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Induction differentiation of rabbit adipose-derived
stromal cells into insulin-producing cells in vitro
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Abstract. Mesenchymal stem cells (MSCs) with the ability to
differentiate into insulin-producing cells (IPCs) have become
the most promising means of therapy for diabetes mellitus.
Adipose-derived stromal cells (AdSCs), having similar char-
acteristics to those of derived MSCs, are known to exhibit
extensive proliferation potential and are able to undergo
multi-lineage differentiation. Whether AdSCs can differen-
tiate into insulin-producing cells (IPCs), however, has not been
sufficiently elucidated. Therefore, the present study sought
to investigate the in vitro differentiation of rabbit (r)AdSCs
into IPCs, which may provide an abundant source of cells
to treat diabetes. rADSCs were obtained from liposuction
aspirates and then induced with glucagon-like peptide-1 and
nicotinamide to differentiate into insulin-secreting cells.
Differentiation was evaluated by the analysis of morphology,
dithizone (DTZ) staining, reverse transcription polymerase
chain reaction (RT-PCR), western blot analysis and a glucose
challenge assay with detection of insulin secretion by ELISA.
Morphological phase-contrast microscopic observation
revealed typical islet-like cell clusters following 21 days of
differentiation. DTZ staining also showed that differentiated
cells were positive and undifferentiated cells were negative for
insulin production. Furthermore, RT-PCR analysis confirmed
the mRNA expression of insulin, PDX1 and GLUT?2 in differ-
entiated cells. Western blot analysis showed that insulin was
expressed by the differentiated cells. The glucose challenge
assay showed that insulin secretion of the IPCs was in a
glucose dependent manner. These findings implied that AdSCs
are able to differentiate into IPC in vitro, and are therefore
promising candidates for the treatment of diabetes.
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Introduction

Diabetes mellitus (DM) is a heterogeneous group of metabolic
disorders characterized by hyperglycemia with impaired
metabolism of carbohydrate, fat and proteins as a result of
defects in insulin secretion and/or insulin action (1,2). The inci-
dence of diabetes has been steadily increasing and is expected
to rise to 439 million adults in 2030 worldwide (3). Type 1
diabetes (T1D) is a T cell-mediated autoimmune disorder
caused by decreased insulin production due to destruction of
insulin-secreting B-cells in pancreatic islets (4-6). Although
transplantation of islets of Langerhans has recently been
suggested to be an efficient cell-based therapy for T1D, the
outcome has remained poor due to the risk of immunological
rejection as well as rareness of donors (7-9). Therefore, it is
required to identify novel renewable sources for expanding
pancreatic islets.

A growing number of stem cell biological studies have
suggested that somatic stem cells, i.e. mesenchymal stem cells
(MSCs), including bone marrow and adipose stromal progen-
itor cells, have potential therapeutic value for DM (10,11).
Since MSCs, particularly MSCs from bone marrow (BMSCs),
have the potential for multiple passages in culture and differ-
entiation into various cell types, including endocrine cells
of the pancreas (12), they are particularly promising for use
in the treatment DM. BMSCs have been evidenced to have
therapeutic value in the treatment of T1D due to their potential
for differentiation into insulin-secreting cells and their immu-
nomodulatory properties (6,13,14). Although adipose-derived
stromal cells (AdSCs) share a number of characteristics with
BMSCs, which have the ability to proliferate and differentiate
into a variety of cell types (15), it has largely remained elusive
whether AdSCs can differentiate into insulin-producing
cells (IPCs). Thus, the present study aimed to investigate the
ability of the rabbit (r)AdSCs to differentiate into IPCs, which
may offer a potentially effective therapeutic approach in cell
therapy of DM.

