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Comparative study of three types of mesenchymal stem
cell to differentiate into pancreatic f3-like cells in vitro
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Abstract. Type 1 diabetes (TID) is a chronic metabolic
disease where the body produces insufficient or no insulin.
Stem cells with multi-directional differentiation potential
are transplanted and differentiate into B-like cells in vivo
to replace pancreatic f cells, which has become a novel
treatment strategy. The aim of the present study was to
investigate the ability of three types of adult mesenchymal
stem cell (MSC) to differentiate into pancreatic B-like
cells in vitro in order to identify suitable sources for the
treatment of diabetes. The three MSC types were menstrual
blood-derived MSCs (MENSCs), umbilical cord-derived
MSCs (UCMSCs) and dental pulp MSCs (DPSCs). The
differentiation method used in the present study was
divided into three steps and the MSCs were differentiated
into pancreatic B-like cells in vitro. Among these MSCs,
MENSCs had a greater ability to differentiate into islet
B-like cells in vitro, while UCMSCs and DPSCs exhibited
a similar differentiation potency, which was relatively
lower compared with that of MENSCs. The present results
indicated that MENSCs may be a suitable cell source for the
curative treatment of TID.
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Introduction

Diabetes is a chronic disease that occurs when the pancreas
is no longer able to provide insulin or when the body cannot
make use of the insulin it produces (1). According to data
from the International Diabetes Federation, ~463 million
adults suffered from diabetes in 2019 (https:/www.idf.org).
Approximately 10% of them had type 1 diabetes (TID).
However, there are still no effective methods for the treatment
of the disease. Individuals with TID depend on daily insulin
injections to maintain their blood glucose levels. In recent
years, the transplantation of stem cells with multi-directional
differentiation potential to replace the islet cells has become a
novel treatment strategy (2). Clinical trials with mesenchymal
stem cell (MSC)-based therapies are currently limited (3).
A study using intravenous infusion of bone marrow MSCs
(BMMSCs) demonstrated improvement of C-peptide at
one year (4), which suggested the potential of MSCs in the
treatment of diabetes. The present study first compared the
differentiation potential of three types of MSC into islet -like
cells in vitro.

These three types of MSC were umbilical cord-derived
MSCs (UCMSCs), dental pulp MSCs (DPSCs) and menstrual
blood-derived MSCs (MENSCs), which were isolated from
the Wharton's jelly tissue of the human umbilical cord (5),
deciduous teeth (6) and menstrual blood (7), respectively.
The three MSC types share advantages in their clinical
application, such as convenient harvesting procedures, high
proliferation, multi-directional differentiation capacity
and low immunogenicity (8). Studies have indicated
that UCMSCs may be induced to form cartilage, bone,
adipose and nerve cells (9). Numerous studies assessed the
differentiation potency of UCMSCs into pancreatic cells
in vitro, which proved their differentiation ability (10). In the
present study, UCMSCs were used as a judgement standard to
compare the differentiation ability of DPSCs and MENSCs.
DPSCs are one of the novel types of MSCs that have been
proposed for tissue regeneration to repair bone defects (11).
DPSCs are obtained from human exfoliated deciduous teeth,
having the characteristics of being easy to obtain with little
damage caused to donors (12). It has been demonstrated that
MENSCs have the ability to differentiate into osteogenic,
neurogenic and chondrogenic cell lineages (13), which
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prompts the potential of MENSCs for use in regenerative
medicine research. The isolation of MENSCs features
reproducibility and no damage to donors, which means the
source of MENSCs is rich and they are easy to obtain (7).
Previous studies addressed the differentiation ability of the
three types of MSC, particularly MENSCs. In addition to
comparing the differentiation ability of three types of MSC,
it was explored whether MENSCs are able to differentiate
into islet cells as a novel clinical application.

As for the methodology, the previous differentiation
methods were improved (14), and in combination with the
results of the experiments, an optimized differentiation
method was established. Collagen coating is used to promote
the proliferation and differentiation ability of cells (15),
among the different collagens, rat tail collagen is easy to
obtain and mostly used (16,17). In this procedure, 12-well cell
culture plates were pre-incubated with rat tail collagen, which
improved the differentiation ability in comparison with the
previous method without collagen coating.

