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Abstract. Recent progress in regenerative medicine has 
suggested that mesenchymal stem cell (MSC)-based therapy 
is a novel potential cure for diabetes. Betatrophin is a newly 
identified hormone that can increase the production and expan-
sion of insulin-secreting β-cells when administered to mice. In 
this study, we evaluated the effect of betatrophin overexpres-
sion by human adipose-derived MSCs (ADMSCs) by in vitro 
experiments, as well as following their transplantation into a 
mice with streptozotocin (STZ)-induced diabetes. The overex-

pression of betatrophin did not affect the ADMSCs in terms 
of proliferation, differentiation and morphology. However, 
the co-culture of human islets with ADMSCs overexpressing 
betatrophin (ADMSCs-BET) induced islet proliferation, β-cell 
specific transcription factor expression, and the islet production 
of insulin under the stimulation of glucose or KCl and Arg. In 
addition, ADMSCs-BET enhanced the anti-inflammatory and 
anti-apoptotic effects of the co-cultured islets compared with 
ADMSCs cultured alone. In mice with STZ-induced diabetes, 
the transplantation of ADMSCs-BET ameliorated the hypergly-
cemia and weight loss associated with STZ-induced diabetes; 
ADMSCs-BET also significantly enhanced the ratio of β-cells 
per islet compared to the transplantation of ADMSCs alone. 
Thus, our study demonstrates a novel strategy for inducing β-cell 
regeneration. ADMSCs-BET may replace insulin injections by 
increasing the number of endogenous insulin-producing cells 
in patients with diabetes. This combined strategy of ADMSC 
transplantation and gene therapy may prove to be a useful 
therapy for the treatment of diabetes.

Introduction

Diabetes mellitus, a complex metabolic disease, has become 
one of the most serious threats to global public health with 
an estimated worldwide prevalence of 285 million cases in 
the adult population (1). In both type 1 diabetes (T1D) and 
type 2 diabetes (T2D), an inadequate mass of functional 
pancreatic β-cells is the major determinant for the onset of 
hyperglycemia and the development of overt disease (2,3). A 
variety of pharmacological treatments for diabetes, including 
insulin therapy, exhibit limited ability to mimic the physiology 
of insulin secretion and are frequently associated with severe 
hypoglycemic comas (4). To overcome the limitations of tradi-
tional treatment, replenishing the lost insulin-producing cells 
by transplantation or by the expansion of existing pancreatic 
β-cells is the preferred approach for achieving glucose homeo-
stasis (5).
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Recent advances in the identification of stem cells that 
possess the potential to differentiate into insulin-producing 
cells and improve pancreatic regeneration provide future 
treatment options (6). Mesenchymal stem cells (MSCs) have 
received attention as they can be easily isolated from bone 
marrow and rapidly expanded ex vivo (7) and do not induce 
major toxicity following transplantation (8). MSC transplan-
tation can improve the metabolic profiles of diabetic animal 
models (9,10), and the co-infusion of insulin-secreting adipose-
derived MSCs with bone marrow-derived hematopoietic stem 
cells has been shown to control hyperglycemia in patients with 
T1D (11); however, the mechanisms underlying these beneficial 
effects remain poorly understood. As the number of MSCs 
that differentiate into functionally competent β-cells in vivo is 
too low to support a physiological change (~1.7-3% of infused 
MSCs) (12), there may be another mechanism underlying their 
therapeutic effects. MSCs may contribute to tissue regen-
eration through their immunomodulatory potential (13,14). 
Furthermore, MSCs secrete anti-inflammatory cytokines 
and inhibit the expression of pro-inflammatory cytokines by 
immune cells (15,16). Finally, MSCs produce trophic factors, 
such as epidermal growth factor (EGF), hepatocyte growth 
factor (HGF), insulin-like growth factor-1 (IGF-1) and basic 
fibroblast growth factor (bFGF) (17,18).

Betatrophin, also known as lipasin (19) or angiopoi-
etin-like 8 (20), was recently described as a potent stimulator 
of mouse β-cell proliferation (21). Its transient overexpres-
sion in the liver induces β-cell proliferation and improves 
glucose tolerance in young adult mice (21). However, 
betatrophin knockout mice do not display an altered glucose 
homeostasis (22). In patients with T2D, betatrophin levels 
are associated with measures of insulin resistance; however, 
studies assessing its level in individuals with T2D have 
provided conflicting results, with some reporting its increase 
in patients with T2D (23), while others have shown that it is 
decreased in these same patients (24). As the mechanisms 
through which betatrophin improves diabetes mellitus remains 
unknown (25), in this study, we aimed to evaluate the in vitro 
and in vivo effects of lentivirus-induced betatrophin overex-
pression in adipose-derived MSCs (ADMSCs). The biological 
characteristics and differentiation potential of the betatrophin-
overexpressing ADMSCs (ADMSCs-BET) were assessed 
in vitro. Furthermore, their effects on pancreatic β-cells were 
examined via co-culture with pancreatic islets and transplanta-
tion into mice with streptozotocin (STZ)-induced diabetes. Our 
findings have the potential to form the basis for further clinical 
analysis of combining MSC transplantation with gene therapy 
as a novel therapy for the treatment of diabetes.

