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Adipocytes, like their progenitors, contribute to inflammation of adipose tissues
through promotion of Th-17 cells and activation of monocytes, in obese subjects
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ABSTRACT

Recently, we have reported that adipose tissue-derived stem cells (ASC) harvested from obese
donors induce a pro-inflammatory environment when co-cultured with peripheral blood
mononuclear cells (MNC), with a polarization of T cells toward the Th17 cell lineage, increased
secretion of IL-18 and IL-6 pro-inflammatory cytokines, and down-regulation of Th1 cytokines, such
as IFNy and TNFa. However, whether differentiated adipocytes, like the aforementioned ASC, are
pro-inflammatory in obese subject AT remained to be investigated. Herein, we isolated ASC from AT
of obese donors and differentiated them into adipocytes, for either 8 or 14 d. We analyzed their mononuclear cells; IL-17A;
capacity to activate blood MNC after stimulation with phytohemagglutinin A (PHA), or not, in co- subcutaneous adipose tissue;
culture assays. Our results showed that co-cultures of MNC with adipocytes, like with ASC, increased Th17

IL-17A, IL-18, and IL-6 pro-inflammatory cytokine secretion. Moreover, like ASC, adipocytes down-

regulated TNFw secretion by Th1 cells. As adipocytes differentiated from ASC of lean donors also

promoted IL-17A secretion by MNC, an experimental model of high-fat versus chow diet mice was

used and supported that adipocytes from obese, but not lean AT, are able to mediate IL-17A

secretion by PHA-activated MNCs. In conclusion, our results suggest that, as ASC, adipocytes in

obese AT might contribute to the establishment of a low-grade chronic inflammation state.
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Introduction a cytokine known to improve adipocyte insulin sensitivity.®

Increased incidence of obesity and its subsequent complica-
tions are a worldwide public health problem. During the
development of obesity, visceral and subcutaneous adipose
tissue (AT) depots are subjected to extensive tissue remod-
eling and hypertrophy," with expansion of the abdominal
AT compartments being a strong predictor of the develop-
ment of insulin resistance.” AT inflammation is considered
as the causal event leading to insulin resistance, type 2 dia-
betes and its associated cardiovascular and metabolic com-
plications.” In the obese condition, hypertrophied AT
becomes heavily infiltrated by a variety of immune cells.*
Macrophage infiltration within AT mainly occurs at an
advanced stage of obesity, and is a major driver of inflam-
mation.>® In contrast, T cells appear to play a role in the
regulation of obesity-induced inflammation,” since lean AT
is infiltrated by anti-inflammatory CD4" Foxp3™ regula-
tory T cells (T eqs) and Th2 cells, which both secrete IL-10,

In contrast, CD8" T cell accumulation in AT from obese
subjects has been shown to precede macrophage infiltra-
tion, and to contribute to macrophage recruitment and AT
inflammation.” Besides their function as fat repositories,
adipocytes can also be considered as endocrine cells that
secrete numerous adipokines involved in the regulation of
metabolic homeostasis, with IL-6 and leptin being pro-
inflammatory while adiponectin is anti-inflammatory.'’
Therefore, a crosstalk between adipocytes and the immune
cell populations infiltrating AT may govern homeostasis
under physiological conditions, but contribute to the estab-
lishment of a chronic sub-clinical inflammation, a prerequi-
site for insulin resistance, during obesity.

