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Abstract: Pancreatic islet transplantation is the most effective treatment for type 1 diabetes, but the shortage of
donor islets and risk of immunological rejection prevent it from being used widely. Mesenchymal stem cells in the
Wharton’s jelly of human umbilical cords are accepted as a promising alternative transplant source. The current
method of inducing differentiation is time consuming. The aim of this study was to develop a novel method combin-
ing genetic and chemical approaches to tackle this problem and minimize the potential risk of rejection. Freshly
isolated and expanded human umbilical cord mesenchymal stem cells (HUMSCs) were induced to differentiate into
insulin-producing cells by the novel two-step method. In this method, HUMSCs were first transfected with neuronal
differentiation 1 (NEUROD21) for 2 days and afterwards treated with chemical agents for 8 days to induce differentia-
tion. The differentiated cells expressed the pancreatic cell markers, which were pancreatic and duodenal homeobox
1 (PDX1), glucagon, insulin, and NK2 homeobox 2 (NKX2-2), and released insulin both spontaneously and after
high-glucose stimulation. Then, differentiated cells were transplanted via tail vein into a diabetic rat model induced
by streptozotocin. Hyperglycemia, body weight and survival rate of the rats was improved, and serum insulin levels
increased after transplantation. More importantly, it was histologically confirmed that transplanted cells homing to
the pancreatic gland of diabetic rats and improved the morphology of pancreatic islets of the recipient rats. Overall,
the novel two-step method successfully induced HUMSCs to differentiate into insulin-producing cells and effectively
treat the diabetic rat via vascular delivery.
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Introduction developed as promising sources of islet cells

for transplantation. Among the various types of

Type 1 diabetes is an insulin-dependent auto-
immune disorder characterized by the destruc-
tion of insulin-producing B-cells in the pancreas
[1]. Islet transplantation is the most effective
therapy for type 1 diabetes [2, 3], while its
application is virtually impossible due to high
risk of immune rejection and the shortage of
donor islets [4].

Stem cells, including human embryonic stem
cells (hESC) [5], induced pluripotent stem cells
(IPS) [6] and mesenchymal stem cells (MSCs)
[7], have the ability to differentiate into func-
tional insulin-producing cells, which could be

adult and embryonic stem cells, human umbili-
cal cord mesenchymal stem cells (HUMSCs) are
readily obtained, isolated, and expanded [8].
When expanded in vitro, even after more than
10 passages, HUMSCs maintain their multiple
differentiation abilities [9]. HUMSCs are less
immunogenic because they express to stem
cell surface markers such as cluster of differen-
tiation CD29, CD44, CD59, CD90, and CD105,
with little or no expression of the important
graft-versus-host disease markers CD8O0,
CD86, and CD40 [9]. In vitro, HUMSCs have
been induced to differentiate into neuron-like
[10], chondrogenic [11], osteogenic [12], adipo-
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genic [13], myogenic [14], or insulin-producing
cells [15-17].

Current methods used to induce various types
of stem cells to differentiate into insulin-pro-
ducing cells in vitro are called one-step meth-
ods. In these methods, either chemicals, genet-
ic reprogramming, or co-culturing with rat
pancreatic cells is used. These methods are
relatively simple and easy to be applied for lab-
oratories. Chemical induction has been used to
differentiate HUMSCs into islet-like clusters
that expresses pancreatic B cell-related genes
and secrete insulin [15, 16]. However, the whole
procedure take about one month, and such
long-term culture increase the risk of malignant
transformation [18].

Genetic reprogramming has been used to
induce rat bone marrow-derived mesenchymal
stem cells (MSCs) to differentiate into insulin-
producing cells [7]. In this method, the rat pan-
creatic and duodenal homeobox factor 1 (PDX1)
gene was introduced by infecting cells with
Pdx1-bearing adenovirus. Seven days after viral
infection, the mRNA levels of insulin and pan-
creatic glucagon genes were detected.

Co-culturing with pancreatic islets has also
been used to induce MSCs derived from rat
bone marrow to differentiate into insulin-pro-
ducing cells [19]. However, it is difficult to sepa-
rate the insulin-producing cells from the culture
for transplantation. Therefore, more efficient
methods are needed to induce stem cells to dif-
ferentiate into insulin-producing cells.

