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Obesity-induced skeletal muscle inflammation is characterized by increased macrophage infiltration and inflammatory cytokine
production. In this study, we investigated whether 4-1BB, a member of the TNF receptor superfamily (TNFRSF9) that provides
inflammatory signals, participates in obesity-induced skeletal muscle inflammation. Expression of the 4-1BB gene, accompanied
by increased levels of inflammatory cytokines, was markedly upregulated in the skeletal muscle of obese mice fed a high-fat
diet, in muscle cells treated with obesity factors, and in cocultured muscle cells/macrophages. In vitro stimulation of 4-1BB with
agonistic antibody increased inflammatory cytokine levels in TNF𝛼-pretreated muscle cells, and this effect was absent in cells
derived from 4-1BB-deficient mice. Conversely, disruption of the interaction between 4-1BB and its ligand (4-1BBL) with blocking
antibody decreased the release of inflammatory cytokines from cocultured muscle cells/macrophages. Moreover, deficiency of 4-
1BB markedly reduced macrophage infiltration and inflammatory cytokine production in the skeletal muscle of mice fed a high-fat
diet.These findings indicate that 4-1BBmediates the inflammatory responses in obese skeletal muscle by interacting with its ligand
4-1BBL on macrophages. Therefore, 4-1BB and 4-1BBL may be useful targets for prevention of obesity-induced inflammation in
skeletal muscle.

1. Introduction

Obesity-induced inflammation, which is commonly ob-
served in major metabolic organs such as adipose tissue,
skeletal muscle, and liver, is characterized by increased
accumulation of immune cells (macrophages, T cells) and
inflammatory cytokine/chemokine production and plays a
crucial role in the development of metabolic disorders
such as insulin resistance and type 2 diabetes [1, 2]. It is
likely that inflammation of skeletal muscle contributes to
the diminished fatty acid oxidation and increased insulin
resistance [3–7], leading to metabolic complications. Given
that skeletal muscle, which constitutes up to 40–50% of body
mass, is a major site regulating lipid and glucose metabolism

[8], targeting skeletal muscle inflammatory components may
be a useful strategy for protecting against obesity-related
metabolic disorders.However, the factors involved in obesity-
induced skeletal muscle inflammation remain unclear.

4-1BB (tumor necrosis factor receptor superfamily 9,
TNFRSF9) is a costimulatory receptor mainly expressed on
the surface of activated T cells and natural killer (NK) T
cells [9, 10], while its ligand (4-1BBL, TNFSF9) is expressed
on antigen-presenting cells such as macrophages [11]. The
4-1BB/4-1BBL interaction regulates various inflammatory
processes such as cytokine production and immune cell
proliferation/survival [11, 12]. Blockade of the 4-1BB/4-1BBL
interaction using specific antibodies and/or knockout mice is
beneficial in several inflammatory diseases (e.g., myocarditis,
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atherosclerosis, and sepsis) [13–15]. We have shown that
obesity-induced adipose tissue inflammation is reduced by
4-1BB deficiency [16] and that this is due to disruption
of the crosstalk between adipocytes and macrophages via
the 4-1BB/4-1BBL interaction in adipose tissue [17]. Given
that interaction between muscle cells and macrophages is
important in obesity-induced skeletal muscle inflammation
[5, 6], we hypothesized that 4-1BB and/or 4-1BBL might also
play a role in the skeletal muscle inflammation in obesity.

In this study, we demonstrate that 4-1BB expression is
upregulated in response to increasing inflammatory cytokine
levels in the skeletal muscle of high-fat diet-fed mice, in
muscle cells treated with obesity-related factors, and in
cocultured muscle cells/macrophages. In addition, stimula-
tion of 4-1BB enhances inflammatory cytokines in TNF𝛼-
pretreated skeletal muscle cells. Conversely, disruption of the
4-1BB/4-1BBL interaction reduces inflammatory responses
in cocultured muscle cells/macrophages and in the skeletal
muscle of obese mice fed a high-fat diet. 4-1BB and 4-
1BBL may be useful targets for preventing obesity-induced
inflammation in skeletal muscle.

