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Adipose-derived stem cells (ADSCs) play critical roles in
controlling obesity-associated inflammation and metabolic
disorders. Exosomes from ADSCs exert protective effects
in several diseases, but their roles in obesity and related
pathological conditions remain unclear. In this study, we
showed that treatment of obese mice with ADSC-derived
exosomes facilitated their metabolic homeostasis, including
improved insulin sensitivity (27.8% improvement), reduced
obesity, and alleviated hepatic steatosis. ADSC-derived
exosomes drove alternatively activated M2 macrophage
polarization, inflammation reduction, and beiging in white
adipose tissue (WAT) of diet-induced obese mice. Mecha-
nistically, exosomes from ADSCs transferred into macro-
phages to induce anti-inflammatory M2 phenotypes through
the transactivation of arginase-1 by exosome-carried active
STAT3. Moreover, M2 macrophages induced by ADSC-
derived exosomes not only expressed high levels of tyrosine
hydroxylase responsible for catecholamine release, but also
promoted ADSC proliferation and lactate production, thereby
favoring WAT beiging and homeostasis in response to high-
fat challenge. These findings delineate a novel exosome-
mediated mechanism for ADSC-macrophage cross talk
that facilitates immune and metabolic homeostasis in WAT,
thus providing potential therapy for obesity and diabetes.

Obesity induces low-grade chronic inflammation in white
adipose tissue (WAT) that leads to insulin resistance and
metabolic syndromes, thus increasing the risk of many life-
threatening diseases such as type 2 diabetes, cardiovascular
events, and even cancer (1-3). Adipose inflammation is

characterized by recruitment and infiltration of immune cells
induding macrophages and T cells in adipose tissues (4,5).
WAT from obese individuals exhibits not only increased
number of macrophages, but also polarization of macro-
phages toward classically activated M1 expressing high levels
of inducible nitric oxide synthase (iNOS) and tumor necrosis
factor-a (TNF-a), thereby driving insulin resistance. How-
ever, in lean WAT, most of resident macrophages are alter-
natively activated M2 expressing interleukin (IL)-10 and
arginase-1 (Arg-1), which facilitate the maintenance of local
immune and metabolic homeostasis (4,6-8). Restoring M2
macrophages in obese individuals by various approaches con-
tributes to the resolution of associated inflammation and
insulin resistance (9,10). Emerging evidence has shown the
direct involvement of M2 macrophages in metabolic homeo-
stasis. Recent studies have reported that the occurrence of
brown-like fats, so-called beiging in WAT, protects against obe-
sity, diabete, and metabolic diseases (11-13). Interestingly,
M2 macrophages have been found to release catecholamine
to activate the expression of brown adipose tissue-specific
uncoupling protein 1 (UCP1) in WAT, thereby promoting
beiging and fat burning to dissipate extra energy (14,15).
Adipose-derived stem cells (ADSCs), also known as adipose-
derived stromal cells, are mesenchymal stem cells (MSCs) in
the stromal vascular fraction (SVF) of adipose tissues. ADSCs
possess multipotency to differentiate into different types of
cells such as adipocytes, chondrocytes, and osteoblasts. Besides
potential application in tissue repair and regeneration, ADSCs
have great capacity for immune regulation, as evidenced by
controlling inflammatory or autoimmune diseases including
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arthritis, colitis, and autoimmune diabetes (16-20). Previ-
ously, we have shown the critical roles of ADSCs in resolu-
tion of obesity-associated inflammation and metabolic
disorders. ADSCs from visceral WAT-polarized macrophages
toward anti-inflammatory M2-like phenotypes, thus remod-
eling the immune and metabolic homeostasis in WAT. Sol-
uble factors secreted from ADSCs appeared to dominate the
polarization of M2 macrophages (21). However, underlying
mechanisms for the cross talk between ADSCs and macro-
phages remain to be unveiled.

Exosomes are nanovesicles derived from multivesicular
endosomes and secreted by the cells. In addition to exosome-
associated markers like TSG101, CD9, CD63, and CD81,
exosomes bear various biological molecules including prot-
eins, lipids, and RNAs. Through transporting these cargos
between different types of cells, exosomes mediate intercel-
lular communication and affect both physiological and path-
ological conditions (22-24). MSCs have been recognized as
mass producers of exosomes. As an extension of MSCs’
biological roles, exosomes function in bioenergetics, cell
proliferation, and immunomodulation, acting in both im-
mediate and remote areas in a paracrine or endocrine
manner (25,26). For instance, bone marrow MSC-derived
exosomes led to a reduction of myocardial ischemia/reperfu-
sion injury (IRI) in animal models (25,27), and a combina-
tion of adipose-derived MSCs and their exosomes protected
kidney from acute IRI (28). Therefore, it is of great interest
to explore the potential roles of ADSC-derived exosomes in
obesity, adipose inflammation, and metabolic disorders.

