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Abstract Obesity has been known to negatively modulate the life-span and immunosuppressive poten-

tial of mesenchymal stromal cells (MSC). However, it remains unclear what drives the compromised

potency of obese MSC. In this study, we examined the involvement of adiponectin, an adipose tissue-

derived hormone, in obesity-induced impaired therapeutic function of MSC. Diet-induced obesity leads

to a decrease in serum adiponectin, accompanied by impairment of survival and immunomodulatory ef-

fects of adipose-derived MSC (ADSC). Interestingly, priming with globular adiponectin (gAcrp)

improved the immunomodulatory potential of obese ADSC. Similar effects were also observed in lean

ADSC. In addition, gAcrp potentiated the therapeutic effectiveness of ADSC in a mouse model of

DSS-induced colitis. Mechanistically, while obesity inhibited the glycolytic capacity of MSC, gAcrp

treatment induced a metabolic shift toward glycolysis through activation of adiponectin receptor type

1/p38 MAPK/hypoxia inducible factor-1a axis. These findings suggest that activation of adiponectin
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signaling is a promising strategy for enhancing the therapeutic efficacy of MSC against immune-mediated

disorders.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mesenchymal stromal cells (also known as mesenchymal stem
cells, MSC) are classified as multipotent stem cells ubiquitously
present in adult tissues, including adipose tissue and bone
marrow1. Due to their multilineage differentiation capacity, MSC
have long received great attention in tissue engineering and
regenerative medicine. In addition, there has recently been huge
interest in the robust immunomodulatory properties of MSC,
making them an emerging treatment option for inflammatory and
autoimmune disorders2. However, it should be noted that immu-
nosuppression is not an intrinsic characteristic of MSC. High
plasticity allows MSC to display distinct phenotypes and function
in a disease microenvironment-dependent manner3. For example,
pro-inflammatory cytokines, such as TNFa, IFNg, and IL1b, have
been reported to activate the immunosuppressive phenotype and
enhance the anti-inflammatory potency of MSC4. Therefore,
optimization of MSC therapy will require an understating of the
various factors in disease microenvironment that affect the func-
tional attributes of MSC.

Obesity, a metabolic disorder characterized by adipocyte hyper-
plasia and hypertrophy, has a significant impact on the local and
systemic environment through the excessive production of
pro-inflammatory cytokines/adipokines and aberrant recruitment of
immune cells to dysfunctional adipose tissue5. Notably, obese
microenvironment has been shown to negatively modulate the life-
span and pleiotropic functions of MSC6e8. Recent evidence also
suggests that MSC derived from obese individuals are ineffective in
the treatment of inflammation-associated conditions9,10. Given the
physiological role ofMSCas regulators of inflammatory and immune
responses, certain obesity-associated complications, such as low-
grade chronic inflammation, may be ascribed to dysfunction of
MSC. However, it remains unclear which components in obese
environment are responsible for the compromised potency of MSC.
Furthermore, although numerous strategies have been developed to
enhance the therapeutic potential ofMSC, little has beenknownabout
the restoration of immunomodulatory properties of obese MSC.

Adipokines, a group of hormones derived from adipose-tissue,
play diverse roles in the modulation of metabolism, energy
expenditure, inflammation, and cardiovascular function11. In
obese individuals, production of adipokines by adipose tissue
becomes dysregulated, leading to elevated levels of pro-
inflammatory adipokines but decreased expression of anti-
inflammatory adipokines12. Adiponectin, whose expression is
markedly downregulated during obesity, has received considerable
attention owing to its key role in the control of metabolic ho-
meostasis13. Recently, increasing evidence has suggested that
adiponectin signaling regulates the fate and function of MSC.
Indeed, adiponectin was found to support the survival of bone
marrow MSC (BM-MSC) under unfavorable culture conditions
such as hypoxia and serum deprivation through suppression of
apoptotic cell death14. Moreover, adiponectin increased the
resistance of BM-MSC to flow shear stress, which may have po-
tential benefits in the improvement of MSC viability upon cardiac
transplantation15. Intriguingly, the effectiveness of MSC therapy
in the treatment of heart failure was reported to be dependent on
the serum levels of adiponectin16. Furthermore, adiponectin
signaling has been thought to critically contribute to the balance of
osteogenesis/adipogenesis in MSC17,18.

Although accumulating evidence supports various benefits of
adiponectin in the survival and functional potency of MSC, the
role of adiponectin in the modulation of anti-inflammatory and
immunosuppressive functions in MSC is under-investigated.
Likewise, the possible linkage between impaired adiponectin
signaling and dysfunction of MSC during obesity remains elusive.
Therefore, the present study aimed to investigate the effect of
adiponectin on the survival and immunomodulatory function of
adipose-derived MSC (ADSC) and to further determine whether
dysregulated adiponectin is responsible for the impaired properties
of MSC during obesity. We observed that adiponectin improved
the immunomodulatory functions of ADSC by upregulating cell
adhesion molecules, enhancing the production of soluble immu-
nomodulators, and increasing cell viability under an inflammatory
microenvironment. Interestingly, adiponectin restored the
compromised immunomodulatory potency of obese ADSC in vitro
and in mice with DSS-induced colitis. We also demonstrated that
adiponectin potentiated the survival and function of lean and
obese ADSC through cellular metabolic reprogramming toward
aerobic glycolysis, mediated via activation of the Adiponectin
receptor type1 (AdipoR1)/p38 MAPK/HIF1a signaling pathway.

2. Materials and methods

2.1. Chemicals and reagents

All reagents for cell culture were provided by Hyclone Labora-
tories (South Logan, UT, USA). Recombinant globular adipo-
nectin (gAcrp; #450e21) was acquired from PeproTech (Rocky
Hill, NJ, USA). PX-478 (#HY-10231) and NS-398 (#HY-13913)
were purchased from MedChemExpress LLC (Monmouth Junc-
tion, NJ, USA). Nu-Nitro-L-arginine methyl ester (L-NAME;
#N5751) was provided by SigmaeAldrich (St. Louis, MO, USA).
TNFa (#575202) and IFNg (#575304) were procured from
BioLegend (San Diego, CA, USA). Oligomycin (#11341) and 2-
deoxy-D-glucose (#14325) were purchased from Cayman Chemi-
cal (Ann Arbor, MI, USA). SB203580 (#1202) and SP600125
(#1496) were obtained from Tocris Bioscience (Bristol, UK).
U0126 (#9903) was procured from Cell Signaling Technology Inc
(Beverly, MA, USA).

2.2. Animals

C57BL/6 mice (5- to 7-week-old) were purchased from Orient
Ltd. (Osan, Republic of Korea). All animal experiments were
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performed in adherence to the guidelines of the Yeungnam Uni-
versity Institutional Animal Care and Use Committee (IACUC).
The experimental protocols were reviewed and approved by the
Yeungnam University IACUC (Protocol number: 2022e015).

2.3. Isolation, culture, and characterization of ADSC

For isolation of mouse ADSC, inguinal adipose tissues were
collected from 5- to 7-week-old C57BL/6 mice, followed by
digestion with 0.1% collagenase P (#11213873001; Roche,
Mannheim, Germany) in HBSS for 1 h at 37 �C with gentle
shaking. The stromal vascular fraction (SVF) was then separated
by centrifugation and treated with 1 � RBC lysis buffer to
eliminate red blood cells. Cells from SVF were cultured in com-
plete alpha-MEM. After overnight incubation, non-adherent cells
were removed, and adherent cells were cultured until 80% con-
fluency. The phenotype of the isolated ADSC was confirmed
based on the positive expression of surface markers, including
CD105, CD90, CD29, Sca-1, and CD44, and negative expression
of CD11b, CD45, and CD34 (Supporting Information Fig.
S1AeS11H). Multipotency of the isolated ADSC was further
demonstrated by adipocyte (Fig. S1I), osteoblast (Fig. S1J), and
chondrocyte (Fig. S1K) differentiation capacity using a Mouse
Mesenchymal Stem Cell Functional Identification Kit (#SC010;
R&D systems, Minneapolis, MN, USA).

Human ADSC (#STC002) were obtained from Stemore (Seoul,
Republic of Korea). Mouse and human ADSC were routinely
cultured in alpha-MEM containing 10% fetal bovine serum and
1% penicillin/streptomycin. Cells at passages between 3 and 5
were used for experiments.

2.4. Splenocyte/T cell isolation, activation, pre-licensing, and
coculture with ADSC

Splenocytes were isolated from the spleen of 5- to 7-week-old
C57BL/6 mice. Briefly, fresh spleens were minced into small
pieces before being mashed through a 40-mm cell strainer. Cells
were then treated with 1 � RBC lysis reagent to obtain spleno-
cytes. In some experiments, pan CD3þ T cells were purified from
total splenocytes using a mouse CD3 T Cell Isolation Kit
(#480023; BioLegend) according to the manufacturer’s
instructions. Splenocytes were first incubated with the biotin
antibody cocktail, followed by further incubation with magnetic
streptavidin nanobeads (15 min each on ice). The beads were
separated from the CD3þ cell suspension using a magnet. To
monitor the proliferation of splenocyte/T cells, cells were
fluorescent-labeled by incubation with 5 mmol/L of CFSE (#65-
0850-84; Thermo Scientific, Waltham, MA, USA) for 10 min at
room temperature. Splenocytes and T cells were cultured in RPMI
media containing 10% FBS, 1% penicillin/streptomycin, and
50 mmol/L of 2-mercaptoethanol and activated with 1 mg/mL of
phytohemagglutinin-L (#00-4977-93; ThermoScientific) or
Dynabeads Mouse T-Activator CD3/CD28 (#11456D; Thermo
Scientific) in the presence of 10 ng/mL of recombinant IL-2
(#575402; BioLegend).

