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Inflammation and lipid accumulation are hallmarks of
muscular pathologies resulting from metabolic dis-
eases such as obesity and type 2 diabetes. During
obesity, the hypertrophy of visceral adipose tissue
(VAT) contributes to muscle dysfunction, particularly
through the dysregulated production of adipokines. We
have investigated the cross talk between human adi-
pocytes and skeletal muscle cells to identify mecha-
nisms linking adiposity and muscular dysfunctions.
First, we demonstrated that the secretome of obese
adipocytes decreased the expression of contractile
proteins in myotubes, consequently inducing atrophy.
Using a three-dimensional coculture of human myo-
tubes and VAT adipocytes, we showed the decreased
expression of genes corresponding to skeletal muscle
contractility complex and myogenesis. We demon-
strated an increased secretion by cocultured cells of
cytokines and chemokines with interleukin (IL)-6 and
IL-1b as key contributors. Moreover, we gathered evi-
dence showing that obese subcutaneous adipocytes
were less potent than VAT adipocytes in inducing
these myotube dysfunctions. Interestingly, the atrophy
induced by visceral adipocytes was corrected by
IGF-II/insulin growth factor binding protein-5. Finally,
we observed that the skeletal muscle of obese mice
displayed decreased expression of muscular markers
in correlation with VAT hypertrophy and abnormal dis-
tribution of the muscle fiber size. In summary, we show
the negative impact of obese adipocytes on muscle

phenotype, which could contribute to muscle wasting
associated with metabolic disorders.

During obesity, hypertrophy of white adipose tissue
(WAT) is associated with fibro-inflammation and cell
dysfunction. However, visceral depot (visceral adipose
tissue [VAT]) differs from subcutaneous adipose tissue
(SAT) by its inflammatory status because of its high
infiltration with immune cells such as macrophages, T
lymphocytes, and mast cells (1,2). Hence, VAT hypertro-
phy is considered an important contributor to obesity-
related metabolic and cardiovascular diseases (3). In obese
subjects, hypertrophied adipocytes display abnormal se-
cretion of leptin and adiponectin and increased produc-
tion of numerous inflammatory cytokines and chemokines,
leading to a disrupted interorgan communication between
VAT and important metabolic peripheral tissues such as
liver and skeletal muscle (4). These organs are particularly
exposed to free fatty acids and cytokines, mostly interleu-
kin (IL)-6, which are increasingly released by the visceral
fat of obese subjects (5,6). Skeletal muscles are one of the
major metabolic tissues of the body, playing a pivotal role
in glucose and lipid metabolism. There is a growing body
of evidence showing the effects of obesity on skeletal
muscle dysfunction, such as the development of insulin
resistance, as attested to by numerous studies performed
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in rodent models of obesity (7,8). Thus, it has been shown
that obese rats display impaired activation of skeletal
muscle protein synthesis in response to chronic lipid in-
filtration (9). Ectopic lipid storage in muscle (i.e., within
muscle cells and/or in adipocytes located between muscle
fibers) represents a negative risk factor for the develop-
ment of type 2 diabetes related to muscle insulin re-
sistance (10–13). Moreover, skeletal muscle of obese
subjects also displays an impairment in oxidative capacity
(14) and abnormal muscle fiber organization (15,16). An
increased amount of VAT in obesity has been proposed to
link obesity and muscle metabolic alterations, such as in-
sulin resistance. Surgical removal of VAT in rats leads to
a reduction of systemic concentrations of cytokines (e.g.,
IL-6, fractalkine resistin) and improvement of skeletal
muscle insulin sensitivity (17). Particularly, adipocytes
have been identified as potential effectors of muscle cell
dysfunction. A coculture system previously showed the
impact of adipocytes on muscle cell insulin resistance
and oxidative capacity (18–20). However, the impact of
VAT adipocytes on muscle structural organization and the
molecular factors involved remains elusive. Inflammatory
mediators act synergistically to negatively impact re-
generation capacity and insulin sensitivity in muscle (7).
For example, IL-6 is overproduced by hypertrophied adi-
pocytes, and its systemic concentration is increased in
obesity. Increased IL-6 is associated with altered in-
sulin signaling in myotubes and with impaired myoblast
differentiation/proliferation capacity, leading to muscle
atrophy (7,8). At the molecular level, IL-6 with IL-1b
downregulates IGF/Akt signaling, decreasing muscle pro-
tein synthesis (21). Excessive production of various medi-
ators by obese VAT adipocytes could trigger a cross talk
with muscle cells, altering the production of myokines
(22), which could, in turn, affect VAT endocrine func-
tions. This cross talk associated with an inflammatory
microenvironment could be deleterious in perpetuating
a vicious cycle leading to muscle loss and wasting. To
address this question, the secretome of obese adipocytes
was tested on human primary muscle cells, and direct
cocultures were performed.

The main aim of our study was to identify the major
contributors of VAT adipocytes/skeletal muscle cross talk
and their role in inducing muscle atrophy and inflamma-
tion, which are common disorders that are associated
with metabolic pathologies such as obesity and type 2
diabetes (4).

RESEARCH DESIGN AND METHODS

The antibodies and recombinant proteins used in the
study are listed in Supplementary Table 1.

Mouse Studies
C57BL/6N male mice were purchased from Charles River
Laboratories. Standard chow or the 58 kcal% fat with
sucrose Surwit Diet (high-fat diet [HFD]; catalog #D12331;
Research Diets) was given ad libitum to the animals.