Materials and methods

Adenoviruses and gene transfer. Human ADMSCs were 
obtained from the Typical Culture Preservation Commission 
Cell Bank, Chinese Academy of Sciences (Shanghai, China). 
The ADMSCs were cultured in MesenPro RS medium 
(Life Technologies, Carlsbad, CA, USA). A cDNA fragment 
containing the full-length coding regions of betatrophin was 
obtained from the cDNA library of human vascular endothe-
lial cells (the Typical Culture Preservation Commission Cell 
Bank) by a RT-PCR method, using a reverse transcription PCR 

kit (Toyobo Co., Ltd, Osaka, Japan). The recombinant adeno-
virus, expressing either β-galactosidase (LacZ) or betatrophin, 
was generated using cosmid cassettes and the adenovirus 
DNA-terminal protein complex method (COS/TPC method), 
with an Adenovirus Expression vector kit (Takara, Osaka, 
Japan). For lentivirus-mediated gene transfer, the MSCs were 
exposed to lentiviral vectors at a multiplicity of infection (MOI) 
of approximately 10-20 for 12 h.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Total RNA was extracted from cells and 
the mouse livers using TRIzol reagent (Life Technologies). 
Reverse transcription was performed using MMLV reverse 
transcriptase (Thermo Fisher Scientific, Waltham, MA, USA), 
and the PCR reaction was performed using the SYBR-Green 
PCR Master Mix (Life Technologies). The PCR primers used 
in this study are listed in Table I. Each reaction mixture was 
incubated at 50˚C for 2 min and 95˚C for 5 min followed 
by 40 cycles of 15 sec at 95˚C and 35 sec at 60˚C using an 

Table I. PCR primers used for RT-qPCR.

Gene Primer sequences (5'→3')

Betatrophin ATGGGATCCATGCCAGTGCCTGCTCTGTGCCTG
 ATGGTCGACTCAGGCTGGGAGCGCCGCTGTGTG

Insulin CCGTCGTGAAGTGGAG
 CAGTTGGTAGAGGGAGCAG

Glucagon AGCTGCCTTGTACCAGCATT
 TGCTCTCTCTTCACCTGCTCT

Glut2 TTACTCTCCATTTCAGTCCTTTGT
 TAGAGCAGCTCTTTATTCCAGATTT

Foxa2 CCCCTGAGTTGGCGGTGGT
 TTGCTCACGGAAGAGTAGCC

Nkx2.2 ACCACAGTCCATGCCATCAC
 TGCCCGCCTGGAAGGTGGCG

Pax-4 CGACAAGATTTGCCATGGAT
 CAACCTTTGGAAAAACCAACA

Pax-6 CAGCTTGGTGGTGTCTTTGTC
 CCCTCGGATAATAATCTGTCTCG

NeoD ATCAGCCCACTCTCGCTGTA
 GCCCCAGGGTTATGAGACTAT

Ngn3 CCGGACATCTCCCCATACGAAG
 ACACCAGTGCTCCGGCTCT

MafB AGCAGGGTTTGAAATTGATCC
 GCATGGTGCTTGCAGTTTTA

MafA ATCATCACTCTGCCCACCAT
 AGTCGGATGACCTCCTCCTT

β-actin GAGACCTTCAACACCCCAGC
 ATGTCACGCACGATTTCCC

Glut2, glucose transporter 2; Foxa2, forkhead box A2; Nkx2.2, NK2 
homeobox 2; Pax, paired box gene; NeoD, 2-deoxystreptamine N-acetyl-D-
glucosaminyltransferase; Ngn3, neurogenin 3.
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ABI 7500 Sequence detection system (Applied Biosystems, 
Foster City, CA, USA). The corresponding relative mRNA 
expression was normalized to β-actin and was calculated using 
the 2-ΔΔCq method.

Western blot analysis. Cell lysates (50 µg) were separated 
by 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and blotted onto polyvinylidene 
fluoride (PVDF) membranes (Amersham Biosciences, Uppsala, 
Sweden). After blocking with 5% skim milk, the membranes 
were then blotted with the indicated primary antibodies: mouse 
anti-human betatrophin antibody (1:200; AG-25B-0033-C100; 
Adipogen, San Diego, CA, USA), rabbit anti-human insulin 
(1:200; Cat. no. 3014; Cell Signaling Technology, Danvers, MA, 
USA), active caspase-3 (1:200; Cat. no. 9661S; Cell Signaling 
Technology), mouse anti-human glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (1:5,000; ab110305; Abcam, 
Cambridge, UK), or mouse anti-human β-actin (1:10,000; 
A5441-100UL; Sigma-Aldrich, St. Louis, MO, USA). After 
washing, the membranes were incubated with the horseradish 
peroxidase (HRP)-conjugated secondary antibody at room 
temperature for 1 h: either goat anti-rabbit IgG (1:8,000; 
AS10 668; Epitomics Inc., Burlingame, CA, USA) or rabbit 
anti-mouse IgG (1:10,000; A9044-2ML; Sigma-Aldrich). The 
protein intensity was determined by ECL chemiluminescence 
reagent (PerkinElmer Life Sciences, Inc., Waltham, MA, USA), 
and their intensities were quantitatively measured by densitom-
etry (LabWorks, UVP Inc., Upland, CA, USA).

Cell cycle analysis. The ADMSCs were seeded at 
0.2x106 cells/25 cm2 flask. At 80-90% confluence, the cells 
were harvested for cell cycle analysis. Briefly, the cells were 
washed and fixed in 70% ethanol overnight at -20˚C. The fixed 
cells were then washed and incubated in 100 µg/ml propidium 
iodide (PI) and 20 ng/ml RNAase (both from Sigma-Aldrich) 
in phosphate-buffered saline (PBS) for 30 min. Cell cycles 
were assessed by flow cytometry, and analysis was performed 
using FCS Express V3 software (BD Biosciences, San Jose, 
CA, USA).