In this study, we revealed that ADSCs from epididymal
WAT secreted exosomes to polarize macrophages toward
M2 expressing high levels of Arg-1 and IL-10, which was
mainly dependent on active STAT3 transferred by exosomes.
Notably, obese mice treated with ADSC-derived exosomes
exhibited reduced WAT inflammation, improved metabolic
homeostasis, and resistance to obesity progression. ADSC-
derived exosomes drove M2 macrophage polarization in
WAT, which further promoted WAT beiging, thereby leading
to the above beneficial effects.

RESEARCH DESIGN AND METHODS

Animals and Diets

C57BL/6 male mice were provided by Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China). Diets were pur-
chased from Trophic Animal Feed High-tech Co. (Nantong,
China). After 1 week of diet adaptation, mice at the age of
8 weeks were fed on a high-fat diet (HFD; 60% of total
calories) for 20-26 weeks to induce obesity; mice fed a
normal chow diet (NCD) were used as lean controls. Animal
studies were approved by Ethics Committee of Shandong
University. All procedures were in accordance with the in-
stitutional guidelines for animal care and utilization.

Cell Culture

Mouse ADSCs were isolated and cultured as previously
described (21). Briefly, epididymal fat pads were obtained
from C57BL/6 male mice at the age of 10-12 weeks; SVF
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was isolated by digestion using type I collagenase (2 mg/mL;
Worthington, Lakewood, NJ). After overnight incubation,
the adherent stem cell fraction was cultured in complete
DMEM containing 10% FBS (Gibco; Invitrogen, Carlsbad,
CA) and 5 ng/mL basic fibroblast growth factor (PeproTech,
Rocky Hill, NJ). ADSCs at the fourth passage were used for
the experiments. Peritoneal macrophages were isolated from
C57BL/6 male mice, which were injected with 6% sterile
starch solution 3 days previously. After overnight incubation
in complete DMEM containing 10% EBS, the adherent cells
were used as macrophages.

Isolation of ADSC-Derived Exosomes

ADSCs were cultured with complete DMEM containing 10%
FBS (depletion of exosomes by ultracentrifugation) for 2 days
(29,30), the supernatants were filtrated through 0.22-pm
filters followed by concentrating in 100 K MWCO Amicon
Ultra-15 Centrifugal Filter Devices (Merck Millipore, Burlington,
MA). Exosomes were isolated from the supernatants using
Exoquick-TC (System Biosciences, Mountain View, CA) ac-
cording to the manufacturer’s instruction (30,31) and were
characterized by Zetasizer Nano ZSP (Malvern Instruments,
Malvern, U.K), transmission electron microscopy (JEOL
Ltd., Tokyo, Japan), and Western blot. In some experiments,
exosomes were isolated from ADSCs in which STAT3 acti-
vation was inhibited using 20 pwmol/L cryptotanshinone
(Selleck Chemicals, Houston, TX).

Exosome Transfer Between ADSCs and Macrophages
ADSCs and macrophages were labeled with Vybrant DiO or
DiD cell-labeling solution (DiO or DiD; Molecular Probes,
Waltham, MA), respectively, and then were cocultured for
30 h; in some experiments, ADSCs labeled with DiO were
cocultured with macrophages for 30 h and then were stained
with F4/80 using PE-Cy5-conjugated monodonal antibody
(15-4801; eBioscience, San Diego, CA). The fluorescence
signals were detected using fluorescence microscope (Carl
Zeiss Jena, Jena, Germany) or imaging flow cytometry
(ImageStream Mark II; Amnis, Burlington, MA). To detect
the direct transfer of exosomes into macrophages, ADSC-
derived exosomes were labeled using the PKH67 Fluores-
cent Cell Linker Kit (PKH67; Sigma-Aldrich, St. Louis, MO)
and incubated with macrophages for 24 h, and then the
fluorescence signals were detected.

Treatment of Macrophages With ADSC-Derived
Exosomes

Macrophages were stimulated with ADSC-derived exosomes
(10 and 20 pg/mL) for the indicated time periods, the doses
of exosomes were determined according to previous studies
with minor modification (32,33). To induce M1 polariza-
tion, macrophages were treated with 50 ng/mL lipopolysac-
charide (LPS; Sigma-Aldrich) plus 20 ng/mL interferon-y
(IFN-y; PeproTech). In some experiments, STAT3 was si-
lenced in macrophages by transfection with STAT3 siRNA
(siSTAT3; Sigma-Aldrich) using Jet-PRIME (Polyplus, Berkeley,
CA) before the addition of exosomes. The siSTAT3 sequences
are listed in Supplementary Table 1.
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Treatment With ADSC-Derived Exosomes

in HFD-Fed Mice

During the last 6-8 weeks of HFD feeding, mice were in-
traperitoneally administrated with ADSC-derived exosomes
(30 pg/mouse, once every 3 days) according to previous
studies with minor modification (32,34); HFD or NCD-fed
mice treated with normal saline (NS) were used as controls.
Body weight and food intake were evaluated during the in-
tervention. After the intervention, mice were sacrificed under
anesthesia. Serum, liver, and adipose tissues were collected.
In exosome-tracking experiments, ADSC-derived exosomes
(50 pg/mouse) were labeled with PKH67 and delivered
into HFD-fed mice by intraperitoneal injection. After 24 h,
the epididymal fat pads were harvested to detect fluores-
cence signals.