Dietary intervention started at 8 weeks of age and
continued for 12 or 16 weeks (n = 8–9 per experimental
group). The detailed procedures of the mouse studies are
provided in the study by Whittle et al. (23). Adipose tissue
and skeletal muscle from 12-week-old chow/HFD mice
(RNA extraction) and gastrocnemius muscle of 16-week-
old chow/HFD mice (histological analysis) were prepared
as described in the studies by Whittle et al. (23) and
Riehle et al. (24). Muscle fiber cross-section size (up to
201 muscle fibers/section) was automatically evaluated by
the determination of the Feret’s diameter (ImageJ soft-
ware) in three independent fields in each section. The
variance coefficient of the Feret’s diameter was defined
to evaluate the muscle fiber size variability between the
experimental groups of mice and to avoid experimental
errors such as the orientation of the sectioning angle (25).
The number of intermuscular adipocyte spots was
assessed visually in the total longitudinal section biopsy
sample.

Human Studies
SAT and VAT biopsy samples were obtained from
morbidly obese subjects (BMI.40 kg/m2) (clinical param-
eters are shown in Supplementary Table 2), and SAT bi-
opsy samples were obtained from lean female subjects
(BMI ,25 kg/m2) who were undergoing elective surgery.
None of the lean subjects had diabetes or metabolic dis-
orders, and none were receiving medication. All clinical
investigations were performed according to the Declara-
tion of Helsinki and were approved by the Ethical Com-
mittee of Hôtel-Dieu Hospital (Paris, France).

Isolation of Mature Adipocytes From Human WAT and
Preparation of the Three-Dimensional Adipocyte
Cultures
Tridimensional gels were prepared with mature adipo-
cytes isolated from WAT of lean (SAT) or obese (SAT and
VAT) subjects, as described in studies by Pellegrinelli et al.
(26,27). Adipocytes were embedded in the hydrogel
(PuraMatrix; BD Biosciences, Bedford, MA). Hydrogel
was diluted in a 20% sucrose solution at a concentration
of 1 3 105 cells/1 mL gel preparation into 24-well plates
containing 1.5 mL of DMEM/F12 (1% bovine albumin, 1%
antibiotics). The culture medium was changed after 1 h
with fresh medium containing human insulin (50 nmol/L).
Adipocytes from SAT or VAT were incubated for 48 h
before collecting the conditioned media (CM) referred as
lean SAT adipocyte CM (SAT CM) and obese SAT/VAT
adipocyte CM (SAT/VAT CM), respectively. Samples were
kept at 280°C prior to experimental measurements.

Myoblast Cultures, Differentiation From Myotubes, and
Treatment With Adipocyte CM
We used the human primary satellite cells (CHQ5B cells)
that were originally isolated from the quadriceps of
a newborn child who had no indication of neuromuscular
disease, as previously described (28). The cells were culti-
vated in a growth medium consisting of 4 vol DMEM,
1 vol M199 supplemented with 50 mg/mL gentamycin,
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and 20% FBS. Cells were plated in 24-well plates at a density
of 1,500 cells/cm2. Differentiation was induced at subcon-
fluence by replacing the growth medium with differentia-
tion medium (DMEM supplemented with 50 mg/mL
gentamycin and 10 mg/mL human insulin) (29). After
5 days of differentiation, the medium was replaced for
48 h with control DMEM/F12 culture medium or CM
from either lean SAT CM or obese SAT/VAT CM. Then
the medium was exchanged for fresh medium for 24 h
before being collected and stored at 280 C.

Quantification of the Fusion Index and Measurement of
Myotube Thickness
Muscle cells were allowed to differentiate in serum-free
medium for 6 days in the presence of lean SAT CM or
obese SAT/VAT CM. After fixation with 4% paraformal-
dehyde, the cells were incubated with an antibody specific
for desmin. Specific antibody binding was revealed using
an Alexa Fluor 488–coupled goat anti-mouse secondary
antibody. Nuclei were visualized with Hoechst staining.

The efficiency of the fusion was assessed by counting
the number of nuclei in myotubes (more than two
myonuclei) as a percentage of the total number of nuclei
(mononucleated and plurinucleated). This percentage was
determined by counting 1,000 nuclei per dish on three
independent cultures.

Myotubes thickness was quantified with ImageJ soft-
ware measuring intensity of the desmin staining in 10
random fields (310) from three independent cultures.

The counting was performed by two different investigators
(V.A. and F.E.-V.) that were blind to experimental conditions.

Direct Cocultures of Primary Adipocytes and
Differentiated Myoblasts in Three-Dimensional
Hydrogels
Muscle cells were embedded in hydrogel, which was pre-
pared as described below, at a concentration of 200,000
cells/100 mL gel preparation containing 0.5 mg/mL collagen
type 1 (BD Biosciences). The gel preparation was put into
96-well plates containing 150 mL growth medium. After
2 days in culture, this medium was replaced by a differenti-
ating medium for 3 days. We then added to this preparation
a second hydrogel containing mature adipocytes isolated
from VAT or SAT from obese subjects (10,000 cells/100 mL
gel preparation). Adipocytes and differentiated myoblasts
were then cocultured for 24 h or 3 days in DMEM/F12
(1% antibiotics and 50 nmol/L insulin).

