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Abstract
Extracellular vesicles (EVs) play crucial roles in physiological and pathophysiological processes. Although studies have 
described muscle–bone interactions via humoral factors, we reported that EVs from C2C12 muscle cells (Myo-EVs) sup-
press osteoclast formation. Current clinical evidence suggests that inflammation induces both sarcopenia and osteoporosis. 
Although tumor necrosis factor-α (TNF-α) is a critical proinflammatory factor, the influences of TNF-α on muscle–bone 
interactions and Myo-EVs are still unclear. In the present study, we investigated the effects of TNF-α stimulation of C2C12 
cells on osteoclast formation and osteoblastic differentiation modulated by Myo-EVs in mouse cells. TNF-α significantly 
decreased the protein amount in Myo-EVs, but did not affect the Myo-EV size distribution. TNF-α treatment of C2C12 
myoblasts significantly decreased the suppression of osteoclast formation induced by Myo-EVs from C2C12 myoblasts 
in mouse bone marrow cells. Moreover, TNF-α treatment of C2C12 myoblasts in mouse preosteoclastic Raw 264.7 cells 
significantly limited the Myo-EV-induced suppression of osteoclast formation and decreased the Myo-EV-induced increase 
in mRNA levels of osteoclast formation-related genes. On the other hand, TNF-α treatment of C2C12 muscle cells sig-
nificantly decreased the degree of Myo-EV-promoted mRNA levels of Osterix and osteocalcin, as well as ALP activity in 
mouse mesenchymal ST-2 cells. TNF-α also significantly decreased miR196-5p level in Myo-EVs from C2C12 myoblasts 
in quantitative real-time PCR. In conclusion, TNF-α stimulation of C2C12 muscle cells blunts both the osteoclast formation 
suppression and the osteoblastic differentiation promotion that occurs due to Myo-EVs in mouse cells. Thus, TNF-α may 
disrupt the muscle–bone interactions by direct Myo-EV modulation.
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Introduction

Increases in muscle mass and strength positively corre-
late with decreased fracture risk and increased bone min-
eral density [1]. This raises questions about the role that 
muscle–bone interactions play in the physiological and 
pathophysiological environment. Various myokines regu-
late bone metabolism by affecting distant bones in mus-
cle–bone interactions under different physiological and 
pathophysiological states [2]. Increased fracture risk and 
decreased bone mineral density are reported in sepsis and 

chronic obstructive pulmonary disease (COPD) patients 
with systemic inflammation [3, 4]. Moreover, sarcope-
nia correlates with systemic inflammation in COPD and 
chronic liver diseases [5, 6]. These findings suggest that 
inflammation induces both sarcopenia and osteoporosis. 
Tumor necrosis factor-α (TNF-α), a typical proinflamma-
tory factor, is secreted from various cells under inflamma-
tory environments, including macrophages, lymphocytes, 
and fibroblasts, triggers NF-κB and AP-1 pathway activa-
tion, both critical for proinflammatory cytokine expression 
[7]. Higher TNF-α serum levels are reported in patients 
with sarcopenia [8]. Numerous studies indicate the cata-
bolic effects of TNF-α on bone [9, 10]. TNF-α induces 
muscle protein degradation in mouse C2C12 myotubes 
through enhanced muscle-specific ubiquitin ligase expres-
sion [11]. However, the detailed effects of inflammation 
on muscle–bone interactions remain unknown. Moreover, 
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the effects of TNF-α on muscle–bone interactions are not 
yet reported.

Extracellular vesicles (EVs) are secreted by cells, cir-
culate in body fluids, and play important roles in physi-
ological and pathophysiological processes by transport-
ing their contents to distant tissues. These EVs, secreted 
from osteoblasts, osteoclasts, and osteocytes, are also 
reported to regulate bone metabolism [12–17]. We recently 
reported the suppression of osteoclast formation in mouse 
bone marrow and Raw 264.7 cells due to EVs secreted 
from C2C12 muscle cells [18]. In addition, we revealed 
that fluid shear stress to mouse muscle cells enhances the 
suppressive effects of muscle cell-derived EVs on osteo-
clast formation [19]. These findings suggest that EVs 
secreted from skeletal muscle may mediate muscle–bone 
interactions.