Measurement of Metabolic Parameters

Serum triglyceride (TG) and total cholesterol (TC) were de-
tected after the intervention using commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Glucose
tolerance test (GTT) and insulin tolerance test (ITT) were
conducted after 5 or 6 weeks of intervention, respectively.
GTT was performed in mice following an overnight fast; blood
glucose levels were determined at different time points af-
ter intraperitoneal injection of glucose (2 g/kg body weight;
Sigma-Aldrich). ITT was performed in mice with free access
to food and water; blood glucose levels were examined at
different time points after intraperitoneal administration of
human insulin (0.75 units/kg body weight; Wanbang, Xuzhou,
China).

Flow Cytometry

SVF from epididymal adipose tissues was stained with
PE-Cy5-conjugated monoclonal antibody against mouse
F4/80 (15-4801; eBioscience) followed by intracellular stain-
ing with fluorescein-conjugated Ab against mouse Arg-1
(IC5868F; R&D Systems, Minneapolis, MN), using isotypic
antibodies as controls. Fc block was used prior to staining.
Cells were acquired using Cytomics FC500 (Beckman Coulter,
Pasadena, CA).

Statistical Analysis

Data were expressed as mean * SEM. Statistical differences
were evaluated using Student t test or one- or two-way
ANOVA. A P value <0.05 was considered significant.

RESULTS

Exosomes Transfer From ADSCs to Macrophages

Previously, we have shown that ADSCs induced macrophage
polarization toward M2-like phenotypes (21). To elucidate the
roles of exosomes in ADSC-macrophage cross talk, ADSCs
and macrophages were labeled with DiO or DiD and cocul-
tured to detect exosome transfer as described previously
(35). Interestingly, we found that exosomes transferred be-
tween macrophages but not ADSCs. However, in the cocul-
ture of ADSCs and macrophages, unidirectional transfer
of exosomes from ADSCs to macrophages was observed

Zhao and Associates 237

(Fig. 1A). Imaging flow cytometry confirmed that macro-
phages (DiD" or F4/80") displayed green fluorescence from
ADSCs (DiO") after coculture, indicating exosome transfer
from ADSCs to macrophages (Fig. 1B). Furthermore, exosomes
from ADSCs were collected, which were ~100 nm in diameter,
cup-shaped, and positive for exosomal markers TSG101, CD9,
CD63, and HSPI0 (Fig. 1C-E). After labeled with PKH67
and incubated with macrophages, ADSC-derived exo-
somes with green fluorescence were observed in macro-
phages (Fig. 1F), suggesting the uptake of exosomes by
macrophages.

ADSC-Derived Exosomes Induce M2 Macrophage
Polarization

Next, the effects of ADSC-derived exosomes on macrophage
polarization were analyzed. Macrophages educated by ADSC-
derived exosomes showed remarkable increases in mRNA
levels of M2-related Arg-1 and IL-10, but no significant
changes in those of M1-related iNOS, TNF-a, and IL-12;
these phenotypes were different from M1 macrophages in-
duced by LPS plus IEN-y, which expressed high levels of
iNOS, TNF-e, and IL-12 mRNA (Fig. 2A-E). The increase of
Arg-1 in macrophages induced by exosomes was substanti-
ated on protein levels in a dose-dependent manner
(Fig. 2F). In addition, preincubation with ADSC-derived
exosomes obviously mitigated inflammatory responses of
macrophages stimulated by LPS plus IFN-y, as evidenced
by marked decreases in levels of iNOS, TNF-o, and IL-12
(Fig. 2G-K). These data indicate that ADSC-derived exo-
somes induce macrophage polarization toward M2 pheno-
types, thus reducing the ability of macrophages to evoke
inflammatory responses.