2. Materials and Methods

2.1. Animals. The 4-1BB-deficient mice on a C57BL/6 back-
groundwere established in the ImmunomodulationResearch
Center of University of Ulsan, South Korea [18]. Male 4-1BB-
deficientmice and their wild-type (WT) littermate controls at
eight weeks of age were individually housed in plastic cages
in a specific pathogen-free animal facility with a 12 h light,
12 h dark cycle.Themice were fed a high-fat diet (HFD) (60%
of calories from fat; Research Diets Inc., New Brunswick, NJ,
USA) or a regular diet (RD) (13% of calories from soybean
oil; Harlan Teklad, Madison,WI, USA) for 9 weeks and given
free access to food and water. All animal experiments were
approved by the animal ethics committee of the University
of Ulsan and conformed to National Institutes of Health
guidelines. The animals were killed by CO

2
asphyxiation and

quadriceps muscles were dissected.

2.2. Antibodies. Agonistic monoclonal antibody against 4-
1BB (3E1) was generated from ascites of nude mice [19]. The
antibody (Ab) was purified from ascites by affinity column
chromatography with protein G Sepharose (Sigma, MO,
USA). Antagonistic monoclonal Ab against 4-1BBL (TKS-1)
was purchased from e-Bioscience (San Diego, CA, USA). Rat
immunoglobulin G (rat IgG) was purchased from Sigma and
used as control.

2.3. Cell Culture. The mouse myoblast cell line C2C12 and
the monocyte/macrophage-like cell line Raw264.7 were pur-
chased from the American Type Culture Collection (ATCC,
Manassas, USA). The C2C12 myoblasts (2-3× 105 cells/mL)
were grown at 37∘C in 5% CO

2
in Dulbecco’s modified

Eagle’s medium (DMEM) (Gibco, NY, USA) containing 10%
fetal bovine serum (FBS) (Gibco), 100 units/mL penicillin,
100 𝜇g/mL streptomycin (Invitrogen, Carlsbad, CA, USA),
and 20𝜇g/mL gentamicin (Gibco). When the cells reached

100% confluence, the medium was replaced with the dif-
ferentiation medium consisting of DMEM plus 2% horse
serum (Gibco), which was changed after 2 days. Palmitic acid
(Sigma) was dissolved in ethanol and conjugated with BSA
at a 10 : 1 molar ratio before use. Lipopolysaccharide (LPS)
(Sigma) was dissolved in water. Recombinant mouse TNF𝛼
(R&D Systems, Minneapolis, MN, USA) was reconstituted in
PBS. After 3 days of differentiation, myotubes were incubated
with 500𝜇M palmitic acid (FFA) in serum-free DMEM
containing 50 𝜇MBSA or with 10 ng/mLTNF𝛼, or 100 ng/mL
LPS in serum-free DMEM for 24 h. The equal amount of
ethanol was used as control of FFA-treated group and the
medium with no treatment was used as control of TNF𝛼-
and LPS-treated groups. Raw264.7 cells were cultured to 80%
confluence at 37∘C in 5% CO

2
in RPMI medium (Gibco)

containing 10% fetal bovine serum, 100 units/mL penicillin,
100 𝜇g/mL streptomycin (Invitrogen), and 20 𝜇g/mL gentam-
icin (Gibco). For coculture, the Raw264.7 cells were detached
with 0.05% trypsin-EDTA (Gibco) and a number corre-
sponding to 25% of the number of confluent myoblasts (8–
10× 105 myoblasts/well of 24 well-plate) was directly seeded
into culture plates containing 3 days differentiated myotubes
(contact cocultures) in serum-free DMEM for 24 h. The
transwell coculture system (Corning Incorporated, Corning,
NY, USA) was used as control of the contact coculture. In the
transwell coculture, the same number of Raw264.7 cells was
added to transwell inserts (upper wells, 0.4 𝜇m pore size of
membrane) to separate the cells frommyotubes (lower wells).
After incubation time, the culture media were collected for
ELISA to determine the concentration of cytokines, and the
cells were washed twice with PBS and lysed in Trizol Reagent
(Invitrogen) for quantitative real-time PCR analysis.

