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A long‑term anti‑inflammation markedly 
alleviated high‑fat diet‑induced obesity 
by repeated administrations of overexpressing 
IL10 human umbilical cord‑derived 
mesenchymal stromal cells
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Abstract 

Objectives:  Obesity is a chronic process and could activate various inflammatory responses, which in turn aggra-
vates obesity and related metabolic syndrome. Here we explored whether long-term inhibition of inflammation could 
successfully alleviate high-fat diet (HFD)-induced obesity.

Methods:  We constructed stable overexpressing interleukin 10 (IL10) human umbilical cord-derived mesenchymal 
stromal cells (HUCMSCs) which repeatedly were applied to obesity mice with HFD feeding to obtain a long-term anti-
inflammation based on the prominent anti-inflammation effects of IL10 and immunomodulatery effects of HUCMSCs. 
Then we monitored the features of obesity including body weight, serum ALT, AST, and lipids. In addition, glucose 
homeostasis was determined by glucose tolerance and insulin sensitivity tests. The infiltrated macrophages in adipose 
tissues and hepatic lipid accumulation were detected, and the expressions of adipogenesis and inflammatory genes 
in adipose tissues were examined by real-time (RT) PCR and western blot analysis.

Results:  Compared with HUCMSCs, IL10-HUCMSCs treatment had much better anti-obesity effects including body 
weight reduction, less hepatic lipids accumulation, lower amount and size of adipocyte, greater glucose tolerance, 
less systemic insulin resistance, and less adipose tissue inflammation in HFD feeding mice. Finally, IL10-HUCMSCs 
could decrease the activation of MAPK JNK of adipose tissue induced by HFD. The inhibition of MAPK JNK signal 
pathway by a small chemical molecule SP600125 in 3T3-L1 cells, a preadipocyte line, reduced the differentiation of 
adipocytes and lipid droplet accumulation.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  ppshen@nju.edu.cn; wangbin022800@126.com

1 Clinical Stem Cell Center, The Affiliated Drum Tower Hospital of Nanjing 
University Medical School, Nanjing 210000, China
2 State Key Laboratory of Pharmaceutical Biotechnology 
and the Comprehensive Cancer Center, School of Life Science, The 
Affiliated Drum Tower Hospital of Nanjing University Medical School, 
Nanjing University, Nanjing, Jiangsu Province, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-3981-8849
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-022-02935-8&domain=pdf


Page 2 of 21Wang et al. Stem Cell Research & Therapy          (2022) 13:259 

Introduction
Obesity is a global health problem, which is mainly 
caused by the imbalance between energy intake and con-
sumption [1]. Accumulating researches have showed 
that obesity was associated with chronic systemic low-
grade inflammation and also considered to be one of the 
major risk factors for chronic disorders such as kidney 
disease, nonalcoholic fatty liver disease, type 2 diabetes, 
and cardiovascular diseases [2–5]. Obesity and its related 
chronic inflammation are closely associated with various 
metabolic syndromes, but the underlying mechanism is 
still elusive. Adipose tissue as the first site that has been 
proved to be related to inflammation and obesity medi-
ates the inflammatory response by secreting adipokines, 
inflammatory factors, and chemokines [6]. These secre-
tory factors(such as IL6, IL1β, TNFα, MCP-1, etc.) can 
enhance the recruitment of immune cells (especially 
macrophages) to adipose tissue, thereby in turn aggra-
vating adipose tissue and systemic inflammation [7, 8]. 
For example, IL6, a pro-inflammatory factor, is associ-
ated with the obesity-induced insulin resistance [9]. In 
turn, low-grade chronic adipose tissue inflammation is 
associated with excess body fat mass and is character-
ized by the infiltration of macrophages in adipose tissue 
which would polarize into pro-inflammatory M1 state, 
so as to synthesize more pro-inflammatory factors and 
chemokines, leading to more severe obesity [10, 11].Adi-
pose tissue macrophages (ATMS) in inflammation play 
an important role in altering the characteristics of obe-
sity [6]. In  both  humans  and  animals,  ATMs  accumu-
lated in  adipose  tissue  caused excessive hypertrophy of 
adipose tissue, an increased  weight gain, hepatic lipids 
accumulation, glucose intolerance, and insulin resistance 
[12, 13]. Specifically, low-grade chronic inflammation in 
adipose tissue is associated with insulin resistance, which 
promotes the development of type 2 diabetes in obesity 
individuals [14]. The association between obesity, adi-
pose tissue inflammation, and metabolic disease makes 
anti-inflammatory strategies an effective therapy in ame-
liorating obesity. Therefore, it is speculated that block-
ing the obesity-related systemic low-grade inflammation 
could alleviate diet-induced obesity metabolic syndrome 
[15, 16].

Interleukin10 (IL10) is a representative anti-inflamma-
tory cytokine secreted by lymphocytes, including T cells, 
B cells, natural killer cells, dendritic cells, and mast cells. 

It can not only reduce the expression of immune recep-
tor MHC-II, but also inhibit the production and release 
of pro-inflammatory factors such as IL2, IFN-γ, IL6, and 
tumor necrosis factor-α (TNFα) [17]. Therefore, IL10 
plays an important role in controlling inflammation and 
modulating immune responses, which can well contradict 
the inflammation in adipose tissue and insulin resistance 
in obesity [16, 18, 19]. Gotoh K et  al. reported [20–22] 
that HFD-induced obesity decreased the serum levels 
of IL10 in animals, and the IL10 reduction enhanced 
the inflammation in several organs. The spleen-derived 
IL10 could not only downregulate the severity of HFD-
induced nonalcoholic fatty pancreas disease, but also 
might protect against the development of chronic kid-
ney disease. Furthermore, IL10 shares a similar structure 
and function with leptin, and over-expression of murine 
IL10 in skeletal muscle by adeno-associated virus (AAV) 
transfer meliorated hyperphagia, obesity, glucose intol-
erance, and insulin resistance in leptin deficiency mice 
by substituting for leptin [23]. Consistent with animal 
model, patients with impaired glucose tolerance and type 
2 diabetes also had a lower plasma concentration of IL10 
[24].Therefore, it is speculated that the administration 
of exogenous or endogenous IL10 could be an effective 
strategy for treating obesity and metabolic syndromes 
induced by HFD.

Mesenchymal stromal cells (MSCs) are a kind of adult 
stem cells derived from mesoderm. They were first 
found in bone marrow and could also be isolated from 
a variety of tissues such as umbilical cord, fat, umbili-
cal cord blood, amniotic fluid, and tooth [25, 26]. MSCs 
not only have the ability of self-replication and multidi-
rectional differentiation potentials, but also have obvi-
ous immune regulation functions. To date, it has been 
reported that under the stimulation of different inflam-
matory cytokines, MSCs could migrate to damaged tis-
sues and release a variety of factors including EGF, BFGF, 
HGF, Ang-1, etc., to enhance angiogenesis, inhibit leu-
kocyte migration, and initiate stem cell differentiation to 
promote tissue regeneration and repair [27, 28]. In recent 
years, studies have shown that MSCs infusion produced 
significant antidiabetic effects and ameliorated insulin 
sensitivity in T2D rats [29], and reduced the exogenous 
insulin requirement, increased glucose tolerance, and 
improved the insulin sensitivity index in T2D patients 
[30]. Moreover, the therapeutic potentials of MSCs 
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venting diet-induced obesity and obesity-related metabolic syndrome.
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could be strengthened by integrating functional genes 
or preconditioning for various diseases [10, 12, 13]. For 
example, in our recent study, we introduced BFGF into 
HUCMSCs, which could significantly enhance the neu-
ronal regeneration and locomotion function recovery 
in mice with completely transected spinal cord injury 
[31]. There is few research to investigate whether MSCs 
genetically modified with anti-inflammation genes could 
alleviate the obesity and metabolic disorders induced by 
HFD.