Flow cytometry. The ADMSCs were analyzed for the surface 
expression of a battery of markers at passage 4 (P4). Anti-mouse 
antibodies purchased from BD Biosciences included CD45 
(FITC-conjugated, Cat. no. 553099), CD14 (FITC-conjugated, 
Cat. no. 553739), CD90 (APC-conjugated, Cat. no. 553007) and 
CD73 (PE-conjugated, Cat. no. 550741). Antibodies against 
CD105 (PE-conjugated, Cat. no. 25-1057-41) were purchased 
from eBioscience (San Diego, CA, USA). A total of 1x106 cells 
were incubated with fluorescent-conjugated antibodies for 
30 min at room temperature followed by analysis using a 
Becton-Dickinson FACSCalibur (BD Biosciences, Franklin 
Lakes, NJ, USA) and CellQuest Pro software.

To assess apoptosis, the ADMSC/islet co-cultures were 
dissociated with Liberase (Roche Life Science, Basel, 
Switzerland) and the stained with FITC Annexin V and PI 
(BD Biosciences) followed by flow cytometric analysis.

ADMSC differentiation assays. To examine whether betatro-
phin overexpression alters the differentiation capacity of 
ADMSCs (ADMSCs-BET), the cells were induced to undergo 

adipogenic, osteogenic and chondrogenic differentiation. 
Adipogenic and osteogenic differentiation were induced as 
previously described (26). The acquisition of the adipogenic 
phenotype was determined by staining the monolayers with 
a 0.5% Oil Red O solution (O1391-250ML; Sigma-Aldrich). 
ADMSC colonies that underwent adipogenic differentiation 
contained cells with numerous lipid vesicles of various sizes. 
Osteogenic mineralization was assessed by staining with 
40 mM Alizarin Red, pH 4.1 (Sigma-Aldrich).

For chondrogenic differentiation, the pellet culture system 
described by Sekiya et al (27) was used. ADMSC pellets 
were cultured in chondrogenic differentiation medium, which 
consisted of DMEM supplemented with 500 ng/ml bone 
morphogenic protein-6 (BMP-6; R&D Systems, Minneapolis, 
MN, USA), 10 ng/ml tumor growth factor-β3 (TGF-β3), 10-7 M 
dexamethasone, 50 µg/ml ascorbate 2-phosphate, 40 µg/
ml proline, 100 µg/ml pyruvate and 50 mg/ml ITS + premix 
(Becton-Dickinson: 6.25 µg/ml insulin, 6.25 µg/ml trans-
ferrin, 6.25 ng/ml selenous acid, 1.25 mg/ml bovine serum 
albumin, 5.35 mg/ml linoleic acid). The medium was replaced 
every 2-3 days for 21 days. Pellets were then fixed in formalin, 
embedded in paraffin and sectioned, and the sections were 
stained with Toluidine blue (198161; Sigma-Aldrich).

Collection of human islets. Human islets were collected from 
patients who underwent pancreaticoduodenal surgery at the 
Eastern Hepatobiliary Hospital, Shanghai, China between 
September 2012 and January 2013. Six male patients (age 
range, 52-63 years) were recruited. Patients with known distal 
metastasis and portal vein tumor thrombus were excluded; 
pancreatic involvement was not observed during surgery. 
As cholangiocarcinoma invades the distal common bile 
duct, duodenopancreatectomy (Whipple's surgery) was also 
required. This study was approved by the Institutional Review 
Board of the Second Military Medical University, and all 
participants provided informed consent.

Co-culture of ADMSCs with islets. The ADMSCs or 
ADMSCs-BET were seeded at the density of 1.0x106 cells 
to a 100 mm low adherence culture dish (Corning, Corning, 
NY, USA) with 500 human islets in 10 ml culture medium, 
as previously described (28). Islets cultured alone were 
used as controls. The culture medium consisted of DMEM 
low glucose (5.6 mM glucose) with 1% fetal bovine 
serum (FBS), 20 ng/ml EGF, 20 ng/ml bFGF, 10 mM HEPES, 
100 units penicillin/1,000 units streptomycin and 71.5 µM 
β-mercaptoethanol for 48 h. DMEM low glucose, FBS, EGF, 
bFGF and penicillin/streptomycin were purchased from Life 
Technologies. HEPES and β-mercaptoethanol were obtained 
from Sigma-Aldrich.

Immunohistochemical staining. For immunohistochemical 
staining, pancreatic tissue sections were blocked by incubation in 
2.5% bovine serum albumin for 20 min at room temperature. The 
sections were then incubated with mouse anti-vimentin (1:400; 
ab92547), rabbit anti-insulin (1:500; ab63820) or anti-
Ki67 (1:500; ab15580) (all from Abcam) antibodies overnight 
at 4˚C, followed by fluorescein isothiocyanate-conjugated anti-
mouse (SA1062) or anti-rabbit (SA1064) secondary antibodies 
(1:200; Boster, Wuhan, China) for 2 h at room temperature. The 
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nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) 
for a further 40-60 min. The tissue sections were assessed 
using a fluorescence microscope (Leitz, Wetzlar, Germany). 
Image acquisition was performed with the SPOT RT Imaging 
system (Diagnostic Instruments, Sterling Heights, MI, USA). 
In addition, the ratio of β-cells per islet (i.e., the number of 
β-cells over the total number of islet cells) was measured using 
Image-Pro 6.0 Image-Pro Plus version 6.0 (MediaCybernetics, 
Rockville, MD, USA).

