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Protection of isolated pancreatic islets against hypoxic and oxidative damage-induced apoptosis is essential during a
pretransplantation culture period. A beneficial approach to maintain viable and functional islets is the coculture period with
mesenchymal stem cells (MSCs). Hypoxia preconditioning of MSCs (Hpc-MSCs) for a short time stimulates the expression and
secretion of antiapoptotic, antioxidant, and prosurvival factors. The aim of the present study was to evaluate the survival and
function of human islets cocultured with Hpc-MSCs. Wharton’s jelly-derived MSCs were subjected to hypoxia (5% O2: Hpc) or
normoxia (20% O2: Nc) for 24 hours and then cocultured with isolated human islets in direct and indirect systems. Assays of
viability and apoptosis, along with the production of reactive oxygen species (ROS), hypoxia-inducible factor 1-alpha (HIF-1α),
apoptotic pathway markers, and vascular endothelial growth factor (VEGF) in the islets, were performed. Insulin and C-peptide
secretions as islet function were also evaluated. Hpc-MSCs and Nc-MSCs significantly reduced the ROS production and HIF-1α
protein aggregation, as well as downregulation of proapoptotic proteins and upregulation of antiapoptotic marker along with
increment of VEGF secretion in the cocultured islet. However, the Hpc-MSCs groups were better than Nc-MSCs cocultured
islets. Hpc-MSCs in both direct and indirect coculture systems improved the islet survival, while promotion of function was
only significant in the direct cocultured cells. Hpc potentiated the cytoprotective and insulinotropic effects of MSCs on human
islets through reducing stressful markers, inhibiting apoptosis pathway, enhancing prosurvival factors, and promoting insulin
secretion, especially in direct coculture system, suggesting the effective strategy to ameliorate the islet quality for better
transplantation outcomes.
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1. Introduction

Islet transplantation has emerged as a potential cell therapy
to restore glucose homeostasis for selected type 1 diabetes
patients that encounter severe hypoglycemic episodes.
Despite successful results, the widespread application of islet
transplantation is limited by a lack of organ donors, loss of
islets during isolation, pretransplant culture period, and also
after transplantation [1, 2].

Apoptosis is the most important factor contributing to
the death of human islet before transplantation. The early
initiator of islet destruction is hypoxia that induces apoptosis
in the beta cells. Hypoxia also induces oxidative stress
through reactive oxygen species (ROS) overproduction that
leads to apoptosis during pre- and posttransplantation [3–
7]. In clinical setting, islet culturing is performed in order
to prepare the graft recipient, quality control of the cells,
and transportation to other centers [8, 9]. However, studies
have shown that isolated islets alone are unable to cope with
hypoxia and oxidative stress during culture period. It can
lead to the destruction and dysfunction of islets [3, 7, 10].
Therefore, it is necessary to improve the culture period by
clinically feasible methods to inhibit apoptosis and increase
the quality of islets for better transplantation outcomes.

Several studies have shown that the mesenchymal stem
cells (MSCs) possess a supportive role in the survival and
function of the islets during culture period and after trans-
plantation by either secreting paracrine factors or by direct
cell contact and extracellular matrix production [4, 5, 11].
Oxygen concentration is a significant factor that affects
MSCs. MSCs naturally live in hypoxic niches, such as
the bone marrow, adipose tissue, dental pulp, placenta,
and Wharton’s jelly [12–14], while these cells are usually
cultured in 21% O2 and then cocultured with other cells
or/and transplanted in ischemic sites [15, 16]. This change
in the oxygen pressure reduces MSC survival rate and
their therapeutic potential. Recent studies have shown that
hypoxia preconditioning of MSC (Hpc-MSCs) in 1-7% O2
for a short time activates the Akt and extracellular regu-
lated kinase (ERK) signaling pathways that notably
enhance the production of antiapoptotic, antioxidant, pro-
survival, and proangiogenic factors such as B cell lym-
phoma 2 (Bcl-2), vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), catalase, and
heme oxygenase-1 (Ho-1) [13, 17]. Transplanted Hpc-
MSCs have shown effective therapeutic results in several
conditions such as pulmonary fibrosis [18], myocardial
infraction [19], acute kidney [20], brain [21], and liver
[16, 22] injuries. However, studies on Hpc-MSCs in cocul-
ture or cotransplantation with islets are very limited and
more research is required [15].

The aim of our study was to investigate whether Hpc-
MSCs could reduce the stressful factors, inhibit mitochon-
drial apoptosis pathway, and improve human islet survival
and function in direct and indirect coculture systems. We
used Wharton’s jelly-derived MSCs (WJ-MSCs) due to non-
expression of major histocompatibility class II (MHC-II),
easier access, and higher proliferation capacity than other
source-derived MSCs [23–25].

2. Methods

2.1. Human Pancreatic Islet Isolation. Isolation of human
pancreatic islets was conducted according to the previously
described protocols [26, 27]. Three pancreases were taken
from dead brain donors (age, 48-60 years; negative for diabe-
tes and cardiovascular diseases; hospitalization of less than 6
days; and cold ischemia time of 5-9 hours) after obtaining the
written informed consent for research in accordance with the
principles of Tehran University of Medical Sciences institu-
tional ethics committee (IR.TUMS.REC.1394.1306). In brief,
the pancreatic duct was distended with collagenase NB-1
(Serva, Germany, #17455) and neutral protease (Serva, Ger-
many, #30301). Mechanical and enzymatic digestion was
performed in Ricordi® chamber (Biorep Technologies,
USA, #RC2-500M) containing several marbles. Islet purifica-
tion was carried out in a continuous Biocoll (Biochrom, Ger-
many, #L6155 and L6115) density gradient in a COBE 2991
cell processor (Terumo BCT, USA). The islet count and
purity were judged by dithizone (Sigma, Germany, #43820)
staining, and islets with more than 80% purity were applied
for other experiments. The islet count was represented as islet
equivalents ðIEQÞ = ð50 – 100 μm islets count/6Þ + ð101 –
150 μm islets count/1:5Þ + ð151 – 200 μm islets count × 1:7Þ
+ ð201 – 250 μm islets count × 3:5Þ + ð251 – 300 μm islets
count × 6:3Þ + ð301 – 350 μm islets count × 10:4Þ + ð>351 μ
m islets count × 15:3Þ [26]. Isolated islets were maintained in
nonadherent Corning™ cell culture flasks (Thermo Fisher
Scientific, Canada, #353133) and cultured in RPMI 1640
(Gibco, Germany, #11875-085) medium containing 1% FBS
(Gibco, UK, #10270098), 1% L-glutamine (Sigma, Germany,
#G3126), 1% antibiotic/antimycotic (Sigma, Germany,
#A5955), and 6.25μg/ml ITS (Sigma, Germany, #13146) in
5% CO2 at 37

°C overnight [28], and then used for coculture
experiment.

2.2. MSC Isolation and Characterization. Human primary
MSCs were isolated from the umbilical cords collected from
cesarean section delivery mothers that gave their informed
consent in accordance with the Shiraz University of Medical
Sciences institutional ethics committee (IR.SUMS.-
REC.1399.899). MSC isolation was done as previously
described [29, 30]. Briefly, the small pieces of Wharton’s jelly
were plated in DMEM-F12 (Gibco, Germany, #12634028)
supplemented with 10% FBS and 1% antibiotic/antimycotic
and incubated in 5% CO2 at 37°C. Once the cells reached
70-80%, they were subcultured by 0.25% trypsin-EDTA
(Gibco, Germany, #11560626). MSCs from passage 3 were
used for characterization and other experiments.

