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Abstract. Ectogenic pancreatic islet transplantation has long 
been discussed as having the potential to reverse diabetes. 
The aim of the present study was to evaluate the therapeutic 
efficacy of co‑transplantation with hypoxia pretreated mesen-
chymal stem cells (MSCs) and islets in a diabetic mouse model. 
MSCs were isolated from femoral and tibial bone marrow 
aspirates from female BALB/c donor mice. MSC proliferation 
rates and the expression levels of vascular endothelial growth 
factor A (VEGFA), interleukin (IL)‑6, monocyte chemoattrac-
tant protein (MCP)‑1 and matrix metalloproteinase (MMP)‑9 
were measured in hypoxic conditions. Subsequently, a strep-
tozotocin‑induced diabetic model was established in BALB/c 
mice. Glucose tolerance and diabetes reversal rate following 
co‑transplantation of hypoxia pre‑cultured MSCs and islets were 
demonstrated at different conditions during transplantation. The 
present study results demonstrated that MSCs increased their 
proliferation rate and the secretion of growth‑related cytokines, 
including VEGFA, IL‑6, MCP‑1 and MMP‑9 in a hypoxic envi-
ronment. In the diabetes animal model, fewer islets (~250) were 
required to reverse the impaired glucose tolerance condition 
in Islets + Hypoxia cultured MSCs transplant group compared 
with the Islets‑only group (~400 islets) and the Islets + Normal 
cultured MSCs group (~300 islets). Hypoxia‑cultured MSC 
co‑transplantation accelerated glycemic utilization following 
glucose intake. In subjects with hyperglycemia control for 
islet only transplantation group, MSCs pre‑cultured in hypoxic 
condition prior to co‑transplantation may potentially improve 
islet tissue regeneration.

Introduction

Diabetes mellitus is the most prevalent endocrine and meta-
bolic disease worldwide and is characterized by hyperglycemia 
caused by either impaired insulin secretion in the pancreas or 
by insulin resistance (1). Many of the patients with diabetes that 
fail to control their blood glucose levels may develop hyper-
tension and cardiovascular diseases, which may contribute to 
the high morbidity and mortality rates in adults. In addition, 
<50% insulin dependent patients achieve the recommended 
HB A1c (4‑6%) and exogenous insulin is unable to provide 
the same level of glycemic control as insulin secreted by the 
pancreas (2,3). To date, transplantation of intact pancreas or 
isolated pancreatic islets appears to be a promising treatment 
for patients with type 1 diabetes. For example, it was previously 
reported that islet transplantation significantly decreased the 
mean amplitude of glycemic fluctuations in a study involving 
seven patients with type 1 diabetes (4). However, another study 
reported that grafted islet function progressively decreased 
following surgery and 44% of patients become insulin inde-
pendent after 3 years (5), which indicated that diabetes may be 
successfully reversed in only a portion of patients (6).

Mesenchymal stem cells (MSCs) are a subpopulation of 
multipotent cells that were first identified in myeloid tissue (7). 
Several studies have demonstrated that co‑transplantation with 
MSCs may improve islet graft survival rate through various 
mechanisms, such as immune modulation and enhancement 
of revascularization by cytokine secretion, including vascular 
endothelial growth factor (VEGF), hepatocyte growth factor, 
platelet‑derived growth factor and matrix metalloproteinases 
(MMPs) (8‑15). Nevertheless, previous studies have focused 
only on pancreatic islet allografts as an experimental model 
in normoxic microenvironmental conditions  (8,16,17). 
Conversely, in native bone marrow tissue, low oxygen tension 
(2%) is considered an integral component of human MSC 
proliferation (18). Furthermore, a hypoxic environment was 
reported to have a close association with the biological char-
acteristics of MSCs. One study reported that culturing MSCs 
under hypoxic conditions prior to transplantation may improve 
their tissue regenerative ability  (19). Hypoxia‑stimulated 
MSCs may secret a higher level of anti‑apoptotic and anti-
genic related factors, including interleukin (IL)‑6, VEGF and 
monocyte chemoattractant protein (MCP)‑1. As a result, the 
hypoxia‑cultured MSC conditioned medium (hMSC‑CM) 
may possess the ability to suppress apoptosis and enhance 
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angiogenesis of vascular endothelial cells  (20). Therefore, 
pre‑treating MSCs in a hypoxic microenvironment may benefit 
pancreatic islet transplantation graft survival rate.