The biological characteristics of these MSCs, including
proliferation, survival and differentiation capacities, were
assessed in former studies (18). Other biological characteris-
tics, particularly the evaluation of differentiation ability into
pancreatic -like cells, were performed in the present study.
Although several types of MSC were reported to be able to
differentiate into pancreatic B-like cells in vitro, including
BMMSCs, adipose-derived MSCs (ADSCs) and UCMSCs,
the curative effect was not ideal in vivo (19-21). The purpose
of the present study was to screen novel sources of MSCs
for the treatment of diabetes and to provide a new scope for
pre-clinical trials in vivo. The present study will aid in future
decision-making for choosing suitable seed cells for the treat-
ment of TID in clinical trials.

Materials and methods

Isolation and culture of MENSCs, UCMSCs and DPSCs.
Isolation of MENSCs, UCMSCs and DPSCs was performed
at the Cell Culture & Bioprocess Engineering Laboratory,
Shanghai Jiaotong University (Shanghai, China). Relevant
materials and samples were provided by Shanghai Kun'ai
Biological Technology Co.,Ltd., (Shanghai, China). The present
study was approved by the Ethics Committee of the School of
Pharmacy, Shanghai Jiaotong University (Shanghai, China).

UCMSCs. Umbilical cord tissues were collected from a
35-year-old mother and full-term fetus after caesarean section
in Handan Central Hospital (Handan, China) in March 2014.
The donor had a physical examination to rule out infectious
diseases. The tissues were stored at 4°C and transported to
Shanghai. The isolation of UCMSCs was performed in the
laboratory of Shanghai Jiao Tong University. Collected umbil-
ical cord tissues were washed with PBS several times to remove
red blood cells. After Wharton's jelly tissues were removed
from umbilical cords, they were chopped into small pieces and
placed on 55-mm? plates at 37°C for 2 h. The tissues adhered to
the plates to avoid suspension of the pieces when medium was
added. Then the plates were covered with a-MEM medium
(Gibco; Thermo Fisher Scientific, Inc.) containing 15% FBS
(HyClone; Cytiva).

MENSCs. Menstrual blood was obtained from a 39-year-old
female without abnormal discharge or infection by sterile
Diva Cup on the second day of flow in October 2014 at the
donor's home (Shanghai, China). The donor was tested for
infectious diseases, blood chemistry indicators and ultrasound
examinations to ensure health. The isolation of MENSCs was
performed in the laboratory of Shanghai Jiao Tong University.
The collected menstrual blood (5 ml) was mixed with an equal
volume of PBS, 0.2 ml amphotericin B (Invitrogen; Thermo
Fisher Scientific, Inc.), 0.2 ml streptomycin (Invitrogen;
Thermo Fisher Scientific, Inc.) and 0.1 ml EDTA-Na,
(Invitrogen; Thermo Fisher Scientific, Inc.) at 4°C within 24 h
of collection. Density gradient centrifugation was applied
twice at 200 x g at 4°C for 10 min, followed by discarding the
supernatant and adding fresh medium containing 15% FBS for
cell culture.

DPSCs. Dental pulp tissues were obtained from shed
deciduous teeth. The tissues were donated from a 15-year-old
male in April 2014 at the donor's home (Shanghai, China).
The isolation of DPSCs was operated in the laboratory. The
dental pulp tissues were gently separated from the root and
the crown. Then, the tissues were minced and dissociated in
0.3% collagenase type I (cat. no. SCR103; Sigma-Aldrich;
Merck KgaA) at 37°C for 1 h. Subsequently, dissociation was
terminated by adding a-MEM with 10% FBS, followed by
centrifugation at 100 x g at 4°C for 5 min. To the sediment,
a-MEM containing 15% FBS was added to re-suspend the
cells and single cell suspensions were cultured as primary
MSCs in 6-well plates at a concentration of 1x10° cells/well.

The suspension density of isolated MENSCs, UCMSCs and
DPSCs primary culture cells was adjusted to 2x10° cells/ml.
These cells were cultured in 6-well cell culture plates. Cells
that failed to stick to the walls were discarded after 48 h. The
medium was changed every two days. The morphology of
growing cells was observed under an inverted phase contrast
microscope (Olympus Corporation).

Cell surface markers on MENSCs, UCMSCs and DPSCs.
MENSCs, UCMSCs and DPSCs at passage 4 (P4) were
trypsinized with 0.25% TrypLE (Invitrogen; Thermo Fisher
Scientific, Inc.), washed twice with PBS (pH 7.4) and suspended
in PBS at a concentration of 5x10° cells/ml. The sample
was incubated with fluorescein isothiocyanate-conjugated
monoclonal antibody CD14 (cat. no. 11-0149-42), CD45
(cat. no. 11-9459-42), isotype control (cat. no. 11-4714-41) (all
1:200; all from eBioscience; Thermo Fisher Scientific, Inc.),
or incubated with phycoerythrin-conjugated monoclonal
antibody CD29 (cat. no. 555443), CD34 (cat. no. 550761),
CD44 (cat. no. 550989) (all 1:50; all from BD Biosciences),
CD90 (cat. no. 555596), isotype control (cat. no. 550617) (both
1:100; both from BD Biosciences) for 30 min at 4°C in the dark
according to the manufacturer's recommendation. Finally, cells
were washed twice with PBS and then analyzed with a standard
FACSAria flow cytometer (BD Biosciences) and results were
evaluated with CellQuest Pro software v1.0.2 (BD Biosciences).