IL10 protein has a short half life, lasting for only a few 
hours in vivo [32], and thus it needs lasting administra-
tion when applied to treat corresponding diseases. Based 
on the chemotaxis of MSCs to injured sites, MSCs could 
be a good carrier candidate for gene therapy. In this 
study, we established overexpressing IL10 HUCMSCs 
(IL10-MSCs) and intravenously injected into mice with 
HFD feeding to investigate their effects on obesity and 
metabolic disorders. Results showed that IL10-MSCs 
could significantly counteract the HFD-induced obesity-
related metabolic symptoms including body weight gain, 
hepatic and adipocyte lipids accumulation, glucose toler-
ance, insulin resistance, and serum lipid indicators, com-
pared with unmodified MSCs. As expected, IL10-MSCs 
administration also alleviated the low-graded activation 
of MAPK JNK signal induced by HFD, which regulated 
adipocyte differentiation and lipid droplet accumulation. 
Thus, our findings revealed that IL10- MSCs provided 
an effective method to resist the inflammatory responses 
and metabolic disorder caused by HFD feeding, indicat-
ing that inhibition of obesity-related inflammation based 
on cell therapy was an effective strategy in preventing 
obesity and obesity-related metabolic syndrome.

Materials and methods
In this study, all procedures involving human subjects 
were approved by the Research Ethics Board of Nanjing 
Drum Tower Hospital (Approval No. GCP-SCP/17/2).

Establishment of IL10‑MSCs
Clinical-grade HUCMSCs were used in this study which 
was greatly optimized in our previous research [33].The 
entire process including isolation, cultivation, identifica-
tion, quality control, and storage was conformed to GMP 
quality standards. After evaluation, qualified clinical 
HUCMSCs derived from three umbilical cords of female 
newborns in second generation were mixed and resusci-
tated for following experiments to avoid the individual 
heterogeneity [34].

The human IL10 gene (Ref sequence: NM_000572.2) 
was integrated into vector pCMV/hygro for high-level 
stable expression in mammalian hosts. The IL10 recom-
binant vector was purified with QIAGEN Endofree 

plasmid kit (Cat.12362, QIAGEN, Hilden, Germany) and 
linearized with the restriction enzyme NruI (Cat.1168A, 
Takara Biomedical Technology (Beijing) Co., Ltd.) for 
electro-transformation. The clinical-grade HUCMSCs 
at passage 2 (P2) was performed electro-transformation. 
The transfected cells were divided into blank control 
plasmid (NC) and recombinant IL10 plasmid groups. 
After electro-transformation, 100 μg/ml hygromycin was 
used for stable clone screening. After 14 days, cell colo-
nies were picked up under stereomicroscope (K-400L, 
MOTIC CHINA GROUP CO., LTD.) for expansion cul-
ture and each colony represents a cell line. When each 
clone culture grew to 90% confluence, the supernatant 
was harvested and IL10 secretion level was detected by 
ELISA KIT (70-EK110/2–96, MultiSciences). Then, the 
stably expressing IL10 clones were expanded into P5-P6 
generation and were frozen as seeding cells. The nega-
tive control HUCMSCs were also obtained and cryopre-
served in the same generation. Among multiple clones, 
we found that one of screened overexpressing IL10-
MSCs cones had a good growth potential and secreted 
a high level of IL10 (Fig. 1B). Then the IL10-MSCs were 
resuscitated and passaged about 1–2 generations for sub-
sequent experiments in vivo and in vitro.

Surface marker expressions of IL10‑MSCs by flow 
cytometric analysis
Flow cytometric analysis was performed to identify the 
surface marker expressions of IL10-MSCs. The cells 
were collected by enzymatic digestion, and 1 × 106 cells 
were incubated with CD45-FITC, CD34-FITC, CD90-
FITC, CD44-PE, CD19-PE, CD105-PE, CD73-PE, and 
HLA-DR-PE antibodies (BD, San Diego, CA, USA) for 
15 min, respectively. After washing with PBS three times, 
a FACScan (BD FACS Aria™; NJ, USA) and Flow Jo V10 
software were used to identify and analyze the surface 
marker expressions of the cells.

IL10‑MSCs labeling and homing experiments in vivo
IL10-MSCs were labeled by dyechloromethylbenza-
mido-1,1’-dioctadecyl-3,3,3’,3’-tetramethyl indocarbo-
cyanine perchlorate (CM-Dil, Sigma-Aldrich, USA) in 
accordance with the manufacturer’s guidance. Cells were 
digested and labeled with CM-Dil solution with concen-
tration of 20 μg/mL. Then, IL10-MSCs mixed suspension 
was incubated at 37 °C for 15 min and 4 °C for 15 min. To 
evaluate the distribution of IL10-MSCs in mice at day 3, 
6, and14 post-transplantation, the CM-Dil-labeled IL10-
MSCs were injected through the tail vein of mice. After 
cell transplantation, livers and lungs of mice were col-
lected at 3, 6, and 14 days.
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Fig. 1  HFD-induced obesity caused systemic inflammation. A Mice were fed with NCD (11.6% kcal fat) or HFD (60% kcal fat) for 12 weeks, and body 
weights were measured weekly. HFD significantly induced body weight gain compared with NCD feeding. B-C The weights of liver tissues and liver/
body weight ratio were obviously increased by HFD feeding. D-E The fat gains and fat/body weight ratio of HFD group were significantly increased 
compared with NCD group. F Oil Red O staining of liver sections was carried out. HFD feeding led to obvious lipid droplet accumulation. G The 
H&E of epididymal white adipose tissues. H The expressions of inflammatory cytokines were revealed by RT-PCR. I The phosphorylations of MAPK 
p38, ERK1/2, and JNK in visceral white adipose tissues were detected by western blot analysis. J-L The quantified data of MAPK p38, ERK1/2 and JNK 
phosphorylation were analyzed by Image J, respectively. (N = 6 per group). (* p < 0.05; ** p < 0.01)
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HFD‑induced obesity mice model and MSCs treatment
All animal procedures were in accordance with the pro-
tocol approved by the animal experimentation commit-
tee of the Affiliated Drum Tower Hospital of Nanjing 
University Medical School. Male 6-week-old C57BL/6  J 
mice were raised in the center of the experiment animal 
(temperature at 23 ± 2 °C and air humidity at 40–60%). 
The room kept dark for 12  h and illuminating for 12  h. 
Mice (20 ± 1 g) were divided into four groups according 
to different treatments: normal chow diet (NCD), high-
fat diet (HFD), HFD plus MSCs-injected (MSCs) and 
HFD plus IL10-MSCs-injected (IL10-MSCs) groups. 
The mice were fed with chow diet: fat, 4.6%; 11.6% kcal 
from fat; or HFD (fat, 32%; 56.7% kcal from fat, D12492, 
Research Diets) for 14  weeks. Mice were free to eating 
and drinking. Body weights of the animals were recorded 
weekly. MSCs or IL10-MSCs (1 × 106 cells/each mouse) 
were intravenously injected into a HFD mouse (n = 12 for 
each group) every 2 weeks.