Isolated cells were evaluated for specific surface markers
CD34 (BioLegend, USA, #343506), CD45 (Dako, USA,
#F0861), human leukocyte antigen (HLA-DR) (BioLegend,
USA, #307632), CD44 (BioLegend, USA, #338804), CD90
(BioLegend, USA, #328108), CD73 (BioLegend, USA,
#344016), CD29 (BioLegend, USA, #303004), and CD105
(BioLegend, USA, #323204) by FACS Calibur flow cytometer
(Becton Dickinson, USA). Differentiation capacity of WJ-
MSCs was surveyed for adipocyte (Gibco, Germany,
#A1007001) and osteocyte (Gibco, Germany, #A1007201)
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formation with differentiation kit that stained with Oil Red O
(Sigma, Germany, #O0625) and Alizarin Red S (Sigma,
Germany, #A5533), respectively [31, 32].

2.3. Hypoxia Preconditioning of MSCs. MSCs were seeded at
20000 cells per cm2 in a 6-well plate (SPL Life Sciences,
Korea, #30006) in RPMI 1640 containing 10% FBS and 1%
antibiotic/antimycotic and incubated in 5% CO2 at 37°C
overnight. Then, the medium was removed and fresh
medium was added. The cells were placed in a hypoxia incu-
bator chamber (Stem Cell Technologies, Canada, #27310)
containing 5% O2, 5% CO2, and balanced nitrogen at 37°C
for 24 hours. MSCs under normoxia condition (Nc-MSCs),
20% O2 and 5% CO2, and balanced nitrogen at 37°C were
used for comparison with Hpc-WJ-MSCs.

2.4. Coculture of Human Islets with Hpc-MSCs and Nc-MSCs.
Direct and indirect coculture systems were used in the study.
For direct coculture, 1000 IEQwere added to 2 × 105 cultured
Hpc-MSCs and Nc-MSCs in the 6-well plates (SPL Life Sci-
ences, Korea, #30006). For indirect coculture, the islets were
placed in Transwell® insert with 0.4μm pore size (Corning,
Germany, #3412); then, they were inserted on the top layer
of the 6-well plates (SPL Life Sciences, Korea, #30006) that
Hpc-MSCs and Nc-MSCs already cultured in them [33].
The islets alone were considered as the control group. All five
groups were incubated in RPMI 1640 medium containing
10% FBS and 1% antibiotic/antimycotic for 5 days in 5%
CO2 at 37

°C.

2.5. Viability Assay. To evaluate the viability of the islets, we
used fluorescein diacetate (Sigma, Germany, #F7378) and
propidium iodide (Sigma, Germany, #P4170) for staining of
live and dead cells, respectively. For the direct cocultured
group, both islet and MSCs were stained. A fluorescence
microscope (CKX53, Olympus, Japan) was recruited for
imaging. The viability rate was reported by the percentage
of live cells in the islets [3, 7, 34, 35].

2.6. Apoptosis Assay. To assess apoptosis in the islets, we per-
formed terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assay using Click-iT® Plus
TUNEL Assay Kit (Life Technologies, France, #C10617)
based on the manufacturer’s protocol. After 5 days of cocul-
ture, the islets in all groups were fixed in 4% paraformalde-
hyde (Sigma, Germany, #P6148) and embedded in low melt
agar (Sigma, Germany, #A1296). For the direct cocultured
group, both islet and MSCs were fixed and separated from
the plate with a scraper. After preparing 5μm sections and
deparaffinization, TUNEL assay was performed. Next, DAPI
(Sigma, Germany, #D9542) solution was used for nucleus
staining. Imaging was done by fluorescent microscopy. The
percentage of apoptotic islets was calculated based on the
ratio between the TUNEL-positive cells to the nucleuses [26].

2.7. Gene Expression Evaluation by Real-Time PCR. To inves-
tigate the gene expression, after 5 days of coculture, RNA
extraction was performed in each of the islet groups by TRI-
zol® reagent (Life Technologies, France, #1596026). For the
direct cocultured groups, the location of islets was labeled

by highlighter under the microscope; then, they were sepa-
rated from MSCs with a scraper and used for RNA extrac-
tion. RNA integrity was verified by electrophoresis. RNA
purification was evaluated via the Abs260 nm/Abs280 nm
absorption ratio > 1:9, and 500ng RNA was used for cDNA
synthesis. Next, cDNA was synthetized with PrimeScriptTM

RT Reagent Kit (Takara, Japan, #RR037A). We designed
the following primers by NCBI tool Primer BLAST
(Table 1). Ultimately, the cDNA was subjected to 40 cycles
of amplification with SYBR® Premix Ex TaqTM II Kit
(Takara, Japan, #RR820L), using Applied Biosystems StepO-
nePlus™ Real-Time PCR. The fold changes were calculated
by 2−ΔΔCT for each gene. GAPDH was used as a housekeep-
ing gene [3].

2.8. Protein Expression Assay. To evaluate the protein expres-
sion, immunocytochemistry (ICC) technique was applied.
After 5 days of coculture, the islets in all groups were fixed
in 4% paraformaldehyde (Gibco, Germany) and embedded
in low melt agar (Sigma, Germany). In the direct cocultured
group, both islet and MSCs were fixed and separated from
the plate with a scraper. After preparing 5μm sections and
deparaffinization, the slides were subjected to ICC using pri-
mary antibodies against Bcl-2 (Abcam, France, #ab115807),
Bax (Abcam, France, #ab69643), active caspase-3 (Abcam,
France, #ab32042), HIF-1α (Medaysis, USA, #RM0374),
and p53 (Dako, USA, #M7001). HRP-secondary antibody
(Abcam, France, #ab6717) was used for detection after over-
night incubation with primary antibodies. Positive cells for
protein expression appeared with 3,3′-diaminobenzidine
(Sigma, Germany, #D12384) staining and counterstained by
hematoxylin (Sigma, Germany, #H3136). The protein
expression rate was calculated by the H-score method using
the following formula: H − score = 1 × ð%mild stainingÞ + 2
× ð%moderate stainingÞ + 3 × ð%strong stainingÞ [3, 28].

2.9. Glucose-Stimulated C-Peptide and Insulin Secretion. To
investigate the C-peptide (Monobind, USA, #2725300A)
and insulin (Monobind, USA, #5825300A) secretion in the
cultured islets after 5 days, we used ELISA kit. The islets were
incubated for 1 hour with RPMI 1640 without glucose
(Gibco, Germany, #11879020) containing 0.5% BSA (Sigma,
Germany, #A9418) and 2.8 or 20mM glucose (Sigma, Ger-
many, #G2354). Supernatants were collected and analyzed
with ELISA reader (BioTek, China, #ELX50/80). The stimu-
lation indexes were calculated by dividing the value of C-
peptide and/or insulin secretion in 20mM glucose medium
by the value obtained upon 2.8mM glucose medium [3, 36].