The present study examined the proliferation rates and the 
expression levels of several growth factors in hypoxia‑cultured 
MSCs. An in vivo co‑transplantation model was established 
using hMSCs and pancreatic islet allografts in streptozotocin 
(STZ)‑induced diabetic mice to evaluation the transplantation 
effect. The present study also investigated intravenous glucose 
tolerance and minimal islet number following islet transplan-
tation with hMSCs or MSCs, providing information about the 
cross‑protective effects of hMSCs with islet transplantation.

Materials and methods

Bone marrow‑derived cell (BMDC) and MSC isolation, 
culture, adipose induction and oil red‑O staining. BMDCs, 
which contained MSCs, were isolated from mouse bone 
marrow aspirates by adhesion to tissue culture‑coated plates 
in complete medium as previously described (21). Briefly, 
BMDCs were isolated from bone marrow aspirates flushed 
from the femur and tibia of 20 female BALB/c donor mice 
(age, 9‑10 weeks, 21±1 g, Shanghai SLAC Laboratory Animal 
Co., Ltd., Shanghai, China). Mice were kept at 18‑29˚C, with 
40‑70% humidity, 12‑h light/dark cycle and free access to food 
and water. Extracted BMDCs were cultured for 3‑4 weeks 
using MSC medium composed of Iscove's modified Dulbecco's 
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 10% (v/v) fetal calf serum (Gibco; 
Thermo Fisher Scientific, Inc.), 10% (v/v) equine serum 
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA), 
1% (v/v) L‑glutamine and 1% (v/v) antibiotic‑antimycotic 
liquid (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). The culture medium was replaced every 3‑4 days. At 
60‑80% confluence, cells were treated with 0.25% (w/v) trypsin 
containing 1 mmol/l EDTA (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and passaged until passage 7 at 
a cell density of 2,500 cells/cm2. Cultures were maintained 
at 37˚C and 5% CO2 with 2% (hypoxia) or 21% (normoxia) 
O2 concentration. MSC adipose induction was performed 
using an MSC adipogenic differentiation medium kit, (cat. 
no. GUXMX‑90031; Cyagen Biosciences Inc., Santa Clara, 
CA, USA) following the manufacturer's protocols. Following 
the differentiation of the cells, the MSC adipogenic differen-
tiation medium was removed from the wells which were rinsed 
with 1X phosphate‑buffered saline (PBS). The cells were fixed 
with 2 ml of 4% formaldehyde solution for 30 min at 37˚C. Oil 
Red O (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) 
working solution was prepared with saturated Oil Red O liquid 
(0.5 g Oil Red O dissolved in 100 ml isopropanol) and distilled 
water with a 3:2 ratio. Staining was conducted with freshly 
prepared Oil Red O for 15 mins at room temperature, and 
rinsed with 60% isopropanol prior to inverted microscope 
analysis.

Cell viability assay. Cell viability was measured by MTT 
(Sigma‑Aldrich; Merck KGaA) dye absorbance, according to 
the manufacturer's protocol (Boehringer Mannheim; Roche 
Diagnostics GmbH, Mannheim, Germany). Cells were incu-
bated until desired density (60‑80% confluence). Formazan 

crystals were dissolved with DMSO and cell viability was 
determined spectrophotometrically at a wavelength of 570 nm. 
Each experiment comprised five identical wells and was 
repeated three times.

Hypoxic culture and MSC‑CM collection. An hypoxic 
environment was generated and maintained using a hypoxia 
chamber (Stemcell Technologies, Inc., Vancouver, BC, 
Canada), according to the manufacturer's protocol. Briefly, 
cultures were enclosed in the chamber that was flushed with a 
mixture of gasses (93% N2 and 5% CO2) for 3 min. Following 
the flushing period, the chamber was closed to prevent the flow 
of exogenous normoxic air into the chamber. The final level of 
hypoxia was 2% as specified by the manufacturer. Serum‑free 
IMDM medium was used during CM production. Prior to 
culture, MSCs were counted and 3x104 cells were plated in the 
different groups. Following 24 h culture at 37˚C, the CM was 
harvested and used in subsequent experiments; the CM was 
applied at a 30:70 ratio with normal medium for islets culture.