ADSC-Derived Exosomes Attenuate Diet-Induced
Obesity and Metabolic Disorders in HFD-Fed Mice
Considering the beneficial roles of ADSC-derived exosomes
in M2 polarization, we further detected their effects on obesity
and associated metabolic disorders. Administration of ADSC-
derived exosomes led to a resistance to sustained weight gain
in HFD-fed mice during the later period of intervention (Fig.
3A and B), which was independent of food intake (Supple-
mentary Fig. 1). For both visceral and subcutaneous white
fat pads, HFD feeding caused dramatic increases in the
percentages of fat weight to body weight, whereas exosome
treatment significantly decreased these percentages
(Fig. 3C and Supplementary Fig. 2). Importantly, HFD-fed
mice treated with ADSC-derived exosomes showed signifi-
cant improvement in glucose tolerance and insulin sensi-
tivity even before the reduction in obesity progression (Fig.
3D-G). In addition, treatment with ADSC-derived exosomes
decreased the levels of TG and TC in serum of HFD-fed
mice (Fig. 3H and I). The hepatic steatosis in HFD-fed
mice was also attenuated by exosome delivery, manifested
by significant reductions in liver weight, macrovesicular
steatosis, and levels of hepatic TG (Fig. 3J-L and Supple-
mentary Fig. 3). These data indicate the pivotal roles of
ADSC-derived exosomes in obesity resistance and metabolic
improvement.
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Figure 1—Exosomes transfer from ADSCs to macrophages. A: Epididymal fat-derived ADSCs or peritoneal macrophages (Me) from lean
C57BL/6 mice were labeled with DiO (green) or DiD (red) in monoculture and then were cocultured for 30 h; fluorescence signals were detected
by fluorescence microscope. White arrows indicate exosome transfer from ADSCs to macrophages. Scale bar: 20 wm. B: After 30 h of coculture
with ADSCs (DiO*), macrophages (DiD" or F4/80™) were detected for fluorescence signals by imaging flow cytometry (bright field [BF]). Scale bar:
10 pm. Exosomes from mice ADSCs were identified by Zetasizer Nano ZSP (C), transmission electron microscope (scale bar: 50 nm) (D), and
Western blot (E). F: ADSC-derived exosomes were labeled with PKH67 and cocultured with macrophages for 24 h; fluorescence signals were
examined by fluorescence microscope. Scale bars: 50 wm. Data are representative of at least two independent experiments.

ADSC-Derived Exosomes Inhibit Adipocyte Hypertrophy
and Promote WAT Beiging in HFD-Fed Mice

To determine the direct impact of ADSC-derived exosomes
on WAT, we tracked PKH67-labeled exosomes in HFD-fed
mice after intraperitoneal administration and found that
ADSC-derived exosomes with green fluorescence successfully
settled in epididymal fat pads (Supplementary Fig. 4). Com-
pared with NCD-fed mice, HED-fed obese mice showed adipo-
cyte hypertrophy in epididymal and inguinal WAT, whereas
successive administration of ADSC-derived exosomes in HED-
fed obese mice significantly mitigated adipocyte hypertrophy
in both fat depots, as confirmed by decreases in adipocyte size
and leptin expression in both epididymal and inguinal WAT
(Fig. 4A-C). Thus, ADSC-derived exosomes effectively inhibited
adipocyte hypertrophy and favored WAT homeostasis.

Considering the contribution of beiging in energy balance
and WAT homeostasis, we further detected the gene
expression related to brown and beige adipocytes (UCP1,
peroxisome proliferator-activated receptor vy coactivator o
[PGCla], PRDM16, CIDEA, TBX1, and TMEMZ26) and mito-
chondrial fatty acid oxidation (PGC183, CPT1e, and CPT1R)
in both epididymal and inguinal WAT. Compared with NCD
feeding, long-term HFD feeding broadly inhibited the ex-
pression of these genes in epididymal WAT, whereas admin-
istration of ADSC-derived exosomes significantly reversed
their expression. As for inguinal WAT, deliveries of ADSC-
derived exosomes dramatically increased the expression of
most of the above genes, particularly brown adipocyte-
related UCP1, PGCla, and beige adipocyte-related TBX1
and TMEM26 (Fig. 4D-F and Supplementary Fig. 5).
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Figure 2—ADSC-derived exosomes induce M2 polarization. Macrophages were treated with ADSC-derived exosomes (20 pwg/mL in A-E;
10 and 20 pg/mL in F) for 30 h or LPS (50 ng/mL) plus IFN-vy (20 ng/mL) for 6 h. The mRNA levels of M2-related arg-1 (A) and il-10 (B) and M1-
related inos (C), tnf-a (D), and il-12 (E) were determined by quantitative PCR (QPCR); the protein levels of Arg-1 were detected by Western blot
(F). Macrophages were treated with ADSC-derived exosomes (20 p.g/mL) for 30 h and then were stimulated with LPS (50 ng/mL) plus IFN-y
(20 ng/mL) during the last 2 h (for gPCR in G-/) or 6 h (for ELISA in J and K). The mRNA levels of inos (G), tnf-a (H), and il-12 (/) were detected
by gPCR. The secretion of TNF-a (J) and IL-12 (K) was examined by ELISA. Data are representative of at least three independent experiments
and presented as mean = SEM of three replicates (A-E and G-/). J and K show pooled data from three independent experiments. *P < 0.05;
**P < 0.01; **P < 0.001 determined by one-way ANOVA with Bonferroni comparisons.