Materials and methods

Isolation and culture of AdSCs. In total, three male New
Zealand White rabbits (weight, 2-3 kg) were purchased from
the Experimental Animal Center of Changchun Biological
Institute (Changchun, China) and maintained in specific
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pathogen-free conditions. Rabbits were sacrificed by cervical
dislocation. Subcutaneous adipose tissues of the inguinal
region were harvested using scissors under sterile conditions.
To remove red blood cells and tissue debris, adipose tissue was
washed with an equal volume of sterile phosphate-buffered
saline (PBS) containing 1% 100 U/ml penicillin, or 100 mg/ml
streptomycin (Gibco Life Technologies, Carlsbad, CA, USA).
Washed tissue fragments were digested with 0.075% collage-
nase II (Sigma-Aldrich, St. Louis, MO, USA). The cell density
was adjusted to 1x10°/ml and cells were plated in 100-cm?
tissue culture flasks in low-glucose Dulbecco's Modified
Eagle Medium (LG-DMEM; Gibco-BRL, Invitrogen Life
Technologies, Inc. Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS; Sigma-Aldrich). Cells were
cultured in an incubator at 37°C in a humidified atmosphere
containing 5% CO, and medium was replaced every 3-4 days.
Adherent cells were sub-cultured by detachment with 0.25%
trypsin (containing 0.02% EDTA; Sigma-Aldrich) when they
were 80-90% confluent. Cells of passage three were used in
the subsequent experiments. The study was approved by the
ethics committee of Jilin University (Changchun, China).

Induction of differentiation into insulin-secreting cells.
rAdSCs of the third passage and of 80% confluency were
used for induction of differentiation. The cells were seeded
into 24-well plates at a density of 1x10%/well and were divided
into an induction group and a control group. The induction
group was cultured in DMEM containing 20 ng/ml epidermal
growth factor (Invitrogen Life Technologies, Inc.) for 24 h at
37°C in a humidified atmosphere containing 5% CO, and then
supplemented with serum-free DMEM containing 10 mM
niacinamide (Sigma-Aldrich) and 100 nM glucagon-like
peptide (GLP-1; Sigma-Aldrich) followed by 21 days of culture.
The media were replaced every three days. The control group
was cultured in serum-free DMEM without niacinamide or
GLP-1.

Dithizone (DTZ) staining. DTZ (ADL) stock solution was
prepared by dissolving 10 mg DTZ in 1 ml of dimethyl
sulfoxide (Sigma-Aldrich). The staining solution was filtered
through a 0.2-mm filter, and for in vitro DTZ staining, 10 pl
stock solution was added to 1 ml culture medium. The cells of
the induction and control groups were incubated at 37°C for
25 min in the DTZ solution. After the cells were rinsed three
times with PBS, crimson red-stained clusters were observed
under an X51 inverted light microscope (Olympus, Tokyo,
Japan).

As positive control cells, pancreatic matrix cells of rabbits
were used. Briefly, rabbit pancreatic tissue was isolated from an
adult New-Zealand rabbit. The tissue was washed twice with
an equal volume of sterile D-Hanks solution (Sigma-Aldrich)
after excision. Washed tissue fragments were digested with
0.075% collagenase II (Sigma-Aldrich) for 30 min at 37°C
and then centrifuged at 1,200 xg for 10 min. Subsequently,
the collected cells were filtered through a 100-xm cell strainer
(Greiner Bio-One, Kremsmiinster, Austria) and incubated at
37°C for 25 min in the DTZ solution as a positive staining
control. After the cells were rinsed three times with PBS,
crimson red-stained clusters were observed under an X51
inverted light microscope (Olympus, Tokyo, Japan).
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RNA extraction and reverse transcription polymerase chain
reaction (RT-PCR) analysis. Total RNA was isolated from
undifferentiated rAdSCs (negative control), human beta-cells
(positive control; Shanghai Institute for Biological Sciences,
Shanghai, China) and differentiated rAdSCs at the final stage of
induction using TRIzol reagent (Invitrogen Life Technologies).
RT was performed with 5 ug of total RNA purified after
DNAse I treatment using a commercially available RT-PCR kit
(Takara Bio Inc., Otsu, Japan) according to the manufacturer's
instructions. According to the GenBank database (http:/www.
ncbi.nlm.nih.gov/genbank) entries for the cDNA sequences
of insulin, PDX1 and GLUT?2, corresponding primers were
designed and synthesized by Shanghai Biological Engineering
Company (Shanghai, China). For insulin, the forward primer
was 5'-ATCAAGCAGATCACTGTCCTTCT-3' and the
reverse primer was 5-GAGAGCTTCCACCAGGTGTG-3'".
The PCR mixture (Takara Biotechnology Co., Ltd., Dalian,
China) contained cDNA (4 ul), 25 mM desoxyribonucleo-
tide triphosphates (1 ul), 10X PCR buffer (5 ul), forward
and reverse primer (50 pmol; 2 ul), Taq enzyme (1 U;
2.0 pul) and double-distilled H,O (34 ul). The conditions for
PCR were as follows: 94°C for 3 min; 30 cycles of 94°C for
20 sec, 62°C for 20 sec, 72°C for 30 sec, and a final elonga-
tion at 72°C for 5 min. PDX1 primers were as follows:
Forward, 5"TCCCATGGATGAAGTCTACC-3' and reverse,
5'“TGTCCTCCTCCTTTTTCCAC-3". The components of
the PCR mixture were the same as those above. The PCR
conditions were as follows: 30 cycles of 94°C for 30 sec,
60°C for 30 sec and 72°C for 30 sec, and a final elonga-
tion at 72°C for 5 min. GLUT2 primers were as follows:
Forward, 5-~AGTACAATGACAGAAGATAAGGTC-3' and
reverse, 5'-AGCTCCAACTAATGACAGAATG-3". The
components of the PCR mixture were the same to those
above. The PCR conditions were as follows: 32 cycles of
94°C for 30 sec, 56°C for 30 sec and 72°C for 1 min, and a
final elongation at 72°C for 5 min. The PCR products were
subjected to 1% agarose gel electrophoresis. GAPDH served
as an internal reference to normalize the expression of the
respective target genes. The GAPDH primers were as follows:
Forward, 5'-GAAGGTGAAGGTCGGAGTC-3', and reverse,
5'-GAAGATGGTGATGGGATTTC-3". The PCR conditions
were as follows: 32 cycles of 94°C for 30 sec, 56°C for 30 sec
and 72°C for 1 min, and a final elongation at 72°C for 5 min.
Gel images were analyzed using the UVI band map program
(Uvitec, Cambridge, UK). Gel images were observed under a
ABI Veriti Gel Imaging Analysis system (Applied Biosystems
Life Technologies, Foster City, CA, USA) and were analyzed
using an UVI Band Map program (Uvitec, Cambridge,
UK). The experiments were repeated thrice and a t-test was
employed for analysis.