Insulin secretion assays. Glucose-independent insulin secre-
tion was triggered by membrane depolarization that was 
induced by a combination of 30 mM KCl (A610440-0500; 
Sangon Biotech Co., Ltd., Shanghai, China) and 30 mM Arg 
(A600205-0100; Sangon Biotech Co., Ltd.) at 20 and 50 min 
after the experiment began, as previously described (29). 
Glucose-stimulated insulin secretion (GSIS) was used to 
assess human islet function in the presence of 60 and 300 mg/l 
glucose. A total of 20 µl was removed at 0, 10, 20, 30 up to 
90 min, and secreted insulin level was measured by enzyme-
linked immunosorbent assay (ELISA; Crystal Chem, Downers 
Grove, IL, USA) following the manufacturer's instructions.

Measurement of the adenosine triphosphate (ATP)/adenosine 
diphosphate (ADP) ratio. The ADP/ATP ratio was determined 
using the ADP/ATP Ratio Assay kit (Cat. no. MAK135; Sigma-
Aldrich) according to the manufacturer's instructions. Briefly, 
the cells (4,000/well) were seeded in a 96-well, flat-bottom, 
white plate with clear bottoms. The ATP level was assayed by 
a luminometric method. After removing the culture medium, 
100 µl of nucleotide releasing buffer was added and incubated for 
5 min. The samples were mixed with 100 µl of a commercially 
available lyophilized ATP monitoring reagent containing firefly 
luciferase and luciferin at first reconstituted in an imidazole 
buffer (100 mM, pH 7.75). The emitted light was measured using 
a BioTek luminometer. The ADP/ATP ratio of the 3 different 
groups was detected. All assays were performed in triplicate. 

Quantification of secreted proteins. The levels of inter-
leukin (IL)-4, IL-10, IL-13, IL1-β, tumor necrosis 
factor-α (TNF-α), NADP-cytochrome P450 reductase (NCP1), 
X-linked inhibitor of apoptosis protein (XIAP), B-cell 
lymphoma-extra large (Bcl-xL) and B-cell lymphoma-2 (Bcl-2) 
secreted by the ADMSCs in co-culture with pancreatic islets 
were measured using the RayBio human growth factor antibody 
array (RayBiotech, Norcross, GA, USA). ADMSCs were main-
tained in MesenPro medium (Invitrogen, Carlsbad, CA, USA) 
for 2 days, and the conditioned medium was then collected for 
growth factor array analysis according to the manufacturer's 
instructions. MesenPro medium served as the control.

Induction of diabetes and ADMSC transplantation. This 
study was approved by the Institutional Animal Care and Use 
Committee of the Second Military Medical University. T1D 
was induced in 10-week-old BALB/c mice (n=40, weighting 
25-27 g, obtained from the Shanghai SLAC Laboratory 
Animal Co., Ltd, Shanghai, China) by an intraperitoneal injec-
tion of STZ Sigma-Aldrich) at a dose of 60 mg/kg body weight 
in 25 mM sodium citrate (pH 4.5), as previously described (30). 
The onset of diabetes was defined as elevated blood glucose 

values of >200 mg/dl found at two consecutive tests at 3-day 
intervals. Blood glucose was measured after an 8-h fast.

The diabetic mice were further divided into the following 
3 groups (n=8 per group) as follows: the diabetic (control) 
group, the diabetic mice with ADMSC transplantation group, 
and the diabetic mice with ADMSC-BET transplantation 
group. For ADMSC transplantation, 1x106 cells in 0.2 ml 
of PBS were injected into the diabetic mice via the tail vein 
7 weeks after the STZ injection. In the control group, 0.2 ml of 
PBS was injected into the diabetic mice via the tail vein at the 
same time points as those for ADMSC transplantation.

Quantification of betatrophin and C-peptide. The animals were 
sacrificed at 28 days, and the levels of betatrophin in homogenized 
liver samples and plasma were then quantified using an EIA 
kit (Phoenix Pharmaceuticals, Belmont, CA, USA) following the 
manufacturer's instructions. The plasma level of C-peptide was 
measured by an EIA kit (BioVision, San Francisco, CA, USA) 
following the manufacturer's instructions.

Statistical analysis. Values are expressed as the means ± stan-
dard deviation (SD). Differences between groups were examined 
by one-way ANOVA, followed by Bonferroni post-hoc tests. 
Statistical assessments were evaluated at a two-sided signifi-
cance level of 0.05, and performed using IBM SPSS software, 
version 22 (IBM Corp., Armonk, NY, USA).

Results

Generation and characterization of ADMSCs-BET. We 
overexpressed betatrophin in ADMSCs using a lentivirus. A 
significantly higher mRNA and protein expression level was 
detected in the ADMSCs-BET compared with the control 
group consisting of ADMSCs transfected with the vehicle [the 
recombinant adenovirus, expressing β-galactosidase (LacZ)]
(Fig. 1A and B, respectively). As compared to mouse hepatic 
tissue, in which betatrophin is primarily expressed, there was 
a significantly higher betatrophin mRNA expression in the 
ADMSCs-BET (1.0±0.024 vs. 8.08±0.23, P<0.001). These data 
demonstrate the successful lentiviral-mediated overexpression 
of betatrophin in ADMSCs.