Plasma EVs from septic mice induce peritoneal neu-
trophil migration [20]. Cheng et al. reported that myo-
cardium released EVs, after acute myocardial infarction, 
induced circulating myocardial progenitor cells from bone 
marrow in mice [21]. These findings suggest that inflam-
matory stimulation of cells affects EV bioactivity. Kang 
et  al. recently reported that TNF-α-stimulated mesen-
chymal stem cell (MSC)-derived EVs suppress pro-M1 
and elevate M2 markers in primary mouse macrophages, 
although TNF-α does not affect the size of MSC-derived 
EVs [22]. However, whether muscle cell inflammatory 
stimulation, such as TNF-α, influences the effects of mus-
cle cell-derived EVs (Myo-EVs) on bone cells remains 
unknown. Therefore, in the present study, we investigated 
the effects of TNF-α stimulation of mouse muscle C2C12 
cells on the osteoclast formation and osteoblastic differ-
entiation modulated by Myo-EVs.

Materials and Methods

Materials

Fetal bovine serum (FBS; Sigma–Aldrich, St. Louis, MO) 
was heat-inactivated at 56 °C for 30 min in advance. EVs 
contained in the FBS were depleted by ultracentrifugation 
at 130,000 g for 16 h at 4 °C by Himac CP80NX system 
(Hitachi, Tokyo, Japan). Mouse muscle C2C12 cells were 
obtained from American Type Culture Collection (ATCC: 
Manassas, VA). Recombinant human TNF-α was pur-
chased from FUJIFILM Wako Pure Chemical Corporation 
(FUJIFILM Wako, Osaka, Japan). Anti-CD9 (ab92726), 
anti-CD81 (ab109201), and anti-KDM1/LSD1 (ab129195) 
antibodies were from Abcam (Cambridge, MA, USA), and 
anti-β-actin (#4970) antibody was from Cell Signaling Tech-
nology Inc. (Danvers, MA, USA).

EV Isolation and Analysis

We collected Myo-EVs from the conditioned medium 
(CM) of C2C12 cells as previously described [18, 23] 
(Fig. 1, 2). Briefly, C2C12 myoblasts were seeded in 10 cm 
culture dishes coated with collagen (cell matrix type I-C, 
manufactured by Nitta Gelatin Co., Ltd., Osaka, Japan) 
according to the manufacturer's instructions. The cells 
were cultured in high-glucose Dulbecco's Modified Eagle's 
Medium (DMEM: FUJIFILM Wako) supplemented with 
10% heat-inactivated FBS and 1% penicillin/streptomy-
cin (PS) at 37 °C until confluent. C2C12 myoblasts were 
cultured in high-glucose DMEM supplemented with 2% 
horse serum and 1% PS for an additional 5 days for differ-
entiation into myotubes. C2C12 myoblasts and myotubes 
were washed with PBS twice to remove culture medium 
components, then cultured in fresh high-glucose DMEM 
supplemented with 10% EV-depleted FBS and 1% PS with 
and without 50 ng/mL TNF-α at 37 °C for 48 h. TNF-α 
stock solution (100 µg/mL) was diluted 2000-fold with 
the culture medium to a final concentration of 50 ng/mL. 
CM of C2C12 cells was centrifuged at 3,000 g for 5 min, 
filtered using a 0.22 μm PVDF filter, and ultracentrifuged 
at 130,000 g for 70 min at 4 °C to isolate EVs (pellets). 
The supernatant containing TNF-α was carefully removed 
after ultracentrifugation. The EV pellets were resuspended 
in an excess of fresh PBS and ultracentrifuged again. 
The supernatant after ultracentrifugation was carefully 
removed to remove proteins and other culture medium 
components. The washed EV pellets were resuspended in 
a small amount of fresh PBS. The suspension of Myo-EVs 
obtained by these procedures is considered TNF-α-free. 
The Myo-EV suspensions were stored at − 80 °C until use. 
Total Myo-EV protein levels were determined using the 
BCA protein assay kit (#23227 Pierce, Rockford, Illinois). 
Myo-EV size distribution was analyzed by the NanoSight 
LM10V-HS system (Malvern Instruments, Malvern, UK). 
The quantification was repeated 5 times within a single 
analysis, and standard error values were based on varia-
tions across all Myo-EVs within the analysis. 