For co-culture with splenocytes/T cells, ADSC were seeded in
24-well plates at different densities. After overnight incubation,
cells were treated with gAcrp (0.1e1 mg/mL) for different periods
in the serum-reduced media (containing 0.5% FBS). Cells were
then washed three times with PBS to remove gAcrp trace before
splenocytes/T cells (106 cells) were seeded into culture wells
containing ADSC to obtain ADSC/splenocyte (or ADSC/T cells)
ratios ranging from 1:5 to 1:80 depending on the experiments. The
co-culture system was maintained in complete RPMI 1640 media
containing lymphocyte activators, as described above.

2.5. Flow cytometry analysis

For staining the surface markers, cells were incubated with
fluorescent-conjugated antibodies for 15 min on ice, followed by
three washes with flow cytometry buffer (PBS containing 1% BSA).
For detection of intracellular antigens, cells were fixed and per-
meabilized using the transcription-factor staining buffer (#00-5523-
00; Thermo Scientific) before further incubation with fluorescent-
conjugated antibodies for 30 min at room temperature. The anti-
bodies used for flow cytometry analysis were APC anti-mouse CD3
(#100236), PE anti-mouse CD4 (#100408), FITC anti-mouse CD4
(#100405), Percyp-Cy5.5 anti-mouse CD8a (#155013), Percyp-
Cy5.5 anti-mouse MHC-II (#116415), APC-cy7 anti-mouse/human
CD11b (#101225), APC anti-mouse CD11c (117309), PE anti-
mouse F4/80 (157303), APC anti-mouse PD-L1 (#124311), PE
anti-mouse ICAM-1 (#116107), and APC anti-Foxp3 antibody
(#MA5-16224). All these antibodies were purchased from
BioLegend, except for the APC anti-Foxp3 antibody procured from
Thermo Scientific (Waltham, MA, USA).

The proliferation rates of splenocytes/T cells were determined
by CFSE dilution assay. After co-culture with ADSC, CFSE-
labeled splenocytes/T cells were collected, stained with APC anti-
CD3 antibody, and subjected to flow cytometry analysis. Live
single CD3þ cells were included in the final analysis. All flow
cytometry experiments were performed with BD FACSCalibur or
BD FACS Verse (BD Biosciences, San Jose, CA, USA) and pro-
liferation index was calculated using Flowjo 7.6 software.

2.6. Cell viability assay

Cells were seeded in a 96-well plate at a density of 5000 cells/
well. After overnight incubation, cells were treated as indicated in
alpha-MEM containing 0.5% FBS. Finally, 20 mL of MTS reagent
(#G3580; Promega Corporation, Madison, WI, USA) was directly
added to the culture media. Cells were then incubated for further
2 h and absorbance was acquired at 490 nm using a microplate
reader (BMG Labtech Inc., Ortenberg, Germany).

2.7. Measurement of ADP/ATP ratio

The ADP/ATP ratio was determined using ADP/ATP Ratio Assay
Kit obtained from SigmaeAldrich (#MAK135). Upon the indicated
treatments, culture media were first replaced with ATP reagent and
luminescence was read after 1 min (RLUA) and 10 min (RLUB) of
incubation. ADP reagent was then added to culture wells, followed
by measuring the luminescence after 1 min of incubation (RLUC).
The ADP/ATP was calculated as (RLUC e RLUB)/RLUA.

2.8. Caspase-3 activity measurement

Caspase-3 activity was determined using a caspase-3/7 assay
system (#G8091; Promega Corporation) according to the manu-
facturer’s instructions. At the end of the treatment period, the
luminogenic substrate Ac-DEVD-pNA was added to the cells in a
96-well white plate. The resultant luminescence produced from
the cleavage of Ac-DEVD-pNA by caspase-3 was measured using
a Spark™ 10 M multimode microplate reader (Tecan, Mannedorf,
Switzerland).
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2.9. Annexin V binding assay

Apoptotic cell death was determined using the Annexin V binding
assay as previously described19. After treatments as indicated,
cells were collected by trypsinization, followed by incubation with
a staining solution containing FITC Annexin V (1 mg/mL) and
7-AAD (2.5 mg/mL) in binding buffer for 15 min at room tem-
perature. The cells were then subjected to FACS analysis.
Apoptotic cell populations were identified as FITC-positive or
FITC/7-AAD-double positive.

2.10. Cell cycle analysis

Cells were seeded in a 60-mm dish at a density of 1.5 � 105 cells/
dish. The treatments were performed in culture media containing
10% FBS. Cells were collected by trypsinization and fixed with
70% ice-cold ethanol for 2 h on ice. Subsequently, the cells were
incubated with propidium iodide solution (50 mg/mL) containing
RNAse I (550 U/mL) (#ab139418; Abcam, Cambridge, MA,
USA) for 20 min at room temperature before being analyzed using
flow cytometry in combination with Flowjo 7.6 software.

2.11. Immunocytochemistry (ICC)

Subcellular localization of HIF1a was examined by ICC, as
described previously20. Cells were fixed with 4% para-
formaldehyde and permeabilized with 0.2% Triton-X100, fol-
lowed by sequential incubation with a primary antibody against
HIF1a (#NB100-479; Novus Biologicals, Centennial, CO, USA)
and Alexa fluor 488 conjugated secondary antibody (#ab150077;
Abcam). The nuclei were counterstained with DAPI. Images were
acquired using a confocal microscope (Confocal microscope A1,
Nikon, Tokyo, Japan).

2.12. Western blot analysis

Total cellular extracts were prepared using RIPA buffer (#89900;
Thermo Scientific) containing a protease inhibitor cocktail, and
protein concentrations were quantified using a BCA protein assay
kit (#23227; Thermo Scientific). Sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis and immunoblotting analysis
were carried out as previously described21. Briefly, equal amounts
of proteins were resolved on SDS polyacrylamide gel by elec-
trophoresis before being transferred to a PVDF membrane. The
membranes were then sequentially incubated with a primary
antibody (4 �C, overnight) and an HRP-conjugated secondary
antibody (room temperature, 1 h). The resultant immunocom-
plexes were detected by an enhanced chemiluminescent (ECL)
system (#34580; Thermo Scientific) using the Fujifilm LAS-4000
mini (Fujifilm, Tokyo, Japan).

Antibodies used for Western blot analysis were as follows:
anti-AdipoR1 (#Sc518030), anti-AdipoR2 (#Sc514045), and anti-
cyclin D1 (#Sc753) from Santa Cruz Biotechnology (Dallas, TX,
USA); anti-HIF1a (#NB100-479) from Novus Biologicals; anti-b-
actin (#MA5-15739) and anti-phospho-CK2 beta (#44-1090G)
from Thermo Scientific; anti-CK2 beta from ABclonal Inc.
(Woburn, MA, USA) (#A14722) anti-phospho-JNK (#9251), anti-
JNK (#9258), anti-phospho-ERK (#4370), anti-ERK (#4695),
anti-phospho-p38 MAPK (#9215), anti-p38 MAPK (#9212), anti-
Bax (#5023), anti-Bcl2 (#3498), anti-cleaved caspase-3 (#9664),
anti-mouse IgG (#7076), and anti-rabbit IgG (#7074) from Cell
Signaling Technology Inc. (Beverly, MA, USA).
2.13. Transient knockdown with small interfering RNA (siRNA)

The cells were grown to a density of 50%e60% confluency.
Transfection complexes of a target-gene specific siRNA or a
scramble control siRNA were prepared using Lipofectamine
RNAiMAX Transfection Reagent (#13778150; Thermo Scientific)
according to the manufacturer’s recommendations. Gene silencing
efficiency was monitored by Western blot or flow cytometry anal-
ysis after 24e48 of transfection. All siRNA duplexes were designed
and synthesized by Bioneer (Daejeon, Republic of Korea), and their
sequences presented in Supporting Information Table S1.

2.14. Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was extracted using Qiazol lysis reagent (#79306;
Qiagen, Hilden, Germany). Complementary DNA (cDNA) was
synthesized from total RNA (1 mg) using GoScript Reverse Tran-
scriptase (#A5000; Promega Corporation). Relative gene expression
was analyzed by quantitative PCR using the ABsolute qPCR SYBR
Green Capillary Mix (#AB1285B; Thermo Scientific) in combi-
nation with a Roche LightCycler 2.0 (Mannheim, Germany). 18 S
rRNA was used as a loading control. The primers used for PCR
were synthesized by Bioneer. The sequences are shown in Table S1.

2.15. Measurement of nitrite/nitrate production and
prostaglandin E2 (PGE2) release

Nitrite/nitrate, stable metabolites of nitric oxide (NO), and PGE2
were measured in culture media of ADSC monoculture or ADSC/
splenocyte coculture. Nitrite/nitrate levels were determined using a
Griess reagent system (#G2930; Promega Corporation). Briefly,
culture media (50 mL) were mixed and incubated with an equal
volume of sulfanilamide solution for 10 min, followed by addition of
50 mL of N-1-naphthylethylenediamine dihydrochloride (NED) so-
lution to the reaction mixture. The formation of azo products was
monitored bymeasuring the absorbance at 550 nm. PGE2 levels were
determined using a PGE2 ELISA kit (#ADI-901-001; Enzo Bio-
chem, Inc., Farmingdale, NY, USA) according to the manufacturer’s
guidelines. The nitrite/nitrate and PGE2 levels were calculated based
on the standard curve prepared under the same conditions.