A recently discovered T-cell lineage playing a central
role in obese AT inflammation corresponds to the T-
helper 17 (Th17) cell subset,'" which mainly secretes IL-
17A and IL-17F pro-inflammatory cytokines.'” IL-17A/F
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play a crucial role against extracellular bacterial or fungi
infections but are also able to induce secretion of other
pro-inflammatory cytokines such as IL-18, IL-6, chemo-
kines (e.g. CXCL8) by a variety of immune and non-
immune cells, including monocytes, stromal cells, adipo-
cytes and stem cells, which all express IL-17A/F recep-
tors.”” While Th17 cells and IL-17A/F have been
implicated in the pathogenesis of various autoimmune
diseases, such as psoriasis, multiple sclerosis and/or
rheumatoid arthritis'%; their role in obesity and type 2
diabetes is still being elucidated. IL-17A concentrations
in obese subjects were demonstrated to be increased not
only in plasma,15 but also within the AT of obese sub-
jects, and more particularly among mucosal-associated
invariant T cells.'®'® IL-17A has also been suggested to
favor the development of insulin resistance, through
downregulation of multiple pro-adipogenic transcription
factor expression, such as PPARy, C/EBP«, and/or dys-
regulation of several members of the Kriippel-like family
transcription factors, leading to inhibition of adipogene-
sis.'” In spite of these advances, the mechanisms by
which Th17 cells are increased in AT of obese subjects
remain unknown. Recently, we have reported that adi-
pose stem cells (ASC) from obese, but not lean donors,
contribute to Th-17 promotion through contact-depen-
dent interactions and soluble factor secretion.”* ASC-
mediated 1L-17A secretion was associated with increased
secretion of IL-18 by monocytes and IL-6 by ASC, but
decreased TNFo and IFNy secretion by Thl cells. Inter-
estingly, increased IL-17A secretion was also found in
the stromal vascular fractions (SVF) of obese, but not
lean subjects. However, the implication of adipocytes
into Th17 cell subset activation was not addressed in our
previous study. With this aim, we investigated herein
whether, once differentiated into adipocytes, ASC would
maintain their pro-inflammatory properties. To answer
this question, we harvested ASC from subcutaneous AT
depots of obese subjects and differentiated them for 2
independent time points: 8 d to obtain differentiating
adipocytes, and 14 d to obtain more mature adipocytes.
Differentiated adipocytes were co-cultured with blood
MNGC, and induction of a pro-inflammatory environ-
ment was determined through quantification of multiple
secreted cytokines, including IL-17A, IL-1B, IL-6 and
TNFea. Our results showed that both day 8 and day 14
ASC-derived adipocytes were able to induce IL-17 A
secretion by PHA-activated MNC, which was confirmed
in a physiological model, where IL-17A secretion was
induced by adipocytes harvested from obese, but not
lean mice. Our results suggested thus that like ASC, adi-
pocytes might contribute to the establishment of a low-
grade chronic inflammation state in AT of obese
subjects.

Results

Both ASC and ASC-derived adipocytes from obese
subject AT polarize T cells toward the Th 17 cell
subset while inhibiting Th1 cells

To analyze the role of differentiated adipocytes in the
activation of infiltrating blood mononuclear cells
(MNCQ), we first differentiated ASC isolated from subcu-
taneous adipose depots of obese and lean subjects into
adipocytes for 8 d. Differentiation was morphologically
assessed by Oil Red O staining of lipid droplets, which
were clearly visible in adipocytes (Fig. 1B and D), but
absent in undifferentiated ASC (Fig. 1A and C). The
occurrence of adipocyte differentiation was also moni-
tored by evaluation of gene expression of the adipogenic
genes FABP4 and AdipoQ/adiponectin, which were both
highly upregulated, as soon as day 8 of differentiation
(Fig. 1E).

Next, to investigate whether differentiated adipocytes
were able to promote inflammation, we co-cultured
them with MNC activated in the presence or absence of
PHA for 48 hours, and measured cytokine secretion by
ELISA. As shown in Figure 2A, IL-17A secretion by
PHA-activated MNC was upregulated at comparable lev-
els, and without any statistically significant differences, in
the presence of undifferentiated ASCs, or adipocytes dif-
ferentiated for either 8- or 14-days. In contrast, PHA-
mediated TNFa secretion, a marker of Thl cell activa-
tion, was significantly inhibited in the presence of either
adipocytes, or ASC (Fig. 2B). Thus, our results demon-
strate that adipocytes, like ASC, may contribute to the
regulation of T cell activation, through polarization
toward the Th17 cell lineage but inhibition of the Thl
cell population.