Secretory Function Analysis and Serum Biochemistry
Adipokine secretions were evaluated by ELISA, using se-
cretory medium from 24-h cultures of three-dimensional
(3D) adipocytes (leptin, adiponectin) (DuoSet; R&D Sys-
tems). Concentrations of human cytokines were deter-
mined in CM from adipocytes, myotubes, or cocultures
using human cytokine/chemokine Panel I 41plex from
Millipore (Billerica, MA), as previously described (30).
IGF-II levels were measured by ELISA in CM from myo-
tubes cocultured or not with 3D adipocytes during 48 h of
incubation. Serum levels of the murine cytokines IL-6, IL-1b,

IL-10, and tumor necrosis factor-a were analyzed using
the MSD 7-Plex mouse proinflammatory cytokine high-
sensitivity kit (product code K15012C-2; Meso Scale Discov-
ery, Gaithersburg, MD) on the Meso Scale Discovery SECTOR
Imager 6000. Results were calculated using the MSD
DISCOVERYWORKBENCH software package. The lower lim-
its of detection were as follows: C-X-C motif ligand (CXCL)
1/2/3 (3.3 pg/mL), IL-10 (5.0 pg/mL), IL-1b (2.3 pg/mL),
IL-6 (16.8 pg/mL), and tumor necrosis factor-a (0.9 pg/mL).

Neutralizing Experiments and Treatment by
Recombinant Proteins
Myotubes alone or cocultured cells were treated with IgG1
(3 mg/mL) (MYO IgG, and MYO+AD IgG) or with IL-6
(2.5 mg/mL) and IL-1b (0.5 mg/mL) neutralizing antibod-
ies (MYO abIL-6/IL-1b, MYO+AD abIL-6/IL-1b) over 3 days
with renewal every day. Human recombinant IL-6 (10
ng/mL) and IL-1b (1 ng/mL) were added to myotubes cul-
tured in the hydrogel for 3 days with renewal every day. In
another set of experiments, myotubes and cocultured cells
were treated with IGF-II (50 ng/mL) and insulin growth
factor binding protein-5 (IGFBP-5) (200 ng/mL), when in-
dicated, for 3 days with change every day. After this period,
cells and media were collected for immunofluorescence and
multiplex analysis, respectively.

Immunofluorescence Analysis and Confocal
Microscopy
After fixation in 4% paraformaldehyde, cells were processed
for immunofluorescence analysis. These samples were in-
cubated with the appropriate primary antibody (overnight
at 4°C), and then with the corresponding Alexa Fluor 488–
conjugated anti-mouse IgG or Alexa Fluor 546–conjugated
anti-rabbit IgG interspaced by multiple washes in PBS, and
followed by mounting on coverslips. Sample examinations
were performed at the imaging platform (Centre d’Imagerie
Cellulaire et de Cytométrie [CICC], Centre de Recherche des
Cordeliers, Paris, France) using a Zeiss 710 confocal laser-
scanning microscope (Carl Zeiss, Inc., Thornwood, NY)
fitted with an LD LCI Plan-Apochromat oil-immersion
objective325 or363. Images were captured and analyzed
with ZEN 2009 imaging software (Carl Zeiss, Inc.).

Western Blot Analysis
Total cell extracts were prepared in a buffer containing
a cocktail of protease and phosphatase inhibitors (Roche
Diagnostics, Mannheim, Germany) and were analyzed as
previously described (26). Apparent molecular sizes were
estimated by using the SeeBlue Plus2 Pre-Stained Protein
Standard (Life Technologies, Foster City, CA), as indicated
on immunoblots.

RNA Preparation and PCR Array
Muscle cells and adipocytes cocultured in the 3D scaffolds
were processed for RNA extraction using the RNeasy RNA
Mini Kit (Qiagen, Courtaboeuf, France). After reverse
transcription of the total RNAs (1 mg), samples were an-
alyzed by 1) real-time PCR and 2) PCR array using the
“human myogenesis and myopathy PCR array” according to
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the manufacturer’s instructions (Qiagen). Supplementary
Table 3 presents the list of the primers used. Data were
normalized according to the RPLPO gene expression. The
list in the Supplementary Data presents the functional clas-
sification of the genes in the human myogenesis and my-
opathy PCR array.

Statistical Analysis
The experiments were performed at least three times,
using adipocytes from different human subjects. Statisti-
cal analyses were performed with GraphPad Software (San
Diego, CA). Values are expressed as the mean 6 SEM of
(n) independent experiments performed with different
adipocyte preparations. Comparisons between the two
conditions in the in vitro experiments (adipocytes and
adipocytes/myotubes cultures) and in vivo studies (chow
and HFD mice) were analyzed using the Wilcoxon non-
parametric paired test. Comparisons between more than
two groups were performed using one-way ANOVA fol-
lowed by post hoc tests. Spearman coefficients were cal-
culated to examine the correlations. Differences were
considered significant when P , 0.05.

RESULTS

Adipocyte Secretions From Obese VAT Provoke
Muscle Cell Dysfunctions
Obesity and associated metabolic disorders such as type 2
diabetes are associated with muscle dysfunction charac-
terized by inflammation and fat deposition (7). The mus-
cle alterations are associated with insulin resistance
linked with an increase of visceral fat mass (10,20,31).
We sought to establish whether SAT/VAT from obese
subjects could directly contribute to the harmful pheno-
type observed in the muscle of these patients. Here, we take
advantage of a well-characterized cohort of severely obese
subjects showing chronic inflammation and marked insulin
resistance (1,32), as shown in Supplementary Table 2.