Growth kinetics of MENSCs, UCMSCs and DPSCs. MENSCs,
UCMSCs and DPSCs with 90% confluency were dissociated
with TrypLE. Based on the cell count, 10* cells/well were
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seeded in 24-well cell culture plates (Corning Inc.) and cultured
at 37°C with 5% CO, (v/v) and saturated humidity. After 24 h
of incubation, each of the three cell types were dissociated in
the three wells, stained with the same amount of trypan blue
(Gibco; Thermo Fisher Scientific, Inc.) and the cell number
was then counted with an automatic cell counter (Countstar).
These procedures were repeated for the three wells every two
days. The medium was changed every two days. Finally, to
plot the growth curves for MENSCs, UCMSCs and DPSCs,
the culture time was displayed on the abscissa, while the mean
number of cells was presented on the ordinate (18).

The population doubling time (PDT) was calculated for
these cells according to the following equation:

1g2

lg (Nt/No)

where t is the culture time, 1g is log,,, N, the harvested cell
number and N, the cell number at the beginning.

The maximum specific cell growth rate (y,,) was calculated
using the PDT value as follows:

PDT = tx

In2
PDT

where In is log,.

Multi-differentiation ability of MENSCs, UCMSCs and
DPSCs. For adipogenic differentiation, MENSCs, UCMSCs
and DPSCs were cultured in Dulbecco's modified Eagle's
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.)
supplemented with high glucose, 10% fetal bovine serum
(FBS; HyClone; Cytiva), | mM dexamethasone, 0.5 mM
methyl-isobutyl-xanthine, 10 mg/ml insulin and 100 mM
indomethacin (all from Sigma-Aldrich; Merck KGaA)
for 4 weeks. The control groups were cultured in DMEM
supplemented with high glucose and 10% FBS. At the end
of the incubation, adipogenic differentiation was assayed
with 0.3% Oil red O (Sigma-Aldrich; Merck KGaA) staining
for lipid droplets for 1 h at 37°C. After observation with an
inverted phase-contrast microscope, the stained cells were
eluted with 500 ul isopropyl alcohol per well for 5 min at
room temperature and then quantified by determining the
absorbance at 510 nm using a microplate reader (Thermo
Fisher Scientific, Inc.).

For osteogenic differentiation, MENSCs, UCMSCs
and DPSCs were cultured in DMEM supplemented with
high glucose, 10% FBS, 0.1 mM dexamethasone, 10 mM
B-glycerolphosphate and 50 mM ascorbic acid (all from
Sigma-Aldrich; Merck KGaA) for 3 weeks. The control groups
were cultured in high-glucose DMEM just containing 10%
FBS. At the end of the incubation, osteogenic differentiation
was assayed with 0.1% Alizarin red S (Sigma-Aldrich; Merck
KGaA) staining for calcium deposition for 1 h at 37°C. After
observation with an inverted phase-contrast microscope, the
stained cells were eluted with 500 pl 10% cetylpyridinium
chloride per well (Sigma-Aldrich; Merck KGaA) for 10 min
at room temperature and then quantified by measuring the
absorbance at 562 nm using a microplate reader.

Production of pancreatic f3-like cells from MENSCs,
UCMSCs and DPSCs using three-step method. Study of

the role of inductive substances (16,22), analysis of previous
studies reporting differentiation methods from mesenchymal
into pancreatic cells and combination with the preliminary
experimental data resulted in the design of a differentiation
method (14,23), the three-step induction system, to differentiate
MENSCs, UCMSCs and DPSCs into islet cells in vitro.

MENSCs, UCMSCs and DPSCs at P3 that grew to 70%
confluency were dissociated, the concentration was adjusted
to 10° cells/ml and cells were seeded in 12-well cell culture
plates. The plates were pre-coated with type 1 rat-tail collagen
(cat. no. C7661; Sigma-Aldrich; Merck KGaA). The induction
procedure was then followed:

Step 1. Following incubation overnight, the medium was
changed to high-glucose DMEM containing 10% FBS and
10 mol/l retinoic acid (Sigma-Aldrich; Merck KGaA) to
induce differentiation for 48 h. The medium was then changed
to high-glucose DMEM only with 10% FBS, followed by
culture for 24 h.