2.16. Measurement of oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR)

OCR and ECAR were monitored using the Extracellular Oxygen
Consumption Assay Kit (#ab197243; Abcam) and Glycolysis
Assay kit (#ab197244; Abcam), respectively. The cells were
seeded in a 96-well black plate at a density of 3 � 104 cells/well.
For OCR measurement, 10 mL of Extracellular O2 Consumption
Reagent was added to the fresh cell culture media, followed by
sealing with 100 mL of high-sensitivity mineral oil. Fluorescence
intensity was recorded at 380/650 nm every 90 s for 1 h. For
determination of ECAR, 10 mL of Glycolysis Assay Reagent was
added to the cells in the respiration buffer. ECAR was monitored
by measuring the fluorescence intensity at 380/615 nm every 90 s
for 1 h. The OCR and ECAR values were calculated as the slopes
of fluorescence intensity versus time.

2.17. Generation of high-fat-diet (HFD) induced obese mice

To induce obesity, C57BL/6 mice were fed a high-fat diet (HFD)
(60% fat, D12492), while lean mice were fed a standard diet.
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Body weight was monitored weekly. Serum adiponectin and leptin
levels were measured at different time points throughout the study.
HFD feeding was maintained until significant changes in body
weight and serum leptin/adiponectin levels were observed. At the
end of the study, mice were sacrificed, and inguinal adipose tissues
were collected for isolation of ADSC.

2.18. Determination of serum leptin and adiponectin levels

Serum adiponectin and leptin levels were measured in lean and
obese mice using commercial ELISA kits for mouse adiponectin/
Acrp30 (#DY1119) and mouse leptin (#DY498-05, R&D Systems
(Minneapolis, MN, USA)). Briefly, blood samples were collected
from tail veins. The serum was separated by centrifugation,
appropriately diluted, and added into a high-binding 96-well plate
precoated with a capture antibody. After incubation for 2 h, the
sample solution was replaced with a solution containing detection
antibody. The immunocomplexes were then conjugated with
streptavidin-HRP and detected using TMB substrate (#421101;
BioLegend). The concentrations of adiponectin and leptin were
calculated from standard curves prepared using mouse recombi-
nant adiponectin and leptin, respectively.

2.19. Development of DSS-induced colitis mouse model

Colitis was induced in 7-week-old C57BL/6 mice by adminis-
tration of 3% DSS in drinking water for 7 days. Colitis mice were
divided into five groups containing six mice in each group and
received one of the following treatments: (1) ADSC from lean
mice (lean ADSC); (2) ADSC from obese mice (obese ADSC); (3)
lean ADSC modified by incubation with gAcrp for 6 h; (4) obese
ADSC modified by incubation with gAcrp for 6 h; (5) PBS (dis-
ease control). In all treatments, ADSC were administered twice
(on Days 1 and 3 after colitis induction) via peritoneal injection
(3 � 106 cells per injection). Lean and obese ADSC were isolated
from normal mice and HFD obese mice, as described above.

The mice were monitored daily for body weight changes and
pathological signs, including diarrhea and rectal bleeding. Disease
activity index (DAI) was calculated based on body weight loss,
stool consistency, and bleeding severity as previously described22.
On Day 9, mice were sacrificed, and colon tissue, spleen, and
mesenteric lymph nodes were collected. Subsequently, single cells
prepared from spleen and mesenteric lymph nodes were used for
characterization of T regulatory cell (Treg) population by flow
cytometry analysis. A part of the colon tissue was digested with
collagenase P solution (0.1%, w/v) containing 0.1 mg/mL of
DNAse I (#11284932001; Roche), and the resultant single cells
were subjected to analyses of T cells, dendritic cells, and mac-
rophages using flow cytometry. Other parts of the colon tissues
were used for gene expression analyses by RT-qPCR, measure-
ment of myeloperoxidase (MPO) activity, and histopathological
examination.

2.20. Histopathological examination

Distal colon tissues were collected from all animals and kept in
4% paraformaldehyde for 24 h at 4 �C, followed by immersion in
a 30% sucrose solution. Colon sections (20-mm thick) were pre-
pared using a freezing sliding microtome (Microm HM 450,
Thermo Scientific). After mounting on a gelatin-coated slide, the
sections were sequentially stained with hematoxylin and eosin
(H&E staining) using an H&E stain kit (#H-3502) from Vector
Laboratories Inc. (Burlingame, CA, USA). Images were finally
acquired using a light microscope (BX41 TF, Olympus, Tokyo,
Japan). The histological score was calculated based on a grading
scale as previously described23.

2.21. Myeloperoxidase (MPO) activity assay

Colonic infiltration of neutrophils was examined by MPO activity
assay. Colon tissue (10 mg) was homogenized in phosphate buffer
(50 mmol/L) containing 0.5% hexadecyltrimethylammonium bro-
mide using mechanical and ultrasonic homogenizers. After
removing cell debris by centrifugation, tissue homogenates (50 mL)
were mixed with 200 mL of 0.5 mmol/L o-dianisidine solution
(#D3252; SigmaeAldrich) containing 0.0001% H2O2 in a 96-well
plate. The absorbance at 450 nm was monitored every 1 min for
5 min. The MPO activity was determined as the change in absor-
bance versus time according to a previously described method23.

2.22. Measurement of ADSC colonic engraftment

For in vivo cell tracking, fluorescent labeling of ADSC was per-
formed by incubating cells with 5 mmol/L of DiR (1,10-dio-
ctadecyl-3,3,30,30-tetramethylindotricarbocyanin iodide) for
15 min at 37 �C as previously described24. On Day 3 of colitis
induction, DiR-labeled ADSC (3 � 106 cells) were administered
to DSS-pretreated mice via intraperitoneal injection. After 48 h of
treatment, colon tissues were isolated from all mice and the im-
ages were immediately acquired using IVIS Lumina III In Vivo
Imaging System (PerkinElmer Inc., Waltham, MA, USA).
Furthermore, single cells from colon tissues prepared as described
above were subjected to flow cytometry analysis to determine the
proportion of DiR positive cells.

2.23. Statistical analysis

All experiments were repeated at least three times. Data are
expressed as mean � standard error (SE). Statistical analyses were
carried out with GraphPad Prism 8.02 (San Diego, CA, USA).
Significant differences were indicated using one-way analysis of
variance (ANOVA) or t-test (where only two conditions were
compared). P values below 0.05 were considered to be statistically
significant.

3. Results

3.1. Adiponectin enhances immunosuppressive potency of
adipose-derived mesenchymal stem cells (ADSC) and restores
obesity-induced impaired immunomodulatory function of ADSC

ADSC are known to modulate immune responses through suppres-
sion of lymphocyte proliferation. To investigate the effect of adipo-
nectin on immunosuppressive potency of ADSC, we co-cultured
control ADSC or globular adiponectin (gAcrp)-modified ADSCwith
splenocytes stimulated with phytohemagglutinin-L (PHA-L), a
potentmitogen for lymphocytes.As shown inFig. 1A,proliferation of
splenocyteswas significantly suppressed by co-culturewithADSC at
ADSC/splenocyte ratios of 40 or lower. Importantly, gAcrp-
preconditioned ADSC were superior to the control ADSC in sup-
pressing splenocyte proliferation. To optimize the gAcrp priming
condition for enhancing the immunosuppressive effect of ADSC,
ADSC were stimulated with different concentrations of gAcrp for



Figure 1 Effects of globular adiponectin on the immunomodulatory function of ADSC. (A) ADSC were seeded in a 24-well plate at different

densities (0.125 � 105 to 2 � 105 cells/well) and pretreated with globular adiponectin (gAcrp) for 6 h, followed by coculturing with CFSE-labeled

splenocytes (106 cells/well). Proliferation of lymphocytes was induced by supplementation of 1 mg/mL of PHA-l into coculture media. After 4

days of coculture, non-adherent cells were stained with an APC-conjugated anti-CD3 antibody and subjected to FACS analysis. Live and CD3-

positive cell populations were selected for CFSE dilution analysis. (B) ADSC were preconditioned with different concentrations of gAcrp before

coculturing with splenocytes at ADSC/splenocytes of 1:20 and 1:40. Proliferation of splenocytes was measured as described above. (C) ADSC

were treated with 1 mg/mL of gAcrp for different time durations. At the end of treatment period, splenocytes were added into culture wells

containing ADSC with a fixed ADSC/splenocytes ratio of 1:20. Lymphocyte proliferation was determined by CFSE dilution assay. (D) ADSC

were incubated with 1 mg/mL of gAcrp for 6 h, followed by coculture with CFSE-stained mouse CD3þ pan T cells (ADSC/splenocytes ratio of

1:20). T cells were activated with anti-CD3/CD28 beads in presence of IL-2 (10 ng/mL). The growth of T cells was examined after 4 days of

coculture. (E) Mouse ADSC were stimulated with gAcrp (1 mg/mL, 6 h), followed by coculturing with non-labeled splenocytes for 4 days.