Both ASC and ASC-derived adipocytes from obese
donors amplify IL-15 and IL-6 secretion

A substantial fraction of MNC is constituted by mono-
cytes. As shown in Figure 3A, monocytes were also acti-
vated by co-culture with ASC or adipocytes derived
thereof, as assessed by the higher levels of IL-18 that
were observed when either ASC, or adipocytes differenti-
ated for 8- or 14-days were added to PHA-activated
MNC cultures. Here again, IL-18 secretion levels were
comparable to those induced by ASC. Interestingly, the
levels of IL-18 secretion increased in the absence of
PHA, but at a lesser extent than with PHA, probably as a
result of innate immunity. Finally, IL-6 secretion was
also up-regulated in these co-culture assays containing
differentiated adipocytes (Fig. 3B). Taken together, our
data suggest that interaction of MNC with ASC, and/or
adipocytes derived thereof may contribute to the
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Figure 1. Generation of differentiated adipocytes from ASC derived from subcutaneous AT of obese donors. Oil Red O staining of undif-
ferentiated ASC (A,C) and differentiated adipocytes (B,D) respectively at day 8 and 14 of differentiation. Scale bars represent 100 pm.
(E) Gene expression quantification of adipogenic genes FABP4 (left graph) and AdipoQ (right graph) in ASC and ASC-derived adipocytes
at 8d of differentiation derived from obese (gray bars) and lean (black bars) donors. Error bars represent standard deviations from n > 3

independent experiments.

inflammatory environment which is observed in AT
from obese subjects.

ASC-derived adipocytes from lean AT can also
mediate IL-17A secretion by PHA-activated MNC

As control, adipocytes were differentiated for 8 d from
ASC of lean donors. Then, lean MNC were activated
with PHA or not, in the presence of adipocytes of differ-
ent origins. The differentiation capacities of obese vs.
lean adipocytes were comparable as assessed morpholog-
ically and by quantification of adipocyte-specific genes
FABP4 and AdipoQ (Fig. 1). Moreover, induction of IL-

17A secretion by MNC was comparable as well (Fig. 4).
These results suggested either i) that adipocytes were
pro-inflammatory, whatever their origin, or ii) that in
vitro differentiation could have modified the behavior of
ASC-derived adipocytes.

Adipocytes harvested from adipose tissue of obese,
but not lean animals, are able to mediate IL-17A
secretion, in a murine model

To analyze whether adipocytes may activate IL-17A
secretion physiologically, we used an animal model in
which mice were rendered obese or not, with high fat or
chow diets, respectively. We then cultured the adipocyte
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Figure 2. Both undifferentiated ASC and ASC-derived adipocytes (adipose cells, AC) polarize T cells toward the Th17 lineage and down-
regulate Th1 cytokines. ASC differentiation was carried out for 8 d or 14 d as indicated. Cell culture supernatants of MNC co-cultured or
not with undifferentiated ASC (light gray bars), differentiated adipocytes at day 8 (gray bars) or at day 14 (black bars), and activated by
PHA or not, were analyzed by ELISA for the secretion of IL-17A (A) and TNF« (B). Co-cultures were in a 1:5 ratio (20,000 ASC/adipocytes
for 100,000 MNC). Error bars represent standard deviations from n > 3 independent experiments. ***p < 0.001 as tested by one-way
ANOVA followed by Bonferroni’s multiple comparison test. n.s not statistically significant for each combinatorial comparisons within the
3 bars.

fraction of adipose tissues harvested either from obese  and type 2-diabetes, together with impairment of AT
versus lean mice with spleen mononuclear cells from  homeostasis.® AT is mainly composed of adipocytes,
lean mice and activated them with PHA or not. Results ~ which stock fatty acids and release energy. In addition,
showed that adipocytes from obese, but not lean mice  the dynamic extracellular matrix of the adipose tissue
were able to promote IL-17A secretion by MNC after  plays an important role in the regulation of AT expan-

48 hour co-culture (Fig. 5). Therefore, these results sug-  sion and vascularisation, with adipose tissue from obese
gest that obese but not lean adipocytes may contribute to  subjects displaying fewer capillaries and more large ves-
AT inflammation. sels, as compared to lean subjects.”> Inside the AT, the

stromal vascular fraction (SVF) - an heterogeneous cell

. . population mainly composed of ASC and immune cells*®
Discussion : . .