Western Blotting

Myo-EVs or C2C12 cells were lysed with Cell Lysis 
Buffer (Cell Signaling Technology) with protease inhibi-
tors (FUJIFILM Wako). Equal amounts of protein aliquots 
from Myo-EVs and C2C12 cells were separated by electro-
phoresis at 150 V for 1 h under reducing conditions, then 
transferred at 30 V for 1 h. The membranes were blocked 
with Tris-Buffered saline/0.05% Tween 20 (TBS-T) con-
taining 3% skim milk for 2 h at room temperature. After 
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washing with TBS-T, the membranes were incubated with 
primary antibodies against CD9 (1:1000), CD81 (1:1000), 
β-actin (1:2000), and KDM1/LSD1 (1:5000) overnight at 
4 °C. After washing with TBS-T, the membranes were 
incubated with a secondary antibody (anti-rabbit IgG-
HRP antibody, 1:10,000) at room temperature for 1 h. 
The immune complexes on the membranes were visualized 
with ECL Western Blotting Detection Reagent (#RPN2235 
GE Healthcare Japan) and analyzed with an Amersham 
Imager 600 (GE Healthcare Japan).

Animal

Male mice with a mixed C57BL/6 J (81.25%) and 129/
SvJ (18.75%) genetic background were bred and used for 
experiments. The mice were fed a normal diet, with freely 
available food and water. The mice were maintained in a 
controlled pathogen-free environment with a 12-h light–dark 
cycle at 23 ± 1 °C and a humidity of 55 ± 10% (3 or 4 per 
cage). All experiments were performed in accordance with 
the guidelines of the National Institutes of Health and the 
institutional rules for laboratory animal use and care at Kin-
dai University. All animal experiments were approved by 
the animal ethics committee of Kindai University (approval 
number: KAME-31–051). All surgery was performed under 
anesthesia with excess isoflurane, and all efforts were made 
to minimize suffering.

Osteoclast Formation

Analysis of osteoclast formation was performed as previ-
ously reported [18] (Fig. 2). Briefly, bone marrow cells iso-
lated from the tibiae of the male mice (8–10 weeks old) 
were seeded on a multi-well plate (1 ×  105 cells/cm2) and 
cultured in α-MEM (FUJIFILM Wako) supplemented with 
10% FBS, 1% PS, and macrophage-colony stimulating fac-
tor (M-CSF) (FUJIFILM Wako) at 37 °C for 3 days for 
bone marrow-derived macrophage (BMMs) formation. For 
osteoclast formation, BMMs were cultured in the presence 
of receptor activator of nuclear factor κB ligand (RANKL; 
FUJIFILM Wako) and M-CSF with and without Myo-EVs 
for an additional 4–5 days. Mouse monocytic Raw 264.7 
cells (ATCC) were seeded in multi-well plates (1 ×  104 cells/
cm2) and cultured in α-MEM supplemented with 10% FBS, 
1% PS, and 50 ng/mL RANKL with and without Myo-EVs 
at 37 °C for 5 days. During osteoclast formation, the medium 
was changed once with Myo-EVs again added. Each Myo-
EV addition was diluted with culture medium based on the 
quantified BCA assay concentration and added to the cells 
at a final concentration of 5 µg/mL. For the control group, 
equal culture medium quantities as the added Myo-EVs were 
used. The cells were stained with a tartrate-resistant acid 
phosphatase (TRAP) staining kit (#294–67001 FUJIFILM 
Wako) according to the manufacturer's instructions. TRAP-
positive multinucleated cells (MNCs) containing three or 
more nuclei in each well of 96-well plates were counted as 
osteoclast-like cells.

Fig. 1  A flowchart for the 
preparation of Myo-EVs and the 
study design
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ST‑2 Cell Culture

Mouse mesenchymal ST-2 cells (ATCC) were seeded in 
multi-well plates (2 ×  104 cells/cm2) and cultured in low-
glucose DMEM (FUJIFILM Wako) supplemented with 10% 
FBS and 1% PS at 37 °C in the presence and absence of 
BMP-2 (FUJIFILM Wako), with and without Myo-EVs for 
72 h. Each Myo-EV was diluted with culture medium based 
on the quantified BCA assay concentration and added at a 
final concentration of 10 µg/mL. For the control group, equal 
amounts of culture medium as the added Myo-EVs were 
used.