Biochemical analyses
The levels of serum biochemical indicators in mice at 
week 14 after HFD feeding were measured by automatic 
biochemical analyzer, including triglyceride (TG), total 
cholesterol (TC), high- and low-density lipoprotein cho-
lesterol (HDL-C and LDL-C), alanine aminotransferase 
(ALT), and aspartate aminotransferase (AST).

Liver triglyceride determination
Mouse liver tissues were harvested at week 14 after HFD 
feeding and homogenized with tissue homogenizer. 
Then, the supernatant was tested and the concentration 
of triglyceride was determined according to the manufac-
turer’s instructions of triglyceride colorimetric determi-
nation kit purchased from Solarbio (bc0620, China).

Metabolic cage analysis
At the week 12 after HFD feeding, the energy metabo-
lism of mice was comprehensively monitored by meta-
bolic chamber. Each mouse was caged in one metabolic 
chamber, and metabolic data were begun to collect after 
48 h of adaptation. Oxygen consumption (VO2), carbon 
dioxide production (VCO2), and respiratory exchange 
ratio (RER) were assessed in 36-h single-housed mouse 
in the PhenoMaster system (TSE Systems, Bad Homburg, 
Germany).

Glucose tolerance test (GTT) and Insulin tolerance test (ITT)
GTT was performed on mice at the week 13 after inter-
vention. After fasting for 6  h, the level of basal blood 
glucose was measured, and then mice were injected 
intraperitoneally with 2 g glucose/kg body weight (Invit-
rogen, the Netherlands). These blood samples collected 

from mouse tail vein were measured for blood glucose 
level at 15, 30, 60, 90, and 120 min after injection.

At week 14 after HFD feeding, the mice were subjected 
to ITT. After fasting for 6 h, mice were injected intraperi-
toneally with 0.75 U insulin solution/kg body weight. The 
blood samples collected from tail vein were measured for 
blood glucose level at 0, 15, 30, 60, 90 and 120 min after 
injection.

White adipose tissue and liver histology/
immunohistochemistry
The mice were killed at week 14 after HFD feeding. The 
subcutaneous and epididymal white adipose tissues and 
liver tissues were fixed with 4% paraformaldehyde and 
embedded in paraffin. Paraffin sections of mice tissues 
(5 μm) were stained with hematoxylin and eosin (H & E). 
The size of 300 adipocytes from six mice in each group 
was measured using Image J software. Some liver tis-
sues were embedded with OCT reagent, sectioned, and 
stained with Oil Red O for assaying the lipid accumula-
tion. For immunohistochemistry, the sections of paraffin-
embedded adipose (5 μm) were deparaffinized, followed 
by ethanol and PBS serial rehydration, incubated with 3% 
hydrogen peroxide for 15 min and washed with water to 
remove endogenous peroxidase. Antigen retrieval was 
performed in citrate buffer (pH 6.0) for 15  min using a 
steamer. The cooled sections were blocked in bovine 
serum albumin, incubated overnight at 2–8  °C with 
primary antibodies of F4/80(Abcam, USA), and corre-
sponding secondary antibodies (Typng, China). Finally, 
the sections went through a series of processes includ-
ing DAB staining, hematoxylin counterstaining, ammo-
nia back blue, ethanol dehydration, xylene transparency, 
sealing, and microscope photography (Leica microscope, 
USA). For immunofluorescence staining, the mice with 
CM-Dil-labeled IL10-MSCs administration were killed at 
day 3, 6, and 14, and major organs (liver and lung) were 
obtained and fixed in 4% paraformaldehyde. The tissues 
were cut into 10-μm-thickness sections using a Lecia 
CM1950 (Leica Biosystems, Wetzlar, Germany). The 
cell apoptosis of the transplanted CM-Dil-labeled IL10-
MSCs was evaluated by using a one-step TUNEL cell 
apoptosis detection kit (KeyGen Biotech, China). Images 
were quantified using Image J software (version 1.4.3.67).

Reverse transcription‑polymerase chain reaction (RT‑PCR)
Total RNAs were extracted from adipose tissues using 
Trizol reagent (Invitrogen, USA) and reverse-transcribed 
into cDNA using reverse transcription Kit (R323-01, 
vazyme, China) according to the manufacturer’s instruc-
tions. RT-PCR was performed with a ChamQ Universal 
SYBR PCR Master Mix (Q711-02, vazyme, China) by ABI 
QuantStudio™ 6 Flex system (Thermo Fisher Scientific, 
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MASS, USA). The specific primers are listed in Table 1. 
The mRNA expression was relatively quantified accord-
ing to CT value and calculated by 2−∆∆Ct method.

Western blot analysis
Mouse adipose tissue was homogenized with a tissue 
homogenizer at centrifuge of 12000 g at 4 °C for 10 min 
using RIPA lysis buffer containing protease inhibitor 
(Beyotime Biotechnology) and phosphatase inhibitor 
(MedChemExpress).The supernatant was aspirated, and 
the protein concentration was measured by the BCA 
Protein Assay Kit (Vazyme Biotech Co., Ltd.).The pro-
tein sample was loaded for polyacrylamide gel electro-
phoresis and transferred to a nitrocellulose membrane 
in an electrophoresis transfer buffer containing 10% 
methanol. The membrane was blocked with 5% BSA 
(Sigma-Aldrich) for 2  h at room temperature, followed 
by incubation overnight at 4 °C with anti-p38(1:500; Pro-
teintech™), anti-phosphorylation p38(1:1000;Beyotime), 
anti-ERK1/2(1:2000; Proteintech), anti-phosphorylation 
ERK1/2(1:1000; Beyotime), anti-JNK(1:3000; Protein-
tech™), anti-phosphorylation JNK (1:1000; Beyotime), 
and anti-GAPDH (1:50,000; Proteintech Wuhan, China) 
antibodies. After overnight incubation, the blots were 
incubated with the corresponding secondary antibodies 
(1:10,000; Bioworld) for 1 h at room temperature. Bands 
of target proteins were visualized using an enhanced 
chemiluminescence kit (Vazyme Biotech Co.,Ltd).

3T3‑L1 preadipocytes culture and differentiation
3T3-L1 preadipocytes differentiation was divided into 4 
processes. First, 3T3-L1 preadipocytes were cultured in 
DMEM (low glucose) containing 10% calf serum and 1% 
penicillin/streptomycin at 37  °C in a 5% CO2 incubator. 
Second, after reaching confluence, the complete medium 
was changed with adipocyte differentiation medium 
I (high-glucose DMEM supplemented with 10% FBS, 

1% penicillin/streptomycin, 0.5  Mm IBMX, 1  μM DEX, 
and 10  μg/ml insulin). Third, after 72  h, the medium 
was replaced with adipocyte differentiation medium II 
(high-glucose DMEM containing 10% FBS, 1%penicillin/
streptomycin, and 10 μg/ml insulin). Fourth, after 48 h of 
culture, the cells were cultured with high-glucose DMEM 
containing 10% FBS and 1% penicillin/streptomycin for 
another 2  days. The 3T3-L1 adipocyte differentiation 
was assayed using Oil Red O staining. For investigating 
the role of MAPK JNK in adipocyte differentiation, the 
JNK inhibitor SP600125 (2 μg/ml) was added into differ-
entiation medium during second and third processes. For 
investigating the role of MSCs or IL10-MSCs in adipo-
cyte differentiation, the condition medium from MSCs 
and IL10-MSCs was supplemented with corresponding 
adipose differentiation additives as complete medium for 
second and third differentiation processes.