2.4. Magnetic Separation of Myotubes and Macrophages. To
see the effect of the contact coculture on each cell type,
we separated myotubes and macrophages using a CD11b
MicroBeads (MACS; Miltenyi Biotec, Sunnyvale, CA, USA).
The cocultured cells were collected using 0.05% trypsin-
EDTA (Gibco) and washed twice with washing buffer (PBS
supplemented with 0.5% BSA and 2mM EDTA). Subse-
quently, all 107 total cells were incubated with 10𝜇L CD11b
MicroBeads for 15min at 4∘C. The cells were then washed,
resuspended, and added toMACS column in amagnetic field,
which retained CD11b-labeled cells and allowed myotubes
to flow through. In a nonmagnetic field, macrophages were
collected with an appropriate amount of washing buffer using
a plunger supplied with the column. After isolation, a single
population of cells was washed once with PBS and lysed in
Trizol Reagent (Invitrogen) for RNA extraction.

2.5. Primary Mouse Skeletal Muscle Cells Isolation and Cul-
ture. Myoblasts were isolated from mouse hindlimbs as
described previously [20]. Male C57BL/6 mice at 4 weeks
of age were killed by CO

2
asphyxiation. Briefly, the tibialis

anterior muscle was collected and visible blood vessels and
connective tissues were removed. Then, the muscle was
minced in a solution of dispase II (Sigma) and collagenase
D (Roche Molecular Biochemicals, Mannheim, Germany).
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The minced tissue was digested at 37∘C for 30–45min. The
digested tissuewas then filtered through a 100 𝜇mnylonmesh
(SPL Lifescience, Pocheon, Korea). Subsequently, the filtered
slurry was centrifuged for 5min at 350 g and the pellet was
resuspended in Ham’s F10 (Gibco) containing 20% FBS and
2.5 ng/mL basis fibroblast growth factor (bFGF) (Sigma) and
plated in a 60mm collagen (Sigma) coated culture dish. The
cells were incubated in an incubator at 37∘C in 5% CO

2
, and

the medium was changed every 2 days. At confluence of 50–
60%, the cells were removed using PBS and the medium was
then changed to F10/DMEM (ratio 1/1) plus 20% FBS and
2.5 ng/mL bFGF. When the cells reached confluence at 100%,
the medium was replaced with the differentiation medium
consisting of DMEM plus 2% horse serum (Gibco).

2.6. Quantitative Real-Time PCR (qRT-PCR). Quadriceps
muscle tissueswere collected and stored at−20∘C inRNAlater
(Ambion, Austin, TX, USA). Total RNA was extracted
from 50mg muscle tissue samples or lysed cells with Trizol
Reagent (Invitrogen). Two microgram aliquots of total RNA
were reverse transcribed to cDNA using M-MLV reverse
transcriptase (Promega, Madison, WI, USA). The qRT-PCR
amplification of the cDNA was performed in duplicate with
a SYBR premix Ex Taq kit (TaKaRa Bio Inc., Forster, CA,
USA) using aThermal Cycler Dice (TaKaRa Bio Inc., Japan).
All reactions were performed with the same schedule: 95∘C
for 10 s and 40 cycles of 95∘C for 5 s and 60∘C for 30 s.
Results were analyzedwith Real Time SystemTP800 software
(Takara Bio Inc.) and all values were normalized to the levels
of the house-keeping gene 𝛽-actin. The primers used in the
analysis are listed in Table 1.

2.7. Western Blot Analysis. Mice were killed by CO
2
asphyx-

iation. Briefly, quadriceps muscle tissues were dissected
and immediately frozen in liquid nitrogen. For protein
extraction, the tissues and cell cultures were homogenized
in lysis buffer containing 150mM NaCl, 50mM Tris-HCl,
1mM EDTA, 50mM NaF, 10mM Na

4
P
2
O
7
, 1% IGEPAL,

2mM Na
3
VO
4
, 0.25% protease inhibitor cocktail, and 1%

phosphatase inhibitor cocktail (Sigma). The homogenates
were centrifuged at 12000 g for 20min at 4∘C. The protein
content was determined using a BCA Protein Assay Kit
(Pierce, Rockford, IL, USA). Samples of 50𝜇g or 10 𝜇g total
protein extracted from tissue or cell culture, respectively,
were subjected to western blot analysis using polyclonal
antibodies to detect CD68, I𝜅B𝛼 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), p-IKK𝛼/𝛽, and IKK𝛽 (Cell Signaling,
Danvers,MA,USA). 𝛼-Tubulin was used as a loading control,
measured with mouse 𝛼-tubulin antibody (Abcam, MA,
USA).