Alkaline Phosphatase (ALP) Activity Assay 
and Mineralization

ALP activity was measured using a Lab assay ALP kit 
(#633–51021 FUJIFILM Wako) according to the manufac-
turer's instructions and normalized to total protein measured 

using the BCA protein assay kit. For mineralization, ST-2 
cells were cultured in 96-well plates in the presence and 
absence of 200 ng/ml BMP-2, with and without 10 µg/mL 
Myo-EVs for 1 week, then the cells were cultured in miner-
alization media (low-glucose DMEM/10% FBS and 1% PS 
supplemented with 10 mM β-glycerophosphate and 50 µg/
mL ascorbic acid) with and without 10 µg/mL Myo-EVs for 
more than 10 days. To evaluate mineralization levels, the 
cells were fixed with 10% formaldehyde and stained with 
Alizarin red (Kishida Chemical, Osaka, Japan). The cells 
were destained with cetylpyridinium chloride (Wako Pure 
Chemical) and the absorbance at 570 nm was measured by 
the Multiskan GO microplate spectrophotometer (Thermo 
Fisher Scientific).

Quantitative Real‑Time PCR

Total RNA was extracted from cells and Myo-EVs using 
Nucleo Spin® RNA Plus (#U0984C Takara Bio, Shiga, 

Fig. 2  Experimental workflow
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Japan) and miRNeasy Mini Kit (#217004 Qiagen, Hilden, 
Germany) to detect mRNA and miRNA, respectively. For 
mRNA quantification, 500 ng of total RNA was reverse tran-
scribed into cDNA using the Prime Script RT Reagent Kit 
equipped with a gDNA Elaser (#RR047B Takara Bio). The 
incorporation of SYBR Green into double-stranded DNA, 
performed using an Applied Biosystems Step One Plus™ 
Real-Time PCR System (Applied Biosystems, Carlsbad, 
CA), was assessed by quantitative real-time PCR. The PCR 
primer sequence is shown in Table 1. The mRNA levels of 
target genes were normalized to the mRNA levels of the 
GAPDH housekeeping gene.

For miRNA quantification, 100 ng of total RNA was 
reverse transcribed into cDNA using the TaqMan Micro-
RNA Reverse Transcription Kit (#4366596 Thermo Fisher 
Scientific). The reverse transcription primer used for cDNA 
synthesis was provided in the TaqMan miRNA Assay Kit 
(#4427975 Thermo Fisher Scientific). Quantitative real-
time PCR for miR-155-5p, miR196-5p, and small nucleolar 
RNA-202 (snoRNA202) was performed using the TaqMan 
MicroRNA Assay (Thermo Fisher Scientific, Inc). The lev-
els of target miRNAs (miR155-5p (Assay ID: 002571) and 
miR196-5p (Assay ID: 241070)) were normalized against 
those of snoRNA202 (Assay ID: 001232) as an endogenous 
control.

Statistical Analysis

All data are expressed as mean standard error (SEM) ± mean. 
Statistical significance was assessed using a one-way 
ANOVA followed by Tukey–Kramer post-hook test for 
multiple comparisons. The data for the quantification of 
TRAP-positive MNCs are representative of 6 experiments 
in each group. All data for PCR experiments and measure-
ments of ALP activity are representative of 4 experiments 
in each group. The significance level was set to p < 0.05. All 
statistical analysis is done by GraphPad PRISM 6 Software 
(GraphPad Software Inc., San Diego, CA, USA).

Results

Effects of TNF‑α on the Protein Amount and Particle 
Size of Myo‑EVs Secreted from Muscle Cells

Myo-EVs were isolated from the CM of C2C12 myoblasts 
and myotubes treated with and without TNF-α. The Myo-EV 
protein quantity from C2C12 myoblasts was significantly 
greater than that of the Myo-EVs obtained from C2C12 
myotubes (Fig. 3A). TNF-α significantly decreased the 
protein quantity in Myo-EVs secreted from both C2C12 
myoblasts and myotubes (Fig. 3A). The particle sizes of 
Myo-EVs secreted from C2C12 myoblasts, with and with-
out TNF-α treatment, were less than 200 nm (Fig. 3B), with 
a similar Myo-EV size distribution, independent of TNF-α 
treatment (Fig.  3B). Myo-EVs from C2C12 myoblasts 
treated with and without TNF-α were both positive for CD9 
and CD81, well-defined EV markers, as shown by Western 
blot analysis, compared to the lysates of C2C12 myoblasts 
treated with and without TNF-α (Fig. 3C).