Statistical analysis
Data were presented as the mean ± standard deriva-
tion (SD). p < 0.05 was considered as statistically signifi-
cant difference. The data were analyzed and graphed by 
GraphPad Prism (version5.00, San Diego, USA).

Results
HFD‑induced obesity is along with lasting systemic 
inflammation
To determine whether HFD-induced obesity could lead 
to a lasting systemic inflammation, we first assessed the 
weight gain in mice fed the NCD (11.6% kcal fat) and 
HFD (60% kcal fat) for 12 weeks. After 8 weeks, HFD-fed 
mice gained significantly more weight gain than the NCD 
mice (Fig. 1A). Weight gain in obesity is usually accompa-
nied by pathological changes in multiple organs such as 
liver and WAT [35]. As expected, HFD-fed mice had sig-
nificantly enlarged liver (Fig. 1B-C) and WAT (Fig. 1D-E) 
compared with NCD mice. Moreover, we observed HFD 

Table 1  Primers used for quantitative real-time PCR analysis

Primer name Species Sequence forward (5’to3’) Sequence reverse (5’to3’)

IL10 Mouse GCT​GAG​GCG​CTG​TCA​TCG​ATTT​ GGC​CCT​GCA​GCT​CTC​AAG​TGT​

IL6 Mouse TCA​ATT​CCA​GAA​ACC​GCT​ATGA​ CAC​CAG​CAT​CAG​TCC​CAA​GA

IL1β Mouse CGT​GCT​GTC​GGA​CCC​ATA​TGAG​ GCC​CAA​GGC​CAC​AGG​TAT​TT

IL4 Mouse TCA​CTG​ACG​GCA​CAG​AGC​TA CTG​TGG​TGT​TCT​TCG​TTG​CTG​

TNFα Mouse ACG​TCG​TAG​CAA​ACC​ACC​AA ACC​CTG​AGC​CAT​AAT​CCC​CT

PPARγ Mouse TCG​CTG​ATG​CAC​TGC​CTA​TG GAG​AGG​TCC​ACA​GAG​CTG​ATT​

C/EBPα Mouse CAA​GAA​CAG​CAA​CGA​GTA​CCG​ GTC​ACT​GGT​CAA​CTC​CAG​CAC​

SREBP-1c Mouse GAG​CGA​GCG​TTG​AAC​TGT​AT ATG​CTG​GAG​CTG​ACA​GAG​AA

Adiponectin Mouse TGT​TCC​TCT​TAA​TCC​TGC​CCA​ CCA​ACC​TGC​ACA​AGT​TCC​CTT​

GAPDH Mouse ACA​ACT​TTG​GCA​TTG​TGG​AAG​ GTT​GAA​GTC​GCA​GGA​GAC​AAC​



Page 7 of 21Wang et al. Stem Cell Research & Therapy          (2022) 13:259 	

feeding significantly increased lipid accumulation in liver 
(Fig.  1F) and adipocyte hypertrophy(Fig.  1G). Adipose 
tissue inflammation is closely related to obesity, espe-
cially the chronic inflammation in visceral white adipose 
tissue [36]. In HFD feeding mice, the expressions of pro-
inflammatory genes (TNFα, IL1β, and IL6) in WAT were 
higher than that in NCD mice (Fig.  1H). In sharp con-
trast, the expression levels of anti-inflammatory genes 
(IL10 and IL4) were significantly lower compared with 
NCD mice (Fig.  1H). Mitogen-activated protein kinases 
(MAPK) signal pathways including p38, ERK1/2, and 
JNK can regulate cellular inflammatory response, which 
also have an extremely important impact on metabolic 
changes and inflammation associated with HFD [37, 
38]. We also found that the expressions of inflammatory 
factors remarkably increased in adipose tissue of obese 
mice, so we speculated that HFD feeding could activate 
MAPK signal pathways and played an import role in adi-
pose metabolic changes. We found that the phosphoryla-
tion level of JNK, not Erk1/2, and p38 was increased in 
visceral white adipose tissue of HFD-induce obese mice 
compared with NCD mice (Fig.  1I-L). These results 
clearly proved that HFD feeding-induced obesity is along 
with a long-term inflammation.

Establishing stably over‑expressing IL10‑MSCs
The human recombinant IL10 plasmid was transfected 
into HUCMSCs by using electroporation instruments 
and nucleofection (Amaxa Kit V, Lonza). After screen-
ing using 100  μg/ml hygromycin, positive clones were 
selected and expanded to stable cell lines (Fig.  2A). 
Secreted IL10 protein levels by MSCs and IL10-MSCs 
supernatants were measured by ELISA. The results 
showed IL10 -MSCs secreted much higher level of IL10 
protein than MSCs (Fig.  2B). The quality evaluations 
of gene-modified MSCs included morphology, surface 
marker expression, and so on. The morphology of IL10-
MSCs did not change compared with MSCs (Fig.  2C). 
IL10 -MSCs highly expressed surface marker CD105, 
CD90, and CD73(≥ 95%) and lowly expressed CD14, 
CD19, CD34, CD45, and HLA-DR (≤ 2%), which was 
consistent with MSCs (Fig.  2D), indicating IL10-MSCs 
met the minimal criteria of MSCs suggested in the guide-
lines from the Mesenchymal and Tissue Stem Cell Com-
mittee of the International Society for Cellular Therapy 
(ISCT) [39]. Thus, MSCs and IL10-MSCs were used for 
in cell and animal experiments. In order to observe the 

distribution and survival time of IL10-MSCs in vivo, CM-
Dil-labeled IL10–MSCs were infused into mice by intra-
venous route. As shown in Fig.  2E, grafted IL10-MSCs 
are accumulated mainly in the liver and lung. The red flu-
orescence signal intensity annihilated significantly from 
day 3 to day 14 after infusion. Simultaneously, the cell 
apoptosis of transplanted CM-Dil-labeled IL10-MSCs 
at day 3, 6, and 14 was evaluated by using TUNEL stain-
ing with green fluorescent probe fluorescein (FITC). The 
results showed that the red fluorescence of most CM-Dil-
labeled IL10-MSCs rarely coincided with the green fluo-
rescence of apoptotic cells. The dotted box represented 
the red fluorescent of CM-Dil-labeled IL10-MSCs, and 
the arrows represented the apoptotic host cells, which 
emitted green fluorescence. The triangles represented the 
apoptotic transplanted IL10-MSCs, in which the green 
fluorescence was co-located with the red fluorescence. As 
shown in Fig. 2E, there were few apoptotic IL10-MSCs. 
The present findings had proved that some IL10-MSCs 
could survive in vivo for at least 14 days. Therefore, IL10-
MSCs were injected every 2 weeks to treat HFD-induced 
obesity.

IL10‑ MSCs treatment markedly alleviating HFD‑induced 
obesity
In this study, mice were fed with HFD or NCD and the 
body weights were recorded every week. The weight 
growth in HFD group kept a significant increase com-
pared with NCD group while both IL10-MSCs and MSCs 
treatments could inhibit the HFD-induced weight gain 
at indicated time points. Especially IL10-MSCs treat-
ment had a better decrease in weight gain compared 
with MSCs treatment (Fig.  3A). The development of 
obesity is often accompanied by the increase of fat and 
liver enlargement [35, 40]. Thus, we also weighed the fat 
(subcutaneous and epididymal white adipose tissues) and 
liver tissues to investigate the effects of IL10-MSCs on 
obesity after the mice were killed at week 14 post-HFD 
feeding. Both MSCs and IL10-MSCs treatments signifi-
cantly decreased the weights of fat and liver tissues and, 
meanwhile, decreased the ratios of fat body and liver 
body induced by HFD; especially, IL10-MSCs had a bet-
ter decrease (p < 0.05) (Fig. 3B-E). These results indicated 
that IL10-MSCs had a better effect on alleviating weight 
gains induced by HFD.

