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Abstract— Diabetes mellitus is a high incidence disease that has increased rapidly in recent years. Many new therapies

are being studied and developed in order to find an effective treatment. An ideal candidate is stem cell therapy. In this

study, we investigated the differentiation of adipose derived stem cells (ADSCs) into pseudo-islets in defined medium

in vitro, to produce large quantities of insulin-producing cells (IPCs) for transplantation. ADSCs isolated from adi-

pose tissue were induced to differentiate into islet-like insulin-producing cell clusters in vitro by inducing medium
DMEM/F12 containing nicotinamide, N2, B27, bFGF, and insulin-transferrin-selenite (ITS). Differentiated cells
were analyzed for properties of IPCs, including storage of Zn™* by dithizone staining, insulin production by ELISA

and immunochemistry, and beta cell-related gene expression by reverse transcriptase PCR. The results showed that

after 2 weeks of differentiation, the ADSCs aggregated into cell clusters, and after 4 weeks they formed islets, 50—

400 micrometers in diameter. These islet cells exhibited characteristics of pancreatic beta cells as they were positive

for dithizone staining, expressed insulin in vitro and C-peptide in the cytoplasm, and expressed pancreatic beta cell-

specific genes, including Pdx-1, NeuroD, and Ngn3. These results demonstrate that ADSCs can be used to produce a

large number of functional islets for research as well as application.
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INTRODUCTION

Stem cells are one of the most exciting candidates for
treating disorders and degenerative diseases such as
diabetes mellitus. Presently, diabetes mellitus is
treated by insulin injection therapy and Langerhan
islet and beta cell transplantation. However, these
therapies show a number of shortcomings, including
sensing changes in the blood insulin level over time,
development of insulin resistance, and the shortage of
donor islets and cells. Stem cell therapy could address
some of these shortcomings.

Adipose-derived stem cells (ADSCs) possess several
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attractive features, including availability, abundance,
500-fold higher frequency of mesenchymal stem cells
(MSCs) and higher immunomodulatory capacity
when compared to bone marrow-derived counterparts
(Melief et al.,, 2013). Moreover, they can differentiate
into specific cells such as fat cells, osteocytes,
chondrocytes and myocytes. Importantly, these cells of
mesodermal origin can be driven to differentiate into
endodermal cells such as insulin-producing cells via
trans-differentiation (Chandra et al., 2009; Dave et al.,
2013, 2014; Fedyunina et al., 2011; Hwang et al., 2011;
Marappagounder et al.,, 2013; Mohamad Buang et al.,
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2012; Moshtagh et al., 2013; Timper et al., 2006). This
study aimed to develop and test an efficient protocol
to produce functional islets that can be used in
research and application.

MATERIAL AND METHODS
ADSC isolation and proliferation

Human adipose tissues were collected (with informed
consent) from healthy women who underwent
aesthetic surgery at the Van Hanh Hospital, Ho Chi
Minh City, Vietnam. ADSCs were isolated using the
ADSC Extraction Kit (GeneWorld Ltd. Co., Ho Chi
Minh City, Vietnam) following the manufacturer’s
instructions. Briefly, the obtained adipose tissue was
washed three times with buffer solution to remove
blood cells. The washed tissue was cut into many
pieces and incubated with the enzyme mixture
“SuperExtract” at 37°C for 30 min. The digested
adipose tissue suspension was centrifuged at 3500
rpm for 10 min to obtain the stromal vascular fraction
(SVF). Finally, these SVF cells were washed and
cultured as previous published procedure at 37°C, 5%
CO:z (Van Pham et al., 2014). Medium was refreshed
every 3 days. When the cell confluency reached 70-
80%, cells were sub-cultured. ADSCs in the 3¢ passage
were used for further experiments.

In vitro differentiation of hADSCs into islet-like cell
clusters (ICCs)

ADSCs were differentiated into ICCs by chemical
induction. The differentiation process can be divided
into three stages: (i) Stage 1: the cells were cultured in
DMEM/F12 supplemented with 1% Nz, 20% fetal
bovine serum (FBS), and 1% antibiotic-antimycotic (all
purchased from Sigma-Aldrich, St Louis, MO) for 10
days; (ii) Stage 2: the cells were cultured in
differentiation medium containing DMEM/F12
supplemented with 2% FBS, 1% Nz, 2% B27, b-FGF,
and 10 mM nicotinamide (all purchased from Sigma-
Aldrich) for 10 days; (iii) Stage 3: the cells were
cultured in induction medium containing DMEM/F12
supplemented with 1% Nz, 2% B27, b-FGF, 10 mM
nicotinamide, 1 mM sodium pyruvate and insulin-
transferrin-selenium (ITS) (all purchased from Sigma-
Aldrich) for 10 days. After 30 days, induced cells were
analyzed for IPC properties.
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ICC observation

After 30 days of induction, the number and size of
ICCs were determined and counted under an inverted
microscope using Axio Vision Microscopy Software
(Carl-Zeiss, Germany).