Consistently, the protein levels of UCP1 suppressed by HFD
feeding were restored in epididymal WAT and elevated in
inguinal WAT by ADSC-derived exosomes (Fig. 4G). These
data indicate that ADSC-derived exosomes promote WAT
beiging and restore UCP1-dependent energy expenditure,
which are blunted by HFD feeding.

ADSC-Derived Exosomes Ameliorate WAT Inflammation
in HFD-Fed Mice Through Remodeling Macrophage
Phenotypes

WAT inflammation is associated with WAT dysfunction and
metabolic disorders. To delineate the mechanism by which
ADSC-derived exosomes favored WAT homeostasis, WAT
inflammation was detected. As expected, administration of

ADSC-derived exosomes in HFD-fed mice significantly re-
duced the secretion of proinflammatory TNF-a, but in-
creased that of anti-inflammatory IL-10 from epididymal
adipose explants (Fig. 5A and B). To verify the effects of
ADSC-derived exosomes on adipose tissue macrophages, we
further analyzed the expression of M1- or M2-related genes
on SVF. The mRNA levels of TNF-«, IL-12, and IL-6, which
were also M1 phenotypes induced by obesity, were signifi-
cantly decreased in SVF from HFD-fed mice treated with
ADSC-derived exosomes. Notably, exosome delivery into
HFD-fed mice led to a dramatic increase in mRNA levels
of Arg-1, a representative M2 phenotype in SVF (Fig. 5C).
Flow cytometry analysis showed that the infiltration of
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Figure 3—Delivery of ADSC-derived exosomes attenuates obesity and metabolic disorders in HFD-fed mice. A-L: C57BL/6 male mice were fed
NCD or HFD for 20-26 weeks. HFD-fed mice were intraperitoneally injected with ADSC-derived exosomes (30 g per mice, once every 3 days)
during the last 6-8 weeks; NCD or HFD-fed mice treated with NS were used as controls. Body weight change (A) during the experiment and
body weight (B) after the intervention (n = 5 to 6 mice/group) were evaluated. Percentages of fat weight to body weight (C) after the intervention
(n = 4-6 mice/group) were determined (epididymal WAT [EpiWAT], inguinal WAT [IngWAT], anterior subcutaneous WAT [AsWAT], and brown
adipose tissue [BAT]). GTT (D) and ITT (E) were performed in mice (n = 4-6/group) after 5 or 6 weeks of intervention, respectively. Values of area
under the curve in GTT (F) and ITT (G) were measured. After the intervention, serum TG (H) and TC (/) (n = 10-16 mice/group) were detected; liver
weight (J), hematoxylin and eosin staining (K) for liver tissues, and hepatic TG levels (L) were determined (n = 4-6 mice/group). Scale bars:
50 pm. *P < 0.05; **P < 0.01; *™*P < 0.001 determined by two-way (HFD-NS versus HFD-exosome) or one-way ANOVA.
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Figure 4—ADSC-derived exosomes improve WAT homeostasis in HFD-fed mice. Mice (n = 3-6/group) were treated as described in Fig. 3;
epididymal and inguinal adipose tissues were collected for assay. Hematoxylin and eosin staining (A) (scale bars: 200 um) was performed.
Average adipocyte size (B) was presented as pixels. The mRNA levels of leptin (C) were detected. Heat map (D) and relative mRNA levels (E and
F) of gene expression related to brown or beige adipocyte and mitochondrial fatty acid oxidation in epididymal WAT (EpiWAT) and inguinal WAT
(IngWAT) were determined. Protein levels of UCP1 (G) were detected in EpiWAT and IngWAT by Western blot. *P < 0.05; P < 0.01; P <

0.001 determined by one-way ANOVA with Bonferroni comparisons.

F4/80" macrophages in WAT from HFD-fed obese mice sig-
nificantly decreased after exosome treatment (Fig. 5D-F).
More exciting, compared with HFD-fed obese mice or
NCD-fed lean mice, exosome-treated HFD-fed mice showed

significantly elevated expression of Arg-1 on macrophages
in WAT (Fig. 5G-I), confirming the critical role of ADSC-
derived exosomes in driving adipose macrophage polariza-
tion toward Arg-1"®" M2. Altogether, these data suggest
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Figure 5—ADSC-derived exosomes ameliorate WAT inflammation in HFD-fed mice through remodeling macrophage phenotypes. Mice were
treated as described in Fig. 3. Secretion levels of TNF-a (A) and IL-10 (B) from epididymal adipose tissue explants (1 = 4-6 mice/group) were
detected using ELISA. The mRNA levels of M1- or M2-related genes (C) in SVF from epididymal WAT (n = 4-6 mice/group) were detected. The
expression of F4/80 (D-F) in SVF and the expression of Arg-1 (G-/) in F4/80* SVF from epididymal WAT (n = 3 mice/group) were analyzed by flow

cytometry. *P < 0.05; **P < 0.01; **P < 0.001 determined by one-way ANOVA with Bonferroni comparisons.

that ADSC-derived exosomes reduce WAT inflammation
through reprograming adipose macrophages from M1 to
Arg-1"" M2 subtype.