Step 2. Acetic acid (0.1 M) was used to dissolve type 1 rat
tail collagen to a 5 mg/ml solution. A total of 200 pl rat tail
collagen solution, was mixed with 798 ul DMEM medium
and 12 ul 0.1 M NaOH. A total of 30 pl of this solution was
added to each well of 12-well plates, and placed at 37°C for
20 min. The cells were then dissociated with TrypLE and
the concentration of the cell suspension was adjusted to
10° cells/ml. The cells were seeded in new 12-well cell culture
plates pre-incubated with type 1 rat-tail collagen. MENSCs,
UCMSCs and DPSCs were cultured in the induction medium
consisting of low-glucose DMEM, 10% FBS, 10 mmol/l
nicotinamide, 20 ng/ml epidermal growth factor and 50 ng/ml
basic fibroblast growth factor (all from Sigma-Aldrich; Merck
KGaA) for 7 days.

Step 3. The medium of the second step was removed and
changed to low-glucose DMEM containing exendin 4
(Sigma-Aldrich; Merck KGaA) and 10% FBS to continue
induction for another 7 days.

After differentiation, MSCs were stained with dithizone
(DTZ; Sigma-Aldrich; Merck KGaA). DTZ is a zinc-chelating
agent known to stain pancreatic (3-cells due to their high
zinc content (24). Images were captured with an inverted
phase-contrast microscope (Olympus Corporation) and
analyzed with ImagelJ software v2.0 (National Institutes of
Health) imitating the way of immunohistochemistry to obtain
quantitative statistics (25). Furthermore, the staining intensity
of these images was graded from 1-5 (the weakest stained as 1
and the strongest stained as 5), determined in a double-blinded
way by three independent investigators, followed by statistical
evaluation (26).

Immunofluorescence staining. Following differentiation, the
MSCs were fixed with 4% paraformaldehyde for 20 min,
permeabilized with PBS containing 0.3% Triton-X and then
blocked with PBS containing 5% goat serum (cat. no. G9023;
Sigma-Aldrich; Merck KgaA) for 45 min at room
temperature. Cells were incubated with rabbit monoclonal
anti-insulin primary antibody (1:200; cat. no. ab181547;
Abcam) at 4°C overnight. The three types of cells were
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Table I. Primer sequences designed forquantitative PCR detection of genes to determine the differentiation ability from stem cells

into pancreatic p-like cells.

Gene name Forward primer (5'-3") Reverse primer (5'-3")
GAPDH ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA
INSULIN AGCATCTGCTCCCTCTACCA TGCTGGTTCAAGGGCTTTAT
GLUT-2 CAGCTGTCTTGTGCTCTGCTTGT GCCGTCATGCTCACATAACTCA
NGN-3 AAGAGCGAGTTGGCACTGAGC CGTACAAGCTGTGGTCCGC

GLUT-2, glucose transporter 2; NGN-3, neurogenin 3.

Table II. Cell populationdoubling time and the largest growth
rate of MENSCs, UCMSCs and DPSCs.

Cell type Population Maximum specific cell
doubling time (h) growth rate (s-1)
MENSC-P4 65.40+12.96 0.0106
UCMSC-P6 45.17+4 .22 0.0156
DPSC-P5 53.81+2.64 0.0130

MENSCs, menstrual blood-derived MSCs; UCMSCs, umbilical
cord-derived MSCs; DPSCs, dental pulp MSCs; MSC, mesenchymal
stem cell; P4, passage 4.

then washed with PBS and stained with the tetramethyl-
rhodamine (TRITC)-conjugated goat anti-rabbit secondary
antibody (1:300; cat. no. A16101; Invitrogen; Thermo Fisher
Scientific, Inc.) at room temperature for 1 h in the dark. Cell
nuclei were stained using 4,6-diamidino-2-phenylindole
(DAPI,; Invitrogen; Thermo Fisher Scientific, Inc.). Images
of cells were captured using fluorescence microscopy
(Leica Microsystems).