- is also a key actor during the transition from lean to

White adipose tissue is a site of chronic inflammation in ~ obese AT, as obesity substantially modifies SVF compo-

obesity, due to secretion of inflammatory cytokines and  sition and function. In a previous study, we have shown

adipokines by infiltrating immune cells and adipocytes.”’  that SVF derived from obese, but not lean donors, were

The major consequence of obesity-associated chronic ~ able to promote Th17 cells following activation with a
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Figure 3. Both undifferentiated ASC and ASC-derived adipocytes (adipose cells, AC) enhance IL-18 secretion by monocytes and IL-6
secretion by ASC or adipocytes. Cell culture supernatants of MNC co-cultured or not with undifferentiated ASC (light gray bars), differen-
tiated adipocytes at day 8, and activated by PHA or not, were analyzed by ELISA for the secretion of IL-18 (A) and IL-6 (B). Error bars rep-
resent standard deviations from n > 3 independent experiments. “**p < 0.01 as tested by one-way ANOVA followed by Bonferroni’s
multiple comparison test. n.s not statistically significant for each combinatorial comparison within the 3 bars.
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Figure 4. ASC-derived adipocytes from lean donors induce IL-17A
secretion in MNC-adipocytes co-cultures. ASC from obese (dark
gray bars) or lean (light gray bars) donors were differentiated for
8 d. Cell culture supernatants of MNC co-cultured or not with dif-
ferentiated adipocytes were activated by PHA or not, and ana-
lyzed by ELISA for the secretion of IL-17A. Co-cultures were in a
1:5 ratio (20,000 ASC/adipocytes for 100,000 MNC). Error bars rep-
resent standard deviations from n > 3 independent experiments.
***p < 0.001; as tested by one-way ANOVA followed by Bonferro-
ni's multiple comparison test. n.s not statistically significant.

demonstrated the critical role of ASC in inducing polari-
zation of T cells toward Th17 pro-inflammatory cells,
and activation of IL-18 secretion by monocytes.”® This
was associated with up-regulation of IL-6 secretion by
ASC, which might be mediated, at least in part by IL-
17A. Indeed, ASC are known to express receptors for IL-
17A/F"®, which themselves have been shown to activate
IL-1B, IL-6, and IL-8 secretion by mesenchymal stem
cells, following ligation with IL-17A/F**. Because IL-6 in
turn is known to participate to IL-17A signaling pathway
through Stat3 phosphorylation,® our previous study
strongly suggests that ASC may mediate a vicious circle
of pro-inflammatory cytokine secretion contributing to
the chronic low grade inflammation known to occur in
AT of obese subjects.

However, one could argue that the paucity of ASC in
AT- even though ASC are known to proliferate during
obesity”® cannot account for such a degree and/or persis-
tence of inflammation. Therefore, to answer this ques-
tion, we investigated in the present study whether ASC
would maintain their pro-inflammatory status, once dif-
ferentiated into adipocytes. With this aim, ASC, or adi-
pocytes harvested at two different steps of differentiation
(8 and 14 days), were co-cultured with PHA-activated
MNC for 48 hours. The patterns of cytokine secretion
induced by adipocytes were quite similar to that of their
progenitors, with increased secretion of IL-17A, IL-18,
and IL-6 (Figs. 2 and 3). Interestingly, like ASC, adipo-
cytes were also able to negatively regulate Thl cells, as
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Figure 5. Murine adipocytes from obese, but not lean mice,
induce IL-17A secretion in MNC-adipocytes co-cultures. Adipo-
cytes from subcutaneous adipose tissue of mice fed a standard
diet (SD, gray bars) or a high-fat diet (HFD, black bars) were co-
incubated with spleen-derived MNC and stimulated or not with
PHA. Cell culture supernatants were analyzed by ELISA for the
secretion of murine IL-17A. Error bars represent standard devia-
tions from n > 5 independent experiments. ***p < 0.001; as
tested by one-way ANOVA followed by Bonferroni's multiple
comparison test. n.s not statistically significant.