2.8. Measurement of TNF𝛼, IL-6, and MCP-1 Proteins.
Quadriceps muscles (100mg) were homogenized in 1mL
of 100mM Tris-HCl and 250mM sucrose buffer (pH 7.4)
supplementedwith 0.25%protease inhibitor cocktail (Sigma),
and the pellets were removed by centrifuging at 10,000 g
for 10min at 4∘C. Levels of TNF𝛼, IL-6, and MCP-1 in the
homogenates were measured by enzyme-linked immunosor-
bent assays (ELISA) using an OptEIA mouse TNF𝛼/MCP-1

set (BD Biosciences, NJ, USA) and an IL-6 ELISA kit (R&D
Systems, Minneapolis, MN, USA). Amounts of cytokine
were adjusted for the protein contents of the homogenates
determined with a BCA protein assay kit (Pierce).

2.9. Histological Analysis. Quadriceps muscles were fixed
overnight at room temperature in 10% formaldehyde (Sigma)
and embedded in paraffin. Immunohistochemical staining
was performed with anti-CD68 (Santa Cruz Biotechnology).
Secondary antibodies were anti-rabbit (Cell Signaling), and
detection was with a Peroxidase Substrate kit (Vector Labo-
ratories Inc., Burlingame, CA, USA).

2.10. Statistical Analysis. The results are presented as
means± standard error of the mean (SEM). Variables were
compared using Student’s 𝑡-test or analysis of variation
(ANOVA) with Duncan’s multiple-range test. Differences
were considered significant at 𝑃 < 0.05.

3. Results

3.1. Expression of 4-1BB/4-1BBL mRNAs in Obese Skeletal
Muscle. As shown in Figures 1(a) and 1(b), HFD feeding
resulted in increased levels of inflammatory cytokines such
as TNF𝛼, IL-6, andMCP-1 at the mRNA and protein levels in
muscle. Protein levels of the macrophage marker CD68 were
also increased in the muscle of HFD-fed mice (Figure 1(c)).
Levels of 4-1BB and 4-1BBL mRNAs in the muscles of HFD-
fed mice were significantly higher than those in RD-fed
mice (Figure 1(d)). We then examined the effects of obesity-
related factors, including free fatty acids (e.g., palmitic acid),
lipopolysaccharide (LPS), and cytokines (e.g., TNF𝛼) on the
expression of 4-1BB and 4-1BBL in C2C12 skeletal muscle
cells. Figure 1(e) shows that treatment with the obesity-
related factors upregulated expression of 4-1BB but not 4-
1BBL mRNA in C2C12 myotubes.

3.2. The 4-1BB/4-1BBL Interaction Enhances Inflammatory
Cytokine Production in Myotubes/Macrophage Coculture.
Because upregulation of 4-1BB expression in themuscle tissue
of obese mice was accompanied by increased macrophage
infiltration, we thought that the interaction of 4-1BB on
muscle cells with its ligand 4-1BBL on macrophages might
be responsible for the inflammation of obese skeletal muscle.
To test this, we cocultured C2C12 myotubes with Raw264.7
macrophages in a direct contact coculture system or in
a transwell coculture system and found that both 4-1BB
and 4-1BBL mRNA expressions were significantly increased
in the contact cocultures compared with the transwell
cocultures (Figure 2(a)). We additionally confirmed that the
contact coculture of muscle cells and macrophages resulted
in elevated mRNA and protein levels of the inflammatory
cytokines TNF𝛼, IL-6, and MCP-1 (Figures 2(a) and 2(b)).
To see the effect of the contact coculture on specific cell
types, we separated myotubes and Raw macrophages from
the cocultures and found that the expression of 4-1BB and
inflammatory cytokinemRNAswas significantly upregulated
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Table 1: Mouse primers used for qRT-PCR analysis.