Initially, we characterized the secretomes of obese SAT
CM and obese VAT CM obtained from obese subjects and
the media obtained from the adipocytes isolated from the
SAT of healthy lean subjects as controls (lean SAT CM). As
expected, low adiponectin secretion was observed in obese
SAT and VAT adipocytes compared with lean SAT
adipocytes (Supplementary Fig. 1A). We observed that
the secretome of VAT adipocytes exhibited a proinflamma-
tory profile with high levels of several cytokines (IL-6 and
granulocyte colony-stimulating factor [G-CSF]), chemo-
kines (IL-8, C-C motif ligand [CCL] 2, CCL5, and
CXCL1/2/3), as well as fibroblast growth factor-2, com-
pared with SAT adipocytes from either lean or obese sub-
jects (Supplementary Fig. 1A and B). Adipocytes from
obese SAT presented an intermediary inflammatory pro-
file between lean SAT and obese VAT.

For this reason, we focused on obese VAT adipocytes and
explored the impact of VAT CM on myotube morphology
and contractile protein expression, in comparison with lean
SAT CM. We observed that myotubes were thinner in the

presence of obese VAT CM than under control and lean
SAT CM conditions, as estimated after immunofluores-
cence staining with desmin (a major component of muscle
cell architecture and contractility), which was also signif-
icantly lower in myotubes treated with obese VAT CM
than with lean SAT CM (220%, P, 0.01) (Fig. 1A and B).
The number of nuclei in the differentiated cultures was
not modified by the two CM (Fig. 1C). Western blot anal-
ysis showed that myosin heavy chain (MF20) and tropo-
nin, two major components of the contractile apparatus
in skeletal muscle, were also significantly decreased for
both proteins in the presence of obese VAT CM compared
with control and lean SAT CM conditions (Fig. 1D). If lean
SAT seems to impact myotube thickness and protein con-
tent, this was not statistically significant and remained at
a much lower level than the effect of obese VAT CM. These
data suggest that the secretome of obese VAT adipocyte
decreases the myogenic capacity of the skeletal myoblasts.

VAT Adipocytes Directly Induce Muscle Cell Atrophy
in a 3D Scaffold
We then examined the effect of obese SAT and VAT
adipocytes on skeletal muscle cells by using 3D cocultures.
Mature adipocytes and muscle cells were then embedded
in separate hydrogels (Supplementary Fig. 2A and B),
which were previously characterized by the ability to
maintain altered functions of obese adipocytes (26). Di-
rect cocultures of human cells in a 3D setting are of great
value because they allow the study of a complex set from
adipocyte-derived signals that regulate skeletal muscle
functions without confounding the effects of other organ
systems, while maintaining signals including labile diffus-
ible factors. The human myoblast differentiation and fu-
sion processes were not modified by cultivation in this 3D
scaffold compared with two-dimensional cultures (see
MF20 and DAPI staining) (Supplementary Fig. 2C).

We used a skeletal muscle–specific PCR array to deter-
mine the effects of the obese VAT adipocytes on the ex-
pression of the muscle-specific genes. Among the set of 86
genes screened on the array, we detected significant
underexpression of 10 genes in the muscle cells exposed
to obese VAT adipocytes. Especially, we found decreased
levels of myogenic transcription factors MyoD1 and myo-
genin (MYOG); the growth factor IGF-II and its binding
partner IGFBP-5; the sarcomeric protein titin, a member
of the dystrophin complex; a-sarcoglycan; the muscle-
specific protein of caveolae, caveolin-3; and an important
component of the neuromuscular junction, the muscle-
specific kinase (Fig. 2A). It should be noted that endoplas-
mic reticulum (ER) stress and cytolysis pathways were not
detected in the cocultured cells, as assessed from the
expression of ER stress markers (ATF4, HSPA5, and
C/EBPz) and lactate dehydrogenase activity, respectively
(Supplementary Figs. 3 and 4A).

By confocal analysis, we confirmed the decreased
expression of titin at the protein level in myotubes
induced by VAT adipocytes (Fig. 2B). Moreover, myotubes
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exposed to VAT adipocytes showed a reduced striated
staining for titin, suggesting a disturbed internal sarco-
meric structure (Fig. 2C).

Importantly, when compared with obese VAT adipo-
cytes, obese SAT adipocytes appeared less potent in

inducing muscle cell atrophy, as seen from myotube
thickness and the staining of troponin and titin (Fig.
2D–F).

Next, we quantified the levels of inflammation-related
proteins using a multiplex “human cytokines/chemokines”

Figure 1—Human adipocyte secretions and myotube phenotype. A: Human differentiated muscle cells were cultured in the presence of
lean SAT CM or obese VAT CM for 5 days. Cells were incubated with an antibody specific for desmin, which was revealed using an Alexa
Fluor 488–coupled goat anti-mouse secondary antibody (green). Nuclei were visualized with Hoechst staining (blue). A representative
photomicrograph is presented. Scale bar = 200 mm. B: Myotube thickness was quantified using ImageJ software measuring intensity of the
desmin staining in 10 random fields (320) in three independent cultures. C: Fusion index: the number of nuclei in differentiated myotubes
(more than two myonuclei) were calculated as a percentage of the total number of nuclei (mononucleated and plurinucleated). A total of
1,000 nuclei/dish was counted in three independent cultures. The counting was performed with blind lectures by different investigators
(V.A. and F.E.-V.). D: Cell lysates were immunoblotted to detect the heavy chain of myosin II (MF20; 200 kDa), troponin (24 kDa), and emerin
(37 kDa; used as normalization control). Graphs represent the quantification of the immunoblots. Data are the mean 6 SEM of five
independent experiments. *P < 0.05, **P < 0.01, control vs. lean SAT CM or obese VAT CM. A.U., arbitrary units.