Western blot analysis. Total protein was extracted from
undifferentiated AdSCs (negative control), human beta-cells
(positive control) and differentiated AdSCs at the final stage
of induction on day 21 were lysed in radioimmunoprecipita-
tion assay buffer (Sigma-Aldrich) containing 10 mM Tris-HCl
(pH 8.0), 1% NP-40, 10% glycerol, 0.1% SDS, 1 mM EDTA
and 100 mM NacCl with protease inhibitor cocktail (Roche
Diagnostics, Basel, Switzerland). The protein concentration
was determined using the bicinchoninic acid protein assay
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Figure 1. Morphological changes of rAdSC differentiation. (A) rAdSCs were spindle-shaped and fibroblast-like prior to induction of differentiation.
(B) Morphological changes of differentiated rAdSCs after 14 days of induction. rAdSCs, adipose tissue-derived stromal cells. Magnification, x100.

Figure 2. Histochemical analysis of rAdSCs on day 21 of differentiation by dithizone staining for insulin. (A) Pancreatic matrix cells were selectively stained as
positive control cells. The image shows a positive cell cluster. (B) Crimson red-stained clusters indicate insulin positivity in differentiated rAdSCs. (C) Negative
control rAdSCs, rAdSCs, adipose tissue-derived stromal cells.
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Figure 3. Reverse transcription polymerase chain reaction analysis of differentiation-associated genes in undifferentiated rAdSCs, differentiated rAdSCs,
and pancreatic (3-cells. (A) The gel is representative of three repetitions. (B) Quantification of GLUT2, PDX1 and insulin expression by optical density.
“P<0.01 vs. undifferentiated rAdSCs. rAdSCs, rabbit adipose tissue-derived stromal cells; GLUT2, glucose transporter 2; PDX1, pancreatic and duodenal
homeobox 1.