Gene Forward primer (5 → 3) Reverse primer (5 → 3)
4-1BB CTCTGTGCTCAAATGGATCAGGAA TGTGGACATCGGCAGCTACAA
4-1BBL CCTGTGTTCGCCAAGCTACTG CGGGACTGTCTACCACCAACTC
TNF𝛼 AAGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG
IL-6 CCACTTCACAAGTCGGAGGCTTA GCAAGTGCATCATCGTTGTTCATAC
MCP-1 GCATCCACGTGTTGGCTCA CTCCAGCCTACTCATTGGGATCA
𝛽-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
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Figure 1: Levels of 4-1BB/4-1BBL mRNAs and inflammatory markers in obese skeletal muscle. C57BL/6 mice were fed a regular diet (RD)
or high-fat diet (HFD) for 9 weeks. ((a) and (b)) TNF𝛼, IL-6, and MCP-1 mRNAs and proteins were measured by qRT-PCR and ELISA,
respectively. (c) Expression of CD68 and𝛼-tubulin proteins was determined bywestern blotting using the indicated antibodies. (d) Expression
of 4-1BB and 4-1BBL mRNAs in skeletal muscle was determined by qRT-PCR. Data are means± SEM for 𝑛 = 6. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01
compared with RD group. (e) C2C12 myotubes were established for 3 days and then exposed to 500𝜇M palmitic acid (FFA) in serum-free
DMEM containing 50 𝜇MBSA, 10 ng/mL TNF𝛼, or 100 ng/mL LPS in serum-free DMEM for 24 h. Ethanol was used as control of FFA-treated
group and the medium with no treatment was used as control of TNF𝛼- and LPS-treated groups. Expression of 4-1BB and 4-1BBL mRNAs
in myotubes was determined by qRT-PCR. Data are means± SEM of three independent triplicate experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and
∗∗∗
𝑃 < 0.001 compared with controls.
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Figure 2: Inhibition of 4-1BB/4-1BBL interaction reduces inflammatory responses inmyotube/macrophage coculture. C2C12myotubes (Mb)
were established for 3 days and then cocultured with Raw264.7 macrophages (M⌀) (25%) in serum-free DMEM for 24 h. ((a) and (b)) Raw
macrophages were directly seeded into the plates containing established myotubes (Contact) or were added to transwell inserts (Transwell).
(a) Expression of 4-1BB, 4-1BBL, and inflammatory cytokine (TNF𝛼, IL-6, and MCP-1) mRNAs was analyzed by qRT-PCR. (b) TNF𝛼, IL-6,
andMCP-1 proteins released in the culture media were measured by ELSA. ((c) and (d)) Myotubes and Raw264.7 macrophages in the contact
cocultures (Contact-Mb/M⌀) or the transwell cocultures (Transwell-Mb/M⌀) (control) were separated using a CD11b MicroBeads system.
Expression of 4-1BB, 4-1BBL, and inflammatory cytokinemRNAs in isolatedmyotubes (c) and in isolated-Rawmacrophages (d) was analyzed
by qRT-PCR. (e–g) Raw264.7 macrophages were seeded ontomyotubes with or without pretreatment with neutralizing anti-4-1BBL antibody
(TKS-1, 5𝜇g/mL) or rat IgG (5 𝜇g/mL) in serum-free DMEM for 24 h. (e) TNF𝛼, IL-6, andMCP-1 proteins released in the culture media were
measured by ELISA. ((f) and (g)) Myotubes and Raw264.7 macrophages in the TKS-1- or rat IgG-treated cocultures were separated using
a CD11b MicroBeads system. Expression of inflammatory cytokine mRNAs in isolated myotubes (f) and in isolated-Raw macrophages (g)
was analyzed by qRT-PCR. Data are means± SEM of three independent triplicate experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001
compared with controls.
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in myotubes isolated from the contact cocultures com-
pared with those from the transwell cocultures (Figure 2(c)).
Similarly, expression of 4-1BBL and inflammatory cytokine
mRNAs was also upregulated in Raw macrophages isolated
from the contact cocultures (Figure 2(d)). The next step
was to investigate whether 4-1BB/4-1BBL interaction was
responsible for the inflammatory response in cocultures; we
blocked this interaction with neutralizing antibody TKS-1,
which specifically reacts with 4-1BBL and inhibits the 4-
1BB/4-1BBL interaction. As shown in Figure 2(e), treatment
of cocultures with TKS-1 reduced the production of TNF𝛼,
IL-6, and MCP-1 released in the culture media. Consistent
with this, expression of inflammatory cytokine mRNAs was
downregulated in both myotubes and Raw macrophages
isolated from the cocultures treated with TKS-1 (Figures 2(f)
and 2(g)).