Neuronal differentiation 1 (NEUROD1) is a tran-
scription factor that regulates the expression of
the insulin gene (INS) in pancreatic B cells [20].
Over-expression of NEUROD1 in adult human
pancreatic duct cells induces them to express
insulin and growth hormone although no pan-
creatic B cells are found [21].

To develop an effective method of inducing
HUMSCs to differentiate into insulin-producing
cells, we evaluated a two-step method in which
NEUROD1 was overexpressed in HUMSCs, and
then the cells were chemically treated to pro-
mote differentiation. The mRNA level of pancre-
atic cell-specific genes and insulin production
were measured in vitro, and the cells’ therapeu-
tic effect was determined in vivo in STZ-induced
diabetic rats after transplanted via the tail vein.
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Materials and methods
Cell culture and characterization

The institutional review board of Shantou uni-
versity medical college gave ethical approval
for this study. HUMSCs were obtained and
expanded as described previously [10]. Briefly,
human umbilical cords from consenting
patients were collected into sterilized 50 ml
tubes immediately after delivery of full-term
infants by caesarean section. The specimens
were washed with phosphate buffered saline
(PBS), and after dissecting out arteries, veins,
and remaining tissue, Wharton'’s jelly was diced
into small fragments and transferred to a 75
cm? flask containing Dulbecco’s modified
Eagle’s medium and Ham’s F-12 nutrient mix-
ture (DMEM/F12, Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine
serum (FBS, GIBCO, Australia), 100 pg/mL
penicillin/streptomycin (Shanghai Bioscience,
China), 1 g/mLamphotericin B (Gilead Sciences,
Inc. San Dimas, CA, USA), 5 ng/mL epidermal
growth factor (EGF; Invitrogen Life Technologies,
Carlsbad, CA, USA), and 5 ng/ml basic fibro-
blast growth factor (bFGF, Sigma-Aldrich, St.
Louis, MO, USA). The culture was incubated at
37°C with 5% CO, to allow HUMSCs to migrate
from the explants. Typically, HUMSCs migrated
out from fragments of Wharton'’s jelly after 5-7
days in culture and the primary culture were
established within 10-14 days. HUMSCs were
maintained in the growth medium by splitting
every 3-5 day at a ratio of 1:3. To confirm their
stem cell properties, proliferating HUMSCs at
passage 3 was evaluated for expressions of
cluster of differentiation CD29, CD59, CD8O0,
CD86, CD40, and CD40 (BD, USA) by flow
cytometry as described previously [10, 22].

HUMSCs induced to differentiate into insulin-
producing cells in vitro

HUMSCs (5 x 10° per well) were plated on
6-well tissue dishes. After twenty-four hours,
10 pg/ul plasmid DNA (NEUROD1, under the
control of a cytomegalovirus promoter) mixed
with 20 pl Lipofectamine (Invitrogen Life Te-
chnologies, Carlsbad, CA, USA) in 500 yl DMEM
was added to each well. Cells were incubated
at 37°C for 2 days for transfection. Transfected
cells were cultured in high-glucose DMEM
(DMEM-HG, 25 mM glucose) supplemented
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with 10% FBS and 10-6 mM retinoic acid for 24
hours, then in DMEM-HG with 10% FBS for 2
days, and finally in low DMEM (DMEM-LG) sup-
plemented with 10% FBS and 10 mM nicotin-
amide for 6 days. For the undifferentiated con-
trol, HUMSCs were cultured in DMEM-LG
containing 10% FBS only [17].