kit (KeyGEN Biotech, Nanjing, China). Equal amounts of
protein (30 ug/lane) from the cell lysates were separated
by 10% SDS-PAGE and transferred onto nitrocellulose
membranes (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). The membrane was incubated for 2 h in PBS containing
0.1% Tween-20 (Sigma-Aldrich) and 5% skimmed milk
(Sigma-Aldrich) to block non-specific binding. The membranes
were then incubated overnight at 4°C with mouse polyclonal

anti-rabbit insulin (1:1,000; cat. no. sc-9168; Santa Cruz
Biotechnology, Inc.). Mouse polyclonal anti-human GAPDH
(1:10,000; cat. no. sc-25778; Santa Cruz Biotechnology, Inc.)
was used as a loading control. The membranes were incubated
with polyclonal goat anti-mouse horseradish peroxidase-conju-
gated secondary antibody (1:10,000; cat. no. sc-2004; Santa
Cruz Biotechnology, Inc.) at room temperature for 2 h, and
proteins were detected by enhanced chemiluminescence
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Figure 4. Detection of insulin protein synthesis by western blot analysis in undifferentiated rAdSCs, differentiated rAdSCs and pancreatic -cells. (A) Western
blot analysis of insulin expression. (B) Quantification of insulin expression by optical density. “P<0.01 vs. undifferentiated rAdSCs. rAdSCs, rabbit adipose

tissue-derived stromal cells.
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Figure 5. In vitro glucose response assay of rabbit adipose tissue-derived
stromal cells induced to differentiate into insulin-producing cells for various
durations. Insulin secreted in cultured media in response to low glucose
(10 mM) and high glucose (30 mM) following 24 h of incubation was
detected by ELISA. Values are expressed as the mean + standard deviation
(n=3). "P<0.05 compared to low glucose (10 mM).

western blotting detection system (Thermo Fisher Scientific,
Waltham, MA, USA), and were analyzed using image analysis
software ImageJ 3.1 (Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

Glucose challenge assay. The cell density of differentiated
rAdSCs was adjusted to 1x10%/ml, cells were seeded into a
24-well plate (100 pl/well) and wells were divided into LG
group and high-glucose (HG) group (24 wells per group).
Undifferentiated rAdSCs were used as a control group.
Following differentiation of the cells for 7, 14 and 21 days, the
LG group and HG group were established by adding DMEM
containing 10.0 mmol/l glucose and DMEM containing
30.0 mmol/l glucose, respectively, followed by 24 h of incu-
bation. Then insulin production was measured in the cell
supernatants using rabbit insulin ELISA kits (Invitrogen Life
Technologies, Inc.).

Statistical analysis. Values are expressed as the mean + stan-
dard deviation of data from at least three independent
experiments. Student's 7-test and one-way analysis of variance
were used with the level of significance set as P<0.05. All

data were analyzed using GraphPad Prism version 5.01 for
Windows® (GraphPad Software, Inc., La Jolla, CA, USA).

Results

rAdSCs undergo morphological changes during differentia-
tion. During differentiation, morphological changes of rAdSCs
were observed under a phase contrast inverted microscope.
Prior to differentiation, the rAdSCs exhibited a typical stromal
cell-like morphology (Fig. 1A). Of note, upon differentiation,
the cells began to contract, the ecphyma became shorter, and
the morphology changed from spindle-like to a round shape
(Fig. 1B).

rAdSCs differentiate into insulin-producing, cluster-forming
cells. The present study identified IPCs by DTZ staining.
Regions of pancreatic endocrine cells in culture can be
specifically labeled, since beta-cells in the islet contain a large
amount of zinc, which can be specifically labeled with the
zinc-chelating dye DTZ (16-18). As shown in Fig. 2A, pancre-
atic endocrine cells (positive control) were distinctly stained
crimson red by DTZ. Furthermore, rAdSCs in the induction
group were distinctly stained crimson red by DTZ at the final
step of differentiation on day 21 (Fig. 2B), while undifferenti-
ated cells (negative control) were negative for DTZ (Fig. 2C).

rAdSCs are able to differentiate into insulin-producing
pancreatic endocrine cells. To determine whether the rAdSCs
had differentiated into pancreatic endocrine cells, the expres-
sion of genes associated with pancreatic endocrine-cell
development and function, including the mRNA expression
of insulin, PDX1 and GLUT2, were examined by RT-PCR
analysis. The results showed that insulin, PDX1 and GLUT?2
were expressed in human beta-cells (positive control) as well
as in differentiated AdSCs at the final stage of induction, while
negative expression was observed in undifferentiated cells
(negative control) (Fig. 3A and 3B).