Effects of Myo‑EVs Secreted from C2C12 Cells 
Treated with TNF‑α on Osteoclast Formation

We examined the effects of Myo-EVs from C2C12 cells 
treated with and without TNF-α on osteoclast forma-
tion from mouse bone marrow cells, in the presence of 
RANKL and M-CSF, to clarify whether TNF-α influ-
ences osteoclast formation through Myo-EVs by affect-
ing muscle cells. As shown in Fig. 4, both Myo-EVs 
from C2C12 myoblasts and myotubes significantly sup-
pressed the number of TRAP-positive MNCs from bone 
marrow cells enhanced by RANKL and M-CSF, which 
agreed with our previous study [18]. However, TNF-α 
treatment of C2C12 myoblasts significantly decreased 
the suppressive effect of Myo-EVs on osteoclast forma-
tion (Fig. 4). In addition, TNF-α treatment of C2C12 
myotubes slightly decreased the normal suppression 

Table 1  Sequences of the primers for real-time PCR

Gapdh Glyceraldehyde-3-phosphate dehydrogenase, NFATc1 Nuclear 
factor of activated T-cells cytoplasmic 1, PGC1β Peroxisome prolif-
erator-activated receptor gamma coactivator 1-β, Runx2 Runt-related 
transcription factor 2, TRAP Tartrate-resistant acid phosphatase

Type 1 collagen Forward 5′-AAC CCT GCC CGC ACATG-3′
Reverse 5′-CAG ACG GCT GAG TAG GGA ACA-3′

Cathepsin K Forward 5′-GTT ACT CCA GTC AAG AAC CAGG-
3′

Reverse 5′-TCT GCT GCA CGT ATT GGA AGG-3′
Gapdh Forward 5′-AGG TCG GTG TGA ACG GAT TTG-3′

Reverse 5′-GGG GTC GTT GAT GGC AAC A-3′
NFATc1 Forward 5′-GGA GAG TCC GAG AAT CGA GAT-3′

Reverse 5′-TTG CAG CTA GGA AGT ACG TCT-3′
Osteocalcin Forward 5′-CCT GAG TCT GAC AAA GCC TTCA-

3′
Reverse 5′-GCC GGA GTC TGT TCA CTA CCTT-3′

Osterix Forward 5′-AGC GAC CAC TTG AGC AAA CAT-3′
Reverse 5′-GCG GCT GAT TGG CTT CTT CT-3′

PGC1β Forward 5′-CCT CAT GCT GGC CTT GTC A-3′
Reverse 5′-TGG CTT GTA TGG AGG TGT GG-3′

Runx2 Forward 5′-AAA TGC CTC CGC TGT TAT GAA-3′
Reverse 5′-GCT CCG GCC CAC AAA TCT -3′

TRAP Forward 5′-GCA ACA TCC CCT GGT ATG TG-3′
Reverse 5′-GCA AAC GGT AGT AAG GGC TG-3′
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effect of Myo-EVs on osteoclast formation, however, 
this was not significant (Fig. 4).

As bone marrow cells include cells other than osteo-
clast precursors, we next examined the effects of Myo-
EVs from C2C12 cells treated with and without TNF-α 
on osteoclast formation in the presence of RANKL 
in mouse monocytic Raw 264.7 cells. As shown in 
Fig.  5A, Myo-EVs from both C2C12 myoblasts and 
C2C12 myotubes significantly suppressed the number 
of TRAP-positive MNCs induced by RANKL. Also, 
the TNF-α treatment of C2C12 myoblasts, but not 
C2C12 myotubes, significantly decreased the suppres-
sive effect of Myo-EVs on RANKL-induced osteoclast 
formation (Fig. 5A). Moreover, the TNF-α treatment 
of C2C12 myoblasts, but not C2C12 myotubes, signifi-
cantly decreased the suppressive effect of Myo-EVs on 
the mRNA levels of TRAP, nuclear factor of activated 
T-cells cytoplasmic 1 (NFATc1), cathepsin K, and per-
oxisome proliferator-activated receptor gamma coacti-
vator 1β (PGC1β) (Fig. 5B).