2.10. ROS Measurement. To evaluate the production of ROS,
2′,7′-dichlorofluorescein diacetate (DCFH-DA) (Sigma,
Germany, #D6883) was used. After 5 days of coculture, the
cells were placed in serum-free RPMI 1640 and 10μM
DCFH-DA for 30 minutes in darkness. The fluorescence
intensity was detected with a microplate reader (FLUOstar
Omega®, BMG Labtech, Germany) and normalized with
total protein measured by Bradford reagent (Thermo Fisher
Scientific, USA, #23236) [37].
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2.11. VEGF Secretion Measurement. After Hpc for 24 hours,
the condition media of Hpc-MSCs and Nc-MSCs were col-
lected and VEGF secretion was measured with human VEGF
ELISA kit (Life Technologies, France, #KHG0111) based on
the manufacturer’s instruction. VEGF secretion was also
measured in the Hpc-MSCs, Nc-MSCs, and islets after the
5 days of culture period. The results were represented as
pg/ml.

2.12. Statistical Analysis. All experiments were repeated for a
minimum of three times. The results were expressed as the
mean ± SD. Comparison between the groups was made by
unpaired Student’s t-test for 2 groups and one-way ANOVA
for multiple groups. Sidak as the post hoc test was applied for
comparison between the control group and each cocultured
group. The graphs were drawn in GraphPad Prism software
(Version 6, San Diego, California). P < 0:05 was considered
as statistically significant.

3. Result

3.1. Phenotypic Characterization and Differentiation of
MSCs. The MSCs were positive for surface markers CD73,
CD105, CD29, CD44, and CD90 and negative for surface
markers CD34, CD45, and HLA-DR (Supplementary
Figure S1 (A)). MSCs were differentiated into adipocyte
after 14 days and osteocyte after 21 days in the culture
period. Presence of intracellular lipid vacuoles in the
adipocyte and calcium deposits in the osteocyte was
observed (Supplementary Figure S1 (B)).

3.2. Comparison of VEGF Secretion in Hpc-MSCs and Nc-
MSCs. To confirm the positive effect of hypoxia on WJ-
MSCs, we first evaluated VEGF secretion (as one of the
growth factors enhanced by hypoxia) after 24 hours of cul-
turing under hypoxic and normal condition. Results showed

that the amount of VEGF in Hpc-MSCs was almost 3 times
more than Nc-MSCs (606:4 ± 44:27 versus 221:5 ± 22:63)
(Figure 1).

3.3. WJ-MSCs Increased Human Islet Survival during the
Culture Period. Survival assessment showed that the percent-
age of the viable islet in the control group was approximately
25% during the culture period, and coculture with MSCs
increased the islet viability to 100%. Survival rate was similar
in the Hpc-MSCs and Nc-MSCs cocultured groups, and
there was no significant difference between them (Figure 2).

3.4. WJ-MSCs Inhibited the Human Islet Apoptosis during the
Culture Period. The percentage of apoptotic islets was about
70% in the control group, whereas coculture with WJ-
MSCs decreased the islet death to less than 10%. The reduc-
tion in the two direct coculture groups was more significant

Table 1: The designed primers.

Gene
Product (bp)

size
Sequence

Annealing temperature
(°C)

Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)

127
F: GCTCATTTCCTGGTATGACAA

CG 61
R: CTCTCTTCCTCTTGTGCTCTTG

B cell lymphoma 2 (Bcl-2) 105
F: GATGGGATCGTTGCCTTATGC

62R: CAGTCTACTTCCTCTGTGATG
TTGT

BCL-2-associated X protein (Bax) 134
F: TTCTGACGGCAACTTCAACT

60
R: GGAGGAAGTCCAATGTCCAG

Insulin 150
F: CTTCTACACACCCAAGACCC

60
R: CTGGTACAGCATTGTTCCAC

Vascular endothelial growth factor (VEGF) 111
F: CTTCAAGCCATCCTGTGTGC

58
R: ATCCGCATAATCTGCATGGTG

Hypoxia-inducible factor 1-alpha (HIF-1α) 131
F: GCAGCAACGACACAGAAACT

60
R: TTCAGCGGTGGGTAATGGAG

Caspase-3 148
F: ACTCCACAGCACCTGGTTATT

61
R: TCTGTTGCCACCTTTCGGTT
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Figure 1: Evaluation of VEGF secretion in Hpc-MSCs compared to
Nc-MSCs after 24 hours in hypoxic and normoxia condition.
Hypoxia preconditioning increased the VEGF secretion in WJ-
MSCs. ∗∗P < 0:01. WJ-MSCs: Wharton’s jelly-derived
mesenchymal stem cells; Nc-MSCs: normoxia condition MSCs;
Hpc-MSCs: hypoxia preconditioning MSCs.
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than the indirect groups, but there was no difference between
the Hpc-MSCs and Nc-MSCs groups (Figure 3).

3.5. Increment of Bcl-2 and Reduction of Bax and Caspase-3 in
the Cocultured Islet. The antiapoptotic marker of Bcl-2 signif-
icantly increased, and proapoptotic marker of Bax signifi-
cantly decreased at gene expression and protein level in the
cocultured islets (Figures 4 and 5(a)–5(d)). There was no
obvious difference between the Hpc-MSCs and Nc-MSCs
groups.

Active caspase-3 protein as a main indicator of apoptosis
was significantly mitigated in the cocultured islets. Gene
expression of caspase-3 was also decreased in all cocultured
groups; however, it was not significant in any groups
(Figures 4 and 5(e) and 5(f)).

3.6. The Direct Cocultured Hpc-MSCs Group Significantly
Increased the Islet Function. Insulin and C-peptide secretion
was increased in all cocultured islets. The increment was
greater in the direct cocultured groups than indirect ones.
However, the significant increase was only observed in the
direct cocultured Hpc-MSCs group (Figures 6(a) and 6(b)).
The insulin mRNA level was enhanced in all cocultured
groups. Statistical significance was seen in both the direct
cocultured Hpc and Nc-MSCs groups (Figure 6(c)).

3.7. HIF-1α Was Detected in the Islets and Decreased in the
Cocultured Groups. HIF-1α protein as a main hypoxia
marker that stabilized under hypoxic condition was
expressed in all groups, but it reduced in the presence of
WJ-MSCs in the cocultured islets (Figures 7(a) and 7(b)).
HIF-1α mRNA expression reduced in the islet cocultured
groups compared to the control group, but the decrement
was not significant. It may be related to regulation of HIF-
1α at protein stability level under hypoxia [3] (Figure 7(c)).

3.8. The Suppression of p53 Protein in the Presence of WJ-
MSCs. p53 protein was detected as one of the downstream
targets of HIF-1α that stabilized during prolonged hypoxia
condition. The results showed that p53 was only present in
the control group and inhibited in all cocultured islets,
suggesting the antiapoptotic effect of WJ-MSCs on islet
apoptosis (Figure 8).