Obesity is mainly caused by the imbalance between 
energy intake and consumption. Thus we wondered 

(See figure on next page.)
Fig. 2  Stable IL10-HUCMSCs were established and the distributions of grafted IL10-MSCs were identified. A The process of establishing 
IL10-MSCs. B The analysis of secreted IL-10 by MSCs and IL10- MSCs using ELISA. C The morphology of MSCs and IL10-MSCs were observed under 
a microscope. D The surface marker expressions of MSCs and IL10- MSCs were assayed by FCAS analysis. E The distribution of CM-Dil-labeled 
IL10-MSCs (red) in liver and lung at day 3, 6 and14 post-transplantation via intravenous route. (N = 6 per group). Data presented as mean ± SD. 
***p < 0.001
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IL10-MSCs treatment whether affected the energy 
intake or consumption to cover the HFD-induced weight 
gains. The metabolic cage analysis was carried out, and 
results showed that there was no significant difference in 
food intake among 4 groups, indicating that IL10-MSCs 
did not affect the energy intake to decrease the HFD-
induced weight gain (Fig. 3F). Then we further analyzed 
the mouse respiratory O2 consumption and CO2 release, 
and the respiratory exchange rate (RER) (Fig. 3G-I). RER 
is an important indicator for inferring respiratory sub-
strates, and the respiratory substrates of mice can be 
judged based on the value of RER. The O2 consumption, 
CO2 release, and RER value of mice in 4 groups were 
recorded when they breathed. Compared with NCD 
animals, the O2 consumption and CO2 release of HFD 
animals were markedly reduced, while both MSCs and 
IL10-MSCs treatments could increase the O2 consump-
tion and CO2 release. IL10-MSCs treatment could greatly 
increase O2 consumption and CO2 release compared 
with MSCs treatment (p < 0.05). There were no significant 
differences in RER among 4 groups (Fig. 3I). These results 
clearly showed that IL10-MSCs markedly alleviated the 
HFD-induced weight gain through promoting the energy 
consumption.

IL10‑MSCs treatment lowering the lipid levels of plasma 
and liver
Obesity is also the most common cause of dyslipidemia. 
Abnormalities in blood lipids including triglycerides 
(TG), total cholesterol (TC), high/low density lipopro-
teins (HDL-C/LDL-C), and free fatty acids (FFA) are 
common signs of metabolic syndrome [41, 42].We found 
that HFD feeding indeed induced a significant increase 
in the blood lipids including TG, TC, HDL-C, LDL-
C, and FFA (Fig.  4A). MSCs treatment decreased the 
HFD-induced TG and FFA in serum, while IL10-MSCs 
treatment had a better decrease in serum levels of TG, 
TC, HDL-C, LDL-C and FFA compared with MSCs 
treatment. It has been well known that obesity could 
increase the serum lipid levels and injure the liver func-
tion. Alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) in serum are important indexes of 
liver function and can reflect the degree of liver injury 
[43–47]. ALT and AST are produced in hepatic cells and 

participate in the catalysis of protein and sugar transfor-
mation. When liver tissue is damaged, ALT and AST in 
hepatocytes enter the blood through the damaged mem-
brane. We isolated the serum from mouse and assayed 
the levels of ALT and AST. The results showed that HFD 
feeding could significantly increase the levels of ALT 
and AST in serum, indicating that HFD-induced obesity 
led to liver injury. MSCs and IL10-MSCs administra-
tions both could deeply reduce the serum levels of ALT 
and AST; moreover, IL10-MSCs had a stronger inhibi-
tory effect on serum AST and ALT levels in obese mice 
(p < 0.05) (Fig.  4B). We further found that HFD could 
obviously increase the content of TG in the mice liver tis-
sues. IL10-MSCs, not MSCs treatment significantly low-
ered the HFD-induced high level of TG in liver (p < 0.05) 
(Fig. 4C).

In HFD-induced obese patients, liver lipid production 
is greatly increased, and lipid decomposition is deeply 
reduced, which synergistically leads to accumulation 
of liver lipids and further causes a series of liver meta-
bolic diseases such as nonalcoholic fatty liver (NAFLD) 
[48, 49]. H&E and Oil Red O staining were performed 
to evaluate the degree of liver fatty accumulation. The 
results showed that there were almost no lipid droplets 
in the liver of NCD animals, but obvious lipid droplets 
and more white vacuoles were observed in HFD group. 
MSCs-treated and IL10-MSCs-treated animals had 
remarkably lessened liver vacuoles and lipid droplet accu-
mulation, moreover IL10-MSCs treatment had much 
fewer vacuoles and lipid droplet accumulation compared 
with MSCs treatment (Fig. 4D-E). These results revealed 
that IL10-MSCs treatment had a protective effect on the 
damage of liver function in HFD-fed mice.

IL10‑MSCs treatment significantly reducing hyperglycemia 
and improving insulin sensitivity in obese mice
Obesity commonly affects the glucose homeostasis. 
Fasting blood glucose, GTT, and ITT are currently rec-
ognized important indicators for the diagnosis of diabe-
tes. In order to further explore the effects of MSCs and 
IL10-MSCs treatments on glucose homeostasis in ani-
mals, we assayed fasting blood glucose, GTT, and ITT. 
After fasting for 6 h, the tail vein blood of the mice was 
collected to measure the fasting blood glucose value. As 

Fig. 3  MSCs and IL10-MSCs reduced HFD-induced obesity.A Mice were fed with NCD or HFD for 12 weeks, and body weights were measured 
weekly. Both MSCs and IL10-MSCs treatments could markedly alleviate the HFD-induced obesity, and IL10-MSCs had a better obesity inhibition. 
B-C The weights of subcutaneous and epididymal white adipose tissues were assayed. MSCs and IL10-MSCs significantly inhibited the fat gains 
and fat/body weight ratio induced by HFD, and the latter had better effect. D-E MSCs and IL10-MSCs treatments inhabited the weights of liver 
tissues and liver/body weight ratio induced by HFD feeding. F Food intake was assayed according to metabolic cage analysis, and there were no 
significant differences among 4 groups. G-H The O2 consumption and CO2 release were evaluated in mice among 4 groups. HFD feeding reduced 
O2 consumptions and CO2 release, which were relieved by MSCs and IL10-MSCs treatment. I RER value was assayed and there were no significant 
differences among 4 groups. (N = 6 per group). (* p < 0.05; ** p < 0.01; ***p < 0.001)

(See figure on next page.)
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shown in Fig.  5A, consistent with the previous reports, 
the HFD feeding markedly increased fasting blood glu-
cose of the animals compared with NCD. And MSCs and 
IL10-MSCs treatments both decreased the fasting blood 
glucose levels in HFD-fed mice, and IL10-MSCs had a 
greater decrease in fasting blood glucose compared with 
MSCs (Fig.  5A). The glucose tolerance of the mice was 
evaluated by intraperitoneal injection of glucose and then 
measuring the blood glucose levels at the corresponding 
time points. Compared with NCD animals, the glucose 
tolerance of HFD animals was unusually worse. MSCs-
treated and IL10-MSCs-treated animals had remarkably 
increased glucose tolerance. The blood glucose of IL-
10MSCs-treated animals at 60 and 120  min was lower 
than that of MSCs-treated animals (p < 0.05) (Fig.  5B). 
Interestingly, IL10-MSCs treated animals showed a glu-
cose tolerance similar to that of NCD animals. The area 
under curve (AUC) of Fig.  5B represented the glucose 
tolerance in mice among 4 groups. The AUC of HFD ani-
mals increased significantly, while MSCs and IL10-MSCs 
treatments diminished the HFD-induced AUC (p < 0.01). 
More importantly, IL10-MSCs treatment remarkably 
decreased the AUC than MSCs treatment (p < 0.05). The 
above results indicated that IL10-MSCs treatment could 
more excellently inhibit the hyperglycemia induced by 
HFD in mice and extensively alleviated the impairment in 
glucose tolerance (Fig. 5C).