Effects of Myo‑EVs Secreted from C2C12 Cells 
Treated with TNF‑α on Osteoblastic Differentiation

We next examined the effects of Myo-EVs from C2C12 
cells treated with TNF-α on the differentiation of mouse 
mesenchymal ST-2 cells into osteoblastic cells induced 
by BMP-2 to clarify whether TNF-α influences osteo-
blastic differentiation through Myo-EVs by affecting 
muscle cells. Myo-EVs from C2C12 myoblasts signifi-
cantly augmented the mRNA levels of Osterix and osteo-
calcin, but not Runx2 and type 1 collagen, enhanced by 
BMP-2, although the augmentations of the mRNA levels 
of Osterix and osteocalcin promoted by Myo-EVs from 
C2C12 myotubes enhanced by BMP-2 were not signifi-
cant (Fig. 6A). TNF-α treatment of C2C12 myoblasts 
and myotubes significantly decreased the mRNA levels 
of Osterix and osteocalcin promoted by Myo-EVs in ST-2 
cells, respectively (Fig. 6A). Moreover, TNF-α treatment 
of C2C12 myoblasts significantly decreased ALP activity 
promoted by Myo-EVs in ST-2 cells (Fig. 6B). Myo-EVs 

Fig. 3  Analyses of isolated extracellular vesicles (EVs) from C2C12 
cells. A The protein levels of Myo-EVs secreted from C2C12 myo-
blasts (MB) or myotubes (MT) treated with or without TNF-α (50 ng/
mL) cultured in 10 cm dishes for 48 h were measured. C2C12 cells 
were cultured in three 10  cm dishes in a single experiment. Data 
represent mean ± SEM of 3 technical replicates within one experi-
ment in each group. B The distribution of particle size of Myo-EVs 
from MBs treated with or without TNF-α (50 ng/mL) for 48 h were 

analyzed using a NanoSight LM10V-HS system. Data represent 
mean ± SEM of 5 determinations within one experiment in each 
group. C Total proteins were extracted from Myo-EVs secreted from 
MBs treated with or without TNF-α (50  ng/mL) and MBs (Cell) 
treated with or without TNF-α (50 ng/mL) for 48 h, and Western blot 
analyses for CD9, CD81, β-actin, and KDM1/LSD1 (nuclear marker) 
were performed
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from C2C12 myoblasts significantly decreased miner-
alization enhanced by BMP-2, and TNF-α treatment of 
C2C12 myoblasts and myotubes significantly decreased 
mineralization in the presence of Myo-EVs in ST-2 cells 
(Fig. 6C).

Effects of TNF‑α Treatment of C2C12 Myoblasts 
on miRNA Level in Myo‑EVs

EVs contain various miRNAs that vary by cell type and 
origin, which are transferred, via EVs to distant tissues 
[21, 24]. Our previous study suggested that fluid flow 
shear stress enhances the expression of miR155-5p and 
miR196-5p and suppresses osteoclast formation and low 
expression in mouse bone cells [19]. We, therefore, exam-
ined the effects of TNF-α treatment on the levels of these 
miRNAs in Myo-EVs from C2C12 myoblasts. As shown 
in Fig.  7, TNF-α significantly decreased miR196-5p 
level in Myo-EVs from C2C12 myoblasts in quantitative 

real-time PCR, although TNF-α did not affect miR155-
5p level.

Discussion

In the present study, we revealed that TNF-α treatment 
of C2C12 muscle cells limits the suppressive effect of 
Myo-EV upon osteoclast formation in mouse bone mar-
row cell cultures and Raw 264.7 cells. Moreover, TNF-α 
treatment of C2C12 muscle cells increased the expression 
of osteoclast differentiation-related genes, such as TRAP, 
NFATc1, cathepsin K, and PGC1β suppressed by Myo-
EVs in Raw 264.7 cells. These data indicate that TNF-α 
blunts the induced inhibition of osteoclast formation by 
Myo-EVs by affecting muscle cells. Moreover, we showed 
that TNF-α treatment of C2C12 muscle cells decreased the 
Myo-EV-induced promotion of the expression of Osterix 
and osteocalcin as well as the ALP activity induced by 
BMP-2 in ST-2 cells, suggesting that TNF-α blunts the 

Fig. 4  Effects of Myo-EVs on osteoclast formation from mouse bone 
marrow cells. Osteoclast precursors were induced from mouse bone 
marrow cells by culturing with M-CSF (50  ng/mL) for 3  days and 
then cultured with and without Myo-EVs (5  μg/mL) secreted from 
MBs or MTs treated with and without TNF-α (50 ng/mL) in the pres-
ence and absence of M-CSF (50 ng/mL) and RANKL (50 ng/mL) for 

an additional 5 days. Numbers of TRAP-positive MNCs in a 96-well 
plate were quantified. Data represent mean ± SEM of 6 technical rep-
licates within one experiment in each group. **p < 0.01 versus the 
RANKL ( +)/Myo-EV (-) group. Scale bar = 200  μm. N.S.: not sig-
nificant
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Myo-EV augmentation of osteoblastic differentiation. 
Taken together, we speculated that TNF-α, in mice, blunts 
the bone anabolic effects of muscle-derived EVs in mus-
cle–bone interactions. Inflammation may induce osteope-
nia partly by antagonizing the osteotropic effects of Myo-
EVs through direct effects on muscle cells.