diabetes.diabetesjournals.org Pellegrinelli and Associates 3125



Figure 2—Gene expression profile of myocytes cocultured with human adipocytes. Muscle cells were differentiated in the 3D hydrogel for 3
days, and then VAT adipocytes in the 3D hydrogel were added for an additional period of 1 day. Cells were then collected for RNA extraction
obtained after reverse transcription cDNAs. A: cDNAs were analyzed using a human myogenesis and myopathy PCR array. The graph
represents the percentage of decreased gene expression in myocytes cocultured with adipocytes (MYO+AD) compared with myocytes alone
(control, MYO). Data are presented as the mean 6 SEM of five independent experiments. **P < 0.01, ***P < 0.001, MYO+AD vs. MYO. B and
C: Cells were also fixed and stained using antibody directed against titin (green, Alexa Fluor 488–conjugated anti-mouse IgG) and phalloidin
(red, Alexa Fluor 546 phalloidin). A representative photomicrograph from confocal microscopy is presented. Scale bars: C, 20 mm; D, 10 mm.
D–F: Muscle cells were differentiated for 3 days, and then 3D adipocytes from SAT or VAT from paired biopsy samples of obese subjects were
added for an additional period of 3 days. Cells were fixed and stained using antibody directed against desmin, troponin, or titin (green, Alexa
Fluor 488–conjugated anti-mouse IgG). Graphs represent quantifications of myotube thickness (D), troponin staining (E), and titin staining (F).
Data are the mean 6 SEM of six to eight independent experiments. *P < 0.05, MYO+VAT AD vs. MYO. CAV-3, caveolin-3; MuSK, muscle-
specific kinase; NEB, nebulin; SGCA, a-sarcoglycan; TTN, titin.
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approach. Among the 41 screened proteins, 12 were
significantly detected in VAT adipocytes and myocytes
(level .15 pg/mL). CCL2, IL-8, CXCLs, G-CSF, IL-6, and
vascular endothelial growth factor were highly secreted
by the cocultured cells compared with VAT adipocytes
grown alone in hydrogel (Supplementary Fig. 4B). For
most of these inflammatory proteins, secretion was in-
creased in an additive manner in the presence of myo-
tubes and adipocytes. Moreover, a synergistic effect was
observed for G-CSF (75-fold, P , 0.05), IL-6 (25-fold,
P , 0.05), and CCL7 (10-fold, P , 0.01) (Fig. 3A). As
observed above for muscle cell atrophy, adipocytes from
obese SAT provoked a lower inflammatory status than
those from obese VAT in the cocultured cells (Fig. 3B
and C). Considering the marked inflammatory profile of
VAT adipocytes from obese subjects and their potent
impact on muscle cell phenotype compared with lean
and obese SAT adipocytes, we then focused on the cross
talk between muscle cells and obese VAT adipocytes.

IL-6 and IL-1b Have a Relevant Role in Inflammation of
Myotubes/Adipocytes
We tested the role of the two proinflammatory cytokines
IL-6 and IL-1b as drivers of myotube inflammation ob-
served in cocultures based on previous reports (26,33,34).
After 3 days of culture, in the presence of the neutralizing
IL-6/IL-1b antibodies, the inflammatory response of
cocultured cells was reduced with decreased levels of
G-CSF (271.4%); fractalkine (258%); IL-7 (256%); and
the chemokines CXCL1/2/3 (253%), CCL7 (242%), IL-8
(243.5%), interferon-g–induced protein-10 (236%), and
CCL5 (238%) (Fig. 3D). To further confirm the role of IL-
6/IL-1b, we treated myotubes with human recombinant
IL-6 and IL-1b, which showed marked increased secretion
of inflammatory molecules such as G-CSF (;6,000-fold),
CXCL1/2/3 (;100-fold), and IL-8 (;100-fold) (P ,
0.001) (Fig. 3E). These results indicate the key role played
by the cytokines IL-6 and IL-1b in the inflammatory en-
vironment of the cocultured cells. Strikingly, the combina-
tion of recombinant IL-6/IL-1b or antibody neutralization
of endogenous IL-6/IL-1b failed to influence myotube
thickness and titin staining (Supplementary Fig. 5), sug-
gesting an independent relationship between inflammation
and the atrophic phenotype observed in our experimental
conditions.

IGF-II and IGFBP-5 Correct the Myotube Atrophy
Induced by Obese VAT Adipocytes
As shown in Fig. 2A, myotubes cocultured with obese VAT
adipocytes displayed a decreased expression of IGF-II and
its binding partner IGFBP-5, which are known to syner-
gically promote myogenic action (35). In 3D cultures of
myocytes, 3 days of treatment with human recombinant
IGF-II (50 ng/mL) and IGFBP-5 (200 ng/mL) impacts
muscle cells by increasing titin content (Supplementary
Fig. 6). We then tested the potential correction of the
atrophic phenotype of myotubes cocultured with VAT
adipocytes. Interestingly, long-term treatment with

IGF-II and IGFBP-5 corrected the atrophic aspect of
the cocultured myotubes through increased thickness
(Fig. 4A) and the production of both titin and myosin
heavy chain (Fig. 4B–D).