Enzyme linked immunosorbent assay (ELISA). Cells was 
cultured until 70% confluence before CM harvest. Competitive 
ELISA was performed as previously described (22). Briefly, 
96‑well plate Elisa kits were coated with  monoclonal 
mouse  antibodies against VEGF (cat. no.  VAL608), IL‑6 
(cat. no. VAL604), MCP‑1 (cat. no. MJE00B) and MMP‑9 
(cat no.  MMPT90) (R&D Systems, R&D Systems Inc, 
Minneapolis, USA). MSC‑CM was harvested in 24, 48, 72 and 
96 h following treatment. MSC‑CM and standard test fluid 
incubations were performed in duplicate, including serial dilu-
tions of the standard (0.005‑500 pmol/ml) or MSCs CM for 
4 h at room temperature. Biotinylated secondary antibodies 
(B‑2763; 1:2,000; Invitrogen; Thermo Fisher Scientific, Inc.) 
were incubated at 37˚C for 30 min to reveal bound antibodies. 
The reaction was stopped with HCl (1 mol/l) and the optical 
density was measured at 450 nm using a multilabel plate reader 
(Hidex Oy, Turku, Finland).

Diabetes induction and co‑transplantation of MSCs and islets. 
A total of 80 Recipient female BALB/c mice (age, 8‑9 weeks 
age, 21±1  g) were included, and each group contained 
10 mice. Mice were kept at 18‑29˚C, with 40‑70% humidity, 
12‑h light/dark cycle and free access to food and water. Mice 
were injected with STZ (225 mg/kg) ( Sigma‑Aldrich; Merck 
KGaA; St. Louis, Missouri; USA) to induce diabetes 5‑7 days 
prior to islet transplantation and were considered fit for trans-
plantation if the non‑fasting blood glucose concentration was 
>11.1 mmol/l for 2 consecutive days. Diabetic female BALB/c 
mice were anaesthetized (100 mg/kg ketamine and 10 mg/kg 
xylazine) and a marginal mass of 250‑400 islet equivalents 
with or without 2.5x105 MSCs was centrifuged (100 x g for 
2 min at 37˚C) and transplanted under the kidney capsule.

Flow cytometry. MSC surface antigens were analyzed by flow 
cytometry. MSCs were trypsinized, resuspended (1x106/ml) in 
serum‑free MSC medium and incubated at 4˚C for 20 min with 
fluorescein isothiocyanate (FITC)‑conjugated anti‑cluster of 
differentiation CD34 (555822), anti‑CD45 (550539), anti‑CD29 
(553715), and anti‑CD90 (553016; BD Biosciences, Franklin 
Lakes, NJ, USA). Cells were further incubated for 10 min at 
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room temperature with 7‑aminoactinomycin D (7‑AAD) and 
subsequently washed and analyzed using a flow cytometer 
(BD Biosciences). The islet apoptosis rate was determined by 
fluorescence‑activated cell sorting (FACS) flow cytometry and 
an Annexin V staining kit (11858777001; Roche Diagnostics, 
Basel, Switzerland). After 48 h incubation, the supernatant 
(floating apoptotic cells) was collected and the adherent cells 
from each well trypsinized. The collected cells were washed 
twice with PBS and centrifuged at 670 x g for 5 min at room 
temperature. Each pellet was re‑suspended in PBS (400 µl). 
The signal intensity was acquired by a FACS Calibur (BD 
Biosciences) flow cytometer and analyzed with affiliated soft-
ware (BD CellQuest Pro Software version 5.1, BD Biosciences). 
Propidium iodide (PI) negative and Annexin V negative were 
considered healthy cells, PI negative and Annexin V positive 
were considered apoptotic, and cells positive to both PI and 
Annexin V considered necrotic.