Reverse-transcription quantitative (RT-q)PCR. To detect
the ability for differentiation, several representative genes,
INSULIN, glucose transporter 2 (GLUT-2) and neurogenin 3
(NGN-3), were analyzed through RT-qPCR. Total RNA was
isolated from both induced cells and control cells using
TRIzol reagent (Biyuntian) following the manufacturer's
protocol. The RNA concentration and quality were assessed
with a NanoDrop One spectrophotometer (Thermo Fisher
Scientific, Inc.). Subsequently, the RT reaction was performed
using the RT reagent kit with gDNA Eraser (Takara Bio,
Inc.) according to the manufacturer's protocol. Real-time
PCR was performed with the primers presented in Table I
in a StepOne Plus System (Thermo Fisher Scientific, Inc.).
According to the manufacturer's protocol for the FastStart
Universal SYBR-Green Master (cat. no. 04913914001; Roche
Diagnostics), the PCR mixture was prepared and the PCR
parameters were set. The thermocycling conditions use were
as follows: 95°C for 10 min, followed by 40 cycles at 95°C
for 15 sec and at 60°C for 60 sec. Melting curve analysis
was performed at the end of RT-qPCR. The results were
calculated through 2-44“4 method and normalized to GAPDH
and the control group (27).

Quantitative insulin secretion assay. After differentiation,
the induction medium was removed and the cells were
washed twice with PBS. New medium with high or low
glucose was added and the supernatants were collected after
glucose stimulation for 4 h. The concentration of insulin in
the supernatants collected from the three types of MSCs
in high or low glucose medium was determined using the
Human Insulin ELISA kit (cat. no. KAQI1251; Invitrogen;
Thermo Fisher Scientific, Inc.). The experiments were
performed following the according to the manufacturer's
protocol of the ELISA kit. Absorbance was read at 450 nm.
The standard curve was constructed using the absorbance of
the standard sample.

Statistical analysis. All values were expressed as the
mean + standard deviation. Comparisons between two groups
were analyzed with the unpaired Student's t-test. Comparisons
between more than two groups were analyzed with one-way
analysis of variance (ANOVA) followed by least-significant
differences post-hoc tests for equal variances assumed and
Tamhane's T2 post-hoc tests if no equal variances were
assumed. A two-way ANOVA with Tukey's post-hoc test was
used for comparisons between two factors. For non-parametric
data, a Kruskal-Wallis test with Dunn's post-hoc test was used
for grading scale analysis. P<0.05 was considered to indicate
statistical significance. All analyses were performed with
SPSS 23.0 (IBM Corporation).

Results

Morphology of MENSCs, UCMSCs and DPSCs. Most of the
primary MENSCs, UCMSCs and DPSCs adhered to the culture
plates within 24 h after seeding and exhibited a polygonal or
round morphology. The cells presented with pseudopodia and
displayed similar spindle-shaped morphology for ~2 days of
culture (Fig. 1A).

Expression of cell surface markers on MENSCs, UCMSCs
and DPSCs. The expression of the surface receptor molecules
CD14, CD29, CD34, CD44, CD45 and CD90 on MENSCs,
UCMSCs and DPSCs was determined through flow cytometry.
The results indicated that MENSCs, UCMSCs and DPSCs
were all positive for CD29, CD44 and CD90 and negative
for CD14, CD34 and CD45, which were consistent with the
identification criteria for MSCs (28). The flow cytometry
results are provided in Fig. S1. Statistical analysis indicated no
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Figure 1. Basic characteristics of the three types of MSC. (A) Morphology of (a-1) P4 MENSCs, (a-2) P4 UCMSCs and (a-3) P4 DPSCs scultured ex vivo
(magnification x100; scale bar, 200 ym). (B) Growth curves of MENSCs, UCMSCs and DPSCs. Initial cell seeding: 1.0x10* cells/cm?. Values are expressed
as the mean + standard deviation of results from three independent experiments. “"P<0.01, ““P<0.001. Significances indicate comparison among three types
of MSCs, at the same time point. MENSCs, menstrual blood-derived MSCs; UCMSCs, umbilical cord-derived MSCs; DPSCs, dental pulp MSCs; MSC,

mesenchymal stem cell; P4, passage 4; d, days.

significant difference in the surface marker profiles of these
three types of cells (P>0.05).

Growth curves of MENSCs, UCMSCs and DPSCs. Growth
curves of MENSCs, UCMSCs and DPSCs were drawn
(Fig. 1B) and the PDT was calculated and presented in Table II.
The PDT of UCMSCs was the lowest among the three types
of MSC, followed by that of DPSCs and then MENSCs. The
growth curves also indicated that UCMSCs had the fastest
and MENSCs had the slowest proliferation. Specifically, in
the first three days, the growth trend of the three types of
MSC was similar. At day 7, UCMSCs reached a maximum
number of cells, while MENSCs and DPSCs were almost at
the maximum at day 9. After 9 days, the number of the three
cell types decreased continuously until day 15, which is related
to the contact inhibition induced by the full confluency (29)
(Fig. 1B).