Subsequently, splenocytes were subjected to immunofluorescent staining for anti-CD4 (FITC), CD25 (PE) and Foxp3 (APC). Dead cells were

excluded by staining with a fixable viability dye. The proportion of CD25/Foxp3 double positive cell population among live and CD4-positive

cells was determined. (F) C57BL/6 mice were fed with high-fat diet (HFD) for 12 weeks. After collection of blood samples from obese and lean

mice, serum adiponectin was measured by ELISA. (G, H) ADSC derived from lean and obese mice were pretreated with gAcrp (1 mg/mL, for 6 h)

and cocultured with CFSE-labeled splenocytes. PHA-stimulated lymphocyte proliferation was analyzed using CFSE dilution assay. *P < 0.05

compared to indicated groups; n Z 3 or n Z 13 for Fig. 1F.
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different durations prior to co-culture with splenocytes. The effect of
gAcrp on immunomodulatory function of ADSC was found to be
dose-dependent in a dose range between 0.1 and 1.0mg/mL (Fig. 1B).
Moreover, pretreatment ofADSCwith gAcrp for 6 hwas sufficient to
produce an optimal stimulating effect on the immunosuppressive
potential of ADSC (Fig. 1C).We next askedwhether preconditioning
was essential for the enhancement of ADSC immunosuppressive
effects by adiponectin. Intriguingly, while adiponectin itself did not
affect the proliferation of splenocytes, the supplementation of adi-
ponectin into the ADSC-splenocyte co-culture system without pre-
licensing also drastically inhibited PHA-induced lymphocyte
growth (Supporting InformationFig. S2), implying that priming is not
compulsory to enhance the immunomodulatory effects of ADSC by
adiponectin. The role of adiponectin signaling in the immunomodu-
latory function of ADSC was further confirmed in an ADSC-T cell
co-culture system, in which anti-CD3/anti-CD28 antibody-stimu-
lated T cell proliferation was more potently suppressed by gAcrp-
modified ADSC than in control ADSC (Fig. 1D). In addition,
enhanced suppression of T cell proliferation by gAcrp pretreatment
was observed in human ADSC (Supporting Information Fig. S3),
suggesting that adiponectin signaling modulates the immunomodu-
latory function of both mouse and human ADSC.

ADSC have been postulated to modulate immune responses
partly through the induction of regulatory T cells (Treg). Hence, we
examined the effect of control and gAcrp-modified ADSC on the
proportion of Treg population in ADSC-splenocyte co-culture. As
expected, Treg population was significantly enriched in the ADSC-
splenocyte coculture compared to that in splenocytes alone, which
was further enhanced by pretreatment of ADSC with gAcrp
(Fig. 1E). To further verify the Treg-inducing effect of gAcrp-
modified ADSC, we co-cultured pan T cells with ADSC and
determined the alterations in the gene expression of T cells.
Consistent with Treg induction, T cells co-cultured with gAcrp-
modified ADSC increased the expression of Treg markers,
including Foxp3, IL-10, and TGFb, but not other functional markers
of T cells, such as TNFa and IFNg (Supporting Information Fig. S4).

MSC derived from obese individuals exhibit morphological
and functional abnormalities, which limits their therapeutic
effectiveness. Given that adiponectin levels are decreased in obese
individuals25, dysregulated adiponectin signaling could be
involved in dysfunction of MSC during obesity. To verify this
hypothesis, we examined whether adiponectin restores the
compromised function of MSC derived from the obese. For this
purpose, we prepared high-fat diet (HFD)-induced obese mice.
After 12 weeks of HFD feeding, obesity was confirmed by the
overweight and elevated serum leptin levels (Supporting Infor-
mation Fig. S5). Moreover, obese mice had significantly lower
serum adiponectin levels than lean counterparts (Fig. 1F). Notably,
obese ADSC exhibited a compromised immunosuppressive ca-
pacity, as evidenced by decreased suppressive effect on lympho-
cyte proliferation (Fig. 1G). Intriguingly, pre-licensing with gAcrp
restored the dysregulated function of obese ADSC on suppressing
lymphocyte proliferation (Fig. 1H). Collectively, these data
demonstrated that adiponectin signaling leads to enhanced
immunomodulatory effects of both lean and obese ADSC.

3.2. Adiponectin enhances the therapeutic effectiveness of lean
and obese ADSC in DSS-induced colitis mouse model

The stimulatory effects of adiponectin on the anti-inflammatory
and immunomodulatory potential of ADSC were validated in vivo
in a DSS-induced colitis mouse model. In this model, colitis mice
were treated with two intraperitoneal doses of lean ADSC, obese
ADSC, gAcrp-primed lean ADSC, or gAcrp-primed obese ADSC
(Fig. 2A). The severity of colitis was evaluated through body
weight loss, colonic macroscopic and histological examination, as
well as inflammation and immune response-related markers. As
expected, administration of lean ADSC markedly ameliorated
colitis symptoms, including body weight loss (Fig. 2B), disease
activity index (Fig. 2C), colon shortening (Fig. 2D), and elevated
MPO activity (Fig. 2E). Conversely, treatment with obese ADSC
showed to be ineffective in the improvement of these pathological
markers. Intriguingly, preconditioning with gAcrp substantially
enhanced the therapeutic benefits of lean ADSC, but also restored
the effectiveness of obese ADSC against DSS-induced colitis
(Fig. 2BeE). Likewise, histological analysis also indicated that
gAcrp-primed lean and obese ADSC more potently protected the
damages in epithelial and crypt and suppressed colonic infiltration
of immune cells compared to lean and obese control ADSC
(Fig. 2F). Alterations in immune cell populations in the colon and
lymphoid tissues were further characterized by flow cytometry
analyses. While DSS-induced colitis led to downregulation of
Treg cells in the mesenteric lymph nodes and spleen, lean ADSC,
but not obese ADSC, drastically increased these cell populations
(Fig. 2G). In addition, priming with gAcrp further enhanced Treg
induction by lean ADSC, and restored the impaired effect of obese
ADSC on positive modulation of Treg population. DSS-induced
colitis is also characterized by high infiltration of CD4þ and
CD8þ T cells, macrophages, and dendritic cells into the colon
tissues. As expected, gAcrp pretreatment improved the suppres-
sive effects of lean and obese ADSC on colonic infiltration of
these immune cell populations (Fig. 2H and I). Consistent with
FACS analyses, the superiority of gAcrp-primed ADSC over
control ADSC in decreasing pro-inflammatory cytokines, such as
TNFa, IFNg, IL1b, IL6, and IL17, and increasing anti-
inflammation- and Treg-induction related markers, including
TGFb, IL10, and Foxp3 (Fig. 2J and Supporting Information
Fig. S6), were confirmed by RT-qPCR analysis. More importantly,
priming with gAcrp restored all these defective functions in obese
ADSC. Taken together, the present findings reveal that pre-
silencing with gAcrp is effective to enhance therapeutic efficacy
of lean and obese ADSC in the treatment of DSS-induced colitis.

3.3. Adiponectin increases immunosuppressive potency of
ADSC through promoting secretion of soluble factors and cell-to-
cell contact

It has been postulated that immunomodulatory activities of MSC
are mediated via secretome and/or contact-dependent inhibition26.
To elucidate the mechanism by which adiponectin enhances the
immunosuppressive effect of MSC, we examined the proliferation
of splenocytes in a Transwell-based co-culture system of
splenocyte-ADSC. As shown in Fig. 3A, ADSC co-cultured with
splenocytes through a Transwell insert significantly suppressed
splenocyte proliferation, confirming the non-contact lymphocyte
inhibition ability of ADSC. Notably, while adiponectin enhanced
the lymphocyte suppressive activity of ADSC in the Transwell-
based co-culture, this enhancement was drastically lower than
that in the direct co-culture. These findings suggest that adipo-
nectin increases immunoregulatory potency of ADSC through
both cell-to-cell contact and stimulating the secretion of soluble
factors. To further verify this notion, we examined the effect of
adiponectin on the expression of immunomodulation-related
genes and found that adiponectin upregulated the expression and



Figure 2 Therapeutic effectiveness of lean and obese ADSC modified with globular adiponectin against DSS-induced colitis. (A) Experiment

scheme for the in vivo study. Colitis was induced in C57BL/6 mice by administration of 3% DSS in drinking water for 7 days. Colitis mice

received one of the following treatments: PBS (DSS control), lean ADSC (L-DSC), gAcrp-modified lean ADSC (gAcrp-L-ADSC), obese ADSC

(Ob-ADSC), and gAcrp-modified obese ADSC (gAcrp-Ob-ADSC). All treatments were administered two times on Days 1 and 3 (3 � 106 cells

each dose) via intraperitoneal injection. On Day 9, mice were sacrificed, and colon tissues were collected for further investigations. (B) Body

weight was monitored throughout the study and changes in body weight compared to Day 0 were presented. (C) Disease activity index was

calculated based on the status of stool, bleeding, and body weight loss, as indicated in Methods. (D) Representative images of colon from each

group were presented (left panel). Colon lengths in each group were indicated in the bar graph (right panel). (E) MPO activity in colon tissues was

determined. (F) Colon tissues were subjected to H&E staining. Representative images for each group were presented (left panel) along with
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histological injury scores determined as described in Methods (right panel). (G) Single cells were isolated from spleens and mesenteric lymph

nodes (MLN) of all mice at the end of the study. Cells were then stained with anti-CD4 (FITC), anti-CD25 (PE), and anti-Foxp3 (APC) antibody.