In vitro insulin and release quantitation. Cells were initially 
incubated for 3 h in glucose‑free IMDM medium. This was 
followed by incubation for 1 h in medium containing 2.7, 
11.1 or 27 mM glucose. The supernatant was collected at the 
end of each incubation. The collected samples were frozen at 
‑70˚C until assayed using an insulin ELISA kit (EIA‑3439; 
DRG Instruments GmbH, Marburg, Germany).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was prepared by using TRIzol reagent 
(Life Technologies; Thermo Fisher Scientific, Inc.) from cells 
at ~80% confluence. RNA purity and quantification assess-
ment was performed with an ultraviolet spectrophotometer and 
the 260OD/280OD absorbance ratio was calculated (ratios of 
1.8‑2.0 indicated good purity and quantification. For cDNA 
synthesis, random sequence primers were used to prime the 
RT reactions, and synthesis was carried out by SuperScript III 
Reverse Transcriptase (Invitrogen; Thermo Fisher Scientific, 
Inc. USA). PCR cycling conditions were: Enzyme activation, 
95˚C for 30 sec, one cycle; denaturation, 95˚C for 5 sec, 40 cycles; 
annealing, 55‑60˚C for 20  sec, 40 cycles. Standard curves 
were represented for each target gene and for the endogenous 
reference (GAPDH) in each sample. The quantification of the 
samples was performed by the LightCycler 480 Real‑Time PCR 
System (Roche Diagnostics). Primer sequences were designed 
using Primer premier version 6.0 software (Premier Biosoft 
International, Palo Alto, CA, USA). Ideal primer sequences are 
listed below (Table I). The 2‑ΔΔCq method was used to quantify 
gene expression (23). GAPDH was amplified in separate wells 
as reference gene. Each experiment comprised five identical 
wells and was repeated three times.

Apoptosis detection by fluorescein diacetate (FDA)‑propidium 
iodide (PI) viability staining. Islet preparations were assessed 
for islet cell viability using cell membrane exclusion dyes FDA 
and PI both from (Sigma‑Aldrich; Merck KGaA; St. Louis, 
Missouri; USA) staining as previously described (24). The 
samples were examined using a fluorescent microscope, visu-
alized and photographed. Apoptotic cells were stained red and 
viable cells were stained green. A total of 5 non‑overlapping 
fields were imaged and the red stained cells were counted out 
of the total number of cells to determine the apoptosis rate.

mRNA microarray assay. Mice serum was collected and 
separated from blood following sacrifice. Total serum RNA 
was extracted using TRIzol reagent (Life Technologies; 
Thermo Fisher Scientific, Inc.). RNA purity and quantifica-
tion was assessed by ultraviolet spectrophotometer scanning, 
260OD/280OD suction photometric ratio was calculated as 
described above using the Agilent Bioanalyzer 2100 (Agilent 
Technologies, Inc., Santa Clara, CA, USA). The samples were 
cleaned and hybridized according to the Agilent 2100 expert 
software B.02.07 (Agilent Technologies, Inc.). Original data 
were obtained using the mRNA Microarray Chip Mouse 
Gene 2.0 ST Array and the Affymetrix Gene Chip Command 
Console version 4.0 and analyzed with the Expression Console 
software version 1.1 (Affymetrix; Thermo Fisher Scientific, 
Inc. California, USA).

Ethical approval. All procedures performed using animals 
were in accordance with the ethical standards of the institution 
and the study was approved by the ethics committee of The 
Second Affiliated Hospital of Zhejiang University (Hangzhou, 
China).

Statistical analysis. All experimental values were presented 
as the mean ± standard deviation, and the differences of mean 
values were statistically evaluated by one‑way analysis of vari-
ance followed by Student‑Newman‑Keuls post hoc test using 
SPSS software version 18 (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

BMDC and MSC characterization. By the third passage, a 
homogeneous population of fibroblast‑like cells was obtained 
(Fig.  1A). Cells from passages 3‑7 were used throughout 
the present study. Characterization by flow cytometry 
confirmed the absence of cells expressing the hematopoi-
etic markers CD34 (0.53±0.12%) and CD45 (1.03±0.14%). 
BMDCs that expressed CD29 (36.32±1.42%) and CD90 
(40.68±2.31%; Fig.  1B), which is a typical feature of cell 
group with large proportion of mesenchyme cells and certain 
fibroblast cells (25,26), were detected to identify MSCs.