Obesity could lead to a decrease in insulin sensitiv-
ity. We next explored whether IL10-MSCs treatment 
could recover the damaged insulin sensitivity in HFD-fed 
mice. The blood glucose levels in mice were measured 
at indicated time points after insulin injection. From 0 
to 30 min, the blood glucose in 4 groups fast decreased. 
Except for HFD group, the blood glucose in other 3 
groups kept decreasing from 30 to 60  min after insulin 
injection and then the blood glucose in all groups began 
to increase (Fig. 5D). The AUC of Fig. 4D represented the 
insulin resistance. As shown in Fig. 5E, HFD-fed mice had 
a higher insulin resistance than NCD mice, while MSCs 
and IL10-MSCs treatments decreased the HFD-induced 
insulin resistance (p < 0.001). In particular, IL10-MSCs 
treated mice had a more decrease in insulin resistance 
compared with MSCs treated mice, similar to NCD mice, 
indicating IL10-MSCs could significantly improve insulin 
sensitivity in HFD mice, close to basal level.

IL10‑MSCs treatment markedly reducing the lipid 
accumulation and inflammatory response in adipose tissue
When body uptakes too much carbohydrates and fat and 
consumes less, the excess energy is converted into fat and 
stored, resulting in the adipocytes hypertrophy in various 
organs, which attributed to obesity and related chronic 
disorders. White adipose tissues were mainly distrib-
uted around the viscera (mainly in the epididymis) and 
subcutaneous tissue. To investigate whether IL10-MSCs 
treatments could regulate the adipocytes hypertrophy 
to relieve the HFD-induced obesity, we isolated mouse 
epididymis and subcutaneous adipose tissues and per-
formed H&E staining. The statistical results showed that 
HFD feeding induced a significant increase in the size 
of adipocyte compared with NCD feeding (Fig.  6A-C). 
However, both MSCs and IL10-MSCs treatments could 
inhibit the hypertrophy of adipocytes; especially, IL10-
MSCs treatment had a stronger inhibition in adipocyte 
hypertrophy. A variety of genes such as adiponectin, 
PPARγ, FAS, C/EBPa, and SREBP-1c takes part in synthe-
sis of adipose tissues [50, 51]. Additionally, adiponectin, 
a multifaceted adipokine, controls lipid metabolism and 
glucose disposal in adipose tissues, exhibits antidiabetic 
and anti-inflammatory effects, and also has the effect of 
acting as an insulin sensitizer, which is secreted mainly by 
white adipose tissue [52].The RT-PCR method was used 
to detect the transcriptions of adiponectin, PPARγ, FAS, 
C/EBPa, and SREBP-1c in white adipose tissue. Com-
pared with NCD animals, HFD animals had markedly 
higher transcription levels of PPARγ, FAS, and C/EBPa 
in white adipose tissues, while had a decrease in tran-
scription level of adiponectin. At the same time, MSCs 
and IL10-MSCs treatments decreased the HFD-induced 
high transcription levels of PPARγ, FAS, and C/EBPa, as 
well as increased the transcription level of adiponectin 
in white adipose tissues. There was no significant dif-
ference in SREBP-1c transcription expression among 4 
groups (Fig. 6D). These results indicated that IL10-MSCs 
treatment could inhibit fat synthesis and stimulate adi-
ponectin secretion to increase fat combustion, energy 
consumption in adipose tissue.

There is positive correlation between obesity and 
infiltrated macrophages in fat tissue. In obese ani-
mals, macrophages in fat tissue often aggregate sur-
round adipocytes, especially in extremely obese 

(See figure on next page.)
Fig. 4  IL10-MSCs had better protective effect on lipid metabolic syndrome and liver function in HFD-fed mice (N = 6 in each group). A The effects 
of MSCs and IL10-MSCs treatment on serum lipid profiles in HFD-fed mice. B The serum levels of ALT and AST in four groups. MSCs and IL10-MSCs 
both decreased the high levels of ALT and AST induced by HFD feeding, latter had better decrease. C IL10-MSCs treatment clearly decreased the 
HFD-induced high level of hepatic TG. D-E H&E and Oil Red O staining of liver sections were observed. HFD feeding led to obvious lipid droplets 
accumulation and more white vacuoles compared with NCD. MSCs and IL10-MSCs administrations remarkably lessened vacuoles and lipid droplets 
in liver. Moreover, IL10-MSCs had better protective effect on decreasing vacuoles and lipid droplets accumulation. (N = 6 mice per group).* p < 0.05; 
** p < 0.01; ***p < 0.001
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animals [53]. In order to identify and quantify ATMs, 
we performed immunohistochemical staining on par-
affin sections against anti-F4/80 antibody, a specific 
marker for mature macrophages. The F4/80 positive 
cells in lean mice were uniformly small and scattered 
and rarely appeared in the form of aggregates in adi-
pose tissues. Compared with NCD, HFD feeding sig-
nificantly increased the percentage of F4/80 positive 
macrophages in adipose tissue, which were alleviated 

by MSCs and IL10-MSCs treatment, especially by lat-
ter (Fig.  6E-F). Obesity often causes chronic tissue 
inflammation, which in turn accelerates the further 
development of obesity and insulin resistance. We 
had observed that IL10-MSCs treatment had a protec-
tive effect on obesity and insulin resistance in HFD-
fed mice, so we further explored whether IL10-MSCs 
treatment could alleviate chronic inflammation under 
HFD feeding. Inflammatory factors such as IL1β, IL6, 

Fig. 5  IL10-MSCs improved glucose tolerance and insulin sensitivity in HFD-fed mice. A HFD feeding increased the fasting blood glucose in mice, 
which were markedly alleviated by MSCs and IL10-MSCs treatments, especially latter. B The curve of blood glucose concentration at indicated 
time points after intraperitoneal injection of glucose. C Summed GTT was evaluated according to AUC of Fig. 5B. HFD feeding increased the 
blood glucose levels, which was reduced by MSCs and IL10-MSCs treatments. D The curve of blood glucose level at indicated time points after 
intraperitoneal injection of insulin.E ITT was evaluated based on AUC of Fig. 5D. (N = 6 mice per group) (* p < 0.05; ** p < 0.01; ***p < 0.001)