Dithizone staining

ICCs were washed three times with phosphate-
buffered saline (PBS) and fixed in 4%
paraformaldehyde solution for 30 minutes. They were
then stained with dithizone dye (DTZ). The dye was
completely removed by washing the cells several
times with buffer solution without Zn. Positive
aggregated cells were observed by phase contrast
microscopy (AxioVert 40C, Carl-Zeiss, Germany).

Immunofluorescence staining

The presence of insulin and C-peptide in the
differentiated @ ICCs  was  evaluated  using
immunofluorescence staining. After 30 days of
differentiation, ICCs were collected and rinsed several
times with PBS and fixed in 4% paraformaldehyde
solution. The fixed cells were permeabilized by 0.025%
Triton X-100 (Merck, Germany), and blocked in 3.3%
goat serum (Santa Cruz Biotechnology, Canada).
Blocked cells were incubated with anti-C-peptide and
anti-insulin ~ primary antibodies (Santa Cruz
Biotechnology, Canada) overnight at 4°C. The next
day, the cells were stained with PE- or FITC-
conjugated secondary antibodies (Santa Cruz
Biotechnology, Canada) for 1 hour. Finally, the cell
nuclei were stained with 4'6-diamidino-2-
phenylindole (DAPI) (Santa Cruz Biotechnology,
Canada) and observed by fluorescence microscopy
(Cell Observer, Carl-Zeiss, Germany).

Insulin production measurement

The differentiated cells were stimulated by addition of
glucose at concentrations of 25 mM, 35 mM, 45 mM,
55 mM, 65 mM and 75 mM. The glucose
responsiveness of these cells were identified by insulin
secretion. Insulin concentration was measured by
ELISA. Briefly, glucose (Merck, Germany) and
protease inhibitor (Sigma-Aldrich, St Louis, MO) were
added to the differentiation medium at the 3¢ stage.
Differentiated cells were exposed to this medium for
24 hours, following which the supernatant was
collected for insulin analysis. The supernatant was
stored at 4°C until tested.
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An insulin standard curve was developed from pure
insulin (Sigma-Aldrich, St Louis, MO) diluted in 0.01
M hydrochloric acid. To determine the insulin
concentration in the supernatant, the latter was added
to 96-well ELISA plates (Santa Cruz Biotechnology,
Canada) and incubated for 5 hours at room
temperature. The plates were blocked with 5% bovine
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beta cell differentiation related genes (Table 1).
GAPDH was used as a housekeeping gene.

Reverse transcriptase polymerase chain reaction (RT-
PCR) was performed as a multi-step procedure: 30
minutes reverse transcription reaction at 45°C, 5
minutes RNA denaturation and ¢cDNA hybridization
at 94°C; followed by 35-cycles of 30 seconds

Table 1. Beta cell differentiation-related genes and associated primers

Gene Primer sequences Annealing temperature Product
(Ue®) length (bp)
GADPH  F:5-GAGTCAACGGATTTGGTCGT-3' 55 238
R: 5-TTGATTTTGGAGGGATCTCG-3'
Pdx-1 F: 5-GGATGAAGTCTACCAAAGCTCACGC-3' 61 218
R: 5-CCAGATCTTGATGTGTCTCTCGGTC-3'
NeuroD1 ~ F:5-GCGGCCCCAAAAAGAAGAAG-3' 60 214
R: 5-TCCGACAGAGCCCAGATGTA-3'
Ngn-3  F:5-CTTCGCCCACAACTACATCTG-3' 59 259

R: 5-ATCTGAGAAAGCCAGACTGCCTG-3'

serum albumin (Sigma-Aldrich, St Louis, MO)
overnight at 4°C, and then carefully washed twice
with phosphate-buffered solution. Thereafter, the
plates were stained with an anti-insulin primary
antibody (Santa Cruz Biotechnology) for 3 hours at
room temperature. After washing four times, the
plates were incubated for 1 hour with secondary anti-
rabbit IgG-HRP antibody (Santa Cruz Biotechnology).
3,3',5,5"-Tetramethylbenzidine (TMB) liquid substrate
was then added to each well and incubated for 30
minutes at room temperature, followed by the
addition of 1 M H250: (stopping solution). Finally, the
optical density (OD) was measured using a DTX 880
reader (Beckman Coulter) at wavelengths of 450 nm
and reference 620 nm. All experiments were carried
out three times independently.