3.9. The Significant Reduction of ROS in the Presence of WJ-
MSCs. Production of ROS as an oxidative marker that was
related to induction of apoptosis in the isolated islets was
measured. The amount of ROS in Nc-MSCs and Hpc-
MSCs alone was also detected for normalization of the cocul-
tured groups after finishing the culture period. Comparison
was performed between the islet control group and cocul-
tured groups (Figure 9). The ROS production was the highest
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(a)

⁎⁎⁎
⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎

150

125

100

75

%
 L

iv
e c

el
ls

C
on

tro
l

N
c-

M
SC

+
isl

et
 (D

)

N
c-

M
SC

+
isl

et
 (I

)

H
pc
-
M

SC
+

isl
et

 (D
)

H
pc
-
M

SC
+

isl
et

 (I
)

50

25

0

(b)

Figure 2: Human islet viability in coculture with Hpc-MSCs and Nc-MSCs. (a) Islet survival staining was done by fluorescein diacetate
(green) for living cells and propidium iodide (red) for dead cells. (b) The charts show the viability of the islet. A comparison was done
between the control and each cocultured islets. Scale bar: 100 μm, ∗∗∗P < 0:001. Nc-MSCs: normoxia condition mesenchymal stem cells;
Hpc-MSCs: hypoxia preconditioning MSCs; D: direct coculture; I: indirect coculture.
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in the islet control group, while it was lower in the islet indi-
rectly cocultured with Hpc-MSCs and Nc-MSCs. In the pres-
ence of contacting MSC, production of ROS was the lowest

among all islet groups. It might indicate the antioxidant effect
of MSCs on the isolated islets. Also, the amount of ROS in
Nc-MSCs (control) was lower than Hpc-MSCs (control)
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Figure 3: Human islet apoptosis in coculture with Hpc-MSCs and Nc-MSCs. (a) Apoptotic islets were green florescent, and stained nuclei
were blue by DAPI dye. (b) The charts show the percentage of TUNEL-positive islets. A comparison was done between the control and
each cocultured islets. Scale bar: 60μm. ∗P < 0:05 and ∗∗∗P < 0:001. Nc-MSCs: normoxia condition mesenchymal stem cells; Hpc-MSCs:
hypoxia preconditioning MSCs; D: direct coculture; I: indirect coculture.
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Figure 4: Immunocytochemistry of Bcl-2, Bax, and active caspase-3 in human islets cocultured with WJ-MSCs. The significant enhancement
of Bcl-2 and reduction of Bax and active caspase-3 protein levels in the cocultured islets with Hpc-MSCs and Nc-MSCs (yellow arrows show
positive protein expression). Scale bar: 10μm. WJ-MSCs: Wharton’s jelly-derived mesenchymal stem cells; Nc-MSCs: normoxia condition
MSCs; Hpc-MSCs: hypoxia preconditioning MSCs; D: direct coculture; I: indirect coculture.
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Figure 5: Protein and gene expression of Bcl-2, Bax, and caspase-3 in human islets cocultured with Hpc-MSCs and Nc-MSCs. (a–c) Bax, Bcl-
2, and active caspase-3 protein in the islets expressed as graphs based on the H-score method. (d–f) Bax, Bcl-2, and caspase-3 mRNA
expression in the islets. A comparison was done between the control and each cocultured islets. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
Nc-MSCs: normoxia condition mesenchymal stem cells; Hpc-MSCs: hypoxia preconditioning MSCs; D: direct coculture; I: indirect coculture.
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after 5 days of culture period, but the difference was not
significant.

3.10. VEGF Significantly Enhanced in the Cocultured Islets
with Hpc-WJ-MSCs. VEGF mRNA was the lowest in the islet
control group, whereas it induced transcription at relatively
high level in the islets cocultured with Hpc-MSCs and Nc-
MSCs in direct and indirect contact. However, it was just
significantly seen in the direct and indirect Hpc-MSCs
cocultured groups (Figure 10(a)).

VEGF secretion was also evaluated in the islet control
group and islet cocultured groups. The amount of VEGF
secretion in the Nc-MSCs and Hpc-MSCs after 5 days of
culture accounted for normalization of the secretion of
VEGF in the cocultured groups. Comparison was made
between the islet control and cocultured groups
(Figure 10(b)). VEGF secretion was the highest in the
HPc-MSCs coculture groups (direct and indirect), interme-
diate in the Nc-MSCs coculture groups, and the lowest in
the islet control group. Interestingly, the amount of VEGF
in Hpc-MSCs alone remained higher than Nc-MSCs after
5 days of culture period.

4. Discussion

Pretransplant culture of the pancreatic islet is an inevitable
step in preparing the transplant-recipient diabetic patient
and also evaluating the quality of the isolated islets [8, 9].
However, isolated islets experience hypoxia and oxidative
stress during the culture period that induces cell death
through apoptosis pathway with subsequent decrement in
the survival rate and impairment of function [3, 7, 38].

One of the practical strategies for protection of isolated
islets against apoptosis is coculture with MSCs [5]. It has also
been proven that Hpc for 24-72 hours enhances the prolifer-
ation and survival capacity of MSCs for a longer time [12].
Hpc increases the regenerative and cytoprotective effects of
MSCs through increment of phosphorylation of Akt and
ERK, enhancement of Bcl-2 expression, suppression of active
caspase-3, and upregulation of secretion factors such as
VEGF, HGF, fibroblast growth factors, and insulin-like
growth factor [13, 15]. In agreement with these documents,
the significant increment of VEGF secretion was observed
in Hpc-WJ-MSCs relative to Nc-WJ-MSCs in our study. Sev-
eral studies have reported that the Hpc-MSCs significantly
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Figure 6: Glucose stimulation of (a) C-peptide and (b) insulin secretions and (c) insulin mRNA expression in human islets cocultured with
Hpc-MSCs and Nc-MSCs. A comparison was done between the control and each cocultured islets. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
Nc-MSCs: normoxia condition mesenchymal stem cells; Hpc-MSCs: hypoxia preconditioning MSCs; D: direct coculture; I: indirect coculture.

8 Stem Cells International



improved the cell function and recovered the tissues
compared with Nc-MSCs in both in vitro and in vivo models
[16, 18–22].

The present study showed that the quality of islets in the
control group declined and the cells experienced widespread
mortality. Coculture of islets with Hpc-MSCs and Nc-MSCs
significantly enhanced the viability rate, reduced the apopto-
sis cells, and downregulated Bax and active caspase-3 along
with upregulation of Bcl-2. Nevertheless, improvement of
the islets’ survival was slightly better in the Hpc-MSCs
groups compared to the Nc-MSCs groups. Our observations
were in agreement with other studies on Hpc-MSCs. It was
reported that direct coculture of Hpc-adipose tissue MSCs
(AD-MSCs) with hepatocytes decreased the proapoptotic
genes and increased the expression of Bcl-2 in the cocultured
hepatocytes that led to improvement in the hepatocyte sur-
vival and metabolism. However, indirect coculture had min-
imal effects on the hepatocyte [16]. Likewise, it was shown
that Hpc-bone marrow MSCs (BM-MSCs) enhanced the
angiogenesis and neurogenesis in cerebral ischemia rat
model through upregulation of growth factors including
BDNF, GDNF, VEGF, and erythropoietin with downregula-
tion of inflammatory cytokines [21]. Overall, all these studies
reported that Hpc-MSCs showed a better effect compared to
Nc-MSCs.