Hypoxia treatment promotes MSC proliferation and induces 
growth‑related cytokine expression. To investigate the effects 
of hypoxia on MSCs, MSCs were plated in 96‑well plates with 
15% fetal bovine serum and the growth rate was measured 
every day. hMSCs were able to form a greater number 
and larger‑sized adipose globules compared with those 
formed by normoxia‑cultured MSCs (nMSCs), as determined 
by adipose induction experiments (Fig. 2A). The results also 
revealed a higher proliferation rate in hMSCs compared with 
nMSCs (Fig. 2B). MSCs secrete a number of soluble factors 
that are involved in MSC growth, angiogenesis and autoim-
mune status (27). In the ELISA experiment, VEGFA, IL‑6, 
MCP‑1 and MMP‑9 mRNA expression levels were measured 
in nMSCs and hMSCs. The average mRNA expression levels 
of VEGFA (1.73‑fold increase), IL‑6 (1.31‑fold increase), 
MCP‑1 (2.13‑fold increase) and MMP‑9 (1.63‑fold increase) 
were significantly higher in hMSCs compared with the nMSC 
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Table I. Primer sequences.

			   Annealing
Gene	 Sequence (5'‑3')	 Product size (bp)	 condition (˚C)

VEGF	 F: 5‑ATCTTCAAGCCGTCCTGTGTGC‑3	 120	 60
	 R: 5‑TTGGCTTGTCACATTTTTCTGG‑3		
IL‑6	 F: 5‑ATGAAGTTCCTCTCTGCAAGAGAC‑3	 108	 60
	 R: 5‑CACTAGGTTTGCCGAGTAGATCTC‑3		
MCP‑1	 F: 5‑TGTCTGGACCCCATTCCTTC‑3	 140	 55
	 R: 5‑ACCAGCAAGATGATCCCAAT‑3		
MMP‑9	 F: 5‑CCTGGAACTCACACGACATCTTC‑3	 132	 55
	 R: 5‑TGGAAACTCACACGCCAGAA‑3
GAPDH	 F: 5‑GGAGAGAACCTGGTCCTCAG‑3	 300	 55
	 R: 5‑ACCCAGAAGACTGTGGATGG‑3

F, forward; IL, interleukin; R, reverse; MCP‑1, monocyte chemoattractant protein; MMP, matrix metalloproteinase; VEGF, vascular endothe-
lial growth factor.

Figure 1. Characteristics of mouse BMDCs cultures. (A) BMDCs were isolated from mouse bone marrow aspirates by adhesion to plates in complete medium. 
By the third passage, a homogeneous population of fibroblast‑like cells were obtained in normoxic and hypoxic condition. (B) Immunophenotyping of hMSCs 
and nMSCs with hematopoietic and mesenchymal markers identified with flow cytometry. BMDC, bone marrow derived cell; CD, cluster of differentiation; h, 
hypoxia cultured; MSC, mesenchymal stem cell; n, normoxia cultured.
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group following 48 h hypoxia treatment (P<0.01; Fig. 2C). In 
addition, CM was collected and replaced at 24 h intervals until 
96 h of culture. ELISA revealed that VEGFA, IL‑6, MCP‑1 
and MMP‑9 secretion was increased in hMSCs‑CM compared 
with nMSCs‑CM; VEGF, MCP‑1 and IL‑6 demonstrated a 
secretion peak between 48 and 72 h, whereas the highest secre-
tion of MMP‑9 was in the first 24 h. In addition, the variation 
between the 4 factors was generally increased in the 24 to 
96 h period under hypoxia induction compared with normoxia 
condition (Fig.  2D). These results suggested that hypoxic 
conditions may increase the secretion of growth‑related 
cytokines from MSCs to support graft vascularization and to 
protect islet cells from apoptosis to avoid islet function loss in 
the initial period of transplantation.

hMSCs‑CM protects islets from hypoxia‑induced apoptosis. 
For the induction of islet apoptosis, islets were cultured 
in a low‑oxygen environment. Subsequently, nMSC‑CM 
or hMSC‑CM was introduced to aid islet survival rate in 
the hypoxic condition. Microscopic evaluations of apoptosis 
were carried out on the islets stained with FDA/PI; dead cells 
are stained red and viable cells stained green (Fig. 3A). After 
48 h of culture, apoptosis rates were significantly increased in 