For clinical application, ADMSCs-BET should have the 
biological properties of ADMSCs. As shown in Fig. 1C, the 
ADMSCs-BET and ADMSCs exhibited a similar fibroblast-like 
morphology. Similar cell cycle progression was also observed 
with 52.2 and 42% of the ADMSCs and ADMSCs-BET in the 
S + G2/M phases, respectively (Fig. 1D). As the surface marker 
profile and differentiation potential are thought to be minimal 
criteria for MSCs (31), we tested an array of surface markers by 
flow cytometry. As shown in Fig. 2A, both the ADMSCs and 
ADMSC-BET were positive for CD73, CD90 and CD105, and 
negative for CD14 and CD45. Furthermore, both the ADMSCs 
and ADMSCs-BET had the capacity to differentiate into adipo-
genic, osteogenic and chondrogenic lineages in vitro (Fig. 2B), 
as has also been demonstrated by previous studies (32,33). Thus, 
the overexpression of betatrophin did not alter the biological 
characteristics of the ADMSCs.

Islet-MSC-BET co-culture enhances islet viability and β-cell 
insulin secretion. To identify whether betatrophin overexpres-
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sion provides additional benefits beyond ADMSCs on the 
viability and function of islets, ADMSCs-BET or ADMSCs 
were co-cultured with human islets as previously described (34). 
Co-culture of the islets with ADMSCs-BET induced a marked 
increase in the size of the islets, as well as the formation of new 
islet-like aggregates of cells; no such changes were observed 
with the ADMSCs alone (Fig. 3, top row). Furthermore, the 
expression of Ki67 antigen, a nuclear marker of cell prolif-
eration, was substantially increased in the islets co-cultured 
with ADMSCs-BET compared with the islets co-cultured 
with ADMSCs or cultured alone (Fig. 3, bottom row). The 
proportion of Ki67-positive cells in the ADMSCs-BET + islet 
group was significantly greater than that of the other 
2 groups (p<0.0167). The analysis of insulin mRNA levels 
revealed that the islets co-cultured with ADMSCs expressed 
markedly higher levels than the islets cultured alone (4.15±0.54 
vs. 1.10±0.56, respectively; P<0.001) (Fig. 4A). The insulin 
mRNA levels of the islets co-cultured with ADMSCs-BET 
were significantly higher than those cultured with ADMSCs 

or alone (8.52±0.19 vs. 4.15±0.54 and 1.10±0.56, respectively; 
both P<0.001). By contrast, all 3 groups expressed similar 
glucagon mRNA levels (P>0.05).

The mRNA expression of a panel of regulatory factors 
related to insulin transcription was then analyzed. Co-culture 
with both ADMSCs and ADMSCs-BET significantly upregu-
lated the Foxa2, Nkx2.2, Pax4, Pax6, NeuroD and MafB mRNA 
levels (all P≤0.002) (Fig. 4B). In addition, the Foxa2, Pax4 
and neuroD mRNA levels were further increased following 
co-culture with ADMSCs-BET compared to co-culture with 
ADMSCs (all P≤0.013). Of note, the Pax6 mRNA levels were 
decreased with ADMSCs-BET co-culture as compared to 
co-culture with ADMSCs (P=0.005); however, the mRNA 
levels of Glut2 and MafA were only induced following 
co-culture with ADMSCs-BET (P≤0.001).

As shown in Fig. 4C, KCl and Arg induced strong 
and equivalent insulin secretion by islets co-cultured with 
ADMSCs and ADMSCs-BET; however, the insulin levels in 
the ADMSCs-BET + islet group were significantly higher than 

Figure 1. Biological characteristics of adipose-derived mesenchymal stem cells (ADMSCs) overexpressing betatrophin. (A) RT-qPCR of betatrophin mRNA 
expression following transduction of ADMSCs with a control lentivirus (MSC) and betatrophin-expressing lentivirus (MSC-BET). Data represent the 
mean  ± standard deviation; n=3 for each bar. (B) Western blot analysis for betatrophin expression following transduction of ADMSCs with a control lenti-
virus (ADMSCs) and betatrophin-expressing lentivirus (ADMSCs-BET). (C) Phase contrast images of adherent fibroblast-like AdMSCs and AdMSCs-BET. 
(D) Histogram of ADMSCs stained with PI. The G0/G1 and G2/M peaks are separated by the S phase distribution.
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those in the ADMSCs + islet group and islet alone group at 
20 and 50 min (P<0.001). The analysis of GSIS in the presence 
of 60 and 300 mg/l glucose revealed that the islets cultured 
with both ADMSCs and ADMSCs-BET secreted significantly 
more insulin than the islets cultured alone (P<0.001) (Fig. 4D). 
Furthermore, ADMSCs-BET induced significantly greater 
glucose-stimulated insulin secretion compared to the 
ADMSCs (P<0.001).

The analysis of the ADP/ATP ratio revealed that co-culture 
with ADMSCs and ADMSCs-BET produced lower ADP/ATP 
ratios than the islets cultured alone (both P<0.001) (Fig. 4E). 
The ADMSCs-BET were significantly more effective in 
reducing the ADP/ATP ratio (P=0.003). Taken together, these 
results suggest that the islets cultured with ADMSCs-BET 
displayed an enhanced viability and insulin secretory func-
tion and reduced ADP/ATP ratios beyond those observed with 
ADMSC co-culture.