Given the importance of viable and efficient cell numbers
in pancreatic islet transplantation, it is necessary to investi-
gate the causes that induce cell death. Human islets make
up less than 2% of the pancreas, but they consume about
10% of the total volume of the organ oxygen [39]. These cells
have dense capillary network but are not physiologically
ready for exposure to hypoxia. Hypoxia induces oxidative
stress by ROS overproduction after reoxygenation [40, 41].
Besides, the islets possess a poor antioxidant defense system
[42]. Therefore, the isolated islets are very vulnerable to hyp-
oxia and oxidative conditions during the culture period [39].
HIF-1α can act as an antiapoptotic or proapoptotic factor
depending on the cell type and severity of hypoxia [43].
When a cell is faced to mild hypoxia, HIF-1α transcripts a
set of genes such as VEGF and acts as a prosurvival factor.
However, following prolonged hypoxia, the protective adap-
tation of HIF-1α would not be sufficient and the cell switches
toward apoptosis by p53 stabilization and Bax enhancement
[3, 43]. In addition, overproduction of ROS induced apopto-
sis by either the mitochondrial membrane destruction or
cytochrome C release that triggers caspase cascade and/or
the stabilization of HIF-1α and p53 [44]. Previous research
has proven that islet apoptosis occurs after intracellular hyp-
oxia, HIF-1α protein aggregation, along with a ROS overpro-
duction [10, 38, 42, 45]. In our study, the islets alone were
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Figure 7: HIF-1α protein and mRNA expression in human islets cocultured with Hpc-MSCs and Nc-MSCs. (a) HIF-1α protein
immunocytochemistry. (b) HIF-1α protein level in the islets expressed as graphs based on the H-score method. (c) HIF-1α gene
expression in the islets. A comparison was done between the control and each cocultured islets (yellow arrows show positive protein
expression). Scale bar: 10 μm. ∗P < 0:05 and ∗∗P < 0:01. Nc-MSCs: normoxia condition mesenchymal stem cells; Hpc-MSCs: hypoxia
preconditioning MSCs; D: direct coculture; I: indirect coculture.
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vulnerable to hypoxia and oxidative stress conditions and
shift to apoptosis via ROS overproduction parallel with
higher aggregation of HIF-1α that was followed with p53 sta-
bilization and apoptosis pathway activation. The expression
and secreted VEGF in the control group was also not suffi-
cient to help the islet survival. However, Hpc-MSCs signifi-
cantly aid the islets to cope with this stress and inhibit
apoptosis pathway in both coculture systems, suggesting
antioxidant and antiapoptotic potential of Hpc-MSC on the
cocultured islets. A recent study has reported that the condi-
tion media obtained from Hpc-AD-MSCs mitigated the apo-
ptosis and improved the islet survival during the culture
period. They suggested that the positive effect of Hpc-AD-
MSCs was mainly due to the high production of growth fac-
tors, especially VEGF [15]. The VEGF supplement and also
gene transfection have been shown to improve the islet revas-
cularization and survival [46–48]. It was also observed that
angiogenic compounds like liraglutide increased the VEGF
secretion in the isolated rat islets and promoted its survival
[49]. On the other hand, islet revascularization after trans-
plantation is a critical process in which VEGF plays a signif-
icant role [38, 49]. In the present study, VEGF secretion in
Hpc-WJ-MSCs was 3 times that of Nc-WJ-MSCs after 24
hours of hypoxia preconditioning. In addition, VEGF expres-
sion and secretion of the islets significantly increased in both
direct and indirect cocultured Hpc-MSCs. Although we did
not investigate the mechanisms under which Hpc-MSCs
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Figure 8: p53 protein level in human islets cocultured with Hpc-MSCs and Nc-MSCs. (a) p53 protein immunocytochemistry. (b) p53 protein
level in the islets as graphs based on the H-score method. A comparison was done between the control and each cocultured islets (yellow
arrows show positive protein expression). Scale bar: 10 μm. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. Nc-MSCs: normoxia condition
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reduced apoptosis and improved the islet survival, the para-
crine factors such as VEGF secretion and direct cell contact
are suggested to be further considered.

Having functional islet is an important factor for success-
ful transplantation. The results of the present study showed
that cocultured islet, especially in the direct coculture groups,
increased insulin expression and secretion. Notably, this
increase was only significant in the direct Hpc-MSCs group.
To justify the effect of direct coculture on the islet function,
previous studies have shown that direct coculture of the islets
with Nc-AD-MSCs significantly increased the insulin secre-
tion through extracellular matrix production and the high
expression of annexin A1 by MSCs [50]. Annexin A1 is a
ligand activated by MSCs that binds to G protein-coupled
receptors (GPCRs) of the islets and enhances glucose-
stimulated insulin secretion [51]. Similarity, it was reported
that Nc-BM-MSCs in direct contact with islets through the
N-cadherin molecules improved the insulin secretion [52].
Adhesion molecules such as cadherin and integrin have been
shown to be expressed in human islets and are involved in
regulating the insulin secretion. Indeed, enhancement of the
islet function in direct cell contact with MSCs requires N-
cadherin interaction and its blocking prevents the increase
of insulin secretion in the cocultured islets [52]. The men-
tioned studies reported the effect of direct cocultured Nc-
MSCs on the islet function. To the best of our knowledge,
the present study is the first report in which direct contact
of Hpc-WJ-MSCs exerted a significant effect on insulin
expression and secretion compared to Nc-MSCs, probably
through more activation of the mentioned mechanisms.

There are many reports about the protective effect of BM-
MSCs and AD-MSCs on the islets in normoxia condition.
Some studies pointed to the positive effect through cell-to-
cell contact, while others emphasized the protective effect of
indirect coculture and paracrine activity [5, 50, 53, 54].
Moreover, it was reported that a coculture period of the islets

with Nc-AD-MSCs improved the engraftment outcomes and
achieved normoglycemia in transplanted diabetic mice
model [11].

Studies have proven that WJ-MSCs due to the noninva-
sive process of isolation, high proliferation, unique immuno-
modulatory properties, and nonexpression of MHC-II are a
good option for allogeneic transplantation [55]. Our study
for the first time evaluated the human islets directly and indi-
rectly cocultured with Hpc-WJ-MSCs. Based on our results,
Hpc-WJ-MSCs are more effective in the protection of human
islet viability and function compared to Nc-WJ-MSCs. We
emphasized that Hpc-MSCs reduced ROS production, regu-
lated HIF1α aggregation, suppressed p53, and enhanced
VEGF secretion and in this way induced a change in the islet
phenotype from proapoptotic to antiapoptotic. Besides, the
increase of insulin expression and secretion was significantly
observed in direct contact. Indeed, we supposed that Hpc
improved antiapoptotic, antioxidant, and insulinotropic
properties of MSCs. The protective effect of Hpc-WJ-MSCs
against hypoxia and oxidative damage at least in part is
related to VEGF secretion and direct cell contact with islets,
suggesting the potential of Hpc-WJ-MSCs in improving
human islet quality in the clinical transplantation. Recent
study by Mohammad et al. showed that stem cells exist in
adult mouse pancreas that regenerate diabetic pancreas after
partial pancreatectomy [56]. They found that these stem cells
firstly regenerated the exocrine compartment and later they
differentiated to new islets. In other publications, infusion
of MSCs in diabetic patients had beneficial clinical effects
and suggested to provide protective effects via their antioxi-
dant and antiapoptotic capacity for promotion of islet viabil-
ity. Moreover, MSCs prevented the deterioration from
impaired glucose tolerance to type 2 diabetes, at least in the
short term [57]. In our study, according to the high mortality
of islets in the control group, it seems that islets need to be
protected during culture period and Hpc-MSCs notably
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Figure 10: VEGF secretion and mRNA expression in human islets cocultured with Hpc-MSCs and Nc-MSCs. (a) VEGF mRNA expression
and (b) VEGF secretion in the islet groups. A comparison was done between the control and each cocultured islets. ∗∗P < 0:01 and ∗∗∗P <
0:001. Nc-MSCs: normoxia condition mesenchymal stem cells; Hpc-MSCs: hypoxia preconditioning MSCs; D: direct coculture; I: indirect
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could protect these cells with antiapoptotic, antioxidant, and
insulinotropic properties. Although some studies on mesen-
chymal stem cells refer only to the role of their paracrine
activity [56, 58], our study and other researches point to the
role of paracrine activity associated with cell-to-cell interac-
tions [5, 50, 52, 59]. Therefore, we suggested the Hpc-WJ-
MSCs coculture method to overcome apoptosis and poor
human islet function; both of which impede the success of
transplantation. Future in vivo studies for transplantation
of cocultured islet with Hpc-WJ-MSCs are required to con-
firm these results. Moreover, finding precise mechanisms
under which Hpc-MSCs improve the islet quality is
necessary.