hypoxia‑treated islets (77.3±5.7%) compared with Control islets 
grown in normoxic conditions (4.8±2.1%; P<0.05); hMSC‑CM 
co‑treatment significantly decreased the hypoxia‑induced 
apoptotic rates compared with the nMSCs‑CM‑treated group 
(20.8±14.2% and 44.6±9.8%, respectively; P<0.05). Apoptotic 
rates were also analyzed using flow cytometry with PI and 
Annexin V‑FITC labeling. All early and late apoptosis and 
necrotic cells were identified as the non‑survival group. Only 
Annexin V‑FITC)‑/PI‑cells were identified as the survival 
group. The survival rate of islets in hypoxic conditions 
was significantly reduced compared with those cultured in 
normoxic conditions (42.3±6.1 and 93.8±2.1%, respectively; 
P<0.01; Fig. 3B). hMSC‑CM treatment significantly improved 
the survival rate of islets in hypoxic conditions compared 
with the nMSC‑CM treated group (77.3±3.2 and 62.4±3.8%, 
respectively; P<0.01; Fig.  3B). In addition, an in  vitro 
glucose‑stimulated insulin secretion test was performed 
to examine the possible effects of inducible MSC‑CM on 
islet secretory function. Under additive glucose stimulation, 
insulin secretion was increased in islets co‑cultured with the 
nMSC‑CM and hMSC‑CM groups in medium (11.1 mM) 
and high (27 mM) glucose stimulation compared with the 
hypoxia treatment group. HMSC‑CM particularly increased 

Figure 2. MSCs secrete more growth‑promoting related cytokines in hypoxic condition. (A) Adipogenesis was examined by oil red‑O staining of MSCs 
cultured in hypoxic and normoxic environments. (B) Hypoxia induces proliferation increase in MSCs compared with normoxia cultured MSCs, as demon-
strated by MTT assay (**P<0.01); absorbency was detected every day for 15 days. (C) Reverse transcription‑quantitative polymerase chain reaction was used 
to detect the mRNA expression levels of VEGF, IL‑6, MCP‑1 and MMP‑9 after 48 h hypoxia treatment (*P<0.05). (D) MSCs secrete higher concentrations 
of VEGF, IL‑6, MCP‑1 and MMP‑9 in hypoxic conditions compared with normoxic‑treated cells, as detected by ELISA. IL, interleukin; MCP, monocyte 
chemoattractant protein; MMP, matrix metallopeptidase; MSC, mesenchymal stem cell; MTT, 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide; 
VEGF, vascular endothelial growth factor (*P<0.05).
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insulin secretion compared with the nMSC‑CM group in 
medium (11.1 mM) and high (27 mM) glucose stimulation 
(P<0.05), whereas less difference was detected in the low 
(2.7 mM) glucose concentration stimulation group between 
the hMSC‑CM and nMSC‑CM groups (Fig. 3C).

Co‑transplantation of hMSCs improves the function of trans‑
planted islets in vivo. Mice were treated with STZ to induce 
diabetes. A total of 250‑400 islets were transplanted under the 
kidney capsule, either alone or co‑transplanted with nMSCs 
or hMSCs; blood glucose levels were monitored every 3 days 
for 30 days. The minimal number of islets required to reverse 

the impaired glucose tolerance condition to reach normogly-
cemia was ~400 in mice in the Islet‑only group, ~300 in the 
Islet + nMSCs group and ~250 in the Islets + hMSCs group 
(Fig. 4).

Co‑transplantation of islets with hMSCs reverses high post‑
prandial blood glucose levels in diabetic mice. Cumulative 
diabetes reversal curves were described in the transplant 
model following islets transplantation. Post‑operative transient 
hyperglycemia due to fasting and surgery was observed in all 
groups. At 4 weeks following transplantation, 100% of mice in 
the 300 Islets + hMSCs, the 250 Islets + hMSCs and the 300 