Representative images for CD25þFoxp3hi population among CD4þ cells from each group were shown (left panel) along with the proportion of

Treg (right panel). (H, I) Colon tissues were digested with collagenase to obtain single cells. Cells were stained either with anti-CD3 (APC), anti-

CD4 (PE), and anti-CD8 (Percp-Cy5.5) antibody cocktail (H), or with anti-MHC-II (Percp-Cy5.5), anti-CD11b (APC-Cy7), anti-CD11c (APC),

and anti-F4/80 (PE) antibody cocktail (I). The percentage of CD4þ T cells (CD3þCD4þ population), CD8þ T cells (CD3þCD8þ population),

macrophages (CD11bþF4/80þ population), and dendritic cells (MHC-IIþCD11cþ population) among colon-derived single cells was determined

using FACS analysis. (J) The messenger RNA levels of indicated genes were measured in colon tissues by RT-qPCR and demonstrated in a figure

representing fold changes. The quantification data for each gene are presented in Fig. S6. *P < 0.05 compared to indicated groups; n Z 6.

Figure 3 Involvement of both soluble factors and cell-to-cell contact in modulating immunosuppressive potency of ADSC by globular adi-

ponectin. (A) ADSC were pretreated with gAcrp for 6 h, followed by coculturing with splenocytes (ADSC/splenocytes of 1:20) directly or through

a transwell insert to prevent cell-to-cell contact. PHA-stimulated lymphocyte proliferation was examined by CFSE dilution assay as described

above. (B) ADSC were treated with 1 mg/mL of gAcrp for indicated periods. The messenger RNA levels of immunomodulation-related genes

were measured by RT-qPCR and demonstrated in a figure representing the fold changes. Quantification data for each gene are presented in Fig. S7.

(CeE) ADSC were pretreated with gAcrp for 6 h, followed by further stimulation with TNFa (10 ng/mL) and IFNg (20 ng/mL) for 24 h (C) or

48 h (D, E). (C) Expression levels of Nos2, Cox2, Ptges, Icam1, and Cd274 were determined using RT-qPCR. (D, E) Nitrite/nitrate (D) and

prostaglandin E2 (PGE2) (E) levels in culture media were measured as described in the Methods. (F, G) ADSC were preconditioned with gAcrp

for 6 h, followed by coculturing with PHA-activated splenocytes. The concentrations of nitrate/nitrite (F) and PGE2 (G) in coculture media were

examined after 3 days of coculture. (H, I) ADSC were pretreated with gAcrp for 6 h and further stimulated with TNFa/IFNg for 24 h. Membrane

ICAM-1 (H) and PD-L1 (I) were determined by labelling with respective fluorophore-conjugated antibodies, followed by flow cytometry analysis.

(J) ADSC were treated with gAcrp for 6 h, followed by coculturing with PHA-activated splenocytes. NS-398 (10 mmol/L), a COX-2 inhibitor, and

L-NAME, an inhibitor of iNOS, were supplemented to coculture media. Lymphocyte proliferation rate was measured at Day 4 of coculture. (K)

ADSC were transfected with siRNA targeting Icam1 or Cd274. After 24 h, cells were treated with gAcrp for further 6 h and cocultured with PHA-

activated splenocytes for 4 days. Lymphocyte proliferation rate was finally monitored as described in Methods. (L) The mRNA levels of Nos2,

Cox2, Ptges, Icam1, and Cd274 were determined in ADSC derived from lean and obese mice with or without TNFa/IFNg stimulation. (M) Obese

ADSC were treated with gAcrp (1 mg/mL) for 6 h and the expression of indicated genes was measured by RT-qPCR. The knockdown efficiency of

ICAM-1 and PD-L1 was examined by flow cytometry analysis (Fig. S9). *P < 0.05 compared to indicated groups; n Z 3.
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secretion of various immunoregulatory factors, including iNOS
(Nos2), COX-2, mPGES-1 (Ptges), IL-6, and IL-10, as well as
membrane molecules, such as ICAM-1, VCAM-1, and PD-L1
(Cd274) (Fig. 3B and Supporting Information Fig. S7).

Pro-inflammatory cytokines, including TNFa and IFNg, have
been reported to activate immunosuppressive phenotype of MSC by
inducing immunomodulation-related gene expression. Herein, we
observed that adiponectin prominently increased the expression of
various immunomodulatory genes. Intriguingly, it also significantly
further enhanced the TNFa/IFNg-stimulated expression of iNOS,
COX-2, mPGES-1, ICAM-1, and PD-L1 (Fig. 3C), suggesting that
adiponectin induces immunomodulation-related genes under basal
and inflammatory conditions. Similar results were observed in
ADSC derived from obese mice. In this study, stimulatory effects of
obese-ADSC on immunomodulation-related genes in response to
TNFa/IFNg were lower than those of lean ADSC (Supporting In-
formation Fig. S8A) but was recovered by pre-licensing with gAcrp
(Fig. S8B). Consistent with the gene expression profile, adiponectin
increased the levels of nitrite/nitrate, stable metabolites of nitric
oxide (NO), and prostaglandin E2 (PGE2), an immunomodulator
generated by COX-2 andmPGES1, either in theADSCmonoculture
media (Fig. 3D and E) or in the co-culture media of ADSC and
activated splenocytes (Fig. 3F and G). The inducing effects of adi-
ponectin on membrane-located immuno-modulators, including
ICAM-1 and PD-L1, were also confirmed by flow cytometry ana-
lyses (Fig. 3H and I). Finally, inhibitors of iNOS and COX-2,
L-NAME and NS-398, abolished the suppressive effect of
adiponectin-modified ADSC on lymphocyte proliferation (Fig. 3J).
Moreover, gene silencing of ICAM-1 and PD-L1 also led to signif-
icant inhibition in the immunosuppressive effect of gAcrp-modified
ADSC (Fig. 3K). Finally, we found that the induction of iNOS,
COX2, mPGES-1, ICAM-1, and PD-L1 in response to TNFa/IFNg
stimulation was significantly impaired in obese ADSC compared
to lean counterpart (Fig. 3L). Importantly, gAcrp retained its
inducing effects on the expression of these genes in obese ADSC
(Fig. 3M). Taken together, these findings imply that adiponectin
potentiates the immunosuppressive activity of ADSC through
increased production of NO and PGE2 or enhanced cell-to-cell
contact through induction of membrane expression of ICAM-1
and PD-L1.

3.4. Adiponectin enhances ADSC survival under inflammatory
microenvironment

Previous studies have shown that adiponectin enhances the
viability of MSC under stressful conditions such as serum depri-
vation/hypoxia and flow shear stress14,15. Herein, we sought to
investigate the modulatory effect of adiponectin on ADSC survival
in an inflammatory microenvironment. We first confirmed that
gAcrp enhanced the viability of serum-deprived ADSC in a time-
dependent manner based on the MTS metabolic activity assay
(Fig. 4A). In addition, treatment with gAcrp protected ADSC from
serum-depletion-induced apoptosis (Fig. 4B), while it did not
significantly affect cell cycle progression (Supporting Information
Fig. S10), implying that adiponectin improves the viability of
ADSC through suppression of apoptosis. The suppression of
ADSC apoptosis by adiponectin was further verified by Western
blot and caspase-3 activity assays, in which gAcrp caused marked
downregulation of pro-apoptotic genes, including BAX and
cleaved caspase-3, but upregulation of the anti-apoptotic gene
BCL2 (Fig. 4C), and decreased caspase-3 activity in ADSC
(Fig. 4D). Moreover, the pro-survival effect of gAcrp was
observed in obese-derived ADSC. In this study, while obesity
induced a significant increase in the apoptotic levels of ADSC
under in vitro culture, gAcrp potently suppressed apoptosis of
obese-ADSC, in which the apoptotic death in these cells returned
to the levels similar to those of lean-ADSC (Fig. 4E).

To examine whether adiponectin promotes ADSC survival
under inflammatory stimulation, we next measured apoptotic cell
death in the presence of TNFa/IFNg. TNFa/IFNg supported the
survival of ADSC in a low-serum medium by suppressing
apoptosis (Supporting Information Fig. S11A). As corroborated
by a decrease in the proportion of Annexin V-positive cells,
gAcrp further suppressed the expression and activity of caspase-3
(Fig. S11B and S11C, respectively), as well as the regulation of
apoptosis-related proteins, BAX and BCL2 (Fig. S11B). Like-
wise, gAcrp significantly decreased apoptotic ADSC population
after three days of coculture with activated splenocytes (Fig. 4F).
The enhancement of cell viability by gAcrp under inflammatory
milieu was finally verified in DSS-induced colitis mice using
fluorescent labeling technique in combination with in vivo im-
aging. Peritoneal injection of ADSC induced the subsequent
colonic migration and engraftment. Interestingly, priming with
gAcrp led to an increase in the number of colon engrafted ADSC
(Fig. 4G). The flow cytometry analysis was then confirmed that
the proportion of live ADSC in colon tissues after 48 h of
transplantation was significantly higher in gAcrp-primed lean and
obese ADSC compared to untreated lean and obese control cells,
respectively (Fig. 4H). Taken together, these findings suggest that
adiponectin improves immunoregulatory function of ADSC, at
least in part, through enhanced cell viability in an inflammatory
microenvironment.