(See figure on next page.)
Fig. 6  IL10-MSCs treatments repressed obesity-induced lipid accumulation and inflammation in white adipose tissue. A The H&E of epididymal and 
subcutaneous white adipose tissues. B-C The sizes of epididymal and subcutaneous adipocytes were analyzed by Image J software. D The mRNA 
expressions of genes regarding adipose synthesis were analyzed by RT-PCR. E–F The immunostaining of infiltrating macrophages (F4/80 positive 
cells) showed HFD feeding significantly increased the aggregations of F4/80 positive macrophages in adipose tissue, which was alleviated by MSCs 
and IL10-MSCs treatment, especially by latter. G The transcription levels of TNFα, IL1β, IL6, IL4, and IL10 in white adipose tissue were detected by 
RT-PCR. HFD feeding significantly promoted the transcription levels of TNFα, IL1β, and IL6, while decreased the transcription levels of IL4 and IL10. 
MSCs and IL10-MSCs treatments could inhibit the expressions of HFD-induced pro-inflammatory factors and increased the anti-inflammatory 
factors. (N = 6 per group). (* p < 0.05; ** p < 0.01; ***p < 0.001)
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and TNFα can stimulate inflammation, while IL4 and 
IL10 are classic anti-inflammatory cytokines that can 
suppress cellular immune response [53]. RT-PCR 
method was used to detect the transcription levels of 
TNFα, IL1β, IL6, IL4, and IL10 in white adipose tis-
sue, for exploring the potential protective effect of 
IL10-MSCs treatment under HFD feeding. Compared 
with NCD, HFD feeding could significantly promote 
the transcription levels of TNFα, IL1β, and IL6, while 
decrease the transcription levels of IL4 and IL10, indi-
cating the inflammatory responses were activated by 
HFD in white adipose tissue. MSCs and IL10-MSCs 
treatments had a certain inhibitory effect on expres-
sions of HFD-induced pro-inflammatory factors and 
increased the anti-inflammatory factors. Especially 
IL10-MSCs treatment had a more obvious inhibi-
tory effect on inflammation induced by HFD feeding 
(p < 0.05) (Fig. 6G).

IL10‑MSCs downregulating activation of MAPK JNK signal 
pathway induced by HFD in adipose tissues
Blocking MAPK activation can reduce the produc-
tion of pro-inflammatory factors such as IL1β, IL6, 
etc., and decrease tissue damage and inflammation. 
MSCs and IL10-MSCs treatments both could inhibit 
the HFD-induced activation of JNK, and IL10-MSCs 
had a better inhibitory effect than MSCs (Fig. 7A–D). 
Further we investigated whether JNK signal took part 
in abnormal lipid accumulation in obese mice. 3T3-L1 
adipocytes are common cell lines for adipocyte dif-
ferentiation. JNK inhibitor (SP6001255, 2  μg/ml) was 
used to block JNK activation in 3T3-L1 adipocytes 
upon adipose differentiation medium. Results showed 
that JNK inhibition by SP600125 led to obvious inhi-
bition of adipose differentiation by Oil Red O staining 
(Fig.  7E, F). We further explored whether MSCs and 
IL10-MSCs could inhibit adipocyte differentiation in 
3T3-L1. As our expected, the conditioned mediums 
from MSCs and IL10-MSCs cultures could inhibit 
the differentiation of 3T3-L1 adipocytes. Importantly, 
the inhibitory effect of IL10-MSCs was more obvious 
(Fig.  7G, H). These results showed that IL10-MSCs 
could inhibit chronic inflammation in obese mice fed 
HFD by downregulating JNK signaling and reduce adi-
pocyte differentiation and lipid droplet accumulation.

Discussion
Obesity is becoming a more and more severe global 
health problem. As well known, HFD-induced murine 
obesity model has been extensively used in metabolic 
diseases [54, 55].In our study, we also found that HFD-
induced obesity was indeed a consequence of systemic 
and progressive inflammation and demonstrated that the 
multiple administrations of MSCs overexpressing IL10 
could be used as a potential clinical treatment against 
obesity and obesity related metabolic syndrome. Multi-
ple MSCs, especially IL10-MSCs transplantations, could 
counteract the adverse effects of HFD on body weight, 
adipose tissue inflammation, lipid metabolism, and sys-
temic insulin resistance in mice. Our results were similar 
to several prior studies which have addressed the metab-
olism in IL10-deficient mice. Clementi et  al. and den 
Boer et  al. found that HFD-fed IL10 –/– mice increased 
body weight and hepatic triglycerides than WT mice 
[56].In addition, the accumulation of adipose tissue mac-
rophages and inflammation are the key processes in the 
development of systemic insulin resistance caused by 
obesity [57, 58]. Our study also showed that IL10-MSCs 
treatment decreased the level of macrophages in adipose 
tissue and increased insulin sensitivity. We further found 
that IL10-MSCs treatment downregulated the activation 
of MAPK JNK in adipose tissue of mice induced by HFD 
in vivo and thereby reduced adipose tissue inflammation. 
Blocking of JNK signaling by chemical inhibitor markedly 
inhibited the adipocyte differentiation in 3T3-L1 adipo-
cytes in vitro and conditioned medium from IL10-MSCs 
also had similar activity. Therefore, our results proved 
that multiple IL10-MSCs transplantations could be used 
as an effective treatment for obesity and obesity-induced 
insulin resistance.

HFD-induced obesity is recognized as a low-degree 
chronic inflammation, which increased pro-inflamma-
tory cytokines in multiple organs such as adipose tis-
sue, liver, and muscle [59]. Excessive fat cell hypertrophy 
and increased macrophages infiltration in adipose tissue 
promoted various inflammatory responses in adipose 
tissue, abnormal secretion of adipokines and inflamma-
tory factors, thereby exacerbating the development of 
obesity and obesity-related metabolic syndrome such 
as insulin resistance and lipid accumulation in the liver 
and fat [46, 47]. In obese patients, pro-inflammatory fac-
tors are overexpressed in adipose tissue, accompanied by 

Fig. 7  IL10-MSCs inhibiting MAPK JNK signaling in HFD-induced obese mice and reducing adipocyte differentiation in 3T3-L1 adipocytes. A The 
phosphorylations of MAPK p38, ERK1/2, and JNK in visceral white adipose tissues were detected by western blot analysis. B-D The quantified data 
of MAPK p38, ERK1/2, and JNK phosphorylation were analyzed by Image J, respectively. The phosphorylation of JNK was significantly activated in 
HFD-induced obese mice. MSCs, especially IL10-MSCs administration decreased the JNK phosphorylation level. E–F Blocking of JNK signaling by 
SP600125 inhibited the adipocyte differentiation in 3T3-L1 adipocytes. G-H Condition medium from MSCs and IL10-MSCs effectively inhibited the 
adipocyte differentiation in 3T3-L1 adipocytes (N = 3 per group) (*p < 0.05; **p < 0.01; ***p < 0.001).