Multi-differentiation capabilities of MENSCs, UCMSCs
and DPSCs. As indicated in Fig. 2, the three cell types
were able to efficiently differentiate into osteocytes and
adipocytes. The osteogenesis of UCMSCs was much more
prominent and efficient than that of DPSCs and MENSCs.
When Alizarin red S staining was performed at the end
of week 3, most of the UCMSCs stained red, followed by
DPSCs and MENSCs in terms of quantity (Fig. 2A and B).
The quantitative results are provided in Fig. 2E. The
absorbance of the induced groups of all these MSCs was
stronger than that of the control groups, which indicated

that all the treated MSCs differentiated into osteoblasts. The
absorbance of UCMSCs was stronger than that of MENSCs
and DPSCs, which was consistent with the observations in
the staining images.

For adipogenic induction, UCMSCs exhibited the best
differentiation capability among the three types of MSC.
The Oil red O staining for adipocytes was more prominent
for UCMSCs compared with that of MENSCs and DPSCs
(Fig. 2C and D). The quantitative results are presented in
Fig. 2F. The absorbance of the induced groups of all of these
MSCs was stronger than that of the control groups, which
indicated that all of these MSCs differentiated into adipocytes.
The absorbance of UCMSCs and MENSCs was stronger than
that of DPSCs.

Pancreatic B-like cell differentiation ability of MENSCs,
UCMSCs and DPSCs

Quantitative analysis of DTZ staining. After induction, MSCs
were subjected to staining with DTZ and then observed
under the microscope. Stained sample islet cells were red
(Fig. 3A and B), as the induced islet cells contain zinc ions that
combine with dithizone, producing a palm red color. MENSCs
exhibited the most obvious DTZ staining, while UCMSCs and
DPSCs did not stain as well as MENSCs. The quantitative
staining percentage of MENSCs was higher than that of
UCMSCs and DPSCs (Fig. 3C). The results of the graded
analysis suggested that the grade of staining of MENSCs was
higher than that of UCMSCs and DPSCs and the results were
consistent with those quantified with ImageJ (Fig. 3D).
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Figure 2. Osteogenic and adipogenic differentiation of the three types of MSC. (A) Osteogenesis differentiation of P4 (a-1) MENSCs, (a-2) UCMSCs and
(a-3) DPSCs safter Alizarin red S staining. (B) Control groups for osteogenesis differentiation of P4 (b-1) MENSCs, (b-2) UCMSCs and (b-3) DPSCs after Alizarin
red S staining. (C) Adipogenesis differentiation of P4 (c-1) MENSCs, (c-2) UCMSCs and (c-3) DPSCs safter Oil red O staining. (D) Control groups for adipogenesis
differentiation of (d-1) MENSCs, (d-2) UCMSCs and (d-3) DPSCs after Oil red O staining (magnification x100; scale bar, 200 ym). (E) Semiquantitative results of
osteogenic differentiation. (F) Semiquantitative results of adipogenic differentiation. "P<0.05, “P<0.001; “#P<0.001 vs. control. MENSCs, menstrual blood-derived
MSCs; UCMSCs, umbilical cord-derived MSCs; DPSCs, dental pulp MSCs; MSC, mesenchymal stem cell; OD, optical density; P4, passage 4.

Insulin expression by laser immune confocal microscopy. After
the three-step induction, the MENSC:s tested positive for insulin
expression, while the UCMSCs were negative for insulin and the
DPSCs exhibited weak expression (Fig. 4). DAPI-stained nuclei

appeared blue and cells that expressed insulin appeared red.
It was proved that the induced MENSCs obtained a synthetic
insulin function. The ability of MENSCs to produce insulin was
the best, followed by that of DPSCs and then that of UCMSCs.
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Figure 3. Results of differentiation into pancreatic 3-like cells. (A) DTZ staining of P4 (a-1) MENSCs, (a-2) UCMSCs and (a-3) DPSCs. (B) The DTZ staining
results of undifferentiated groups of P4 (b-1) MENSCs, (b-2) UCMSCs and (b-3) DPSCs (magnification x100; scale bar, 200 gm). (C) Quantitative results of
the DTZ staining. The percentage of the whole microscopic imageswas determined with ImageJ software, imitating immunohistochemistry. (D) Quantitative
results of DTZ staining with grading from 1-5. "P<0.05, ““P<0.001. MENSCs, menstrual blood-derived MSCs; UCMSCs, umbilical cord-derived MSCs;
DPSCs, dental pulp MSCs; MSC, mesenchymal stem cell; DTZ, dithizone; P4, passage 4.