3.3. Stimulation of 4-1BB Increases Inflammatory Responses in
Skeletal Muscle Cells. To test whether 4-1BB plays a role in
the increased skeletalmuscle inflammation in the obesemice,
we prepared primary muscle cells from mice and stimulated
them with an anti-4-1BB agonistic antibody. The absence of
4-1BB in primary muscle cells derived from 4-1BB-deficient
(KO) mice was confirmed by RT-PCR analysis (Figure 3(a)).
As shown in Figures 3(b)–3(f), no inflammatory responses
were observed in primary myotubes treated with agonistic 4-
1BB antibody (3E1). However, when the primary muscle cells
were pretreated with TNF𝛼 to mimic the inflamed microen-
vironment, mRNAs for inflammatory cytokines (TNF𝛼, IL-
6, and MCP-1) were markedly upregulated by the treatment
of 3E1 (Figures 3(b)–3(d)) and the protein levels of these
cytokines were also elevated (Figures 3(e) and 3(f)). These
effects of 3E1 were abrogated in TNF𝛼-pretreated 4-1BB-
deficient myotubes (Figures 3(b)–3(f)). We next examined
whether stimulation of 4-1BB on skeletal muscle cells affected
the nuclear factor kappa B (NF-𝜅B) signaling pathway, which
regulates inflammatory cytokine expression [5, 21]. 4-1BB
stimulation of TNF𝛼-pretreated WT muscle cells with 3E1
led to increased phosphorylation of I𝜅B kinase (IKK) and
degradation of inhibitor of kappa B (I𝜅B𝛼) (Figure 3(g)),
which are upstreammediators ofNF-𝜅Bactivation [5, 17].The
effect of 3E1 on the stimulation of IKK phosphorylation and
I𝜅B𝛼 degradation was blunted in TNF𝛼-pretreated 4-1BB-
deficient myotubes (Figure 3(g)).

3.4. Ablation of 4-1BBAmeliorates Inflammation in the Skeletal
Muscle of HFD-Fed Mice. Since the above data indicated
that increased 4-1BB expression was associated with skeletal
muscle inflammation, we tested whether 4-1BB deficiency
altered skeletal muscle inflammatory responses. RT-PCR
analysis showed that 4-1BBmRNAwas absent from the skele-
tal muscle of 4-1BB-deficient mice (Figure 4(a)). As shown
in Figures 4(b) and 4(c), there was increased expression
of inflammatory cytokines in HFD-fed compared to RD-
fed WT mice, and this increase was markedly reduced in
the 4-1BB-deficient mice. Similarly, no increased expression
of CD68 protein, a marker of macrophages, was seen in
HFD-fed 4-1BB-deficient mice (Figure 4(d)). In agreement

with this, histological analysis showed that HFD-fed 4-1BB-
deficient mice contained fewer CD68-positive cells than
HFD-fed WT mice (Figure 4(e)). There were no differences
in the levels of inflammatory cytokines and the macrophage
marker between the skeletal muscle of RD-fed WT mice and
4-1BB-deficient mice (Figures 4(b)–4(d)).