5. Conclusion

Given the bright horizon drawn in application of pancreatic
human islet for diabetes type 1 treatment, attention to all
aspects related to the optimal isolation, culture period, and
transplantation of the islets is necessary. In summary, Hpc-
WJ-MSCs as the supporting cells during pretransplant cul-
ture period could protect the isolated human islets from the
stress-induced apoptosis and provided more viable and func-
tional islets for successful transplantation, especially through
direct coculture system.

Data Availability

Data sharing is not applicable.

Conflicts of Interest

All authors declare no competing interests.

Authors’ Contributions

S.K., M.H.GH., and N.A. designed the study. S.K., M.K., Z.J.,
F.S., E.E., and M.H.A. performed experiments. M.H.GH.,
N.A., A.SH., and B.G. coordinated the study. S.K., M.K.,
Z.J., F.S.S., and E.E. analyzed the data. S.K. wrote the manu-
script. B.G., A.SH., S.N., M.H.GH., and N.A. interpreted the
data and revised the manuscript. N.A. did the last revision
of the manuscript. All authors read and approved the final
manuscript. Somayeh Keshtkar and Maryam Kaviani con-
tributed equally to this work.

Acknowledgments

The authors are grateful to the Shiraz Transplant Research
Center, Shiraz University of Medical Sciences of Iran for
the financial supports and to the Shiraz Organ Transplant
Center for providing the pancreas. This work was supported
by the Iran National Science Foundation (INSF, grant num-
ber 94808805) and the Tehran University of Medical Sciences
(TUMS, grant number 94-04-87-30223), and conducted at
the Transplant Research Center at Shiraz University of Med-
ical Sciences. This research was a part of PhD project number
9121436008 of TUMS.

Supplementary Materials

Methodological details for phenotypic characterization and
differentiation of WJ-MSCs (Supplementary Materials).
(Supplementary Materials)

References

[1] J. Shapiro, A. Bruni, A. R. Pepper, B. Gala-Lopez, and N. S.
Abualhassan, “Islet cell transplantation for the treatment of
type 1 diabetes: recent advances and future challenges,” Diabe-
tes, Metabolic Syndrome and Obesity: Targets and Therapy,
vol. 7, p. 211, 2014.

[2] A. Gamble, A. R. Pepper, A. Bruni, and A. M. J. Shapiro, “The
journey of islet cell transplantation and future development,”
Islets, vol. 10, no. 2, pp. 80–94, 2018.

[3] S. Keshtkar, M. Kaviani, Z. Jabbarpour et al., “Protective effect
of nobiletin on isolated human islets survival and function
against hypoxia and oxidative stress-induced apoptosis,” Sci-
entific Reports, vol. 9, no. 1, pp. 11701–11713, 2019.

[4] H. Wang, C. Strange, P. J. Nietert et al., “Autologous mesen-
chymal stem cell and islet cotransplantation: safety and effi-
cacy,” Stem Cells Translational Medicine, vol. 7, no. 1,
pp. 11–19, 2018.

[5] B. M. de Souza, A. P. Bouças, F. . S. . Oliveira et al., “Effect of
co-culture of mesenchymal stem/stromal cells with pancreatic
islets on viability and function outcomes: a systematic review
and meta-analysis,” Islets, vol. 9, no. 2, pp. 30–42, 2017.

[6] K. Velmurugan, A. N. Balamurugan, G. Loganathan,
A. Ahmad, B. J. Hering, and S. Pugazhenthi, “Antiapoptotic
actions of exendin-4 against hypoxia and cytokines are aug-
mented by CREB,” Endocrinology, vol. 153, no. 3, pp. 1116–
1128, 2012.

[7] S. Keshtkar, M. Kaviani, Z. Jabbarpour et al., “Significant
reduction of apoptosis induced via hypoxia and oxidative
stress in isolated human islet by resveratrol,”Nutrition, Metab-
olism and Cardiovascular Diseases, vol. 30, no. 7, pp. 1216–
1226, 2020.

[8] T. Froud, C. Ricordi, D. A. Baidal et al., “Islet transplantation
in type 1 diabetes mellitus using cultured islets and steroid-
free immunosuppression: Miami experience,” American Jour-
nal of Transplantation, vol. 5, no. 8, pp. 2037–2046, 2005.

[9] C. Toso, M. McCall, J. Emamaullee et al., “Liraglutide, a long-
acting human glucagon-like peptide 1 analogue, improves
human islet survival in culture,” Transplant International,
vol. 23, no. 3, pp. 259–265, 2010.

[10] X. Zheng, X. Zheng, X. Wang et al., “Acute hypoxia induces
apoptosis of pancreatic β-cell by activation of the unfolded
protein response and upregulation of CHOP,” Cell Death &
Disease, vol. 3, no. 6, p. e322, 2012.

[11] A. Gamble, R. Pawlick, A. R. Pepper et al., “Improved islet
recovery and efficacy through co-culture and co-
transplantation of islets with human adipose-derived mesen-
chymal stem cells,” PLoS One, vol. 13, no. 11, p. e0206449,
2018.

[12] W. L. Grayson, F. Zhao, B. Bunnell, and T. Ma, “Hypoxia
enhances proliferation and tissue formation of human mesen-
chymal stem cells,” Biochemical and Biophysical Research
Communications, vol. 358, no. 3, pp. 948–953, 2007.

[13] J. R. Ferreira, G. Q. Teixeira, S. G. Santos, M. A. Barbosa,
G. Almeida-Porada, and R. M. Gonçalves, “Mesenchymal

12 Stem Cells International

http://downloads.hindawi.com/journals/sci/2020/8857457.f1.docx


stromal cell secretome: influencing therapeutic potential by
cellular pre-conditioning,” Frontiers in Immunology, vol. 9,
2018.

[14] A. Uccelli, L. Moretta, and V. Pistoia, “Mesenchymal stem cells
in health and disease,” Nature Reviews Immunology, vol. 8,
no. 9, pp. 726–736, 2008.

[15] S. W. Schive, M. R. Mirlashari, G. Hasvold et al., “Human
adipose-derived mesenchymal stem cells respond to short-
term hypoxia by secreting factors beneficial for human islets
in vitro and potentiate antidiabetic effect in vivo,” Cell Medi-
cine, vol. 9, no. 3, pp. 103–116, 2017.