ADSC-Derived Exosomes Drive Arg-1 Expression
Through Transporting STAT3

In macrophages educated by ADSC-derived exosomes, the
elevation of Arg-1 was accompanied by enhanced STAT3
phosphorylation in a dose-dependent manner (Fig. 6A).
Considering the expression levels of total STAT3 were

also increased in macrophages upon exosome stimulation,
we speculated that STAT3 might be carried into macro-
phages by exosomes. Actually, the presence of STAT3 in
phosphorylated form was observed in both ADSC-derived
exosomes and their parental ADSCs (Fig. 6B). Next, exo-
somes were obtained from ADSCs in which STAT3 phos-
phorylation was inhibited using cryptotanshinone (Fig. 6C
and D). The phosphorylation of STAT3 was greatly de-
creased in macrophages treated with exosomes carrying
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Figure 6—ADSC-derived exosomes drive the expression of Arg-1 through transporting active STAT3. A: Macrophages were treated with ADSC-
derived exosomes or LPS plus IFN-y as in Fig. 2A-E; the expression of Arg-1, p-STAT3, and STAT3 in macrophages was detected by Western
blot. B: The expression of p-STAT3 and STAT3 was detected in both ADSCs and ADSC-derived exosomes by Western blot. C-F: After
treatment with STAT3 inhibitor cryptotanshinone (crypto; 20 wmol/L) for 48 h, ADSCs (C) and ADSC-derived exosomes (D) were detected
for the expression of p-STAT3, STAT3, and exosomal markers. Macrophages were stimulated with exosomes from ADSCs treated with crypto;
the expression of Arg-1, p-STAT3, and STAT3 was detected by Western blot (E) and quantitative PCR (F). G and H: Macrophages with silenced
STATS via siRNA were stimulated with ADSC-derived exosomes; the expression of Arg-1, p-STAT3, and STAT3 was detected by Western blot
(G) and quantitative PCR (H) (siSTAT3 and control siRNA [siControl]). / and J: Exosomes from human ADSCs were identified for p-STAT3, STATS3,
and exosomal markers (/); the active form of STAT3 in exosomes was determined using DNA-binding ELISA (J). K-L: After transfection with
pGL3-mArg1 promoter/enhancer and pRL-TK-Renilla-luciferase, RAW264.7 (K) and HEK-293T (L) were stimulated with ADSC-derived exo-
somes for 24 h. Luciferase activities were measured with Dual Luciferase Reporter Assay. Data are representative of more than three in-
dependent experiments and shown as mean = SEM of three (F and H) or at least four (K and L) replicates. J shows pooled data from three
experiments. *P < 0.05; **P < 0.01; **P < 0.001 determined by one-way ANOVA or Student t test. ihn-exosome, exosome from ADSC treated
with STAT3 inhibitor; OD, optical density.

hypophosphorylated STAT3, compared with those treated
with normal exosomes (Fig. 6E); more importantly, an ob-
vious reduction in Arg-1 expression was observed in these
macrophages on both mRNA and protein levels (Fig. 6E and
F). In contrast, knockdown of STAT3 in macrophages had
no significant impact on the elevation of phosphorylated
(p-)STAT3 and Arg-1 caused by ADSC-derived exosomes

(Fig. 6G and H), indicating that p-STAT3 carried by ADSC-
derived exosomes dominated the induction of Arg-1 in
macrophages.

It has been reported that active STAT3 binds to the
promoter region of human Arg-1 and enhances its expres-
sion and activity (36). To examine the transactivation ac-
tivity of p-STAT3 from ADSC-derived exosomes on Arg-1
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expression, we purified exosomes from human ADSCs,
which expressed similar exosomal markers to those from
mice and also carried p-STAT3 (Fig. 6I), and verified their
capacity to bind consensus target DNA of STAT3 (Fig. 6J).
Furthermore, exosomes from mice ADSCs were taken up
and significantly enhanced the transcriptional activity of
Arg-1 promoter/enhancer in both RAW264.7 and HEK-
293T cells (Supplementary Fig. 6 and Fig. 6K and L). These
data demonstrate that STAT3 in ADSC-derived exosomes is
active and functional, which is able to directly promote the
expression of Arg-1 in recipient cells.