4. Discussion

Increased skeletal muscle production of inflammatory
cytokines accompanied by macrophage infiltration is a
hallmark of obesity [5, 6, 22], and crosstalk between skeletal
muscle cells/macrophages plays a crucial role in these
inflammatory responses [5, 6] although the molecules
involved remain elusive. It has been shown that cell surface
molecules (receptor/ligand) mediated crosstalk is important
for the onset and/or maintenance of inflammatory responses
[23–25]. Here, we showed that 4-1BB and 4-1BBL expressions
were upregulated in the skeletal muscle of HFD-fed mice,
accompanied by increased macrophage infiltration and
inflammatory cytokine production. We also found that
4-1BB expression was upregulated on muscle cells by
obesity-related factors, including palmitic acid, TNF𝛼, and
LPS, which promote skeletal muscle cell inflammation
[5, 26, 27]. These obesity-related factors are also known
to induce 4-1BBL expression on macrophages [17]. In
addition, the contact cocultured myotubes/macrophages
induced expression of 4-1BB on myotubes and 4-1BBL
on macrophages, which was accompanied by increased
production of inflammatory cytokines. It has recently been
reported that the interaction between cell surface molecules
4-1BB and its ligand 4-1BBL plays a crucial role in the
initiation and/or maintenance of chronic inflammation
induced by cell-cell contact (e.g., T cells/macrophages,
endothelial cells/monocytes, and adipocytes/macrophages)
[17, 23, 28]. Together, these findings suggest that 4-1BB
and/or 4-1BBL participate in skeletal muscle inflammation
by promoting muscle cell-macrophage interaction.

It should be noted that the interaction between 4-1BB
and 4-1BBL leads to bidirectional signaling [17, 19, 29]. Pre-
viously, we demonstrated that 4-1BB on adipocytes directly
delivers an inflammatory signal through its interaction with
4-1BBL on macrophages and that this results in increased
secretion of inflammatory cytokines from obese adipose
tissue [17]. In this study, we investigated whether 4-1BB on
muscle cells participates in the inflammatory crosstalk with
muscle macrophages in obese skeletal muscle inflammation.
Using an agonistic anti-4-1BB antibody that binds specifically
to 4-1BB [19], we stimulated muscle cells and measured
their inflammatory cytokine responses. Surprisingly, unlike
adipocytes [17], stimulation of 4-1BB on muscle cells did
not alter the expression of inflammatory cytokines in the
myotubes. Because it has been shown that agonistic anti-
4-1BB antibody treatment does not induce inflammatory
responses in endothelial cells when 4-1BB expression is low
[14], we thought that 4-1BB expression on muscle cells might
not be strong enough in the noninflamed condition to lead to
stimulation by the agonistic antibody. In agreement with this
view, pretreatment with TNF𝛼 markedly upregulated 4-1BB
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Figure 3: Expression of inflammatory cytokines in primarymyotubes treatedwith 3E1.Three-day primarymyotubes derived from4-week-old
WT and 4-1BB-deficient mice. (a) Representative bands of 4-1BB mRNA were determined by semiquantitative RT-PCR. Primary myotubes
were pretreated with 10 ng/mL TNF𝛼 in DMEM containing 0.1% FBS for 12 h.Then the cells were washed twice with PBS and given 10 𝜇g/mL
3E1 or 10𝜇g/mL rat IgG (control) in serum-free DMEM for 24 h (b–f) or 3 h (g). (b–d) qRT-PCR analysis of mRNA for the inflammatory
cytokines TNF𝛼, IL-6, and MCP-1. ((e) and (f)) Levels of release of inflammatory cytokines IL-6 and MCP-1 in the culture media were
measured by ELISA. (g) Expression of phosphorylated IKK𝛼/𝛽, IKK𝛽, I𝜅B𝛼, and 𝛼-tubulin proteins was determined by Western blotting
using the indicated antibodies (lower panel). Band intensities were measured densitometrically using ImageJ. Relative intensities of the bands
were displayed as fold of control (upper panels). Data are means± SEM of three independent triplicate experiments. ∗𝑃 < 0.01, ∗∗𝑃 < 0.01,
and ∗∗∗𝑃 < 0.001 significantly different between 3E1- and rat IgG-treated groups or between WT and KO groups.

expression, and subsequent treatment with agonistic anti-
body enhanced inflammatory cytokine production (TNF𝛼,
IL-6, and MCP-1) in muscle cells from WT mice; moreover,
these changes were completely abrogated in 4-1BB-deficient
muscle cells, confirming the need for 4-1BB stimulation.
Furthermore, the upregulation of 4-1BB expression by TNF𝛼
treatment in muscle cells suggests that 4-1BB-mediated sig-
naling may be activated in inflamed skeletal muscle in the