[16] H. H. Qin, C. Filippi, S. Sun, S. Lehec, A. Dhawan, and R. D.
Hughes, “Hypoxic preconditioning potentiates the trophic
effects of mesenchymal stem cells on co-cultured human pri-
mary hepatocytes,” Stem Cell Research & Therapy, vol. 6,
no. 1, p. 237, 2015.

[17] M. Ejtehadifar, K. Shamsasenjan, A. Movassaghpour et al.,
“The effect of hypoxia on mesenchymal stem cell biology,”
Advanced Pharmaceutical Bulletin, vol. 5, no. 2, pp. 141–149,
2015.

[18] Y.-W. Lan, K. B. Choo, C. M. Chen et al., “Hypoxia-precondi-
tioned mesenchymal stem cells attenuate bleomycin-induced
pulmonary fibrosis,” Stem Cell Research & Therapy, vol. 6,
no. 1, p. 97, 2015.

[19] J. Jaussaud, M. Biais, J. Calderon et al., “Hypoxia-precondi-
tioned mesenchymal stromal cells improve cardiac function
in a swine model of chronic myocardial ischaemia,” European
Journal of Cardio-Thoracic Surgery, vol. 43, no. 5, pp. 1050–
1057, 2013.

[20] X. Yu, C. Lu, H. Liu et al., “Hypoxic preconditioning with
cobalt of bone marrow mesenchymal stem cells improves cell
migration and enhances therapy for treatment of ischemic
acute kidney injury,” PLoS One, vol. 8, no. 5, p. e62703, 2013.

[21] L. Wei, J. L. Fraser, Z. Y. Lu, X. Hu, and S. P. Yu, “Transplan-
tation of hypoxia preconditioned bone marrow mesenchymal
stem cells enhances angiogenesis and neurogenesis after cere-
bral ischemia in rats,” Neurobiology of Disease, vol. 46, no. 3,
pp. 635–645, 2012.

[22] J. Yu, S. Yin, W. Zhang et al., “Hypoxia preconditioned bone
marrow mesenchymal stem cells promote liver regeneration
in a rat massive hepatectomy model,” Stem Cell Research &
Therapy, vol. 4, no. 4, p. 83, 2013.

[23] W. Widowati, L. Wijaya, I. Bachtiar et al., “Effect of oxygen
tension on proliferation and characteristics of Wharton’s
jelly-derived mesenchymal stem cells,” Biomarkers and Geno-
mic Medicine, vol. 6, no. 1, pp. 43–48, 2014.

[24] S. M. Nekoei, N. Azarpira, L. Sadeghi, and S. Kamalifar, “In
vitro differentiation of human umbilical cord Wharton’s jelly
mesenchymal stromal cells to insulin producing clusters,”
World Journal of Clinical Cases, vol. 3, no. 7, pp. 640–649,
2015.

[25] S. Keshtkar, M. Kaviani, F. Sabet Sarvestani et al., “Exosomes
derived from human mesenchymal stem cells preserve mouse
islet survival and insulin secretion function,” EXCLI Journal,
vol. 19, p. 1064, 2020.

[26] M. Kaviani, S. Keshtkar, N. Azarpira et al., “Cytoprotective
effects of olesoxime on isolated human pancreatic islets in
order to attenuate apoptotic pathway,” Biomedicine & Phar-
macotherapy, vol. 112, p. 108674, 2019.

[27] N. Azarpira, M. H. Aghdai, S. Nikeghbalian et al., “Human
islet cell isolation: the initial step in an islet transplanting pro-

gram in Shiraz, Southern Iran,” Exp Clin Transplant, vol. 12,
no. 2, pp. 139–142, 2014.

[28] M. Kaviani, S. Keshtkar, N. Azarpira et al., “Amelioration of
the apoptosis-mediated death in isolated human pancreatic
islets by minocycline,” European Journal of Pharmacology,
vol. 858, p. 172518, 2019.

[29] T. Pirjali, N. Azarpira, M. Ayatollahi, M. H. Aghdaie,
B. Geramizadeh, and T. Talai, “Isolation and characterization
of human mesenchymal stem cells derived from human
umbilical cord Wharton’s jelly and amniotic membrane,”
International Journal of Organ Transplantation Medicine,
vol. 4, no. 3, pp. 111–116, 2013.

[30] A. Shaer, N. Azarpira, M. H. Aghdaie, and E. Esfandiari, “Iso-
lation and characterization of human mesenchymal stromal
cells derived from placental decidua basalis; umbilical cord
Wharton’s jelly and amniotic membrane,” Pakistan Journal
of Medical Sciences, vol. 30, no. 5, pp. 1022–1026, 2014.

[31] W. Zhang, L. Liu, Y. Huo, Y. Yang, and Y. Wang, “Hypoxia-
pretreated human MSCs attenuate acute kidney injury
through enhanced angiogenic and antioxidative capacities,”
BioMed Research International, vol. 2014, 10 pages, 2014.

[32] I. Han, B. S. Kwon, H. K. Park, and K. S. Kim, “Differentiation
potential of mesenchymal stem cells is related to their intrinsic
mechanical properties,” International Neurourology Journal,
vol. 21, Suppl 1, pp. S24–S31, 2017.

[33] A. Scuteri, E. Donzelli, V. Rodriguez-Menendez et al., “A dou-
ble mechanism for the mesenchymal stem cells’ positive effect
on pancreatic islets,” PLoS One, vol. 9, no. 1, p. e84309, 2014.

[34] H L Bank, “Assessment of islet cell viability using fluorescent
dyes,” Diabetologia, vol. 30, no. 10, pp. 812–816, 1987.

[35] K. K. Papas, T. M. Suszynski, and C. K. Colton, “Islet assess-
ment for transplantation,” Current Opinion in Organ Trans-
plantation, vol. 14, no. 6, pp. 674–682, 2009.

[36] M. Kaviani, S. Keshtkar, N. Azarpira et al., “Cytoprotective
effects of ginsenoside Rd on apoptosis-associated cell death
in the isolated human pancreatic islets,” EXCLI Journal,
vol. 18, p. 666, 2019.

[37] R. Heidari, H. Mohammadi, A. Ahmadi, V. Ghanbarinejad,
F. Kasra, and A. Khosravi, “Protective effect of glycine and
tri-methyl glycine (betaine) against heavy metals-induced
oxidative stress in liver-derived post-nuclear supernatant
(PNS),” Trends in Pharmaceutical Sciences, vol. 4, no. 2,
2018.

[38] G. Miao, R. P. Ostrowski, J. Mace et al., “Dynamic production
of hypoxia-inducible factor-1α in early transplanted islets,”
American Journal of Transplantation, vol. 6, no. 11,
pp. 2636–2643, 2006.

[39] A. Rodriguez-Brotons, W. Bietiger, C. Peronet et al., “Impact
of pancreatic rat islet density on cell survival during hypoxia,”
Journal of Diabetes Research, vol. 2016, 10 pages, 2016.

[40] V. Pialoux, R. Mounier, A. D. Brown, C. D. Steinback, J. M.
Rawling, and M. J. Poulin, “Relationship between oxidative
stress and HIF-1α mRNA during sustained hypoxia in
humans,” Free Radical Biology and Medicine, vol. 46, no. 2,
pp. 321–326, 2009.