Reverse transcriptase PCR and real-time PCR

Total RNAs from HUMSCs or differentiated cells
were extracted using TRIzol reagent (Invitrogen
Life Technologies, Carlsbad, CA, USA). RNA was
reverse-transcribed into cDNA using a Quant-
script RT kit (Tiangen, Bejing, China). Comple-
mentary DNA samples were amplified with EX
Taq polymerase (TaKaRa, Japan) using a PCR
protocol in accordance with the manufacturer’s
instructions and then analyzed on agarose gel.
To quantitatively determine the gene expres-
sion in cells, cDNA samples underwent real
time PCR with SYBR premix (TakaRa, Japan) in
an ABI 7300 system. The primer pairs used for
reverse transcriptase PCR and real time PCR
were: human [-actin, forward 5'-tggcaccacacc-
ttctacaatgagce-3’ and reverse 5-gcacagcttctect-
taatgtcacge-3’; human pancreatic and duode-
nal homeobox 1 (PDX1), forward 5-tcccatggat-
gaagtctacc-3’ and reverse 5-gecgtgagatgtactt-
gttg-3’; human insulin, forward 5-agcctttgtga-
accaacacc-3’ and reverse 5-gctggtagagggag-
cagat-3’; glucagon, forward 5’-cagagcttaggaca-
cagagcacatc-3’and reverse 5'-acgttgccagetgec-
ttgta-3’; and NK2 homeobox 2 (NKX2-2), for-
ward 5’-acaaaccgtcccagegtta-3' and reverse
5'-ggctgacaatatcgcetactcacaca-3; and NEURO-
D1, forward 5-aggtggtgecttgetattc-3' and re-
verse b'-ttctcaaactcggeggac-3.

Glucose challenge test

Differentiated cells were washed twice with
PBS and incubated for 1 h in DMEM-LG (4.5
mM glucose). The medium was collected and
stored at -20°C. These cells were then washed
twice with PBS, and incubated for 1 h in DMEM-
HG (17 mM glucose; Gibco, USA). The medium
was collected and stored at -20°C. Insulin con-
centrations of these collected samples were
measured by radioimmunoassay.

Diabetic rats model

To induce diabetes, male Sprague Dawley rats
at age of 8-10 weeks received intraperitoneal
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injections of 70 mg/kg streptozotocin (STZ;
Sigma, USA). Blood glucose levels of treated
rats were monitored every 3 days. Rats with
blood glucose levels higher than 16.7 mMs for
3 consecutive measurements were used for
transplantation study.

Cell transplantation and physiological monitor-
ing

STZ-induced diabetic rats were divided into
three groups of 6-8 rats in each group. Each rat
was transplanted with five million insulin-pro-
ducing cells differentiated from HUMSCs using
the two-step method (described above) in 200
pl PBS via tail vein injection. Before transplan-
tation, harvested cells were dispersed in single
cells suspension by gently pipetting. The body
weight, survival rate, and the levels of blood
glucose and concentration of serum insulin of
transplanted rats in random condition were
measured and recorded before and after cell
transplantation. Blood samples were collected
from the tail vein. The glucose levels in blood
samples were measured with a blood glucose
meter (Bayer, Germany). Serum insulin levels
were measured by radioimmunoassay in the
Department of Radioimmunoassay at Second
Affiliated Hospital of Shantou University Me-
dical College.

Histopathological and immunohistochemical
analyses

Pancreatic tissues were fixed in 10% neutral
formalin, dehydrated in ethanol, and embed-
ded in paraffin. For histopathological analysis,
paraffin sections (4 um) were stained with
hematoxylin and eosin (H&E). For immunohisto-
chemical analysis, paraffin sections were treat-
ed with a blocking solution for 30 mins and
then incubated with mouse anti-human insulin
monoclonal antibodies (1:100; Neomarkers,
USA) at 4°C for 18 hs. Paraffin sections were
washed in PBS and incubated with goat anti-
mouse IgG (1:100; Neomarkers, USA) at room
temperature for 0.5-1 h. After washing with
PBS, paraffin sections were visualized by the
presence of 3,3'-diaminobenzidine.

Statistical analyses

All statistical analyses were done with SPSS
13.0, and the significance level was set at
p<0.05. The results of mRNA levels of INS,
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Figure 1. Morphology of HUMSCs. HUMSCs were freshly isolated from the um-
bilical cords of patients delivering full-term infants. (A) HUMSCs migrated from
fragments of Wharton’s jelly at 5 d of culture (first passage, P1); (B) HUMSCs
passaged in HUMSC growth medium three times (P3); (C) HUMSCs passaged
in HUMSC growth medium nine times (P9). Cells began to grow slowly. (D) The
cell morphology became wider and flatter when passage more than nine times.
(A-D, Bar=200 pm).