Figure 3. MSC‑CM protects islets from apoptosis under hypoxia. (A) FDA/PI test for the islets in hypoxia condition with nMSCs and hMSC CM culture. 
Scale bar=20 µm. Compared with hypoxia mediated group, MSC‑CM protected islets from hypoxia induced impairment. hMSCs‑CM better prevent islets 
from apoptosis compared with nMSCs‑CM group (**P<0.01). (B) Islet cells were cultured with nMSC‑CM or hMSC‑CM for 48 h and apoptosis was examined 
by Annexin V‑FITC/PI staining and flow cytometry, Only Annexin V‑FITC)‑/PI‑cells were identified as the survival group (**P<0.01). (C) Islets insulin 
secretion in different CM under gradient glucose concentration (2.7, 11.1 and 27 mM) stimulation. CM, conditioned medium; Crtl, control; FITC, fluorescein 
isothiocyanate; h, hypoxia cultured; MSC, mesenchymal stem cell; n, normoxia cultured; PI, propidium iodide (*P<0.05, **P<0.01).
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Islets + nMSCs groups were restored to euglycemia compared 
with 50% of mice in the 250 Islets + nMSCs, 72% in the 
400 Islets, 28% in the 350 Islets, 20% in the 300 Islets and 0% 
in 250 Islets groups (Fig. 5A). Mice in the two Islets + hMSCs 
groups exhibited higher diabetes reversal ratios compared with 
mice in the Islets‑alone, Islets + nMSCs or empty (no islet 
transplantation) groups. A glucose tolerance test was performed 
to confirm the effects of Islets + hMSCs transplantation on 
STZ‑induced diabetic mice at 30 days following islet implan-
tation in 5 age‑matched pairs of BALB/c mice. The normal 
control group was mice without STZ treatment and the empty 
group was STZ induced diabetes mice without any graft trans-
plantation. hMSCs co‑transplantation significantly accelerated 
glycemic utilization following glucose intake compared with 
MSCs and islets only group (P<0.05; Fig. 5B and C).

mRNA microarray data in islets transplanted mice. Hierarchical 
clustering analysis of microarray data revealed mouse serum 
mRNA expression of Islets + hMSCs, Islets + nMSCs and 
the Islets‑only control groups (n=3 mice/group). Abnormally 
increased cytokines were detected between Islets + hMSCs 
group and Islets  +  nMSCs and control groups (unaltered 
mRNAs not shown; Fig. 6).

Discussion

Incomplete graft revascularization and hypoxic conditions 
impede the clinical use of islet transplantation (28‑30). Early 
hypoxia‑related islet death following intramuscular transplan-
tation is the major factor for loss of islets and results in an 
increased rate of transplantation failure (31,32). In previous 

Figure 4. Therapeutic application in the context of glucose uptake with co‑transplantation of hMSCs and islets. A total of 250‑400 islets were transplanted under 
the kidney capsule of syngeneic mice, either alone or co‑transplanted with nMSCs or hMSCs; blood glucose concentration was measured every 3 days for 30 days. 
In the Islets + hMSCs co‑transplantation group, only 250 islets were used to reverse postprandial high blood‑glucose, 300 islets in the Islets + nMSCs group and 
400 islets in Islets‑alone group were required to reach similar therapeutic effects. H, hypoxia cultured; MSC, mesenchymal stem cell; n, normoxia cultured.
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studies, E26 avian leukemia oncogene 1, solute carrier family 
30 member 8 and zinc transporter have been reported to 
improve the survival rate of islets in hypoxic conditions (33,34); 
however, maintenance of islet function remains unsatisfactory.

A previous study reported that co‑transplantation of islets 
with MSCs was associated with enhanced islet graft vascular-
ization and functional recovery (35). In another previous study, 
a number of beneficial effects on blood glucose regulation were 
observed in islets + nMSC transplanted mice (8). However, these 
observations did not support the hypothesis that co‑transplanta-
tion of islets with MSCs is sufficient for a complete reversal of 
hyperglycemia in diabetic mice. The present study pretreated 
MSCs in hypoxic conditions prior to local kidney capsule trans-
plantation in diabetic mice, to evaluate their effects on islets and 
islet function. Hypoxia has a strong effect on several aspects 
of cell biology, including metabolism, angiogenesis, innate 
immunity and stemness induction (36). In MSCs, stem cells 
pre‑cultured in hypoxic conditions could improve the potential 
of their tissue regenerative function (19). Similarly, hypoxic 
conditions induced MSCs pro‑angiogenic and growth‑related 
genes expression and activated certain major receptors for 

hepatocyte growth factor (HGF) and enhanced cMet signaling 
to improve their tissue regenerative potential (19,37). Therefore, 
the present study hypothesized that hMSCs may also secrete 
increased levels of cytokines including VEGFA, IL‑6, MCP‑1 
and MMP‑9 to support graft vascularization, certain pro‑angio-
genic and growth rate of MSCs.