Macrophages Educated by ADSC-Derived Exosomes
Promote ADSC Proliferation and Highly Express
Tyrosine Hydroxylase

High arginase activity contributes to synthesis and release
of polyamines, which promote cell proliferation (37,38). To
determine the effects of Arg-1"€" M2 macrophages on WAT
homeostasis, we cocultured ADSCs with conditional medium
(CM) from A1rg-1high M2 macrophages, which were induced
by ADSC-derived exosomes. The proliferation curves showed
that CM from Arg-1"¢" M2 promoted the proliferation of
ADSCs (Fig. 7A). 5-Ethynyl-2'-deoxyuridine (EdU) incorpo-
ration assay also revealed that CM from Arg-1"¢" M2 drove
more ADSCs entering EAU" S phase (Fig. 7B and (), sug-
gesting the contribution of Arg-1"¢" M2 to ADSC prolifer-
ation and self-renewal.

Lactate plays an important role in browning of white
adipose cells (39). Interestingly, we detected higher levels
of lactate in ADSC culture upon treatment with CM from
Arg—lhigh M2 (Fig. 7D), whereas there was no difference in
lactate levels in CM from macrophages in the absence or pres-
ence of exosomes (Fig. 7E). This could be due to the contri-
bution of ADSC proliferation to lactate production via anaerobic
glycolysis, and lactate produced by proliferating ADSCs might
be an important contributor to UCP1 expression and WAT
beiging. In addition, Arg-1"®" M2 educated by ADSC-derived
exosomes expressed high levels of tyrosine hydroxylase
(TH), a rate-limiting enzyme for catecholamine synthesis
(Fig. 7F and G). Accordingly, compared with untreated obese
mice, exosome-treated HFD-fed mice had higher levels of
TH expression in SVF from epididymal WAT (Fig. 7H),
suggesting catecholamine catalyzed by TH could be another
contributor to UCP1 expression and WAT beiging.

DISCUSSION

WAT has been recognized as a complex endocrine organ that
serves as a master regulator of systemic energy homeostasis,
performing intricate metabolic functions under physiological
conditions (40-42). Obesity is associated with unhealthy
expansion and dysfunction of WAT that lead to inflamma-
tion, insulin resistance, and increased risk for metabolic
diseases. Therefore, the potential of targeting WAT in the
treatment of obesity and associated diabetes is gaining sub-
stantial interest (40). Based on our previous finding show-
ing that ADSCs control obesity-induced WAT inflammation
and metabolic disorders (21), in the current study, we propose
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exosomes as natural messengers for ADSC-macrophage
cross talk, which drive M2 polarization and subsequent
beiging and metabolic homeostasis in WAT, thereby pre-
venting adipose tissue inflammation, metabolic disorders,
hepatic steatosis, and obesity progression.

We demonstrated that ADSCs secreted exosomes to act
on macrophages, inducing high levels of M2-related Arg-1
and IL-10 and inhibiting macrophage inflammatory
responses stimulated by LPS plus IFN-y. Different from
M2 macrophages induced by IL-4 plus IL-13, which depend
on the activation of STAT6 (43,44), Alrg—lhigh M2 induced
by ADSC-derived exosomes displayed enhanced levels of
p-STAT3. As a crucial biomarker for stem cells, STAT3 was
observed in ADSCs. More importantly, p-STAT3 was detected
in exosomes released by ADSCs, indicating ADSC-derived exo-
somes could be an important source of p-STAT3 in recipient
macrophages. In fact, exosomes from ADSCs lacking STAT3
activation failed to induce Arg-1 expression in macrophages,
whereas knockdown of STAT3 in macrophages had no detect-
able influence on Arg-1 expression triggered by ADSC-derived
exosomes. We further revealed the capacity of ADSC-derived
exosomes to bind to STAT3 target DNA and promote the
transcriptional activation of Arg-1 promoter/enhancer, thus
confirming that ADSC-derived exosomes induced macro-
phage polarization toward Arg-1"#" M2 mainly through
transporting the special cargo, active STAT3. It should be
noted that our study does not exclude the possibility that
some specific microRNAs carried by ADSC-derived exo-
somes also play a role in regulating the expression of Arg-
1 in macrophages, more potential multiple mechanisms
by which ADSC-derived exosomes influence macro-
phages remain to be unveiled.