obese condition. Indeed, 4-1BB stimulation further increased
IKK activation as well as induced I𝜅B𝛼 degradation in WT
muscle cells treated with TNF𝛼. These findings suggest that
4-1BB-mediated inflammatory responses in skeletal muscle
cells are mediated by activation of the NF-𝜅B signaling
pathway. In addition, reverse signaling through 4-1BBL has
been shown to play a crucial role in the regulation of
inflammation in monocytes and macrophages [17, 28]. Given
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Figure 4: Deficiency of 4-1BB reduces inflammatory responses in skeletal muscle of HFD-fed mice. C57BL/6 wild-type (WT) and 4-
1BB-deficient mice were fed a RD or HFD for 9 weeks. (a) Representative bands of 4-1BB mRNA in skeletal muscle were determined by
semiquantitative RT-PCR. ((b) and (c)) TNF𝛼, IL-6, and MCP-1 mRNAs and proteins were measured by qRT-PCR and ELISA, respectively.
(d) Expression of CD68 and 𝛼-tubulin was determined byWestern blotting using the indicated antibodies. (e) Immunohistochemical staining
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200; Scale bars 50 𝜇m. Data are means± SEM for 𝑛 = 6. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with WT mice. n.s., not significant.

the increase of macrophages infiltration into obese skeletal
muscle [5, 22], muscle cells with upregulated expression of
4-1BB may deliver an inflammatory reverse signal through
4-1BBL on macrophages. Indeed, blockade of the 4-1BB/4-
1BBL interaction markedly reduced inflammatory responses
in the cocultured myotubes/macrophages, and presumably
both signaling through 4-1BB on myotubes and signaling
through 4-1BBL on macrophages were disrupted. Taken
together, these findings suggest that the 4-1BB/4-1BBL-
mediated interaction between muscle cells and macrophages
induces bidirectional inflammatory signaling and may be an
important element of the inflammatory responses in obese
skeletal muscle (Figure 5).

Next, using 4-1BB-deficient mice fed an HFD, we exam-
ined whether deficiency of 4-1BB protected against obesity-
induced skeletal muscle inflammation. Indeed, deficiency
of 4-1BB resulted in decreased levels of inflammatory

cytokines/chemokines, including TNF𝛼, IL-6, and MCP-1
in muscle. Macrophages deliver an inflammatory reverse
signal through 4-1BBL that is bound to its receptor 4-1BB
[30]; hence, deficiency of 4-1BB could block stimulation
of 4-1BBL signaling on macrophages and also interrupt
signaling through 4-1BB onmuscle cells, leading to decreased
cytokine production from macrophages and/or muscle cells
in the skeletal muscle of HFD-fed 4-1BB-deficient mice.
Importantly, since inflammatory cytokines/chemokines such
as MCP-1 have a strong affinity for macrophages [31, 32],
the decreased macrophages infiltration into skeletal muscle
of HFD-fed 4-1BB-deficient mice could result from the
reduced expression of this factor. Furthermore, given that
increased inflammatory cytokine production accompanied
by macrophage infiltration into skeletal muscle is closely
associated with both local and systemic insulin resistance [5,
22], the observation of increases in both skeletal muscle and
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Figure 5: A schematic representation for the effect of 4-1BB/4-
1BBL interaction on skeletal muscle inflammation. Obesity induces
upregulation of 4-1BB on skeletal muscle cells, which interacts with
its ligand 4-1BBL expressed on infiltrated macrophages. This inter-
action triggers bidirectional inflammatory signaling into both cells,
leading to exacerbation of inflammatory responses and metabolic
dysfunction in skeletal muscle.

systemic insulin sensitivity in HFD-fed 4-1BB-deficient mice
[16] may be at least partly attributed to lowered inflammatory
responses in the skeletal muscle. Collectively, these results
indicate that the 4-1BB/4-1BBL interaction plays a crucial role
in obesity-induced skeletal muscle inflammation.

In conclusion, our data demonstrate that 4-1BB/4-
1BBL interaction may aggravate inflammatory responses in
inflamed skeletalmuscle in obesity by triggering bidirectional
inflammatory signaling in muscle cells and macrophages.
Disruption of the 4-1BB/4-1BBL interaction reduces the
inflammation resulting from crosstalk between muscle cells
and macrophages and protects against HFD-induced inflam-
matory responses in skeletal muscle. Both 4-1BB and 4-
1BBL could be useful targets for preventing obesity-induced
skeletal muscle inflammation.
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