Expression of betatrophin enhances the anti-inflammatory 
and anti-apoptotic potential of ADMSCs. Pro-inflammatory 

cytokines can cause impaired function, and ultimately the cell 
death of islets by apoptosis or necrosis in T1D, and inflam-
mation may participate in the pathogenesis of T2D (35). In 
addition, inflammation-induced apoptosis plays a significant 
role in the loss of islet function immediately after islet trans-
plantation (36,37). Moreover, anti-inflammatory cytokines are 
protective against pancreatic β-cell death (38,39). Thus, we 
measured the levels of several inflammatory- and apoptosis-
related proteins in the supernatant of the co-culture system. 
As shown in Fig. 5A, the L-4, IL-10 and IL-13 protein levels 
were significantly increased when the islets were co-cultured 
with either ADMSCs or ADMSCs-BET; the IL-4 levels in 
the ADMSCs-BET group were significantly higher compared 
with those in the ADMSCs group (all P<0.05). Whereas no 
differences in IL-1B levels were observed among the 3 groups, 
the TNF-α and NCP1 levels were significantly decreased in 
the islets co-cultured with ADMSCs-BET as compared to the 
control group (both P<0.05). In addition, the XIAP, Bcl-xL 
and Bcl-2 levels were significantly increased in the islets 
co-cultured with ADMSCs or ADMSCs-BET (all P<0.05); 

Figure 2. Surface phenotype and differentiation ability of adipose-derived mesenchymal stem cells (ADMSCs) overexpressing betatrophin. (A) ADMSCs and 
ADMSCs-BET were incubated with specific surface marker antibodies or isotype control antibodies and subjected to flow cytometry analysis. (B) Representative 
images of ADMSCs and ADMSCs-BET differentiation. Images are shown at x100 magnification.
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however, the XIAP and Bcl-xL levels were significantly higher 
in the ADMSCs-BET group as compared to the ADMSCs 
group (both P<0.05). Furthermore, western blot analysis 
revealed that the level of active caspase-3 was reduced in 
the islets co-cultured with ADMSCs-BET (Fig. 5B), and a 
decreased amount of apoptotic cells (green fluorescence) 
was detected in the islets co-cultured with ADMSCs-BET, as 
shown by Annexin V FITC and PI staining (Fig. 5C). Taken 
together, ADMSCs have anti-apoptotic and anti-inflammatory 
effects on islets, and the transduction of betatrophin in 
ADMSCs appears to provide additional benefits.

Infusion of ADMSCs-BET attenuates hyperglycemia in mice 
with STZ-induced diabetes. To assess the function of ADMSCs 
in vivo, a single dose of 1x106 ADMSCs or ADMSCs-BET 
was injected into mice with STZ-induced diabetes via the 
tail vein. As shown in Fig. 6A, the transplantation of both 
ADMSCs and ADMSCs-BET significantly reduced the 

fasting blood glucose levels compared with the control group 
at days 14, 21 and 28 (all P<0.05); however, the reduction 
in blood glucose levels in mice receiving ADMSCs-BET 
was significantly greater compared with the mice receiving 
ADMSCs (all P<0.05). Consistent with these results, 
ADMSCs-BET transplantation led to a significant restoration 
of the ratio of β-cells/islets (Fig. 6C).

The analysis of the mean body weight revealed that whereas 
the control group experienced a decrease in body weight over 
the course of the study, the ADMSCs and ADMSCs-BET 
groups had significantly increased body weights on days 7-28 
(all P<0.05) (Fig. 6B). Furthermore, mice in the ADMSCs-BET 
group had significantly higher body weights compared with 
those in the ADMSCs group on days 21 and 28 (both P<0.05).

As shown in Fig. 7, immunohistochemical analysis of 
pancreatic tissue revealed an increase in the number of 
Ki67-positive and insulin-positive cells in the ADMSCs and 
ADMSCs-BET groups, suggesting that their transplantation 

Figure 3. Betatrophin-expressing adipose-derived mesenchymal stem cells (ADMSCs) promote the proliferation of human islets in a co-culture system. 
(A) Staining for the proliferation marker, Ki67 (red), and nuclei (DAPI, blue) in human islets cultured alone (islet) or with ADMSCs (ADMSCs + islets) or 
ADMSCs-BET (ADMSCs-BET + islets). (B) Proportion of Ki67-positive cells among islet, ADMSCs + islets, and ADMSCs-BET + islet groups. Data are 
represented as the means ± SD (n=3 per condition). *,†P<0.0167, significant difference compared with *Islets only, and †ADMSCs + islets.
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increased β-cell proliferation, resulting in reduced blood 
glucose levels in mice with STZ-induced diabetes.

To confirm that mice transplanted with ADMSCs-BET actu-
ally had increased betatrophin levels, we evaluated betatrophin 
levels in the liver and plasma, which were both significantly 
higher in the ADMSCs-BET group compared to the other 
2 groups (all P<0.001) (Fig. 8A and B). No significant difference 
was observed between the control and ADMSCs groups.