Emerging evidence has shown the therapeutic roles of
exosomes from MSCs in several IRI models based on their
function in tissue repair, but few reports have addressed
their immunoregulatory role in inflammatory diseases
(27,28,45,46). In the current study, the desirable immuno-
modulation elicited by ADSC-derived exosomes makes it
possible to substitute ADSCs in the treatment of obesity-
associated inflammation. As expected, deliveries of ADSC-
derived exosomes into HFD-fed mice markedly reduced
obesity-induced WAT inflammation, systemic insulin resis-
tance, dyslipidemia, and hepatic steatosis. A 27.8% improve-
ment of insulin action was observed in HFD-fed mice
treated with exosomes by determining the area under the
curve of GTT. These beneficial effects produced by ADSC-
derived exosomes were partially consistent with and even
superior to the therapeutic effects of ADSCs (21,47). The
presence of ADSC-derived exosomes in WAT ensured the
direct communication between exosomes and macrophages.
Indeed, exosome administration induced a subset of Arg-
18" macrophages in WAT of HFD-fed mice, driving a shift
of WAT macrophages from proinflammatory M1 pheno-
types toward anti-inflammatory M2 phenotypes and lead-
ing to the resolution of WAT inflammation and subsequent
improvement of systemic metabolic homeostasis. The in-
volvement of MSC-released cytokines like IL-10 in limiting
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Figure 7—Macrophages (My) educated by ADSC-derived exosomes contribute to ADSC proliferation and express high levels of TH. A-D:
ADSCs were cultured with CM from macrophages educated by ADSC-derived exosomes for indicated time periods. ADSC proliferation was
detected by CCK-8 assay (A) and EdU incorporation assay (B and C). Data are shown as mean = SEM of five (A) or three (C) replicates and
representative of two independent experiments. Scale bar: 100 wm. Lactate levels (D) in supernatants from ADSC culture were determined (CM
from macrophages [Mg-CM]; CM from macrophages educated by ADSC-derived exosomes [exo-Mg-CM)). E: Lactate levels in supernatants
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inflammation and the presence of cytokines in exosomes
have been reported (48). We cannot exclude the roles of
ADSC-derived cytokines in immunomodulation or the pos-
sibility that cytokines in ADSC-derived exosomes act on
macrophages. The cooperation of cytokines and exosomes
in immunomodulation remains to be investigated.

Besides immune homeostasis, deliveries of ADSC-derived
exosomes into HFD-fed mice also facilitated WAT metabolic
homeostasis, including reduction in adipocyte hypertrophy
and WAT beiging responsible for energy expenditure. Cold-
induced M2 macrophages could express TH that catalyzes
the production of catecholamine, thereby driving beiging of
WAT (14,15). In this study, we showed that macrophages
educated by ADSC-derived exosomes also expressed high
levels of TH, which might drive WAT beiging and facilitate
energy expenditure under the circumstances of long-term
HEFD. As progenitor cells of adipocytes, ADSCs account for
de novo adipogenesis and contribute to the healthy expan-
sion of WAT through adipocyte hyperplasia rather than
adipocyte hypertrophy (40). So, ADSC self-renewal and am-
plification driven by exosome-educated Arg-1"¢"
phages would be another contributor to WAT metabolic
homeostasis. Meanwhile, amounts of lactate from rapidly
proliferated ADSCs also contributed to UCP1 expression
and WAT beiging in HFD-fed mice treated with ADSC-
derived exosomes. Therefore, ADSC-derived exosomes engen-
der beneficial effects on both systemic metabolic improvement
and resistance to obesity progression (Fig. 7I). Furthermore,
exosome treatment in HFD-fed mice also increased the
expression of PGCla and CPT1S in brown adipose tissue
(Supplementary Fig. 7), which could further promote energy
expenditure and obesity resistance.

Exosomes possess desirable characteristics like nanome-
ter size, capsuled membrane, and cell/tissue-specific hom-
ing, thereby functioning as providers of biologically active
molecules and efficient vehicles to deliver these molecules
to appropriate targets (25,26). In this study, the use of
ADSC-derived exosomes in obesity treatment is more
than a compensation for physiological functions of ADSCs
in supporting WAT homeostasis; more importantly, it is a
simple, efficient, cell-free therapy that can avoid the risk of
neoplasia caused by ADSC supplement. Because obesity or
diabetes could decrease ADSCs or impair their capacity for
anti-inflammation and wound healing (21,49,50), the pro-
duction and bioactivities of exosomes from these ADSCs
would be influenced, thus increasing the risk for immune
or metabolic disorders. Therefore, it is necessary to use
ADSCs from healthy individuals for exosome isolation. Fur-
thermore, there are still some unanswered questions that
may limit the use of ADSC-derived exosomes in clinical
translation. Firstly, the dosage of exosomes used in this
study is possibly outside the physiological range that may
elicit undesirable effects. Secondly, various cargos carried by
exosomes may target different cells or tissues, producing
either physiological or pathological effects. Thus, the poten-
tial toxicity of exosomes should be further evaluated. The
route and frequency of exosome administration also need

macro-
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to be considered. Collectively, our findings propose an im-
portant exosome-mediated cross talk between ADSCs and
macrophages that facilitates the immune and metabolic ho-
meostasis in WAT, shedding light on the potential of exo-
some-based therapeutic approach for treating obesity and

diabetes.
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