Expression of genes characteristic for islet cells. The
expression of islet-related genes was analyzed by using
RT-gPCR (Fig. 5). The iconic genes INSULIN, GLUT-2
and NGN-3 were detected. Subsequent to differentiation,
the expression of INSULIN and GLUT-2 in MENSCs was
significantly higher than that in the control group. The
expression of NGN3 was slightly higher in the induced group
with no significance. Furthermore, the expression of INSULIN
and GLUT-2 in UCMSC:s after induction was lower than that
in the control group. The expression of NGN3 was not altered
after induction. The amount of NGN-3 expressed in the DPSCs
was much higher than that in the control group (P<0.01).
The average INSULIN expression of the induced group was
slightly higher than that of the control group, while GLUT-2
expression of the induced group was lower.

Insulin secretion by ELISA. The insulin secretion for the
three types of adult MSCs varied according to the different
glucose concentrations in the medium (Fig. 6). The level of
insulin secreted by MENSCs induced in vitro into islet cells
exposed to high glucose concentration was 11.95+0.61 mU/I.
For UCMSCs induced in the presence of high glucose, the
level of secreted insulin was 6.61+0.37 mU/l and that of
DPSCs was 5.26+0.66 mU/l. When the glucose concentration

was 5.5 mmol/l, the insulin secretion of induced MENSCs was
3.46+0.29 mU/1, while that of UCMSCs was 2.75+0.39 mU/1
and that of DPSCs was 4.11+0.42 mU/1. Additional insulin was
not secreted after low glucose stimulation both in induced and
control MSCs, which indicated that the secretion of insulin was
dependent on glucose stimulation in the medium. According
to the results, it was observed that induced MSCs secreted
higher concentration of extracellular insulin compared with
control MSCs when exposed to high glucose concentration
of 25 mmol/l. When induced MSCs were exposed to high
glucose concentration, MENSCs secreted the highest amount
of insulin, followed by UCMSCs and then DPSCs. Based on
these results, MENSCs were more suitable than UCMSCs and
DPSCs as seed cell candidates for the induction of islet cells
in vitro.

Discussion

In the present study, the ability of three types of MSC
to differentiate into pancreatic (3-like cells in vitro was
compared. Other studies reported the use of diverse methods
to differentiate MSCs toward a pancreatic cell lineage (30-33).
A three-step method to effectively induce MENSCs, UCMSCs
and DPSCs to differentiate into pancreatic f-like cells
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Figure 4. Confocal microscopy imagesof the three types of MSC at passage 4 insulin protein expressed in MSCs stained with anti-insulin primary antibody
and tetramethylrhodamine-conjugated secondary antibody. Cell nuclei were stained using DAPI. (A) MENSCs: (a-1) Induced and (a-2) control. (B) UCMSCs:
(b-1) Induced and (b-2) control. (C) DPSCs: (c-1) Induced and (c-2) control (magnification x630; scale bar, 50 gm). MENSCs, menstrual blood-derived MSCs;
UCMSCs, umbilical cord-derived MSCs; DPSCs, dental pulp MSCs; MSC, mesenchymal stem cell.
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Figure 5. Relative quantification of pancreatic f-cell gene expression in three MSCs. (A) MENSCs, (B) UCMSCs and (C) DPSCs. The gene expression in
the induced group was compared with that in the corresponding control group. The data of the control group and induced group were divided by the control
group. The control group was set as 1 and the induced group was expressed as a percentage of the control group. The mRNA levels were normalized using the
expression of the reference gene (GAPDH). Values are expressed as the mean + standard deviation of results from three independent experiments. "P<0.05,
“*P<0.001. MENSCs, menstrual blood-derived MSCs; UCMSCs, umbilical cord-derived MSCs; DPSCs, dental pulp MSCs; MSC, mesenchymal stem cell;
GLUT-2, glucose transporter 2; NGN-3, neurogenin 3.
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Figure 6. ELISA test results of the three types of MSC. The insulin
concentration of induced and control MSCs was measured after exposure
to H-DMEM and L-DMEM. "P<0.05, "“P<0.001. MENSCs, menstrual
blood-derived MSCs; UCMSCs, umbilical cord-derived MSCs; DPSCs,
dental pulp MSCs; MSC, mesenchymal stem cell; H-DMEM, high glucose
DMEM; L-DMEM, low glucose DMEM.

