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Abstract

The shortage of donor islets is a significant obstacle for widespread clinical
application of pancreatic islet transplantation. To investigate whether adipose
tissue-derived mesenchymal stem cells (ADSCs) induce expansion of transplanted
islets, we performed co-transplantation experiments in a mouse model.
Streptozotosin (STZ)-induced diabetic mice transplanted with 50 syngeneic islets
remained hyperglycemic. However, hyperglycemia was ameliorated gradually
when 50 islets were co-transplanted with ADSCs but not separately grafted into
the contralateral kidney. Insulin and proinsulin contents of 120-day grafts
containing 50 islets co-transplanted with ADSCs were significantly increased

compared with those of 50 isolated islets. The Ki67-positive ratios in islets of the
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naive pancreas, at 30 and 120 days grafts were 0.23%, 2.12%, and 1.52%,
respectively. Ki67-positive cells were predominantly Pdx1+ and insulin+ cells.
These results demonstrate that co-transplantation with ADSCs induces
proliferation of transplanted islets in mice, suggesting a potential solution for the

low efficiency of islet transplantation.

Keywords: Endocrinology, Stem cell research

1. Introduction

Islet transplantation supplements insulin from transplanted B-cells. The clinical out-
comes of islet transplantation have been improved by the development of isolation
protocols and immunosuppressive medications after transplantation (Barton et al.,
2012; Bellin et al., 2012; Matsumoto et al., 2004; McCall and Shapiro, 2012;
Shapiro et al., 2000, 2006). However, to achieve long term insulin independency,
recipients require sequential transplants, and the shortage of donor islets is an
obstacle for the clinical application of islet transplantation. To overcome this prob-
lem, we need novel procedures to enhance the engraftment of islets and expand

transplanted islet cells.

Mesenchymal stem cells (MSCs) in adult tissues, such as bone marrow and adipose
tissues, have multipotency to differentiate into osteoblasts, adipocytes, and chondro-
cytes (Pittenger et al., 1999). In fact, bone marrow or adipose tissue-derived BMCs
can differentiate into steroidogenic cells by forced expression of the transcription
factor (SF-1) (Gondo et al., 2004, 2008; Tanaka et al., 2007). In addition, MSCs
secrete cytokines and growth factors, and have immunosuppressive and cytoprotec-
tive effects. It has been reported that co-transplantation of MSCs avoids rejection of
allogenic islets by immunosuppressive effects (Berman et al., 2010; Ding et al.,
2009; Solari et al., 2009). Moreover, MSCs produce vascular endothelial growth fac-
tor and promote revascularization of transplanted islets (Cao et al., 2016; Figliuzzi
et al., 2009; Ito et al., 2010; Oh et al., 2013; Rackham et al., 2011). Thus, MSCs

are also promising feeder or supportive cells in cell transplantation therapy.

Adipose tissue-derived mesenchymal stem cells (ADSCs) have many of the same
cell surface markers as bone marrow-derived MSCs (Zuk et al., 2002). The charac-
teristics of ADSCs are almost the same as those of bone marrow-derived MSCs in
terms of multipotency, ex vivo expansion, and possible cryopreservation. ADSCs
have several advantages, less inversion, and higher availability than bone marrow-
derived MSCs (Zuk et al., 2002).

Several previous studies have demonstrated that co-transplantation with MSCs pre-
vents early graft loss by promoting angiogenesis (Eberhard et al., 2010; Figliuzzi
et al., 2009; Ito et al., 2010; Johansson et al., 2008; Oh et al., 2013; Rackham
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et al., 2011) and exerting anti-inflammation effects associated with increased regu-
latory T-cells (Berman et al., 2010; Ding et al., 2009; Solari et al., 2009). In addition,
anti-apoptotic effects of MSCs on grafted islets have been reported (Borg et al.,
2014; Scuteri et al., 2014). Importantly, MSCs have been suggested to differentiate
toward insulin-producing cells in vitro (Chandra et al., 2009; Timper et al., 2006).
The microRNA miR-375, which is abundant in pancreatic B-cells, has been recently
shown to promote insulin production from ADSC-derived islet like-clusters in vitro
(Piran et al., 2017). However, in previous reports concerning islet cell transplanta-
tion experiments in vivo (Berman et al., 2010; Ding et al., 2009; Eberhard et al.,
2010; Figliuzzi et al., 2009; Ito et al., 2010; Johansson et al., 2008; Oh et al.,
2013; Rackham et al., 2011; Solari et al., 2009), an essential issue has remained un-
clear: whether grafted islet cells proliferate in the presence of MSCs or MSCs them-

selves differentiate into islet cells and proliferate.

In this study, we examined the effects of ADSCs on transplanted islets and demon-
strated that co-transplantation with ADSCs not only enhances the engraftment of is-

lets but also induces the expansion of transplanted islet cells.

2. Materials and methods

2.1. Mice

All experiments were performed in compliance with the relevant laws and institu-
tional guidelines, and were approved by the Animal Care and Use Committee of Fu-
kuoka University. Male C57BL/6 mice and mouse insulin I promoter (MIP)-green
fluorescent protein (GFP) transgenic mice expressing GFP under the control of
the MIP (Hara et al., 2003) were purchased from Charles River Japan and Jackson
Laboratory, respectively. Mice were maintained under specific pathogen-free condi-

tions and used for experiments at 8—16 weeks of age.