HUMSCs

1

NeuroD1 transfection

B -actin

NeuroDl mRNA expression level
=

NeuroD1 transfection HUMSCs

Figure 2. Expression of NEUROD1 in HUMSCs. HUMSCs were transfected with
plasmid DNA (NEUROD1, under the control of a cytomegalovirus promoter). Ex-
pression of NEUROD1 was measured by Q-PCR. The mRNA levels of NEUROD1
in transfected cells compared with those of proliferating HUMSCs show statisti-
cal differences (P=0.0242).

NKX2-2, GCG, PDX1 and the insulin level in
response to glucose stimulation in differentiat-
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ed cells were compared to
un-differentiated HUMSCs
with the Student’s t-test.
Arbitary units of islet area
in STZ-rat receiving differ-
entiated cells were com-
pared to STZrat receiving
PBS by Student’s t-test.
Blood glucose level, body
weight, survival ratios, and
insulin levels of were com-
pared between STZ-rats
with or without differentiat-
ed HUMSCs by one-way
ANOVA.

Results

Characteristics of prolifer-
ating HUMSCs

We freshly isolated HUMS-
Cs from the umbilical cords
of patients delivering full-
term infants by caesarean
section. Proliferating HUM-
SCs were spindle-shaped
and grew at a doubling time
of 3 to 5 days (Figure 1). At
the ninth passage, HUM-
SCs was flat, indicating th-
at cells grew slowly. HUM-
SCs at passage 3 were po-
sitive for stem cell markers
CD29 and CD59, but nega-
tive for the immune res-
ponse-related surface anti-
gens CD80, CD86, CD40,
and CD40L (data not sh-
own). Cells at passage 3
with these characteristics
were used for differentia-
tion study.

Induce differentiation of
HUMSCs to insulin-produc-
ing cells

HUMSCs were induced to
differentiate toward pan-
creatic B cells using a two-
step method that com-
bined genetic and chemical

approaches. First, NEUROD1 gene was intro-
duced into HUMSCs by transfecting cells with
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Figure 3. Expression of pancreatic B cell-specific genes in differentiated
cells. HUMSCs were induced to differentiate into insulin-producing cells us-
ing two-step method. Total RNA was extracted from differentiated cells and
reverse transcribed to cDNA for PCR (A) and real-time PCR (B) analysis for
pancreatic B cell-specific genes, INS, NKX2-2, GCG and PDX1. For (A), RNA
extracted from proliferating HUMSCs was used as negative control. PCR for
B-actin was used as RNA quality control. For (B), the relative levels of mRNA
of INS, NKX2-2, GCG and PDX1 in differentiated cells compared with pro-
liferating HUMSCs is statistical differences (NP=0.0345, “*22p=0.0064,
6C6p<0.0001, PP*1P=0.0222).
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Figure 4. Insulin secretion in differentiated cells in response to glucose
stimulation. Differentiated HUMSCs were cultured in medium with low (4.5
mM) and high (17 mM) concentrations of glucose, respectively, for 2 hours.
Insulin levels in culture medium were measured by radioimmunoassay. Pro-
liferating HUMSCs were used as control. Data were collected from 7 experi-
ments. The insulin level of differentiated cells in response to glucose stimu-
lation is higher than that of proliferating HUMSCs (P=0.0437).
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plasmid DNA bearing NEU-
ROD1 gene under the control
of a cytomegalovirus promot-
er. Two days later, these cells
were further incubated for 6
days in medium containing
a high-glucose concentration
(25 mM) supplemented with
the B-cell promoting factor ni-
cotinamide and retinoic acid.
The expression of NEUROD1
gene in the transfected cells
was detected by Q-PCR at 2
days after transfection. The
mMRNA levels of NEUROD1 in
transfected cells was statisti-
cally higher than that of un-
treated HUMSCs (P=0.0242)
(Figure 2). The success of dif-
ferentiation was first evaluat-
ed immediately after full in-
duction procedure by measur-
ing the expression of the pan-
creatic B cell-specific marker
genes, INS, PDX1, GCG, and
NKX2-2. All these genes were
expressed in the differentiat-
ed cells, but not in proliferat-
ing HUMSCs (Figure 3A). The
relative mRNA levels of INS,
NKX2-2, GCG and PDX1 in dif-
ferentiated cells compared wi-
th proliferating HUMSCs sho-
wed statistical differences
(NSP=0.0345, \**22p=0,0064,
6C6P<0.0001, FPPXP=0.0222)
(Figure 3B).