However, long-term treatment with IGF-II/IGFBP-5
failed to decrease the inflammatory secretome of the
cocultured cells (Supplementary Fig. 7). Conversely, cocul-
tured cells treated by neutralizing antibodies for IL-6 and
IL-1b or treatment of myotubes by recombinant IL-6 and
IL-1b did not influence the production of IGF-II (Supple-
mentary Fig. 5A).

Downregulation of the Signaling Pathways Controlling
Protein Synthesis in Myotubes Exposed to VAT
Adipocytes
Skeletal muscle mass is determined by the balance
between protein synthesis and degradation. The rate of
protein synthesis is, at least in part, finely controlled by
the phosphoinositide 3-kinase/Akt/mammalian target of
rapamycin signaling pathway, which is activated by IGFs
and amino acids (36). Here, we assessed the IGF-II/
IGFBP-5 activation of this pathway in cocultured atrophic
myotubes by measuring the phosphorylation status of di-
rect targets Akt, p70S6K, and 4E-BP1. We showed a re-
duction of basal phosphorylation of Akt, S6K, and 4E-BP1
in cocultured myotubes compared with control myotubes
as well as reduced AKT phosphorylation in response to
IGF-II/IGFBP-5 (Fig. 4E and F), suggesting that signaling
pathways (Akt/S6K/4E-BP1) controlling protein synthe-
sis are downregulated in cocultured muscle cells. Con-
versely, the gene expression of two atrophy-related
ubiquitin ligases, atrogin-1 and murf-1, remained un-
changed in muscle cells exposed to VAT adipocytes and
were not influenced by IGF-II/IGFBP-5 (Supplementary
Fig. 8). Overall, our data suggest that the atrophy phe-
notype is likely related to decreased synthesis of muscle
proteins.

Diet-induced obesity induces muscle atrophy in associ-
ation with epididymal WAT hypertrophy and the accumu-
lation of intermuscular adipocytes in mouse models.

In order to validate in vivo the relevance of the
molecular candidates identified from our 3D cocultures,
we used a diet-induced obese mouse model and screened
the expression of inflammatory/muscle markers in their
skeletal muscles. After 12 weeks of eating an HFD, mice
displayed WAT and systemic inflammation with a global
decrease in the gene expression of muscular markers such
as MyoD (276%), IGF-II (258%), b-actin (243%), and
peroxisome proliferator–activated receptor g coactivator
(PGC)-1b (230%) in the gastrocnemius muscle (Fig. 5A
and B and Supplementary Fig. 9A). Conversely, the ex-
pression of the inflammatory markers IL-1b and CCL2
was significantly increased (1.7-fold [P = 0.0415] and
1.5-fold [P = 0.0361], respectively). In addition, the ex-
pression of skeletal muscle markers such as MyoD and
IGF-II was negatively correlated with increased fat mass
(percentage of fat mass and leptin expression) and
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Figure 3—Inflammatory profile of cocultured human adipocytes and myocytes: IL-6 and IL-1b as key factors. Muscle cells were differen-
tiated in the 3D hydrogel for 3 days, and then SAT or VAT adipocytes from obese subjects, cultured in the 3D hydrogel, were added for an
additional period of 3 days. Media were then collected for the measurement of cytokine and chemokine secretion by a multiplex assay.
A: Significant changes in the secretory profile in the 3D cultures of muscle cells and obese VAT adipocytes (AD+MYO) compared with AD as
control and MYO are presented in the graph. Data are expressed as fold variations between AD (white bars), AD+MYO (black bars) and
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inflammation in epididymal WAT (IL-6 expression) (Ta-
ble 1 and Supplementary Table 4). However, we did not
find any correlations between IL-6 expression in ingui-
nal WAT and skeletal muscle markers, highlighting the
specificity of the cross talk between muscle and the VAT
depots (Supplementary Table 5). Finally, histological
analysis of the gastrocnemius muscle of obese mice
revealed pathological changes generally observed in
the muscle of dystrophic mice (25) with abnormal dis-
tribution of the muscle fiber size in cross-sectional
samples (increased covariance coefficient of Feret’s di-
ameter) and adipocyte accumulation (Fig. 5C–E and Sup-
plementary Fig. 9B). Accordingly, we observed an
increased expression of adipocyte markers (i.e., leptin
and fatty acid binding protein-4) in muscle of obese
mice, reflecting increased fat infiltration (Supplemen-
tary Fig. 9C). Interestingly, the expression of MyoD,
IGF-II, and b-actin in skeletal muscle was negatively
correlated with leptin expression in epididymal WAT
and skeletal muscle (Table 1). These results suggest a po-
tential relationship between adipocyte accumulations
and muscle structure and dysfunction.

DISCUSSION

We studied the adipocyte/muscle cell cross talk partici-
pating in the complex intertissular network of hypertro-
phied WAT with skeletal muscle. Here, using a 3D
coculture system, we provide evidence in vitro that
adipocytes from obese VAT induce muscle cell inflamma-
tion and atrophy by decreasing the expression of con-
tractile proteins such as troponin, titin, and myosin heavy
chain. Importantly, we showed that in obese states, VAT
adipocytes are more potent than their SAT counterparts
in provoking deleterious effects in muscle cells, such as
atrophy and inflammation. These observations are prob-
ably linked to differences in the lineage specificity and
tissular environment characterizing these two depots
(1,2,37,38).