[41] R. D. Guzy, B. Hoyos, E. Robin et al., “Mitochondrial complex
III is required for hypoxia-induced ROS production and cellu-
lar oxygen sensing,” Cell Metabolism, vol. 1, no. 6, pp. 401–
408, 2005.

[42] M. Padmasekar, N. Lingwal, B. Samikannu, C. Chen, H. Sauer,
and T. Linn, “Exendin-4 protects hypoxic islets from oxidative

13Stem Cells International



stress and improves islet transplantation outcome,” Endocri-
nology, vol. 154, no. 4, pp. 1424–1433, 2013.

[43] J.-P. Piret, D. Mottet, M. Raes, and C. Michiels, “Is HIF-1α a
pro- or an anti-apoptotic protein?,” Biochemical Pharmacol-
ogy, vol. 64, no. 5-6, pp. 889–892, 2002.

[44] M. Redza-Dutordoir and D. A. Averill-Bates, “Activation of
apoptosis signalling pathways by reactive oxygen species,” Bio-
chimica et Biophysica Acta (BBA)-Molecular Cell Research,
vol. 1863, no. 12, pp. 2977–2992, 2016.

[45] W. Moritz, F. Meier, D. Stroka et al., “Apoptosis in hypoxic
human pancreatic islets correlates with HIF-1α expression,”
The FASEB Journal, vol. 16, no. 7, pp. 745–747, 2002.

[46] A. S. Narang, O. Sabek, A. O. Gaber, and R. I. Mahato, “Co-
expression of vascular endothelial growth factor and
interleukin-1 receptor antagonist improves human islet sur-
vival and function,” Pharmaceutical Research, vol. 23, no. 9,
pp. 1970–1982, 2006.

[47] A. Langlois, W. Bietiger, E. Seyfritz et al., “Improvement of rat
islet viability during transplantation: validation of pharmaco-
logical approach to induce VEGF overexpression,” Cell Trans-
plantation, vol. 20, no. 9, pp. 1333–1342, 2011.

[48] S. Sigrist, A. Mechine-Neuville, K. Mandes et al., “Influence of
VEGF on the viability of encapsulated pancreatic rat islets after
transplantation in diabetic mice,” Cell Transplantation, vol. 12,
no. 6, pp. 627–635, 2017.

[49] A. Langlois, C. Mura, W. Bietiger et al., “In vitro and in vivo
investigation of the angiogenic effects of liraglutide during islet
transplantation,” PLoS One, vol. 11, no. 3, p. e0147068, 2016.

[50] A. A. Arzouni, A. Vargas-Seymour, C. L. Rackham et al., “Mes-
enchymal stromal cells improve human islet function through
released products and extracellular matrix,” Clinical Science,
vol. 131, no. 23, pp. 2835–2845, 2017.

[51] C. L. Rackham, A. E. Vargas, R. G. Hawkes et al., “Annexin A1
is a key modulator of mesenchymal stromal cell–mediated
improvements in islet function,” Diabetes, vol. 65, no. 1,
pp. 129–139, 2016.

[52] E. Montanari, R. P. H. Meier, R. Mahou et al., “Multipotent
mesenchymal stromal cells enhance insulin secretion from
human islets via N-cadherin interaction and prolong function
of transplanted encapsulated islets in mice,” Stem Cell Research
& Therapy, vol. 8, no. 1, p. 199, 2017.

[53] Y. Lu, X. Jin, Y. Chen et al., “Mesenchymal stem cells protect
islets from hypoxia/reoxygenation-induced injury,” Cell Bio-
chemistry and Function, vol. 28, no. 8, pp. 637–643, 2010.

[54] E. Karaoz, Z. S. Genç, P. Ç. Demircan, A. Aksoy, and
G. Duruksu, “Protection of rat pancreatic islet function and via-
bility by coculture with rat bone marrow-derived mesenchymal
stem cells,” Cell Death & Disease, vol. 1, no. 4, p. e36, 2010.

[55] K. Stefańska, K. Ożegowska, G. Hutchings et al., “Human
Wharton’s jelly—cellular specificity, stemness potency, animal
models, and current application in human clinical trials,” Jour-
nal of Clinical Medicine, vol. 9, no. 4, p. 1102, 2020.

[56] S. A. Mohammad, S. Metkari, and D. Bhartiya, “Mouse pan-
creas stem/progenitor cells get augmented by streptozotocin
and regenerate diabetic pancreas after partial pancreatec-
tomy,” Stem Cell Reviews and Reports, vol. 16, no. 1, pp. 144–
158, 2020.

[57] J. Cho, M. D'Antuono, M. Glicksman, J. Wang, and J. Jonklaas,
“A review of clinical trials: mesenchymal stem cell transplant
therapy in type 1 and type 2 diabetes mellitus,” American Jour-
nal of Stem Cells, vol. 7, no. 4, pp. 82–93, 2018.

[58] X. Gao, L. Song, K. Shen et al., “Bone marrow mesenchymal
stem cells promote the repair of islets from diabetic mice
through paracrine actions,” Molecular and Cellular Endocri-
nology, vol. 388, no. 1-2, pp. 41–50, 2014.

[59] Y. Zhou, Y. Yamamoto, Z. Xiao, and T. Ochiya, “The immuno-
modulatory functions of mesenchymal stromal/stem cells
mediated via paracrine activity,” Journal of Clinical Medicine,
vol. 8, no. 7, p. 1025, 2019.

14 Stem Cells International


	Hypoxia-Preconditioned Wharton’s Jelly-Derived Mesenchymal Stem Cells Mitigate Stress-Induced Apoptosis and Ameliorate Human Islet Survival and Function in Direct Contact Coculture System
	1. Introduction
	2. Methods
	2.1. Human Pancreatic Islet Isolation
	2.2. MSC Isolation and Characterization
	2.3. Hypoxia Preconditioning of MSCs
	2.4. Coculture of Human Islets with Hpc-MSCs and Nc-MSCs
	2.5. Viability Assay
	2.6. Apoptosis Assay
	2.7. Gene Expression Evaluation by Real-Time PCR
	2.8. Protein Expression Assay
	2.9. Glucose-Stimulated C-Peptide and Insulin Secretion
	2.10. ROS Measurement
	2.11. VEGF Secretion Measurement
	2.12. Statistical Analysis

	3. Result
	3.1. Phenotypic Characterization and Differentiation of MSCs
	3.2. Comparison of VEGF Secretion in Hpc-MSCs and Nc-MSCs
	3.3. WJ-MSCs Increased Human Islet Survival during the Culture Period
	3.4. WJ-MSCs Inhibited the Human Islet Apoptosis during the Culture Period
	3.5. Increment of Bcl-2 and Reduction of Bax and Caspase-3 in the Cocultured Islet
	3.6. The Direct Cocultured Hpc-MSCs Group Significantly Increased the Islet Function
	3.7. HIF-1α Was Detected in the Islets and Decreased in the Cocultured Groups
	3.8. The Suppression of p53 Protein in the Presence of WJ-MSCs
	3.9. The Significant Reduction of ROS in the Presence of WJ-MSCs
	3.10. VEGF Significantly Enhanced in the Cocultured Islets with Hpc-WJ-MSCs

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