We then determined whether
the differentiated cells could
secrete insulin in response to
glucose stimulation. The re-
sult showed that differentiat-
ed cells, but not proliferating
HUMSCs, secreted insulin wh-
en stimulated with low or high
concentrations of glucose and
the insulin level were 0.2 fold
higher when cells were treat-
ed with high concentration of
glucose than with low concen-
tration of glucose (P=0.0437)
(Figure 4). These results to-
gether suggested that differ-
entiated cells induced by the
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Figure 5. Therapeutic effects of differentiated cells in STZ-induced diabetic rats. Five million differentiated cells
were injected into each STZ-induced diabetic rat (STZ-rat) via tail vein. The blood glucose levels (A), body weight
(B), survival ratios (C), and insulin levels (D) in these rats were monitored and recorded throughout the course of
the 30 d. Normal rats and STZ-rats+PBS were used as controls, respectively. Data showed that blood glucose level
(P=0.001), body weight (P=0.047), survival ratios (P=0.028), and insulin levels (P=0.013) of differentiated cells
treated STZ-rats were statistical different compared with those of the controls.

two-step method were partially functional pan-
creatic B cell-like cells.

Therapeutic effects of differentiated cells on
diabetic rat model

To evaluate the therapeutic effects of differen-
tiated cells on diabetes, we used a diabetic rat
model induced with STZ (designated as the
STZ-rat) for the transplantation study. Each
STZ-rat received five million differentiated cells
or PBS (vehicle control) via tail vein injection.
Blood glucose levels, body weight, survival
rates, and serum insulin levels were monitored
for 30 days.

STZrats receiving PBS showed consistently
high blood glucose levels, gradually decreased
body weight, low survival rates, and decreased
serum insulin levels when compared with nor-
mal rats (Figure 5), suggesting that STZ-induced
damage on the pancreatic glands were re-
tained. This was further confirmed by histologi-
cal analysis of the pancreatic glands in these
rats, which showed that islets was significantly
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reduced in size and contained few cells (Figure
6D and 6E). STZrats receiving differentiated
cells showed a marked decrease in blood glu-
cose from post-transplantation day 6 to 9, and
this level remained stable until day 30, the last
day of this experiment (Figure 5A, P=0.001).
The body weight of the differentiated cell-treat-
ed STZ-rats was steady or slightly increased
(Figure 5B, P=0.047), and their survival rate
was 90 percent, which was much higher than
the PBS-treated STZ-rats (Figure 5C, P=0.028).
Serum insulin in differentiated cell-treated STZ-
rats was significantly higher than that of PBS-
treated STZ-rats at day 30 post-transplantation
(Figure 5D, P=0.013).

Taken together, these results suggested that
the HUMSCs induced by two-step method func-
tioned in STZ-induced diabetic rat after system-
atic transplantation.

We further analyzed the damaged pancreatic
glands in these differentiated cell-treated STZ-
rats using histology and immunohistochemis-
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Figure 6. Homing and insulin secretion of differentiation cells in STZ-induced diabetic rats. Five million differenti-
ated cells were injected into each STZ-induced diabetic rat (STZ-rat) via the tail vein. Immunohistochemical (A, B)
and Histopathological (H&E) staining (C-E) analysis was performed in pancreatic tissues from these STZ-induced
diabetic rats at 30 d post-cell transplantation. (A) Pancreatic tissue section from STZ-rat receiving differentiated
cells shows colonized cells expressing human insulin. (B) Pancreatic tissue section from STZ-rat receiving PBS was
negative for staining against human insulin. (C) Normal morphology of a pancreatic island from a normal rat. (D)
Damaged pancreatic island in the pancreatic tissue from STZ-rat receiving PBS was small with fewer cells in it. (E)
Partially repaired pancreatic island in pancreatic tissue from STZ-rat receiving differentiated cells (A-E Bar=100
um). (F) Arbitary units of islet area in STZ-rat receiving differentiated cells was superior to STZ-rat receiving PBS
group (P=0.026).

