeghi, A., Hosseini, H., Teimouri, M., Babaei Khorzoughi,
R., Pasalar, P., et al. (2020) Resveratrol alleviates obesity-induced skeletal
muscle inﬂammation via decreasing M1 macrophage polarization and
increasing the regulatory T cell population. Sci. Rep. 10, 3791
58. Yamashita, S., Komori, T., Kohjimoto, Y., Miyajima, A., Hara, I., and
Morikawa, Y. (2020) Essential roles of oncostatin M receptor β signaling
in renal crystal formation in mice. Sci. Rep. 10, 17150
59. Conner, J. D., Wolden-Hanson, T., and Quinn, L. S. (2014) Assessment of
murine exercise endurance without the use of a shock grid: an alternative
to forced exercise. J. Vis. Exp. 14, e51846