As shown in Fig. 8C, the plasma C-peptide levels of 
the ADMSCs-BET group were significantly higher than 
those in the control and ADMSCs groups on day 28 
(156.85±19.92 vs. 116.22±8.01 and 132.45±18.01, respectively; 
P<0.001 and P=0.007, respectively). Furthermore, although the 
plasma insulin levels of the ADMSCs group were significantly 
higher than those in the control group (9.22±1.89 vs. 6.73±1.24, 
respectively; P=0.003) (Fig. 8D), they were highest in the 

Figure 4. Betatrophin-expressing adipose-derived mesenchymal stem cells (ADMSCs) promote the function of human islets in a co-culture system. (A) Insulin 
and glucagon mRNA levels in islets cultured alone (islets) or with ADMSCs (ADMSCs + islets) or ADMSCs-BET (ADMSCs-BET + islet). (B) mRNA levels of 
transcription factors in islets cultured alone (islet) or with ADMSCs (ADMSCs + islet) or ADMSCs-BET (ADMSCs-BET + islets). (C) Insulin levels from the 
four indicated groups are shown upon stimulation with Arg and KCl at 20 and 50 min. (D) Glucose-induced insulin secretion in islets cultured alone (islets) or 
with ADMSCs (ADMSCs + islets) or ADMSC-BET (ADMSCs-BET + islets) after stimulation with 60 and 300 mg/dl of glucose. (E) The ADP/ATP ratio of the 
3 different groups was detected.
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ADMSCs-BET group than in the control or ADMSCs groups 
(13.64±1.12 vs. 6.73±1.24 and 9.22±1.89, respectively; P<0.001).

Discussion

In vivo studies and clinical trials have demonstrated that MSCs 
are capable of reducing blood glucose levels in animal models 
or in humans with T1D or T2D (40,41). Furthermore, MSCs are 
ideal cellular delivery vehicles for gene delivery (42,43) without 
the limitations of viral vector-based gene therapy, such as inser-
tional mutagenesis and the generation of innate, and specific 
anti-viral immune responses against viral proteins (44,45). In 
the present study, ADMSCs stably overexpressing betatrophin 
augmented the therapeutic effects of MSCs in mice with 
STZ-induced diabetes. Although betatrophin overexpres-
sion did not affect ADMSC proliferation, differentiation and 
morphology, it provided strong paracrine effects and conferred 
additional cyto-protective effects in vitro and in vivo, leading 
to greater β-cell number, increased insulin production and 
reduced glucose levels.

The application of gene-modified hMSCs expressing 
human insulin by a retroviral vector has been reported to be 
able to ameliorate diabetes in rats (46). The same group later 
reported the reversal of hyperglycemia after the administration 
of insulin-expressing mMSCs to the liver (47). Similarly, we 
showed that the transplantation of ADMSCs overexpressing 
betatrophin improved diabetes in mice with STZ-induced 
diabetes. Betatrophin is a novel β-cell mitogen reported by 
Yi et al (21) that enhances endogenous β-cell replication and 
improves glucose tolerance and insulin secretion following 
hydrodynamic tail injections of plasmids encoding mouse and 
human betatrophin into mice with insulin resistance induced by 
the insulin receptor antagonist, S961. However, the effects of 
betatrophin on human islets were not analyzed (21). Follow-up 
studies by Jiao et al (48), which injected S961 in an attempt to 
increase hepatic betatrophin expression in mice, demonstrated 
that despite the induction of vigorous replication in mouse 
β-cells transplanted into renal subcapsular tissues of SCID 
mice, endogenous betatrophin failed to induce replication in 
transplanted human β-cells. In the present study, the impact 

Figure 5. Enhanced anti-inflammatory and anti-apoptotic effects of adipose-derived mesenchymal stem cell (ADMSCs)-BET co-cultured with islets. (A) The 
protein levels of inflammatory- and apoptosis-related proteins in the supernatant of the human islets cultured alone (islet) or with ADMSCs (MSC + islet) or 
ADMSCs-BET (ADMSCs-BET + islets). Data are presented as the mean ± standard deviation; n=3 for each bar. (B) Western blot analysis of active caspase-3 
protein levels in islets cultured alone (islets) or with ADMSCs (ADMSCs + islets) or ADMSCs-BET (ADMSCs-BET + islets). (C) Single cell suspensions derived 
from different co-culture settings were stained with Annexin V and PI and followed by flow cytometric analysis.
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Figure 6. Reversion of the hyperglycemic condition and body weight in mice with streptozotocin (STZ)-induced diabetes by adipose-derived mesenchymal 
stem cells (ADMSCs). Mice with STZ-induced diabetes were transplanted with 1x106 ADMSCs (ADMSCs) or ADMSCs-BET (ADMSCs-BET) via a tail vein 
injection. Mice in control group received PBS injected via the tail vein. Blood glucose levels (A) and body weight (B) were determined every 7 days throughout 
the 28-day study period (n=8 for each line). (C) The ratio of β-cells in the islets (n=3 for each bar). Data are presented as the means ± standard deviation. All 
measurements were all performed on the same day for each group; however, the values for each measurement were plotted to avoid overlapping of SD bars from 
each group. *†‡Significant difference as compared with the *control, †ADMSCs and ‡healthy BALB/c groups.