3.5. HIF1a mediates the improved survival and function of
ADSC by adiponectin

Compelling evidence delineates that HIF1a plays a critical role in
the survival and immunomodulatory function of MSC27. Adipo-
nectin inducesHIF1a expression inmacrophages21. To elucidate the
mechanisms underlying enhanced viability and function ofMSC by
adiponectin, we speculated on the role of HIF1a signaling. To this
end, we first demonstrated the induction of HIF1a by gAcrp in
ADSC in the absence (Fig. 5A) and presence (Fig. 5B) of inflam-
matory stimuli. The HIF1a inducing effect of adiponectin was
further confirmed by confocal imaging showing that adiponectin
increased nuclear levels of HIF1a in ADSC under both basal and
TNFa/IFNg-activated conditions (Fig. 5C). Interestingly, HIF1a
was found to be downregulated in obese ADSC compared to their
lean counterparts (Fig. 5D), whereas treatment with gAcrp signifi-
cantly restored HIF1a levels in these cells (Fig. 5E). Next, we
verified the functional roles of HIF1a in modulation of immuno-
suppressive potency and survival of ADSC by adiponectin. As ex-
pected, blockage of HIF1a signaling using a specific siRNA or
pharmacological inhibitor (PX-478) abrogated the beneficial effect
of gAcrp on immunosuppressive activity of ADSC (Fig. 5F and G).
Moreover, induction of immunomodulation-related genes,
including Nos2, Cox2, Ptges, Icam1, and Cd274 by gAcrp was also
significantly inhibited in HIF1a-deficient ADSC (Fig. 5H).
Consistently, cobalt chloride (CoCl2), a chemical inducer of HIF1a,
also enhanced the suppressive effect of ADSC on splenocyte pro-
liferation (Supporting Information Fig. S12A) and induced
expression of immunomodulation-related genes (Fig. S12B). We
finally conducted a series of experiments to confirm the crucial role
of HIF1a in the enhanced ADSC survival by adiponectin. Gene



Figure 4 Pro-survival effects of globular adiponectin on ADSC under inflammatory microenvironment. (A) After treatment with gAcrp for

different time periods, viability of ADSC was examined by MTS assay. (B) ADSC were treated with gAcrp for 48 h. The proportion of apoptotic

cells was determined by Annexin V binding assay. (C, D) ADSC were treated with gAcrp for different time periods. (C) Expression levels of

BCL2, BAX, and cleaved caspase-3 (c-CASP3) were measured by Western blot analysis. (D) The caspase-3 activity was measured as described in

Methods. In experiments AeD, cell death was induced by culturing in low-serum (0.5% FBS) containing media. (E) ADSC derived from obese

mice were treated with gAcrp for 48 h. Proportion of apoptotic cells was determined by Annexin V binding assay. (F) ADSC were treated with

gAcrp for 6 h, followed by coculturing with anti-CD3/CD28-activated splenocytes. After 3 days of coculture, adherent cells were collected by

trypsinization, and then sequentially labeled with anti-CD45 (APC) antibody and FITC-Annexin V/7-AAD. Proportion of apoptotic cell death in

CD45-negative cells was determined by flow cytometry analysis. (G, H) Colitis was induced in C57BL/6 by supplementation of 3% DSS in

drinking water. After 3 days of colitis induction, mice were intraperitoneally injected with 3 � 106 DiR-labeled ADSC from lean and obese mice

with or without gAcrp preconditioning. PBS was used as negative control. On Day 5, colon tissues were collected for fluorescent imaging analysis,

followed by preparation of single cells for flow cytometry analysis. (G) Representative images of colon tissues were shown along with the

quantitation of relative DiR fluorescent intensity in colon tissues from all mice. (H) Single cells were subjected to FACS analysis for determining

the proportion of DiR-positive live cells. *P < 0.05 compared to indicated groups; n Z 3 (AeF) or 4 (G, H).
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Figure 5 Critical roles of HIF1a signaling in the enhanced cell viability and immunosuppressive function of ADSC by globular adiponectin.

(A, B) ADSC were treated with gAcrp for indicated time periods (A) or pretreated with gAcrp for 6 h and then stimulated with TNFa/IFNg for

additional 24 h (B). HIF1a expression was measured by Western blot analysis. (C) ADSC were treated with gAcrp alone or in combination with

TNFa/IFNg for 24 h. Cells were immunolabeled with an anti-HIF1a primary antibody and an Alexa fluor 488-conjugated secondary antibody

(green), followed by counterstaining with DAPI (red). Subcellular distribution of HIF1a was analyzed using a confocal microscope. Repre-

sentative images from three independent experiments were presented in upper panel. The nuclear integrated intensity of HIF1a was analyzed

using Image J software and presented in the bar diagram (lower panel). Scale bar: 20 mm. (D, E) Expression levels of HIF1a in lean and obese

ADSC in the absence (D) or presence (E) of gAcrp were determined by Western blot analysis. (F, G) (F) ADSC were transfected with siRNA

targeting Hif1a (20 nmol/L) for 24 h, followed by treatment with gAcrp for additional 6 h. Gene silencing efficiency was monitored by Western

blot analysis (upper panel). (G) Cells were pretreated with PX-478 (50 mmol/L) (G), a pharmacological inhibitor of HIF1a, for 2 h, followed by

treatment with gAcrp for further 6 h. ADSC were then cocultured with CFSE-labeled splenocytes in presence of mitogen PHA-l. Lymphocyte

proliferation was examined on Day 4 of coculture using FACS analysis. (H) ADSC were transfected with Hif1a siRNA (20 nmol/L) for 24 h, and

then treated with gAcrp for 6 h. The expression levels of Nos2, Cox2, Ptges, Icam1, and Cd274 were examined by RT-qPCR. (I, J) ADSC were

transfected with Hif1a siRNA. After 24 h of incubation, cells were further stimulated with gAcrp for 48 h. (I) The percentage of apoptotic cells

was determined using Annexin V binding assay. (J) Expression levels of apoptosis-related proteins were evaluated by Western blot analysis.

*P < 0.05 compared to indicated groups; n Z 3.
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silencing of HIF1a or pretreatment with HIF1a inhibitor (PX-478)
abolished the enhancement of cell viability by gAcrp (Supporting
Information Fig. S13). Similarly, the anti-apoptotic effects of adi-
ponectin, as determined by annexin staining (Fig. 5I) and mea-
surement of caspase-3 activity and expression levels of BCL-2,
BAX, and cleaved caspase-3 (Fig. 5J), were also abrogated by
knockdown of HIF1a. Together, these findings reveal that HIF1a
induction is essentially required for the improvement of the
immunosuppressive potency and pro-survival effects of adiponectin
in ADSC.
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3.6. HIF1a upregulation improves cell viability and function of
ADSC through induction of glycolysis

HIF1a is a key regulator of cellular energy metabolism28. We
assumed that adiponectin modulates the fate of ADSC through
HIF1a-dependent cellular metabolic reprogramming. To this end,
we examined the effect of gAcrp on the balance of glycolysis/
oxidative phosphorylation (OXPHOS) by measuring extracellular
acidification rate (ECAR) and oxygen consumption rate (OCR).
Interestingly, gAcrp increased ECAR, but reduced OCR (Fig. 6A
and B), indicating a metabolic shift from OXPHOS to glycolysis
in the gAcrp-treated ADSC. In addition, co-treatment of ADSC
with gAcrp and TNFa/IFNg enhanced glycolytic induction by
these cytokines (Fig. 6C), suggesting that adiponectin drives the
cellular metabolic program of ADSC in an inflammatory micro-
environment. These notions were further supported by the finding
that gAcrp increased ADP/ATP ratio in ADSC in the absence or
presence of TNFa/IFNg co-stimulation (Supporting Information
Fig. S14). HIF1a is thought to regulate glycolytic flux by pro-
moting the transcription of glycolysis-related genes, such as
Slc2a1 (Glut1), Pdk1, and Ldha. In consistent, we observed that
gAcrp increased the mRNA levels of these genes in the absence or
presence of TNFa/IFNg (Fig. 6D). The functional role of HIF1a
in glycolysis induction by adiponectin was further confirmed in
HIF1a knockdown cells. As shown in Fig. 6, gene silencing of
HIF1a significantly abrogated the shifting effect of gAcrp from
OCR to ECAR (Fig. 6E), as well as mRNA levels of Slc2a1, Pdk1,
and Ldha (Fig. 6F). In line with previous findings showing the
downregulation of HIF1a in obese-derived ADSC, these cells
presented a metabolic shift toward OXPHOS as evidenced by
reduced glycolysis but increased OCR. Importantly, gAcrp
restored the metabolic profile of obese ADSC by enhancing their
glycolytic capacity (Fig. 6G).

Next, we verified the contribution of glycolytic induction to the
enhancement of survival and immunomodulatory function of
ADSC by adiponectin. To this end, we compared the effects of
oligomycin (Omy), an inhibitor of OXPHOS, and 2-deoxy-D-
glucose (2-DG), an inhibitor of glycolysis, on apoptosis in control
and gAcrp-treated ADSC. As shown in Fig. 6H, Omy appeared to
suppress apoptosis of ADSC, as evidenced by a decrease in
caspase-3 activity. Notably, caspase-3 activity was also decreased
by Omy in gAcrp-treated ADSC, in which caspase-3 activity was
lower than that in the control, indicating that the anti-apoptotic
effect of gAcrp was maintained in the presence of Omy. In
contrast, both control and gAcrp-treated ADSC were sensitive to
2-DG to enhance caspase-3 activity, in which no significant dif-
ference in caspase-3 activity was observed between control and
gAcrp-treated ADSC (Fig. 6I), indicating that gAcrp failed to
prevent apoptosis of ADSC in the presence of 2-DG. The Annexin
V binding assay also confirmed that 2-DG, but not Omy, abolished
the suppressive effect of gAcrp on apoptotic cell death in ADSC
(Fig. 6J). Finally, we found that pretreatment with 2-DG prevented
the additive effect of gAcrp on immunosuppressive potency of
ADSC based on the splenocyte proliferation assay. In this study, as
expected, Omy treatment showed no significant effect on sup-
pression of lymphocyte proliferation by gAcrp-modified ADSC,
while it increased the immunosuppressive effect in control ADSC
(Fig. 6K). Collectively, these results clearly indicate that adipo-
nectin induces the glycolytic phenotype in ADSC, which is
essential for maintenance of survival and immunomodulatory
function of ADSC.
3.7. Activation of AdipoR1/p38 MAPK axis contributes to
HIF1a induction and enhanced immunosuppression in ADSC