Reverse transcription PCR

The total RNA of the ADSCs and differentiated cells
were isolated by easy-BLUE™ total RNA extraction kit
(iNtRON Biotechnology, Korea) according to the
manufacturer’s instruction. The quality and quantity
of RNA extraction was determined using a
photometer (Eppendorf, Germany). Transcriptional
gene expression was carried out using a ONE-STEP
RT-PCR Premix kit (iNtRON) with specific primers for

denaturing at 95°C, 30 seconds annealing at 55-61°C
(Table 1), and 45 seconds elongation at 72°C; and a
final elongation for 5 minutes at 72°C. PCR products
were run on 2% agarose gels containing 0.5 ug/ml
ethidium bromide and visualized using the UVP
system (Upland, CA).

Statistical analysis

For the insulin standard curve, the data were analyzed
and the graph was created by nonlinear regression
(curve fit), sigmoidal, 4PL, X is log (concentration)
(Prism 6, GraphPad Software, San Diego). The insulin
levels of samples were interpolated from this standard
curve. Other results were analyzed by one-way
ANOVA. Data were reported as the mean and
standard error of the mean (SEM). Statistical
significance was defined as P < 0.05.

RESULTS
ADSC isolation

ADSCs were determined to be mesenchymal stem
cells as described by Dominici et al., 2006 (Dominici et
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Figure 1. Formation of islet-like clusters during the differentiation process. Cell aggregation formed after 15 days induction (A);
after 30 days without (B, C), and with DTZ staining (E, F). These differentiated cells could re-proliferate when cultured in growth

condition (D). Magnification: x200 (A, B, D), and =400 (C, E, F).

al., 2006). In fact, they exhibited a fibroblast-like shape,
were positive for MSC marker profiles CD44, CD73,
CD90, CD105, and negative for blood cell makers
CD14, CD34, CD45, and HLA-DR. They could also be
differentiated into mesodermal origin cells such as
osteoblasts and adipocytes. These results were pre-
sented by our group in the previous published study
(Van Pham et al., 2014).
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Figure 2. Distribution of islet like clusters according to
diameter (in 25 cm? area). The results showed that almost
islets exhibited 50-100 um in diameter.

Islet-like cluster formation

At the 1¢t stage of the differentiation process, ADSCs
rapidly proliferated. These cells were confluent after
3—4 days of stimulation. At this time, fully adherent
cells were trypsinized and re-seeded onto culture
surfaces. Slow-dividing cells tended to aggregate as
clusters at the end of the 2d stage (Fig. 1A). When
differentiation was complete, the cells appeared
similar to ICCs (Fig. 1 B,C). These clusters were
positive for dithizone staining (Fig. 1 E,F). ICCs with
diameters more than 50 um were counted. A large
number of ICCs had diameters of 50-100 um. The
number of ICCs decreased with increasing diameter.
From 2 x 10° ADSCs cultured in a T-25 flask, at the end
of procedure, there were 518 + 108 ICCs at 100-200
pum, 9 =1 ICCs at 200-300 pm, and about 1 + 0.5 ICCs
at 300400 um diameter (Fig. 2). Interestingly, these
suspension ICCs could be maintained for 60 days.
When cultured in well-adherent surfaces, they could
attach and expand slowly (Fig. 1D).

Transcriptional expression of beta cell-related genes

The results presented in Fig. 3 show similar
expression of the internal control (GAPDH) in ADSC
and ICC samples, demonstrating successful RNA
extraction and appropriate RT-PCR procedure. Pdx-1
expression in the ICCs is clearly higher than in the
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ADSCs while the expression of Ngn-3 and NeuroD1 is
seen only in ICCs (Fig. 3). The positive expression of
Pdx-1, Ngn-3, and Neuro-D1 prove that these islet
cells are of beta cell lineage.