In a previous study, VEGFA, known as a vital angio-
genesis‑related factor in islets transplantation, was found 
to improve intra‑islet vascular reformation to protect islet 
survival (38). IL‑6 is a pleiotropic cytokine with complex roles 
in inflammation and metabolism. During islets transplantation, 
a previous study demonstrated that IL‑6 robustly activated 
signal transducer and activator of transcription 3, which is 
involved in autophagy, and as a result directly protected islet 
cells from apoptosis by stimulation of autophagy (39). Several 
previous studies have revealed that MCP‑1 and MMP‑9 possess 
various potential clinical implications in islet transplantation. 
For example, one study demonstrated that recipient C‑C motif 
chemokine 2/MCP‑1 may be a major pharmacological target for 
the control of potentially islet damaging reactions at the site of 
transplant (40). MMPs are proteolytic enzymes that are involved 

Figure 5. Reduction in minimal islet mass required to reverse diabetes by co‑transplantation with hMSCs. (A) Cumulative diabetes reversal curves (recipients 
reversed rate) demonstrated that islet graft function was improved with MSCs co‑transplantation, particularly co‑transplantation with hMSCs (*P<0.05). 
(B and C) Co‑transplantation of hMSCs improves islet graft function. Intravenous glucose‑tolerance test was performed on day 30 in all transplant recipients. 
A total of 5 age‑matched normal BALB/c mice or diabetic mice without islets transplantation were used as a control. The normal control group constituted mice 
without STZ treatment and the empty group was STZ induced diabetes mice without any graft transplantation. Glucose utilization was faster in Islets + hMSCs 
recipients compared with mice receiving islets alone and Islets + nMSCs group (**P<0.01, *P<0.05) in both 250 and 300 islets transplanted group. H, hypoxia 
cultured; MSCs, mesenchymal stem cells; n, normoxia cultured; STZ, streptozotocin.
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in the breakdown of extracellular matrix proteins. Inhibition of 
MMP‑9 was reported to results in increased amyloid deposition 
and apoptosis in mouse islets, which suggested that MMP‑9 
may serve a physiological role in limiting islet amyloid deposi-
tion and protects islets from amyloid‑induced toxicity (41). As a 
result, high secretion of these cytokines in hMSCs may increase 
the concentration of these protective factors around transplanted 
islet cells. In this condition, a prospective environment suitable 
for improved islet survival is created, which decreases the 
number of islets required to reach the desired blood glucose 
concentration. This method avoids the use of artificial gene 
delivery techniques to increase the secretion of cytokines of 
transplanted cells in mouse experiments and the risk of transfec-
tion toxicity (29,32). Transplantation is preferable to the danger 
of biological transfection cytotoxicity.

The present study demonstrated that hMSC‑CM was 
able to effectively protect the islets from apoptotic death and 
increased the insulin secretion of the islet compared with 
nMSCs. A notable reduction was observed in the minimal 
mass of islets required to reverse diabetes in mice. In this 
respect, islet function parameters were superior in the 
250 Islets + hMSCs group compared with the other treat-
ment groups and was sufficient to control the blood glucose 
concentration; previously, islets were required from 2 to 4 

donors to treat each recipient in order to achieve a state of 
complete insulin independence (4). Clinical islet transplanta-
tion should proceed towards the use of single donor organs 
instead of multiple donors. Therefore, any improvements 
leading to the reduction of the number of islets required 
in transplanted islets may be clinically important. Insulin 
independence following islet transplantation from a single 
donor and decreasing procedural complications attributed to 
multiple islet infusions are of great importance.

In conclusion, results from the present study demonstrated 
that the underlying mechanisms modulating pancreatic islet 
viability may be attributable to the paracrine mediators VEGFA, 
IL‑6, MCP‑1 and MMP‑9 secreted by hMSCs; co‑transplanta-
tion with hMSCs may reduce the minimal islet mass required to 
reverse diabetes in mice. In addition, a number of concerns about 
the use of hMSC may be investigated in the context of allogeneic 
islet transplantation for future proper glyco‑metabolic control.
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