Having demonstrated the critical role of HIF1a signaling in
adiponectin-modulation of ADSC survival and immunomodula-
tory function, we next sought to unveil the mechanism under-
pinning HIF1a induction by adiponectin. While both adiponectin
receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2) are
expressed in ADSC, gene silencing of Adipor1, but not Adipor2,
significantly suppressed immunosuppressive potency of gAcrp-
modified ADSC, as corroborated by decreased lymphocyte sup-
pressive capacity (Fig. 7A) and reduced expression of
immunomodulation-related genes (Fig. 7B). These results suggest
that activation of AdipoR1, rather than AdipoR2, is required for
the beneficial effects of gAcrp on the cell viability and immuno-
modulatory function of ADSC. In attempts to identify the down-
stream signaling pathways of AdipoR1, we examined the
involvement of MAPK, AMPK, and CK2 signaling pathways,
which are well-known downstream effectors of AdipoR1/2, and
found that adiponectin induced activation of ERK, JNK, and p38
MAPK (Fig. 7C), as well as AMPK and CK2b (Supporting In-
formation Fig. S15A). Interestingly, only SB203580, a pharma-
cological inhibitor of p38 MAPK, markedly abrogated the
stimulatory effect of gAcrp on lymphocyte suppressive activity of
ADSC without significant effects by inhibitors of ERK, JNK
(Fig. 7D), CK2, and AMPK (Fig. S15B and S15C). Moreover,
upregulation of immune modulation-related genes by gAcrp was
inhibited by pretreatment with SB203580 (Fig. 7E), indicating that
activation of p38 MAPK contributes to the positive modulation of
ADSC function by adiponectin. It is also worth noting that gAcrp
failed to activate p38 MAPK in Adipor1 deficient ADSC (Fig. 7F),
suggesting that phosphorylation of p38 MAPK is controlled by
adiponectin/AdipoR1 signaling. Regarding the role of AdipoR1/
p38 MAPK axis in modulation of ADSC viability, we observed
that the enhanced survival of gAcrp-treated ADSC was abrogated
either by knockdown of AdipoR1 or by pretreatment with
SB203580 (Supporting Information Fig. S16). Finally, we
demonstrated that HIF1a induction by gAcrp was abolished by
transfection with Adipor1 siRNA (Fig. 7G) or a p38 MAPK in-
hibitor (Fig. 7H). Taken together, these results suggest that adi-
ponectin increases cell viability and immunomodulatory function
of ADSC via activation of the AdipoR1/p38 MAPK/HIF1a
signaling pathway.

4. Discussion

Adiponectin, a hormone predominantly secreted by adipose tissue,
modulates the fate of MSC by enhancing cell viability under
stressful conditions and controlling the balance of adipogenic/
osteogenic differentiation. However, little has been known about
the role of adiponectin signaling in the determination of MSC
immunomodulatory potency and the effectiveness of MSC therapy
in the treatment of inflammatory/immune disorders. In this study,
we demonstrated that adiponectin potentiated the immunosup-
pressive properties of ADSC through remodeling cellular meta-
bolic programs toward glycolysis. Moreover, adiponectin restores
dysregulated immunomodulatory functions and enhances
apoptotic cell death of ADSC derived from obese mice. Given that
adiponectin plasma levels are significantly decreased in obese
individuals, the results of the present study provide the first evi-
dence that impaired adiponectin signaling would be implicated in



Figure 6 Involvement of HIF1a-driven glycolytic induction in the enhanced survival and function of ADSC by globular adiponectin. (AeD)

ADSC were pretreated with gAcrp for 6 h, followed by stimulation with TNFa/IFNg (10 and 20 ng/mL, respectively) for additional 24 h, or

treated with gAcrp alone for 24 h. Extracellular acidification rate (ECAR) (A) and oxygen consumption rate (OCR) (B) were measured as

described in Methods. (C) Relative ECAR and OCR compared to the control were shown. (D) Expression levels of Slc2a1, Pdk1, and Ldha were

examined by RT-qPCR assay. (E, F) ADSC were transfected with Hif1a siRNA (20 nmol/L) for 24 h, followed by treatment with gAcrp for further

24 h. (E) ECAR and OCR were measured as described above and their values relative to control group were presented. (F) The messenger RNA

levels of Slc2a1, Pdk1, and Ldha were determined by RT-qPCR. (G) ECAR and OCR were examined in obese ADSC treated with gAcrp in

comparison with those in lean counterparts. (HeJ) ADSC were pretreated with oligomycin (Omy) or 2-deoxy-D-Glucose (2-DG) at indicated

concentrations for 2 h, followed by treatment with gAcrp (1 mg/mL) for additional 24 h. (H, I) The caspase-3 activity was determined as described

above. (J) The apoptotic levels were measured using Annexin V binding assay. (K) ADSC were pretreated with Omy and 2-DG as indicated,

followed by further incubation with 1 mg/mL of gAcrp for 6 h. ADSC were then cocultured with CFSE-labeled splenocytes in presence of PHA-l.

Lymphocyte proliferation was analyzed by CFSE dilution assay. *P < 0.05 compared to indicated groups; n Z 3.
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Figure 7 Induction of HIF1a and enhancement of ADSC potency by globular adiponectin are mediated via AdipoR1/p38 MAPK signaling

pathways. (A) ADSC were transfected with siRNA targeting Adipor1 or Adipor2 (20 nmol/L) for 36 h, followed by treatment with gAcrp for

further 6 h. Gene silencing efficiency was monitored by Western blot analysis (upper panel). Adipor1- or Adipor2-deficient ADSC were cocultured

with CFSE-labeled splenocytes in presence of PHA-l. The proliferation rate of lymphocytes was measured by flow cytometry analysis (lower

panel). (B) The mRNA expression levels of Nos2, Cox2, Ptges, Icam1, and Cd274 were determined by RT-qPCR assay. (C) After treatment with

gAcrp as indicated, total and phosphorylated levels of p38, ERK, and JNK were examined by Western blot analysis. (D) ADSC were pretreated

with MAPK inhibitors, including U0126 (MEK inhibitor, 10 mmol/L), SB203580 (p38 MAPK inhibitor, 20 mmol/L), and SP600125 (JNK in-

hibitor, 20 mmol/L) for 2 h, followed by stimulation with gAcrp (1 mg/mL) for further 6 h. ADSC were then cocultured with PHA-activated

splenocytes and lymphocyte proliferation was measured by CFSE dilution assay. (E) ADSC were pretreated with SB203580 for 2 h, followed

by further treatment with gAcrp for 6 h. The mRNA levels of immunomodulation-related genes were determined by RT-qPCR. (F) ADSC were

transfected with Adipor1 siRNA for 36 h, followed by further incubation with gAcrp for 1 h (F). Total and phospho-p38MAPK levels were

analyzed by Western blot analysis. (G, H) ADSC were transfected with Adipor1 siRNA for 36 h (G) or pretreated with SB203580 for 2 h (H). The

protein expression levels of HIF1a were determined by Western blot. *P < 0.05 compared to indicated groups; n Z 3.
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the downregulation of immunomodulatory function of ADSC
during obesity.

The therapeutic benefits of MSC were initially believed to be
mainly attributable to their capacity to differentiate into cells in
target tissue. However, their poor engraftment and low survival
upon transplantation led to the re-evaluation of the mechanisms
underlying beneficial effects of MSC in a context-specific
manner29. Of the various pleiotropic functions, immunomodula-
tory properties make MSC a promising strategy for treating
immune-mediated disorders30. On the other hand, since immu-
nosuppressive potential of MSC can be enhanced by culture or
environment engineering, great efforts have been made to improve
the therapeutic efficacy of MSC31. Among them, modification of
MSC with IFNg with or without TNFa, which simulates activa-
tion of MSC by inflammatory microenvironment, is one of the
best-established methods to potentiate the immunomodulatory
function of MSC32. In the present study, we found that pre-
conditioning with adiponectin could serve as a novel strategy to
further improve the anti-inflammatory and immunosuppressive
effects of ADSC. This notion was supported by the finding that
adiponectin upregulated the genes coding for soluble and
membrane-located immunoregulatory factors in both naı̈ve and
TNFa/IFNg-activated ADSC (Fig. 3). Furthermore, activation of
adiponectin signaling also supported the survival of ADSC under
inflammatory environment by suppressing apoptosis (Fig. 4).
Since previous studies have suggested that inflammatory milieu
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accelerates the senescence of transplanted MSC33,34, the pro-
survival effect of adiponectin might critically contribute to the
improvement of in vivo anti-inflammatory effectiveness of ADSC.

Given the role of adiponectin as a positive modulator of ADSC
life-span and immunosuppressive potency, pathological conditions
leading to decreased adiponectin levels are expected to affect the
fate of resident ADSC and the effectiveness of MSC-based ther-
apy. In this scenario, the most attention would focus on obesity,
where production of adipokines, such as adiponectin, is dysregu-
lated. Adiponectin was found to be downregulated in mice with
HFD-induced obesity. In addition, ADSC derived from these mice
showed compromised immunosuppressive potency and were
ineffective in ameliorating DSS-induced colitis (Fig. 2). Impor-
tantly, modification of obese ADSC with adiponectin significantly
restored their in vitro performance and in vivo anti-inflammatory
potential. These findings imply that, although naı̈ve ADSC from
obese individuals might not be therapeutically effective, envi-
ronmental engineering, such as preconditioning with adiponectin,
allows the use of obese ADSC as an autologous cell source for the
treatment of immune-mediated diseases. In fact, even though
MSC are supposed to be immunoprivileged, immune rejection
occurs during repetitive administration of allogeneic MSC35,36.
Therefore, the development of methods for retraining obese MSC
to retrieve their function would provide promising options for the
optimization of MSC-based therapy in obese patients.