The EV protein amount is generally thought to reflect 
the EV particle number. In our study, TNF-α treatment of 
C2C12 cells significantly decreased the protein amount 
in Myo-EVs from both C2C12 myoblasts and myotubes, 
although it did not affect the particle-size distribution of 
Myo-EVs. This suggests that TNF-α treatment of C2C12 
cells decreases Myo-EV particle number, but not particle 
size. It is reported that lipopolysaccharide stimulation of 
macrophages decreases the amount of EVs secreted from 
these cells [25]. In addition, TNF-α stimulation of human 
bronchial epithelial cells triggers the release of its recep-
tor contained within secreted EVs through sphingomyeli-
nase related to EV production in cells [26]. Taken together, 
TNF-α may directly modulate the EV secretion from muscle 
cells.

In the present study, the blunting effects of TNF-α treat-
ment of C2C12 cells on the osteoclast formation suppressed 
by Myo-EVs and osteoblastic differentiation augmented by 
Myo-EVs were more pronounced in Myo-EVs from C2C12 
myoblasts, compared with Myo-EVs from C2C12 myotubes. 
Moreover, the protein amount of Myo-EVs from C2C12 
myoblasts was significantly higher than that of Myo-EVs 
from C2C12 myotubes. It was reported that human primary 
myoblasts can be easily infected by Zika virus, compared 
with myotubes [27]. In addition, it was reported that plasma 
membrane permeability enhancement and the suppression of 
cellular ATP content by simvastatin are stronger in C2C12 
myoblasts, compared with C2C12 myotubes [28]. Although 
the mechanism for the differences between myoblasts 
and myotubes in the sensitivity to external stimulation is 
unknown, we speculated that the sensitivity to TNF-α treat-
ment is different between myoblasts and myotubes, which 
may lead to the difference between myoblasts and myotubes 
in the physiological action of Myo-EVs on bone metabolism.

The osteogenic differentiation of MSCs and osteo-
clastogenesis inhibition of bone marrow macrophages 
are promoted by miR196 [29–31]. Moreover, miR155 
inhibits osteoblastic differentiation of MC3T3-E1 cells 
by suppressing Smad5 and RANKL-induced osteoclast 
formation through TGF-β signaling [32, 33], suggesting 
that miR155 is related to a decrease in bone turnover. We 
recently reported that miR196-5p included in EVs secreted 
from C2C12 myoblasts suppresses osteoclast formation 
in mouse cells [29]. In addition, the application of shear 
stress to C2C12 cells significantly elevated miR196 and 
miR155 levels in EVs from C2C12 cells and these miR-
NAs suppress osteoclast formation in mouse cells [19]. In 
the present study, TNF-α stimulation of C2C12 myoblasts 
significantly reduced miR196 levels in Myo-EVs, although 
it did not affect miR155 levels in Myo-EVs. These findings 
suggest that miR196 may be involved in the attenuation 
of TNF-α treatment of C2C12 muscle cells on osteoclast 
formation, suppressed by Myo-EVs in mouse bone marrow 
cell cultures and Raw 264.7 cells, although further studies 
are necessary to clarify the critical factors responsible for 
TNF-α effects on Myo-EVs.