NeuroD1

Ngn-3

Figure 3. Transcriptional expression of beta cell
differentiation genes. Differentiated cells expressed beta
cell specific genes such as Pdx-1, Ngn-3 and NeuroD1, while
ADSCs only expressed Pdx-1. 1: Lane with differentiated
cells; 2: ADSCs (control).

The results from immunofluorescent cytochemistry
show that all obtained islets were positive for both
insulin and C-peptide. As seen in Fig. 4., islets were

Insulin
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positive, with insulin staining visualized as green
spots and C-peptide staining in red. The entire islet
exhibited red color proving that they were able to
synthesize proinsulin in their cytoplasm. Additionally,
insulin expression is found in these differentiated
clusters (Fig. 4). Therefore, they were characterized as
beta cells.

Insulin secretion measurement

When the differentiation process was completed at the
3 stage, the induced ICCs were evaluated
functionally for insulin release capability. The results
show that ICCs could produce and secrete insulin
when induced in media supplemented with 17.5 mM
glucose, and secreted insulin to approximately 1.327 +
0.123 ng/ml. The results showed that insulin secretion
gradually increased when glucose concentration was
increased. In fact, at 25, 35, 45 and 55 mM, insulin
concentration gradually increased from 0.497 + 0.079
to 0.888 + 0.040, 1.123 + 0.084 and 1.208 + 0.115 ng/ml,
respectively. The insulin releasing level increased
remarkably at glucose concentrations of 65 mM and 75
mM (2.151 + 0.113 ng/ml at 65 mM and 2.180 + 0.142
ng/ml at 75 mM) (Fig. 5).

Insulir

Figure 4. Inmunofluorescent images of insulin and C-peptide expression in differentiated islets. These cells expressed both C-

peptide and mature insulin in cytoplasm. More interesting, these proteins strongly expressed in the islet cells compare to outside

cells.

188

Production of islet-like insulin-producing cell clusters in vitro



Dang et al., 2015

w
1

N
1

-
1

Insulin concentration (ng/ml)
o

o

20 40 60 80
Glucose concentration (mM)

Figure 5. Released insulin levels after 24-hour stimulation
with different glucose concentrations. From 20 — 60 nM of
glucose, islet cells released insulin in concentration depend-
ent manner.

DISCUSSION

Stem cell therapy is one of the best candidates to treat
degenerative diseases and disorders such as neural
diseases and diabetes. The differentiation potential of
stem cells has been studied to confirm their ability to
replace dysfunctional cells and simultaneously supply
a large number of functional cells for treatment. In
order to recover pancreatic islet damage, insulin-
producing cells have been effectively transplanted in
diabetic cases with or without the use of stem cells
(Boroujeni, 2014; Chandra V 2011; Gabr et al., 2013;
Zhang et al., 2011).

Insulin-producing cells can be differentiated from
adult stem cells by gene transfection (Qing-Song et al.,
2012; Thi-My Nguyen et al., 2014; Wang et al., 2014) or
induced soluble factors (Gao et al., 2008; Moshtagh et
al., 2013; Sun and Ji, 2009). Recently, adipose tissue
derived stem cells have been the most favourable cell
source for research and clinical application because of
their dominant characteristics (Bassi, 2012; Choudhery
et al., 2014; Melief et al., 2013). Therefore, an important
step forward for the treatment of diabetes would be to
differentiate these cells into insulin-producing cells. In

this study, we succesfully produced functional islets
from ADSCs.

The three-step protocol of differentiation mimicked in
vivo pancreatic formation and development. In the
differentiation process, the structural changes of cells