On the other hand, although DSS-induced colitis is one of the
most widely used mouse models for investigating the immuno-
regulatory effect of MSC, the exact mechanism underlying their
therapeutic benefits against colitis remains controversial. There-
fore, while we demonstrated that precondition with gAcrp
increased colonic engraftment of ADSC, suggesting that adipo-
nectin confers the advantages of survival and/or homing ability to
ADSC (Fig. 4G and H), the benefits by gAcrp priming are not
essentially attributed to the enhanced cell viability. Indeed, it was
initially believed that MSCs can be engrafted into injured tissues
and thereby modify local inflammatory microenvironment through
paracrine activity and direct contact with immune cells37. They
were also supposed to have the capability to replace damaged cells
of target organ. Conversely, Sala E. et al. demonstrated that MSCs
did not significantly localize to the colon after intraperitoneal
injection but formed the aggregates like spheroids in peritoneal
cavity, which also contained immune cells such as macrophages
and lymphocytes38. Interestingly, they revealed that production of
certain cytokines from intraperitoneal aggregates of MSCs was
responsible for therapeutic efficacy of MSCs in DSS-induced
colitis, independent of the localization of MSCs in the intestine.
A recent study also supports the notion that intraperitoneal
administration of MSCs modulates colonic inflammation and
immune responses indirectly through secreting factors39. There-
fore, we supposed that not only increased cell viability but also
improved immunomodulatory function contributed to higher
therapeutic efficacy of gAcrp-primed ADSC.

Culture conditions for in vitro expansion of MSC have been
shown to negatively impact their function. For example, MSC
within stem cell niche are adapted to low oxygen concentrations
(typically 1%e7%), whereas normoxic culture conditions opti-
mize cell growth but also alter the morphological and functional
properties of MSC40. Unsurprisingly, preconditioning with hyp-
oxic conditions has been used to improve therapeutic potential of
MSC, partly through upregulation of HIF1a27,41. To elucidate the
molecular mechanism underlying the benefits of adiponectin
priming in the improvement of ADSC therapeutic potential, we
demonstrated that adiponectin promotes the expression of HIF1a
under normoxic conditions via activation of the AdipoR1/p38
MAPK pathway. We further found that HIF1a induction by adi-
ponectin essentially contributes to the enhancement of ADSC
survival and function by inducing cellular metabolic reprogram-
ming toward glycolysis. Intriguingly, previous reports showed that
glycolytic phenotype supports immunosuppressive potency of
MSC42,43. In addition, MSC appear to be largely dependent on
glycolysis for energy production in nature but become more
addictive to OXPHOS under in vitro expansion44. Therefore, our
findings further confirm that maintenance of glycolytic flux by
supplementation of adiponectin into culture media, other than
known methods such as hypoxia induction and preconditioning
with TNFa/IFNg or oligomycin, can preserve metabolic and
functional properties of MSC upon in vitro expansion.

Adiponectin acts via the transmembrane receptors AdipoR1,
AdipoR2, and T-cadherin45. The affinity of adiponectin for these
receptors is dependent on its existing form in circulation. In
particular, only high-molecular-weight isoforms can bind to
T-cadherin, while monomer isoforms and low-molecular-weight
oligomers show equal binding ability to AdipoR1 and
AdipoR245,46. Conversely, globular adiponectin, a cleavage
product of full-length adiponectin, possesses a higher affinity for
AdipoR1 than the full-length forms, while its binding to AdipoR2
is still maintained47. Interestingly, most previous studies have
reported that adiponectin modulates the viability and differentia-
tion fate of MSC through AdipoR114,48, except for one study that
propose activation of T-cadherin as a prerequisite for the enhanced
therapeutic benefits of MSC by adiponectin in the treatment of
cardiovascular disorder16. In line with previous reports, we also
found that AdipoR1 activation is essential for adiponectin-
modulation of ADSC survival and immunosuppressive function.
Surprisingly, some effects of globular adiponectin in the present
study (e.g., pro-survival effect and iNOS induction) appears to be
reinforced by gene silencing of AdipoR2 (Fig. 7B and Fig. S13).
Although AdipoR1-and AdipoR2-specific actions are difficult to
confirm due to deficiency in selective agonists for these receptors,
our observations suggest that AdipoR2-mediated signaling path-
ways may also play roles in the modulation of MSC fate by adi-
ponectin. In addition, we also asked whether AdipoRon, a
synthetic AdipoR1/2 agonist, can be used as an alternative agent
for recombinant adiponectin. In this study, we observed that
AdipoRon improved the immunosuppressive properties of ADSC
in a manner similar to gAcrp, as evidenced by induction of HIF1a
(Supporting Information Fig. S17A), enhanced inhibition of
splenocyte proliferation (Fig. S17B), and upregulation of
immunoregulation-related genes (Fig. S17C). Given the critical
roles of adiponectin receptor signaling in the determination of
MSC function, adiponectin receptor agonists may serve as
promising agents for enhancing the therapeutic potential of MSC.

Current evidence consistently demonstrates impairment in the
survival and immunomodulatory functions of obese MSC. How-
ever, the detailed mechanisms by which obese environment in-
duces the dysfunction of MSC are not completely understood. In
the present study, we observed that ADSC from obese mice
exhibited a metabolic shift from glycolysis to OXPHOS, possibly
due to the downregulation of HIF1a signaling. These alterations
were restored by incubation with adiponectin (Fig. 6), suggesting
that decreased adiponectin levels and subsequent impaired adi-
ponectin signaling during obesity are responsible, at least in part,
for the detrimental effects of obese environment on MSC survival
and function. Nevertheless, further studies are needed to verify



Figure 8 Proposed model for the modulation of immunomodulatory and therapeutic potentials of ADSC by adiponectin under physiological

and obese conditions. ADSC isolated from lean mice exert potent immunosuppressive function by regulating T cell proliferation, but inducing

differentiation of Treg. In contrast, ADSC derived from obese mice exhibit a compromised immunomodulatory potency, partly due to altered

metabolic profile, such as enhanced OXOPHOS, but suppressed glycolysis, which are promoted by obese environment. Pretreatment with adi-

ponectin stimulates the immunomodulatory properties of lean ADSC via glycolytic metabolic reprogramming and enhances the therapeutic

efficacy against colitis. Interestingly, adiponectin also results in recovery of dysregulated function of ADSC derived from the obese mice.

Mechanistically, adiponectin activates AdipoR1/p38MAPK/HIF1a signaling pathway and thereby boosts glycolytic capacity in lean ADSC and

recovers metabolic profile of obese ADSC. Given that serum adiponectin is significantly lowered in obese individuals, these findings suggest that

dysfunction of obese ADSC may be ascribed to impaired adiponectin signaling by excess adiposity and re-activation of adiponectin signaling

would be a promising strategy to enhance therapeutic potentials of these multipotent cells.
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whether normalization of serum adiponectin levels in obese in-
dividuals can reverse obesity-induced functional abnormalities of
MSC. Likewise, while we found that preconditioning with gAcrp
restored the therapeutic potential of obese ADSC, this finding has
not been validated in mice with obesity. Since obesity was
considered a possible risk factor of colitis49,50, it would be inter-
esting to investigate whether these modified stromal cells are
increasingly effective against obesity-associated colitis. Further-
more, this future approach would help draw a clearer conclusion
on the possibility of using the modified ADSC for autologous
transplantation in obese patients51. Another limitation of this study
is that the conclusions derived from lean and obese mice need to
be confirmed using human MSC. Although animal models help
eliminate heterogeneity in the genetic and disease backgrounds of
donors, there exist differences in immunomodulatory properties
between human and rodent MSC. For example, suppression of
lymphocyte proliferation by human MSC is mainly mediated via
IDO, whereas modulation by rodent MSC is believed to be due to
NO secretion52,53.

5. Conclusions

In summary, the present study sheds light on the modulation of the
immunosuppressive function of MSC by adiponectin. On the one
hand, adiponectin enhances immunomodulatory potential of
normal ADSC through upregulation of molecules responsible for
the control of cell-to-cell contact and contact-independent
inhibition of immune cell activation. In addition, survival of
ADSC under inflammatory environment was improved by adipo-
nectin, which provides further therapeutic advantage for MSC
therapy in the treatment of inflammation-associated disorders such
as colitis. On the other, adiponectin recovered the immunomod-
ulatory potency of ADSC derived from obese mice by reversion of
obesity-induced energy metabolic remodeling to maintain glyco-
lytic flux (Fig. 8). Mechanistically, the adiponectin-enhanced cell
viability and immunosuppressive effect of ADSC were mediated
via activation of the AdipoR1/p38MAPK/HIF1a axis. Taken
together, these findings highlight the critical role of adiponectin
signaling in regulating the immunomodulatory properties of MSC
under basal and obese conditions, and further suggest that pre-
conditioning with adiponectin is a promising strategy for
enhancing the effectiveness of MSC therapy against inflammatory
and autoimmune diseases.
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