(See figure on next page.)
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macrophage infiltration into adipose tissue [10]. Accord-
ingly, we supposed effectively inhibiting or reducing the 
occurrence of this inflammation could alleviate obe-
sity and obesity-related metabolic diseases. MSCs have 
been used for the treatment of obesity because of their 
various advantages. The therapeutic effects of MSCs are 
supposed to be due to their immunomodulation and 
anti-inflammatory properties via soluble factors, which 
were extensively studied both in vitro and in vivo for the 
treatment of inflammatory disease [60]. In the current 
studies, it had been demonstrated that the intravenous 
administration of MSCs could ameliorate hyperglyce-
mia and glucose intolerance in HFD-induced diabetic 
mice [61–63]. Previous studies have reported that MSCs 
could secret multifaceted cytokines, growth factors, and 
chemokines such as IL10, PGE2, TGF-β1,EGF, BFGF, 
and HGF that are helpful for anti-inflammation and 
anti-obesity via a paracrine mechanism [64–67].In this 
study, MSCs moderately downregulated the phospho-
rylation level of JNK and reduced the expression levels 
of inflammatory cytokines such as IL6, IL1β, and TNFα. 
Our results suggested that the positive benefits derived 
from MSCs alone on HFD-induced obesity might be 
closely associated with the inhibition of JNK signaling 
pathway. However, for the treatment of obesity, MSCs 
transplantation alone is far from the ultimate goal that 
could partially but not completely reverse obesity-related 
metabolism disorder, especially inflammation induced by 
HFD. With the discovery of gene therapy important for 
treating different disease, genetically modified MSCs can 
improve their therapeutic potential [68]. Rene et al. had 
found that both endogenous and exogenous IL10 could 
strongly inhibit the synthesis of TNFα, IL1β, IL6, and 
other factors at the transcriptional level, thereby playing 
an anti-inflammatory effect and leading to a reduction 
in obesity [69, 70]. However, due to the short half-life of 
recombinant IL10, it was difficult to maintain a relatively 
stable concentration in the body when applied to human 
[71]. Exerting long-term anti-inflammatory and immune 
effects of IL10 in vivo is a potential strategy for a variety 
of disorders [72, 73]. MSCs can migrate well to the sur-
rounding inflamed tissues such as liver and adipose due 
to their good chemotaxis and paracrine effects and then 
release the anti-inflammatory factor IL10 [74, 75]

. Thus, MSCs are especially suitable as carriers for 
delivering desired key target proteins such as IL10 or 
other anti-inflammatory factors which are potentially 
beneficial to treat obesity and its related metabolic dis-
eases. As expected, IL10-MSCs treatment in the cur-
rent study increased the expression of anti-inflammatory 
markers (IL4, IL10) while significantly decreased the 
expression of pro-inflammatory factors(TNFα, IL1β, and 
IL6)and infiltration of F4/80+macrophages in adipose 

tissues. More importantly, IL10-MSCs treatment reduced 
the level of inflammation, which improved the insulin 
sensitivity of HFD-induced mice. These results suggested 
that IL10-MSCs had a better anti-inflammatory treat-
ment effect on HFD-induced obesity and insulin resist-
ance compared with naive MSCs.

Obesity is a chronic, progressive, and systemic inflam-
matory processes. It has been reported that in HFD-
induced obesity animal models, a single transplantation 
of MSCs exhibits short-term effects [76].In many clinical 
studies, patients were treated with multiple MSCs trans-
plantations to obtain positive results [77, 78].Multiple 
injections could provide more living cells that remodel 
the injured site environment to promote regeneration 
[79].Therefore, multiple intravenous IL10-MSCs trans-
plantations may be necessary. In this study, after CM-Dil-
labeled IL10-MSCs injected, red fluorescent signals could 
be detected from day 3, 6, and 14 in vivo. To further test 
the survival of transplanted CM-Dil-labeled IL10-MSCs 
in  vivo, TUNEL staining with green FITC was per-
formed. The results showed that the red fluorescence of 
most CM-Dil-labeled IL10-MSCs in liver and lung did 
not coincide with the green fluorescence of apoptotic 
cells indicating there were few apoptotic IL10-MSCs. 
Therefore, the present finding had been proved that IL10-
MSCs could survive in vivo for at least 14 days, but a sig-
nificant decrease in fluorescence was detected at day 14. 
Therefore, based on the results of grafted MSCs tracing, 
we performed IL10-MSCs therapy through intravenous 
administration every 14  days, which could continuously 
release endogenous IL10 in  vivo and played a sustained 
anti-inflammatory effect to treat HFD -induced obesity, 
leading to better therapeutic effects.

In our study, after 12-week HFD feeding, mice dem-
onstrated substantial increase in body weight. This was 
associated with significantly elevated fat and liver weight. 
In contrast, IL10-MSCs treatment obviously decreased 
body weight. Thus, it was essential to investigate whether 
IL10-MSCs treatment decrease energy intake or increase 
energy expenditure. Therefore, we measured energy 
metabolism in mice through metabolic cage examin-
ing. We observed that food intake was not significantly 
changed in HFD-induced mice. But the expenditure of 
VO2 and VCO2 of HFD animals was markedly reduced, 
while both MSCs and IL10-MSCs treatments could 
increase the VO2 and VCO2 to promote energy expendi-
ture. In addition, there was similar report that hAMSCs-
CM promoted energy expenditure by increasing VO2, 
VCO2 to reduce weight gain [80]. Additionally, most stud-
ies supported a protective role of IL10 in the regulation 
of metabolic inflammation and insulin resistance [81, 82]. 
Furthermore, IL10 expression increased in adipose tis-
sue following weight loss and reduced proinflammatory 
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gene expressions in obese subjects [12]. Consistent with 
our results, it also showed that IL10-MSCs treatment not 
only reduced body weight but also decreased the level of 
inflammation in HFD-induced obese mice.

Obesity may activate the JNK signaling pathway to 
regulate the expression of metabolism and inflammation-
related genes and proteins [83]. JNK may activate the 
phosphorylation of many substrates located downstream 
of the JNK signaling pathway, including c-Jun, activa-
tor protein-1 (AP-1), P53, insulin receptor substrate-1 
(IRS-1), etc. [84]. Activated C-Jun transcription factors 
bind to AP-1 sites, thereby promoting the expression of 
pro-inflammatory factors (e.g., TNFα, IL1β, IL6, etc.), 
which play a key role in impaired glucose tolerance and 
insulin resistance by HFD-induced obesity [85]. Gürol 
Tuncman et  al. had reported that JNK1−/−mice were 
protected from HFD-induced obesity, inflammation, and 
insulin resistance, which implicated JNK was involved in 
obesity-related inflammation [86]. In this study, a higher-
than-normal level of JNK activation was observed in 
HFD-induced mice and there were significantly increased 
expressions of pro-inflammatory factors such as IL1β, 
TNFα, and IL6. Importantly, IL10-MSCs treatment 
downregulated the phosphorylation level of JNK and had 
a more significant reduction in the level of inflammation 
in adipose tissue of HFD-feeding mice. In addition, stud-
ies have been shown that 3T3-L1 adipocytes undergo 
adipogenesis where JNK was upregulated during dif-
ferentiation [87, 88]. Furthermore, SP600125, a selective 
inhibitor of the JNK pathway, could significantly reduce 
lipid droplet formation in 3T3-L1 adipocytes under the 
conditions of inducing differentiation medium. Besides 
IL10-MSCs decreased the activation of the JNK pathway, 
we also found that the supernatant of IL10-MSCs mark-
edly reduced adipocyte differentiation and lipid accumu-
lation in 3T3-L1 adipocytes. Therefore, our experimental 
results proved that IL10-MSCs might alleviate the JNK 
signaling pathway to reduce adipose tissue inflammation 
and decrease lipid accumulation in adipocytes.

Conclusions
Our study showed that multiple intravenous transplan-
tations of MSCs and IL10-MSCs played a positive and 
important role in the development of obesity diseases in 
alleviating obesity-associated metabolic syndromes such 
as reducing inflammation and lipid accumulation in adi-
pose tissue, and combating adipocyte differentiation and 
increasing insulin sensitivity. Long-term inhibition of 
inflammation by genetically modified MSCs treatment is 
an effective strategy in preventing diet-induced obesity 
and obesity-related metabolic syndrome.
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