assessed by decreased secretion of TNFa (Fig. 2B). This
is reminiscent with a previous study, in which we have
demonstrated that, like their progenitors, i.e: mesenchy-
mal stem cells, fibroblast-like synoviocytes promote
Th17 cells, but inhibit Th1 cells.** Thus, our results sug-
gested that both ASC and adipocytes derived-off may
initiate inflammation in AT of obese subjects. To validate
these results, ASC from lean AT were differentiated into
adipocytes for 8 days, but unexpectedly demonstrated
pro-inflammatory properties as well (Fig. 4). Thus, this
either could signify that adipocytes are pro-inflammatory
whatever subject weight, or that in vitro differentiation of
ASC was able to modify adipocyte behavior and activate
them toward a pro-inflammatory state. Therefore, to
approximate physiological conditions, we used an exper-
imental model in which mice were rendered obese or
not, with high fat or chow diets, respectively. We then
cultured the adipocyte fraction of adipose tissues har-
vested either from obese or lean mice with spleen mono-
nuclear cells from lean mice. This led us to demonstrate
that adipocytes from obese, but not lean mice, were able
to promote IL-17A secretion by MNC after 48 hour acti-
vation. Therefore, these results strongly suggested that
obese but not lean adipocytes might exert pro-inflamma-
tory functions. The relative contribution of ASC or adi-
pocytes in inducing MNC activation remains now to be
determined, with adipocytes possibly playing a quantita-
tively more important as compared to ASC, due to their
numerical preponderance. However, at the qualitative
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level, ASC might play a key role due to their ability to
proliferate and differentiate into adipocytes in obese AT.
Accordingly, a recent study has demonstrated that deliv-
ery of ASC from lean mice, into white AT of obese mice,
attenuated WAT inflammation, and insulin sensitivity.27
Taken together, our present data demonstrate that inter-
action of MNC with ASC, and/or adipocytes may con-
tribute to the inflammatory environment, which is
observed in obese AT. Because we have demonstrated
that cell to cell contact between ASC and mononuclear
cells is critical for inducing inflammation,?® the identifi-
cation of the cell-surface molecules involved in these
interactions should allow the design of novel targets in
the treatment of obesity, and/or insulin resistance.
Whether ASC and adipocytes interact with infiltrating
immune cells through the same cell-surface molecules
require further investigation.

Materials and methods
Isolation and expansion of adipose stem cells (ASC)

Subcutaneous AT was isolated from residues of bariatric
surgery, with the approval of the Person Protection
Committee of the “Hospices Civils de Lyon,” or from
patients undergoing surgery, with their informed con-
sent. AT (50-100 mg) was fragmented and incubated in
2g/L of collagenase type Ia solution (Sigma Aldrich,
C2674) dissolved in DMEM:F12 medium (50/50 vol/vol)
(Invitrogen) for 40 min at 37°C by mixing. Collagenase
action was quenched by addition of 10 ml DMEM:F-12
medium, 1:1 vol/vol supplemented with 10% heat inacti-
vated fetal calf serum (FCS). The released stromal vascu-
lar fraction (SVF) was recovered by centrifugation (800 g
for 7 min at 25°C), residual red blood cells were lysed by
hypotonic shock and the ASC component of the SVF
was selectively expanded in culture medium composed
of DMEM:F-12 supplemented with 10% FCS, 4 ng/mL
Fibroblast Growth Factor basic (e-Biosciences, 14-8986-
80), 2 mmol/L L-glutamine and 100 U/mL penicillin-
streptomycin. Half of the culture medium was changed
every 2 or 3 d. ASC were amplified by several passages in
culture (4 to 5) and directly used for experiments or
stored in liquid nitrogen.

Isolation of blood mononuclear cells (MNC)

Blood samples were obtained through the blood bank
center of Lyon (France), following institutionally
approved guidelines. MNC were extracted from healthy
human peripheral blood by density gradient centrifuga-
tion (Ficoll-Paque, Miltenyl Biotec). MNC were stored in
liquid nitrogen prior to use.

Differentiation of obese subcutaneous ASC into
adipocytes

ASC from subcutaneous AT of obese donors were seeded
at a density of 1 x 10° cells per well in a 12-well plate
(3.8 cm?/well) containing basal culture medium
(DMEM:F-12 medium, 1:1 vol/vol supplemented with
10% FCS) for 2 d. Cells were stimulated to differentiate
using an adipogenic culture medium composed of basal
culture medium supplemented with 1.8 uM insulin,
0.5 mM isobutylmethylxantine (IBMX), 500 nM dexa-
methasone, 1 uM rosiglitazone, 2 nM triiodothyronine
and 10 pug/ml transferrin (all from Sigma-Aldrich). Dur-
ing differentiation, the culture medium was replaced
every 2 to 3 d. Differentiated adipocytes were obtained
after 8-14 d. Differentiation was validated by light
microscopy, Oil Red O visualization of lipid droplets.