Biomed Res Ther 2015, 2(1): 184-192

could be observed and divided into two phases, i.e.,
spheroidal cell cluster formation and functional
maturation of the islet-like cells (Okura et al., 2009;
Pokrywczynska et al, 2013). We found that the
clusters appeared after 15 days of differentiation, a
much longer period when compared to the
differentiation of insulin-producing cells from
embryonic stem cells (Boyd et al, 2008). However,
similar to our study, it took more than 10 days to
induce the formation of clusters in the differentiation
of insulin-producing cells from adipose tissue derived
stromal cells by co-culture with isolated islets (Karaoz
et al, 2013). Zulewski (2006) identified that
mesenchymal stem cells trans-differentiated into
insulin-producing cells via the expression of nestin, a
neural stem cell marker. Therefore, in the first step and
half of the second step of the differentiation protocol,
it could be assumed that differentiation media
containing extrinsic factors promoted the formation of
neurosphere-like clusters. Supplementary N2 and B27
were used in order to enhance proliferation and
maintain a low apoptosis rate of stem cells (Dave et
al., 2013). These factors could replace bovine serum
without stress in the later step. In addition, they are
components of neural differentiation media for
embryonic and induced pluripotent stem cells.
Therefore, it is possible that N2 and B27 play a role in
trans-differentiation of mesenchymal cells into neural-
like cells. Basic fibroblast growth factor (bFGF) has
been shown to be useful in the differentiation of
insulin-producing cells (Wong, 2011). bFGF was
shown to be secreted by endocrine precursor cells and
to work as a chemoattractant to play a role in cell
aggregation (Hardikar et al, 2003). The other
supplement, nicotinamide, has long been proven to be
a potent inducer of endocrine differentiation
(Otonkoski et al, 1993) and wused in most
differentiation protocols to make insulin-producing
cells. Many studies have confirmed that nicotinamide
could promote islet cell proliferation (Dave et al.,
2013). In addition, insulin-transferrin-selenite (ITS)
contributes to expand and increase the number of
nestin-positive cells, which could differentiate into
insulin expressing cells (Okura et al., 2009; Zulewski,
2006). We determined that media containing these
factors could differentiate ADSCs into cells having a
beta cell phenotype. After 30 days of differentiation,
DTZ-positive clusters were observed, which were 50 —
400 um in diameter and were similar in shape to
human isolated islets (Johnson et al., 2009).
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These pseudo-islets were determined to express
insulin and C-peptide in the cytoplasm by
immunocytochemistry. ~ Futhermore, they could
respond to different glucose concentrations, among
which 65 mM glucose stimulated a two-fold increase
in release of insulin. Interestingly, it was also noted
that the pseudo-islets grew larger with higher
concentrations of glucose (data not shown). However,
at concentrations of 75 mM or more, they dispersed as
individual dead cells.

These results are consistent with the results of Dave
and collaborators (Dave et al.,, 2013). They assumed
that the replication rate of beta cells increased with
increasing glucose levels and at extremely
hyperglycemic conditions, beta cell replication was
reduced. We also demonstrated that our differentiated
cluster cells expressed beta cell differentiation-related
genes such as Pdx-1, Neuro-D1 and Ngn-3. Pancreatic
and duodenal homeobox 1 (Pdxl) is involved in
development of the pancreas, specifically for beta cell
proliferation and survival (Ben-Othman et al., 2013).
Cells expressing Pdx-1 were confirmed to be definitive
pancreatic precursors. Yuan and colleagues (2010)
found that Pdx-1 played an effective role in
differentiating mesenchymal stem cells into insulin-
producing cells. The other transcriptional factor
neurogenin-3 (Ngn-3), related to endocrine cell fate
determination (Ben-Othman et al., 2013), expressed
clearly in differentiated cells. Moreover, the expression
of downstream factors, like NeuroD1, was required
for the differentiation of mono-hormone-producing
cells (Ben-Othman et al., 2013). These factors are also
related to islet growth (Pokrywczynska et al., 2013),
beta cell maturation and glucose responsiveness (Ben-
Othman et al., 2013).

Finally, the established procotol can efficiently
produce islets from ADSCs. We could produce about
500 islets from 2 x 105 ADSCs after 30 days. According
to the islet transplantation procedure, about 4000 islet
equivalents per kilogram of the recipient's body
weight were used to achieve clinical effects (Shapiro et
al., 2000). That would imply that 50 x 106 ADSCs could
produce enough islets for a diabetic mellitus patient
with 50 kg body weight. This is a feasible solution in
clinical application.

Biomed Res Ther 2015, 2(1): 184-192

CONCLUSION

In conclusion, adipose tissue is an important soucre of
stem cells for islet production. In this study, using a 3-
step protocol, we produced approximately 500 islets
from 2 x 10> ADSCs. These islets exhibited beta cell
properties such as positive dithizone staining,
expression of insulin and C-peptide in the cytoplasm,
and expression of transcriptional factor genes related
to beta cell differentiation (Pdx-1, Ngn3, Neuro-D).
Importantly, the islet cells responded extremely well
to glucose, in a concentration specific manner. These
results provide confirmation of an efficient method for
producing sufficient functional islets for clinical
research and application.
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