try. In the pancreatic tissues of the transplant- 6D-F). These results indicated that systemati-
ed STZrats, cells secreting human insulin was cally transplanted differentiated cells induced
detected (Figure 6A) and arbitary units of islet by the two-step method homing to pancreatic
area were significantly increased compared glands and partially repaired damaged islets in
with the PBS-treated control STZ-rats (Figure the STZrats.
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Discussion

Obtaining enough low-immunogenic autologous
adult stem cells for treating diabetic patients is
still challenging. In this study, we investigated
using HUMSCs as a source of differentiated
into insulin-producing cells under special cul-
ture conditions, and evaluated the therapeutic
potential for the differentiated cells to treat
STZ-induced diabetic rats.

A novel two-step approach was used to induce
HUMSCs to differentiate into insulin-producing
cells. First, HUMSCs were transfect with plas-
mid DNA expressing NEUROD1, a potent activa-
tor of insulin gene transcription [23]. Second,
transfected HUMSCs were cultured in DMEM
containing a high-glucose concentration (25
mM), with further induction using the B-cell pro-
moting factor nicotinamide and retinoic acid.
Nicotinamide is a poly (ADP-ribose) synthetase
inhibitor that has been shown to induce differ-
entiation of cultured human fetal pancreatic
cells [24], and protects B-cells against desensi-
tization induced by prolonged exposure to large
amounts of glucose [25]. Retinoic acid was
shown to promote the generation of pancreatic
endocrine progenitor cells and their further dif-
ferentiation into B-cells [26]. Very importantly,
this induction process only took about ten days,
which could reduce the risk of cell trans-
formation.

With this two-step method, HUMSCs were effi-
ciently induced to differentiate toward fully
functional pancreatic B cell-like cells. In vitro,
the differentiated cells expressed the pancre-
atic B cell-specific marker genes, PDX1, NKX2-
2, INS, and GCG (Figure 3) and secreted insulin
in response to glucose stimulation (Figure 4).
When systematically transplanted into STZ-
induced diabetic rats, the differentiated cells
homed to and partially repaired the damaged
pancreatic glands of STZ-rats (Figure 6), lead-
ing to stable lower serum glucose levels, steady
body weight, higher survival rate, and increased
serum insulin levels (Figure 5).

The differentiated cells were transplanted into
STZ-induced diabetic rat via the tail vein. This
means of systematic delivery is relatively non-
invasive and easily applied clinically. Other cell
transplantation methods, including direct liver
injection [15] and renal capsule injection [16],
have been used to transplant chemically-
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induced HUMSCs into diabetic mice. Although
in the present study we did not compare the
efficiency of these transplantation methodsit is
obvious that tail vein injection is more feasible
and suitable than other transplantation ave-
nues for the clinical application of stem cell
transplantation in treating diabetes. This is par-
ticularly true when we consider that differenti-
ated cells transplanted via tail vein home to
and repair damaged islets (Figure 6).

In conclusion, we prepared a two-step method
that combined genetic and chemical approach-
es to induce HUMSCs to differentiate into func-
tional pancreatic B-like cells. These cells homed
to and partially repaired the damaged pancre-
atic islets in STZ-induced diabetic rats via the
vascular system. Therefore, MSCs harvested
from umbilical cords could be an excellent can-
didate in B cell replacement therapy for diabe-
tes. However, the underlying mechanism of
HUMSC differentiation into insulin-producing
pancreatic B-like cells needs further detailed
investigation.

Acknowledgements

This study was supported by Science and
Technology Planning Project of Guangdong,
China (grant no. 2013B021800256), the Na-
tional Natural Science Foundation of China
(grant no. 81671525), the medical science
foundation of Guangdong Provinc (grant no.
A2016493), the Science and Technology plan-
ning Project of Shantou, China (grant no.
[2014]242), the Science and Technology plan-
ning Innovation Committee Project of Shenzhen,
China (grant no. JCYJ2015040292905162),
the Research Project of Health and Family
Planning Commission of Shenzhen Municipality
(grant no. 201501053). This work was spon-
sored by Shantou University Medical College
Clinical Research Enhancement Initiative (grant
no. 201410).