Figure 7. Administration of adipose-derived mesenchymal stem cells (ADMSCs)-BET enhances the proliferation of islets in vivo. Mice with streptozotocin 
(STZ)-induced diabetes were transplanted with 1x106 ADMSCs or ADMSCs-BET (ADMSCs-BET) via a tail vein injection. Mice in control group received PBS 
injected via the tail vein. The islets were harvested at 7 days following the ADMSC injection, and sections were stained with anti-vimentin (control), anti-insulin, 
anti-Ki67 antibodies.
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of human ADMSCs-BET was analyzed using co-culture 
experiments with human islets and in vivo experiments with 
mice with STZ-induced diabetes. Exposure to ADMSCs-BET 
increased β-cell proliferation and insulin levels compared 
to the control. This findings is different from that reported 
in the study by Cox et al (49), in which tail vein injections of 
betatrophin DNA into mice of different ages did not alter β-cell 
proliferation. It is possible that the inconsistent responses of 
human β-cells to elevated betatrophin may be due to the models 
employed (i.e., S961-induced insulin resistance vs. STZ-induced 
diabetes), particularly since S961-induced insulin resistance 
may be transient and temporary. In addition, the proliferative 
capability of the islets may vary among mice of different age 
groups, which may bias the results. Finally, while increased 
β-cell proliferation in response to betatrophin may represent the 
underlying mechanism through which it impacts β-cell activity, 
further studies are necessary to fully elucidate the impact of 
betatrophin overexpression in human β-cells.

MSCs were initially thought to promote tissue regeneration 
via direct cell replacement given their capacity to differentiate 
into a variety of mesenchymal cell types (50). Indeed, autolo-
gous MSC transdifferentiation to functional β-cells has been 
thought to have the potential to overcome the limitation of 
the source and the viability of transplanted islets (51). Most 
protocols applied to induce MSCs along the β-cell lineage by 
adding a combination of soluble factors known to influence 

pancreatic development to the culture medium. The combined 
suppression or overexpression of certain transcriptional factors 
was also reported to cause the differentiation of bone marrow 
MSCs into insulin-producing cells (52,53), suggesting that 
genetic modifications of MSCs could be performed in vitro 
to improve MSC efficacy. This is similar to the present study 
in which ADMSC-BET transplantation induced the ratio of 
β-cells per islet, as well as the number of insulin-producing 
cells over the control and ADMSC groups. Two reasons 
may explain the increased ratio in the experimental groups: 
i) an immunoregulatory effect of MSCs that may alleviate 
islet inflammation, reducing β-cell apoptosis and ii) β-cell 
proliferation by betatrophin (54). However, further studies are 
necessary to determine the mechanisms involved.

In the present study, the expression of both Ngn3 and Pax6 
was increased in the ADMSCs + islet and ADMSCs-BET + islet 
groups. Ngn3 is a marker for islet progenitor cells, and both 
Ngn3 and Pax6 are important transcription factors in islet 
development and differentiation (55,56). In addition, Pax6 is 
important for α-cell differentiation and maturation, which regu-
lates glucagon at the transcriptional level (57,58). Importantly, 
under conditions that induce extreme β-cell loss, α-cells can 
convert to β-cells (59,60). The increased Ngn3 and Pax6 
expression in the ADMSCs + islet and ADMSCs-BET + islet 
groups suggests that the ADMSCs may have differentiated 
toward islet cells. Furthermore, the expression level of Pax6 in 

Figure 8. Adipose-derived mesenchymal stem cell (ADMSCs)-BET induce betatrophin overexpression and increased C-peptide and insulin levels in strepto-
zotocin (STZ)-induced diabetic mice. The betatrophin expression levels in (A) liver and (B) blood plasma as well as the levels of plasma (C) C-peptide and 
(D) insulin were determined on day 28 following injection of ADMSCs (ADMSCs) or those overexpressing betatrophin (MSC-BET). Data are presented as the 
means ± standard deviation; n=3 for each bar.
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ADMSCs-BET + islet group was significantly lower than that 
in the ADMSCs + islet group, which may be due to differentia-
tion towards β-cells driven by betatrophin.

Over the past decade, accumulating evidence has indi-
cated that in addition to their role as building blocks for new 
β-cells, MSCs ameliorate hyperglycemia in diabetic subjects 
via their immunomodulatory (41) properties by secreting a 
diverse array of paracrine factors (61,62). In the present study, 
islets cultured with ADMSCs-BET had increased IL-4, IL-10 
and IL-13 levels and reduced TNF-α and NCP1 levels. We 
hypothesize that the additional benefits observed with betatro-
phin overexpression may result from the combination of 
betatrophin and growth factors secreted by MSCs and/or from 
the immunomodulatory and anti-apoptotic properties of the 
ADMSCs. The anti-inflammatory capacity of the ADMSCs 
observed in the present study was consistent with a previous 
study by Kuo et al (63), which showed that ADMSCs acceler-
ated diabetic wound healing by reducing the pro-inflammatory 
environment and increasing growth factor expression.

Wang et al (64) reported that human-derived MSCs can 
localize to the liver and pancreas following their transplantation 
into rats with STZ-induced T1DM and may not cause immune 
rejection. In addition to animal models of diabetes, human-
derived MSC transplantation has also been conducted in a rat 
meniscus injury model (65), as well as other models (66), and 
these studies suggest that it does not cause immune rejection, 
which may be due to the low antigenicity of MSCs. Furthermore, 
as autoimmunity, a key factor in T1DM pathogenesis, may not 
be observed in severe combined immunodeficient mice (SCID) 
mice, neither SCID mice nor immunosuppressants were used 
in the present study.

In conclusion, combining cell transplantation with gene 
therapy may represent a useful therapeutic tool for the treat-
ment of diabetes. Specifically, betatrophin-overexpressing 
ADMSCs increased human islet viability and β-cell insulin 
secretion in vitro and in vivo, which may be mediated by the 
enhanced anti-inflammatory and anti-apoptotic potential of 
ADMSCs with betatrophin overexpression.
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