Coculture systems have been developed during the last
decade to study the cross talk between adipose tissue and
muscle, particularly focusing on the impact of adipocytes

on muscle insulin resistance and glucose uptake. Cocul-
tures of human in vitro differentiated preadipocytes with
skeletal muscle cells induce the insulin resistance of the
latter (19) by an impact on oxidative metabolism (20).
Here we have used mature (i.e., unilocular) adipocytes
isolated from human subjects. These cells display high
metabolic (lipolytic activity) and secretory (production
of leptin and adiponectin) functions compared with in
vitro differentiated preadipocytes. We believe that the
results obtained using this 3D setting with mature adipo-
cytes may be more pathophysiologically relevant than
previous studies using a two-dimensional coculture with
primary human myoblasts (18–20,39). In addition, this
system allowed a long-term survey of muscle cell func-
tions addressing the original question of the impact of
obese VAT adipocytes on inflammation and myotube struc-
tural organization.

Our results reveal that cocultures of obese VAT
adipocytes with muscle cells enhanced the proinflamma-
tory environment with increased production of several
cytokines (IL-6 and G-CSF) and chemokines (CCL2, IL-8,
CXCL1/2/3, CCL7, and fractalkine). More importantly, we
have clearly identified IL-6 and IL-1b as playing key roles
in this inflammatory loop. These cytokines, which act in
concert in various inflammatory processes, are overpro-
duced by adipose tissue during obesity and type 2 diabetes
(40,41).

Muscle cells are characterized by their contractile
capacity, a phenomenon depending on tissue physical
properties. The hydrogel used in the current study is
soft (;300 Pa, compared with skeletal muscle or culture
well plates, ;12 and ;100 kPa, respectively) (42), lim-
iting the analysis of myotube contractility in our 3D
cocultures. However, in this 3D model maintaining ad-
ipocyte viability, we were able to demonstrate a major
role of obese VAT adipocytes on inducing muscle cell
atrophy phenotype. The myogenic program is con-
trolled by transcription factors such as MyoD and
MYOG. The binding of these factors to specific sequences
in the promoter of muscle-specific genes increases
the expression of contractile proteins such as myosin

MYO (gray bars) to take into account human interindividual variations. Data are presented as the mean 6 SEM of seven independent
experiments. *P < 0.05, **P < 0.01 AD+MYO vs. AD. B: Significant changes in the secretory profile in the 3D cultures of muscle cells and
obese SAT (MYO+SAT AD) or obese VAT adipocytes (MYO+VAT AD) are presented in the graph. Data are expressed as fold variations
between MYO (control) and MYO+SAT AD (white bars) or MYO+VAT AD (black bars). Data are presented as the mean 6 SEM of eight
independent experiments. C: Gene expression of IL-6, IL-8, and IL-1b in muscle cells cultured alone (control, MYO, white bars) or exposed
to adipocytes from paired biopsy samples of obese SAT (MYO+SAT AD, gray bars) or VAT adipocytes (MYO+VAT AD, black bars), esti-
mated by real-time PCR. Data (fold over control, MYO) are presented as the mean 6 SEM of six independent experiments performed with
different adipocyte preparations. *P < 0.05, **P < 0.01 MYO+VAT AD vs. MYO. #P < 0.05, MYO+SAT AD vs. MYO+VAT AD. D: 3D VAT
adipocytes were added for an additional period of 3 days and were treated with neutralizing antibodies of IL-6 (2.5 mg/mL) and IL-1b (0.5
mg/mL) (MYO+AD+abIL-6/IL-1b) IgG1 (control MYO+AD IgG) in the 3D setting. Media were then collected for multiplex assay. Black
bars represent the percentage decrease in secretions in MYO+AD+abIL-6/IL-1b cocultures compared with control MYO+AD IgG cocul-
tures. Data are presented as the mean 6 SEM of five independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, MYO+AD IgG vs.
MYO+AD+abIL-6/IL-1b. E: Multiplex assay of the inflammatory secretome of myocytes treated (MYO IL-6/IL-1b, black bars) or not (MYO,
white bars) with recombinant IL-6 (10 ng/mL) and IL-1b (1 ng/mL) over 3 days. Data are presented as the mean 6 SEM of five independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 MYO IL-6/IL-1b vs. MYO. ab, antibodies; FRK, fractalkine; IP-10, interferon-g–induced
protein-10; MIP1a, macrophage inflammatory protein 1a; ns, nonsignificant; VEGF, vascular endothelial growth factor.
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Figure 4—IGF-II and IGFBP-5 rescue the atrophy of myotubes induced by adipocytes. A–D: Muscle cells were differentiated in the 3D
hydrogel for 3 days without (MYO) or with 3D VAT adipocytes (from obese subjects) (MYO+AD) added for an additional period of 3 days in
the presence or absence of IGF-II (50 ng/mL) and IGFBP-5 (200 ng/mL) (MYO+AD+IGF-II/IGFBP-5). Cells were fixed and stained with the
corresponding antibodies. A: Myotube thickness was quantified using ImageJ software measuring the intensity of the desmin staining in 10
random fields (320) in six independent cultures. Quantification of immunofluorescence was performed using ImageJ software measuring
intensity of the MF20 (B) and titin (C) staining in five random fields (320). D: Immunostaining of titin (green, Alexa Fluor 488–conjugated anti-
mouse IgG) and nuclei (blue, DAPI). A representative photomicrograph of titin staining is presented (scale bar = 50 mm). Data are presented
as the mean 6 SEM of six independent experiments. **P < 0.01, MYO+AD vs. MYO or MYO+AD+IGF-II/IGFBP-5. E and F: Differentiated
muscle cells exposed or not to obese VAT adipocytes were stimulated with IGF-II (50 ng/mL) and IGFBP-5 (200 ng/mL) for 10 min at 37°C.
Serine 473 phosphorylation of Akt (pS 473 Akt, 56 kDa), serine 65 of 4E-BP1 (pS65 4E-BP1, 21 kDa), and serine 240 and 244 phosphor-
ylation of S6 ribosomal protein (pS 240/244 S6 ribosomal protein, 32 kDa) were detected using the corresponding antibodies.
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heavy chain, tropomyosin, troponin (43,44), and titin,
which maintains sarcomere integrity (45). At the molecular
level, we observed the downregulation of MyoD, MYOG,
and contractile/sarcomeric proteins (titin) and the dystro-
phin complex in myotubes cocultured with the obese VAT
adipocytes. These data provide new insights about which
proteins are preferentially targeted and participate in the