Gene expression measurements

Total RNA were extracted from adipocytes at day 8
of differentiation and control ASC cultivated 8 d in
basal culture medium using Tri Isolation Reagent™
(Roche, Meylan, France). RNAs were stored at
—80°C until analysis. cDNA was synthesized from
250 ng of total RNA using the Primescript™ RT
reverse transcription kit (Takara, Dalian, Japan)
according to the manufacturer’s instructions. Quan-
titative PCR was performed in duplicate on a Rotor-
gene Real-time PCR System, using the AbsoluteTM
QPCR SYBR Green Mix (ABgene, Illkirch, France).
Quantitative data were defined by threshold cycle
(Ct) normalized for the housekeeping gene TATA
Box Binding Protein (TBP). FABP4 and Adiponectin
(AdipoQ) were used as adipogenic markers.

Oil Red O staining

Oil Red O staining, an indicator of intracellular lipid
accumulation, was used to assess adipocyte differen-
tiation. At day 8, adipogenic culture medium was
removed; cells were washed twice with phosphate
buffered saline (PBS) and fixed using 10% formalde-
hyde (in PBS) for 1 hour at room temperature. The
fixative was removed and replaced with 60 % isopro-
panol to totally dry cells. ASC or adipocytes were
stained for 10 minutes at room temperature with a
0.2 % Oil Red O solution (Oil Red O powder, Sigma
0-0625). Cells were then washed 3 to 4 times with
PBS to remove excess stain. Photos were taken using
ZEN Microscope version 2012 (Carl Zeiss Micros-
copy GmbH).



Co-culture assays

Adipocytes (differentiated for 8 or 14 days) or undiffer-
entiated ASC were harvested and seeded in 96-well plates
(20,000 cells/well) for 18-24 h in 200 ul of basal culture
medium (DMEM:F-12 medium, 1:1 vol/vol supple-
mented with 10% FCS). 100,000 MNC were co-seeded
for 48h in the presence or absence of phytohemaggluti-
nin (PHA, 5 pg/ml, Sigma-Aldrich). Ratios 1:5 were
used for ASC:MNC co-cultures. Cells were incubated in
200 nL of RPMI supplemented with 10 % FCS. Superna-
tant was harvested and frozen.

Adipose-tissue derived adipocytes and co-cultures

Four weeks old male C57BL/6JOlaHsd mice were pur-
chased from Harlan. Mice were housed at 22°C with a
12-h light/dark cycle. Experimental procedures were
conducted in accordance with the institutional guidelines
for the care of laboratory animals and were approved by
the local ethic committee. After 1 week of acclimatiza-
tion, 5-6 week old C57BL/6JOlaHsd mice were divided
into 2 groups: one group with free access to a standard
chow diet (SD; A04, Safe, France), the other with free
access to the standard diet supplemented with 20% of
palm oil (w/w) (HFD, Safe, France) for 16 weeks. Adipo-
cytes were harvested from the same weight of subcutane-
ous pads. After digestion with collagenase, adipocytes
were separated by centrifugation (to exclude the stromal
vascular fraction), and co-cultured with MNC from
spleen of lean mice in a final volume of 2 ml of RPMI
supplemented with 10% FCS, with or without PHA.

Enzyme-linked immunosorbent assays (ELISA)

Human IL-17A (#88-7176-88), IL-18 (#88-7261-88), IL-
6 (#88-7066-88) and TNF« (#88-7346-88) and murine
IL-17A (#88-7371-22) secretion were evaluated by ELISA
using the corresponding antibodies (all from
e-Biosciences).

Statistical analysis

Comparisons between multiple groups were performed
by ANOVA followed by a post-hoc Bonferroni’s multiple
Comparison test. Differences were considered statisti-
cally significant when p < 0.05.

Abbreviations

ASC adipose-tissue derived mesenchymal stem cells
AT adipose tissue
AC adipose cells

ADIPOCYTE (&) 281

SVF stromal vascular fraction
IL-17A interleukin-17A
MNC  mononuclear cells
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