To confirm the insulin expression of the IPCs at the protein
level, western blot analysis was performed. It was found that
insulin protein was expressed in human beta-cells (positive
control) as well as in differentiated AdSCs, while undifferenti-
ated AdSCs did not express any insulin (Fig. 4A and 4B). In



MOLECULAR MEDICINE REPORTS 12: 6835-6840, 2015

addition, insulin protein in beta-cells was markedly higher
than that of differentiated AdSCs (Fig. 4B). All of the above
results indicated that AdSCs possess the potential to differen-
tiate into functional IPCs.

Measurement of insulin production of glucose challenge
assay. To quantify the insulin production of AdSC-derived
IPCs following glucose challenge, an ELISA assay was
performed. Insulin expression was negative in the HG and
LG groups after 7 days of differentiation. While insulin was
detected in the culture supernatant of AdSCs induced to
differentiate for 14 days, there was no significant difference in
insulin production between the LG group (14.2+2.2 yIU/ml)
and the HG group (15.4+1.9 uIU/ml) (P>0.05; Fig. 5). Of
note, insulin production was increased in the two groups after
21 days of differentiation, with insulin production in the HG
group (23.5+1.6 x1U/ml) being significantly higher than that in
the LG group (18.1+£2.5 uIU/ml) (P<0.05, Fig. 5). The control
cells did not exhibit any insulin production at the indicated
time-points (results not shown).

Discussion

A number of previous studies have demonstrated the poten-
tial of MSCs obtained from various sources in the treatment
of DM (19,20). AdSCs share a number of characteristics
with BMSCs (12); therefore, AdSCs have become another
hot-spot in the field of stem cell research besides BMSCs.
Zuk et al (21) verified that AASCs can be isolated from human
lipoaspirates and differentiate toward osteogenic, adipo-
genic, myogenic and chondrogenic lineages. A recent study
showed that adipose-derived MSCs were able to differentiate
into IPCs in vitro by induction with 3-mercaptoethanol and
nicotinamide (22). Consistent with this result, the present
study showed that rAdSCs differentiated into IPCs following
induction with GLP-1 and nicotinamide.

Numerous studies have provided protocols for the efficient
transdifferentiation of stem cells into IPCs, with varying
degrees of successful differentiation (12,22). In order to
successfully achieve differentiation of stem cells into IPCs
the key point is to select suitable inductive agents and to opti-
mize the hemopoietic inductive in vitro microenvironment,
which should resemble the conditions in the body. GLP-1 is
a peptide hormone, which is produced post-translationally
from pro-glucagon genes; GLP-1 stimulates insulin gene
translation and insulin biosynthesis, promotes the differentia-
tion and generation of insulin-excreting precursor cells (23),
stimulates the generation and differentiation of {3 cells and
reduces their apoptosis (24). PDX-1 is the main controlling
gene in growth of pancreatic endocrine cells; it promotes
early development of pancreatic cells and the advanced
differentiation of B cells (25). GLP-1 is able to regulate
gene expression via multiple signaling pathways, promote
the synthesis of PDX-1 and increase the binding activity of
PDX-1 to promoters (26). It has been shown that GLP-1 is
able to induce stem-cell differentiation into islets cells with
a high differentiation induction rate (26). The results of the
present study showed that AASCs were able to differentiate
into IPCs by induction with DMEM supplemented with
GLP-1 and nicotinamide.
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Niacinamide is an inhibitor of adenosine diphosphate ribose
synthesis, which can promote the differentiation of pancreatic
cells in human fetuses, as well as maintain normal responses
of islet cells to glucose stimulation in a HG environment over a
long time period (27). Therefore, niacinamide is widely used as
a constitutive component of induction media for the differentia-
tion of stem cells into IPCs (28). The results of the present study
showed that GLP-1 in combination with niacinamide success-
fully induced the differentiation of AdSCs into IPCs.

Although the present study showed that rAdSCs were
able to differentiate into IPCs, their insulin secretion was far
lower than that of normal human pancreatic islet cells, which
may have been due to the fact that the rAdSCs had not been
selected thoroughly enough. Lower insulin production may
also have been due to incomplete differentiation, and further
studies should further optimize the differentiation conditions
Molecular markers of islet stem cells are of high significance for
the identification and purification from the mass of other cells.
While no specific marker is currently available, purified clones
from insulin-secreting stem cells may be employed, which
should be developed in future studies.
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