atrophic phenotype of the muscle cells when cocultured in
this 3D setting.

In addition to the decreased gene expression of
muscle-specific structural proteins, we also observed a de-
creased expression of the growth/myogenic factor IGF-II
and its binding partner IGFBP-5 (35). IGF-II shares with
IGF-I the same receptor and protein signaling pathway

E: A representative Western blot is presented among the five different experiments. F: The graph represents quantifications of the immunoblots
in IGF-II/IGFBP-5–stimulated conditions normalized to total proteins. Data are presented as the mean 6 SEM of five to seven independent
experiments. *P < 0.05, **P < 0.01, MYO+AD vs. MYO. #P < 0.05, ##P < 0.01, without vs. with IGF-II/IGFBP-5 treatment.

Figure 5—Skeletal muscle characteristics of HFD-induced obese mice. Serum cytokine level (A) and gastrocnemius gene expression (B)
evaluated in 20-week-old mice after 12 weeks of being fed a standard diet (chow, white bars) or an HFD (black bars). n = 8 mice per
experimental group. C–E: Histological analysis of the gastrocnemius muscle obtained from 24-week-old mice (n = 9 mice per experimental
group) after 16 weeks of being fed a standard diet (chow) or an HFD. C: Representative microphotographs of a cross-section (right panel)
and a longitudinal section (left panel). Scale bar = 100 mm. D: Measurement of variance coefficients of the fiber size in the cross-sectional
samples of chow-fed and HFD-fed mice using Feret’s diameter as the geometrical parameter. n = 61 (minimum) to 201 (maximum) fibers
were analyzed for each sample (three random fields/mouse, 310). E: Quantification of adipocyte spots in the longitudinal section samples
of chow-fed and HFD-fed mice (total biopsy sample). *P < 0.05, ***P < 0.001, chow-fed vs. HFD-fed mice. A.U., arbitrary units; CV,
coefficient of variation; ns, nonsignificant.
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(Akt/mammalian target of rapamycin/p70S6) that medi-
ates hypertrophy in skeletal muscle (21). Importantly, the
short-term activation by IGF-II/IGFBP-5 of this pathway,
in particular Akt phosphorylation, was altered in myo-
tubes exposed to obese VAT adipocytes, which could be
responsible for the observed muscle cell atrophy pheno-
type. This is supported by the observations that long-term
treatment by IGF-II and IGFBP-5 was able to correct the
muscle atrophy phenotype and restore titin and myosin
heavy chain production in the cocultured myotubes while
having a minor influence on myotube phenotype alone
under control conditions.

Finally, the pathophysiological relevance of our results
was further supported in a rodent model of nutritionally
induced obesity. Obese mice displayed abnormal distri-
bution of cross-sectional muscle fiber size, adipocyte
accumulation, and decreased muscle marker expression.

Interestingly, the expression of the muscle markers (i.e.,
MyoD, b-actin, titin, IGF-II, and IGFBP-5) was nega-
tively correlated with inflammation and epididymal fat
expansion. We cannot exclude from our in vivo model an
additional role of the liver in promoting muscle dysfunc-
tion. According to the “portal hypothesis,” the liver is
directly exposed to VAT-derived factor, which may in-
duce inflammation, then causing skeletal muscle defects
such as insulin resistance (46). Moreover, correlative
observations made in skeletal muscle need further stud-
ies to firmly establish a potential role of intermuscular
adipocytes in muscle dysfunction. Several clinical stud-
ies (13,31,47) suggest that muscle-derived adipocytes
through the secretion of bioactive factors could play
a role in muscle deterioration by inducing insulin resis-
tance and negatively affecting myogenesis and muscle
performance. Moreover, a recent report (48) showed a po-
tential link between obesity-induced lipotoxicity and mus-
cle insulin resistance through the disruption of 4E-BP1
phosphorylation and protein synthesis. Consequently,
a future goal will be to compare both VAT and inter-
muscular adipocyte phenotypes; the latter still remains
unknown.

To conclude, we provide evidence for cross talk
between human obese adipocytes and muscle cells leading
to muscle atrophy (Fig. 6). The subset of underexpressed
muscle-specific genes could constitute a molecular signa-
ture of muscle damage induced by hypertrophy of obese
WAT. The identification of negative (IL-6/IL-1b) and ben-
eficial (IGF-II/IGFBP-5) molecular actors involved in these
dysfunctions opens new avenues for therapeutic strate-
gies of myopathies associated with metabolic disorders.
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tion and muscle dysfunctions.
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