in vitro was developed. As described by Veres et al (34),
the stem cell-derived § (SC-P) cell protocol led to stem cell
differentiation into six stages. These six stages were divided
into two major steps during differentiation (35), formation of
pancreatic progenitors and maturation of insulin-expressing
SC-p cells. Based on this flow, the protocols were improved
according to the preliminary conditions tested in the present
study results of our previous study. It was observed that all of
the different MSC types were similar in cell surface markers
and basic biological characteristics. Following the application
of the three-step differentiation method, MENSCs had a strong
ability to form spherical shapes. The formation of spherical
cells in UCMSCs and DPSCs was less than that of MENSCs.
Differences were not only observed in terms of morphology,
but also in the staining behavior. DTZ staining was evident in
MENSCs, whereas UCMSCs and DPSCs were evidently not
stained. In the present study, the expression of insulin was also
analyzed through confocal laser microscopy and the results
indicated that the production of insulin by MENSCs was much
higher than that in DPSCs and UCMSCs. As specific genes of
pancreatic -cells, INSULIN, GLUT-2 and NGN-3 were then
analyzed. The expression of the three genes in MENSCs was
positive compared to that in the undifferentiated control group.
According to the results, MENSCs had a stronger ability to
differentiate into pancreatic cells than DPSCs and UCMSCs,
which means that MENSCs are a novel suitable source for
the curative treatment of TID. It was preliminarily concluded
that MENSCs have potential for the treatment of TID.
However, further studies, such as those using flow cytometry
and additional gene expression analyses, are required to
confirm this conclusion. Flow cytometry may be applied to
quantitatively study the efficiency of differentiation and the
percentage of insulin-positive cells after induction (34). Flow
cytometry is also beneficial to the qualitative analysis of the
differentiation potency of the three types of MSC. NGN-3,
GLUT-2, pancreatic and duodenal homeobox 1 (PDX-1),
INSULIN, glucagon and somatostatin are iconic genes
for the differentiation of pancreatic cells (36). The present
study explored the changes in the expression of NGN-3,

INSULIN and GLUT?2. The expression of PDX-1, glucagon
and somatostatin remain to be explored using RT-qPCR or
confocal laser microscopy to strengthen the results of the
present study.

Previous studies have demonstrated the differentiation
ability of MENSCs, UCMSCs and DPSCs (9,37,38). To the best
of our knowledge, the present study was the first to compare
the ability of the three stem cell types to differentiate into
pancreatic -like cells using the same differentiation protocol
in the same article.

In the present study, the use of collagen coating enhanced
the ability of MSCs to form pancreatic 3-like cells. It was
previously reported that the collagen/hyaluronic acid scaffold
was able to enhance the differentiation ability of ADSCs into
insulin-producing cells (39). Sefcik ez al (17) utilized collagen to
enhance the osteogenic differentiation ability of ADSCs in vitro.

In the present study, it was speculated that the different
differentiation abilities of the MSCs were due to the physiological
location of these cells. Suman er al (40) concluded that MSCs
are types of germ layer specific multipotent stem cells (MPSCs),
which can give rise to monopotent stem cells, and monopotent
stem cells differentiate into one adult cell lineage. The pancreas
split belongs to the endoderm (41), and endodermal MPSCs tend
to differentiate into monopotent stem cells for pancreas, lung
and liver cell lineages. The location of the endometrium where
the MENSC:s are collected is close to endoderm in physiological
characteristics (42). It was reported that UCMSCs may express
a low amount of ectodermal and endodermal markers, and
the majority of the cells express mesodermal markers after
cultivation for several days (43). The dental pulp begins in the
molar pulp and is derived from the ectoderm originated from
migrating neural crest cells (44). According to previous studies,
the formation of the definitive endoderm (DE) lineage was
essential but not necessary for the differentiation of pancreatic
cells, which have the ability to produce insulin and react to high
glucose concentrations (45). Based on the results, the MENSCs
from the endoderm had a stronger ability to form pancreatic
B-like cells than UCMSCs and DPSCs without the formation
of the DE lineage, which indicated that MENSCs are a more
suitable source for TID treatment. However, it remains elusive
whether the location germ layers where MSCs are derived from
serve a role in their differentiation potency into pancreatic cells
and this remains to be explored.

In conclusion, in the present study, the differentiation
capability of MENSCs, UCMSCs and DPSCs into pancreatic
B-like cells was compared. The MENSCs had the best
differentiation ability into pancreatic beta-like cells than
UCMSCs and DPSCs. The results demonstrated that the use
of MENSCs as a potential new source of progenitor cells for
application in the treatment of diabetes was more effective
than the use of UCMSCs and DPSCs in vitro.
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