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Lian Ma, Depart-
ment of Hematology and Oncology at Shenzhen
Children’s Hospital, Shenzhen 518038, China.
E-mail: malian8965@sina.com; Tian-You Wang, Bei-
jing Children’s Hospital Affiliated to Capital Medical
University, Beijing 100045, China. E-mail: wangtian-
you@bch.com.cn

Int J Clin Exp Med 2018;11(5):4520-4529


mailto:wangtianyou@bch.com.cn
mailto:wangtianyou@bch.com.cn

Repair damaged islets via MSCs infusion

References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

Atkinson MA and Eisenbarth GS. Type 1 diabe-
tes: new perspectives on disease pathogene-
sis and treatment. Lancet 2001; 358: 221-
229.

Bertuzzi F, Secchi A and Di Carlo V. Islet trans-
plantation in type 1 diabetic patients. Trans-
plant Proc 2004; 36: 603-604.

Hussain MA and Theise ND. Stem-cell therapy
for diabetes mellitus. Lancet 2004; 364: 203-
205.

Shapiro AM, Lakey JR, Ryan EA, Korbutt GS,
Toth E, Warnock GL, Kneteman NM and Ra-
jotte RV. Islet transplantation in seven patients
with type 1 diabetes mellitus using a glucocor-
ticoid-free immunosuppressive regimen. N
Engl J Med 2000; 343: 230-238.

Bose B, Shenoy SP, Konda S and Wangikar P.
Human embryonic stem cell differentiation
into insulin secreting beta-cells for diabetes.
Cell Biol Int 2012; 36: 1013-1020.

Thatava T, Kudva YC, Edukulla R, Squillace K,
De Lamo JG, Khan YK, Sakuma T, Ohmine S,
Terzic A and lkeda Y. Intrapatient variations in
type 1 diabetes-specific iPS cell differentiation
into insulin-producing cells. Mol Ther 2013;
21:228-239.

Karnieli O, I1zhar-Prato Y, Bulvik S and Efrat S.
Generation of insulin-producing cells from hu-
man bone marrow mesenchymal stem cells by
genetic manipulation. Stem Cells 2007; 25:
2837-2844.,

Bongso A and Fong CY. The therapeutic poten-
tial, challenges and future clinical directions of
stem cells from the Wharton’s jelly of the hu-
man umbilical cord. Stem Cell Rev 2013; 9:
226-240.

Batsali AK, Kastrinaki MC, Papadaki HA and
Pontikoglou C. Mesenchymal stem cells de-
rived from Wharton’s Jelly of the umbilical
cord: biological properties and emerging clini-
cal applications. Curr Stem Cell Res Ther
2013; 8: 144-155.

Ma L, Feng XY, Cui BL, Law F, Jiang XW, Yang LY,
Xie QD and Huang TH. Human umbilical cord
Wharton’s Jelly-derived mesenchymal stem
cells differentiation into nerve-like cells. Chin
Med J (Engl) 2005; 118: 1987-1993.

Reppel L, Schiavi J, Charif N, Leger L, Yu H,
Pinzano A, Henrionnet C, Stoltz JF, Bensoussan
D and Huselstein C. Chondrogenic induction of
mesenchymal stromal/stem cells from Whar-
ton’s jelly embedded in alginate hydrogel and
without added growth factor: an alternative
stem cell source for cartilage tissue engineer-
ing. Stem Cell Res Ther 2015; 6: 260.

Baba K, Yamazaki Y, Ikemoto S, Aoyagi K, Take-
da A and Uchinuma E. Osteogenic potential of

4528

(13]

(14]

(15]

(17]

[20]

(21]

[22]

(23]

human umbilical cord-derived mesenchymal
stromal cells cultured with umbilical cord
blood-derived autoserum. J Craniomaxillofac
Surg 2012; 40: 768-772.