In the present study, Myo-EVs from C2C12 myoblasts 
significantly decreased mineralization in ST-2 cells, 
although Myo-EVs from C2C12 myoblasts did not affect the 
osteoblast phenotypes and mineralization in mouse osteo-
blasts in our previous study [18]. The reason of different 
effects of Myo-EVs on mineralization between ST-2 cells 
and mouse primary osteoblasts remains unknown. However, 
the effects of Myo-EVs on osteoblast differentiation are dif-
ferent due to osteoblastic differentiation stage, which might 
influence the Myo-EVs effects on mineralization. Alterna-
tively, Myo-EVs might suppress mineralization process, but 
not osteoblast differentiation, in ST-2 cells. On the other 
hand, TNF-α treatment of C2C12 myoblasts and myotubes 
significantly decreased mineralization in the presence of 
Myo-EVs in ST-2 cells, supporting our findings that TNF-α 
negatively affects the muscle–bone interactions by directly 
modulating Myo-EVs. The potent suppression of TNF-α 
treatment of C2C12 cells on mineralization were compat-
ible with its suppression on osteoblastic differentiation by 
Myo-EVs in ST-2 cells.

There are several study limitations. Although we provided 
significant evidence for the TNF-α stimulation of muscle 
cells blunting the effects of Myo-EVs on bone cells in vitro, 
further in vivo studies using muscle-specific EV-deleted 
inflammatory mice are necessary to show the pathophysi-
ological significance of TNF-α effects on bone through 
skeletal muscle-derived EVs. Secondly, EVs contained in 
horse serum were not completely depleted by ultracentrifu-
gation in the present study, although we cultured C2C12 
myotubes with 10% EV-depleted FBS, but not horse serum, 

Fig. 5  Effects of Myo-EVs on osteoclast formation in Raw 264.7 
cells. Raw 264.7 cells were cultured with and without Myo-EVs 
(5  μg/mL) secreted from MBs and MTs treated with and without 
TNF-α (50 ng/mL) in the presence and absence of RANKL (50 ng/
mL) for 5  days. A Numbers of TRAP-positive MNCs in a 96-well 
plate were quantified. Data represent mean ± SEM of 6 technical rep-
licates within one experiment in each group. B Total RNA of Raw 
264.7 cells was extracted for gene expression analysis of TRAP, 
NFATc1, cathepsin K, PGC1β, or Gapdh by quantitative real-time 
PCR. Data represent mean ± SEM of 4 technical replicates within one 
experiment in each group and are expressed relative to Gapdh mRNA 
values. *p < 0.05 and **p < 0.01 versus the RANKL ( +)/Myo-EV (-) 
group. Scale bar = 200 μm. N.S.: not significant
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with and without TNF-α for 48 h for the preparation of 
conditioned medium to isolate Myo-EVs. Thus, we cannot 
completely rule out the possibility that EVs contained in the 

horse serum could modulate the effects of Myo-EVs from 
C2C12 myotubes on osteoclast formation and osteogenic 
differentiation.

Fig. 6  Effects of Myo-EVs on osteoblastic differentiation of ST-2 
cells. ST-2 cells were cultured with and without Myo-EVs (10  μg/
mL) secreted from MBs and MTs treated with and without TNF-α 
(50  ng/mL) in the presence and absence of BMP-2 (200  ng/mL) 
for 72 h. A Total RNA of ST-2 cells was extracted for gene expres-
sion analysis of Runx2, Osterix, osteocalcin, type 1 collagen, or 
Gapdh by quantitative real-time PCR. Data are expressed relative to 
Gapdh mRNA values. B ALP activity of ST-2 cells was measured. 
C ST-2 cells were cultured with 200  ng/ml BMP-2, with and with-

out 10 μg/mL Myo-EVs for 1 week, and then the cells were cultured 
with and without Myo-EVs (10  μg/mL) in the presence of 10  mM 
β-glycerophosphate and 50  µg/mL ascorbic acid for further 1 or 
2  weeks. Alizarin red staining and quantification then performed. 
All data represent the mean ± SEM of 4 or 8 technical replicates 
within one experiment in each group. *p < 0.05 and **p < 0.01 versus 
BMP-2 ( +)/Myo-EV (-) group. Scale bar = 1  mm. N.S.: not signifi-
cant



387Tumor Necrosis Factor‑α Blunts the Osteogenic Effects of Muscle Cell‑Derived Extracellular…

1 3

In conclusion, our study showed that TNF-α stimulation 
of C2C12 muscle cells attenuates the osteoclast formation 
suppression by Myo-EVs and osteoblastic differentiation 
promoted by Myo-EVs in mouse cells. The level of miR196 
in EVs may be involved in the attenuation of TNF-α treat-
ment of C2C12 muscle cells on osteoclast formation that is 
suppressed by Myo-EVs. TNF-α may negatively affect the 
muscle–bone interactions by directly modulating Myo-EV 
secretion.
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