Xu ZF, Pan AZ, Yong F, Shen CY, Chen YW and
Wu RH. Human umbilical mesenchymal stem
cell and its adipogenic differentiation: profiling
by nuclear magnetic resonance spectroscopy.
World J Stem Cells 2012; 4: 21-27.

Kocaefe C, Balci D, Hayta BB and Can A. Repro-
gramming of human umbilical cord stromal
mesenchymal stem cells for myogenic differ-
entiation and muscle repair. Stem Cell Rev
2010; 6: 512-522.

Chao KC, Chao KF, Fu YS and Liu SH. Islet-like
clusters derived from mesenchymal stem cells
in Wharton’s Jelly of the human umbilical cord
for transplantation to control type 1 diabetes.
PLoS One 2008; 3: e1451.

Nekoei SM, Azarpira N, Sadeghi L and Kamali-
far S. In vitro differentiation of human umbili-
cal cord Wharton’s jelly mesenchymal stromal
cells to insulin producing clusters. World J Clin
Cases 2015; 3: 640-649.

Wang HW, Lin LM, He HY, You F, Li WZ, Huang
TH, Ma GX and Ma L. Human umbilical cord
mesenchymal stem cells derived from Whar-
ton’s jelly differentiate into insulin-producing
cells in vitro. Chin Med J (Engl) 2011; 124:
1534-1539.

Tang DQ, Wang Q, Burkhardt BR, Litherland SA,
Atkinson MA and Yang LJ. In vitro generation of
functional insulin-producing cells from human
bone marrow-derived stem cells, but long-term
culture running risk of malignant transforma-
tion. Am J Stem Cells 2012; 1: 114-127.
Karaoz E, Ayhan S, Okcu A, Aksoy A, Bayazit G,
Osman Gurol A and Duruksu G. Bone marrow-
derived mesenchymal stem cells co-cultured
with pancreatic islets display beta cell plastici-
ty. J Tissue Eng Regen Med 2011; 5: 491-500.
Habener JF, Kemp DM and Thomas MK. Mini-
review: transcriptional regulation in pancrea-
tic development. Endocrinology 2005; 146:
1025-1034.

Heremans Y, Van De Casteele M, in’'t Veld P,
Gradwohl! G, Serup P, Madsen O, Pipeleers D
and Heimberg H. Recapitulation of embryonic
neuroendocrine differentiation in adult human
pancreatic duct cells expressing neurogenin 3.
J Cell Biol 2002; 159: 303-312.

Huang P, Lin LM, Wu XY, Tang QL, Feng XY, Lin
GY, Lin X, Wang HW, Huang TH and Ma L. Dif-
ferentiation of human umbilical cord Whar-
ton’s jelly-derived mesenchymal stem cells
into germ-like cells in vitro. J Cell Biochem
2010; 109: 747-754.

Itkin-Ansari P, Marcora E, Geron |, Tyrberg B,
Demeterco C, Hao E, Padilla C, Ratineau C,

Int J Clin Exp Med 2018;11(5):4520-4529



[24]

[25]

Repair damaged islets via MSCs infusion

Leiter A, Lee JE and Levine F. NeuroD1 in the
endocrine pancreas: localization and dual
function as an activator and repressor. Dev
Dyn 2005; 233: 946-953.

Otonkoski T, Beattie GM, Mally MI, Ricordi C
and Hayek A. Nicotinamide is a potent inducer
of endocrine differentiation in cultured human
fetal pancreatic cells. J Clin Invest 1993; 92:
1459-1466.

Ohgawara H, Kawamura M, Honda M, Karibe
S, lwasaki N, Tasaka Y and Omori Y. Reversal of
glucose insensitivity of pancreatic B-cells due
to prolonged exposure to high glucose in cul-
ture: effect of nicotinamide on pancreatic B-
cells. Tohoku J Exp Med 1993; 169: 159-166.

4529

[26] Huang W, Wang G, Delaspre F, Vitery Mdel C,

Beer RL and Parsons MJ. Retinoic acid plays
an evolutionarily conserved and biphasic role
in pancreas development. Dev Biol 2014; 394
83-93.

Int J Clin Exp Med 2018;11(5):4520-4529