2.2. ADSCs

ADSCs were prepared from C57BL/6 subcutaneous fat as described previously
(Gondo et al., 2008) and cultured for 2 weeks in alpha-minimum essential medium
containing 20% horse serum and 1% antibiotic antimycotic (Gibco) in a 5% CO,
incubator at 37 °C. After four times passage of the culture, the adherent cells
were used as ADSCs. For characterization of ADSCs, cell surface markers were
analyzed by a flow cytometer using a Mouse Multipotent Mesenchymal Stromal
Cell Marker Antibody Panel (R&D systems, Inc., MN). To test their capability for
osteoblastic differentiation, ADSCs were cultured under a previously described con-
dition (Gondo et al., 2004) and then stained with an anti-osteopontin antibody (R&D
systems, Inc.). Induction of adipogenesis followed by Oil-Red O staining was per-

formed using an Adipogenesis Assay Kit (Cayman Chemical Company, MI).
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2.3. Islet isolation and transplantation

Islets of C57BL/6 mice were isolated (Okeda et al., 1979; Sutton et al., 1986) and
cultured overnight. ADSCs were peeled off from culture dish using TrypleExpress
(Gibco), and counted. Before transplantation, hand-picked islets (average size was
150 pm) and ADSCs were mixed in a 1.5 ml tube and centrifuged for 5 min at
1,200 % g, and the precipitants were suspended in a small volume of medium. Islets
with or without ADSCs were transplanted under the kidney capsule of streptozo-
tocin (STZ)-induced diabetic mice injected with 180 mg/kg STZ (Sigma Aldrich)
at 3 days before transplantation. We used C57BL/6 male for the recipients. After
transplantation, their body weight and non-fasting blood glucose concentration
were measured twice a week, and the recipients were not supplemented with exog-
enous insulin. At 30 or 120 days after transplantation, the left kidney bearing the
grafts was removed and the morphology and hormone contents were examined.
Hyperglycemia was defined as >400 mg/dL blood glucose. When <200 mg/dL
was detected twice consecutively, the blood glucose level was considered as

normalized.

2.4. Intraperitoneal glucose tolerance test (ipGTT)

Mice were fasted for 15 h before the ipGTT and then intraperitoneally injected with 1
g/kg glucose. After the injection, the blood glucose levels and plasma insulin con-
centrations were measured at 0, 30 and 120 min. Plasma insulin was measured by
an Ultra Sensitive Mouse Insulin ELISA kit (Morinaga Institute of Biological Sci-

ence, Inc., Yokohama, Japan).

2.5. Hormone content measurements

Extracts of the kidney bearing the grafted islets and isolated islets were prepared as
described previously (Ueki et al., 1995). Insulin and pro-insulin contents were
measured with a Mouse Insulin ELISA Kit (Morinaga Institute of Biological Sci-
ence, Inc.) and Rat/mouse proinsulin ELISA (Mercodia Developing Diagnostics,
Uppsala, Sweden), respectively.

2.6. Morphological analysis

The graft-bearing kidney and isolated islets were fixed in 10% formaldehyde or 4%
paraformaldehyde, processed, and embedded in paraffin. Sections were stained with
eosin and nuclei were counterstained with hematoxylin. Immunohistochemical
staining was performed using the antibodies listed in Table 1. For electron micro-
scopic observation, grafted and isolated islets were fixed and observed as described

previously (Nagai et al., 1995).
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Table 1. Antibodies for immunostaining.

Gene name Supplier/catalogue number
Insulin Dako/A0564

Glucagon Thermo/PA1-37768
Somatostatin abcam/ab103790

PP abcam/ab103790

Ki67 abcam/ab66155

Pdx1 abcam/ab47383, DSHB/F6A11-6
Ngn3 abcam/ab38548

GFP abcam/ab6556, ab13970
Pax4 ThermoFisher/PA1-108
Nkx6.1 DSHB/F55A10-c

2.7. RT-PCR

Total RNA isolated from the graft-bearing kidney or pancreas was reverse tran-
scribed by a QuantiTect Reverse Transcription Kit (Qiagen). PCR was performed
using KOD-FX (Toyobo) at 95 °C for 10 min, 95 °C for 10 sec, and 60 °C for 20
sec (40 cycles). GFP primers were 5'-CAACAGCCACAACGTCTATATCACC-
3" and 5'-ATGTTGTGGCGGATCTTGAAG-3’, insulin primers were 5'-TCAAG-
CAGCACCTTTGTGGTT-3' and 5'-TCCACCCAGCTCCAGTTGT-3’, and B-actin
primers were 5'-CATCCGTAAAGACCTCTATGCCAAC-3' and 5-ATGGAGC-
CACCGATCCACA-3'.

2.8. Statistics

All data are expressed as means + standard error of the mean (SEM) and were ob-
tained from at least three individual experiments. Statistical comparisons were per-
formed using the Student’s t-test, One-way ANOVA and Two-way ANOVA
(GraphPad Prism). P-values of less than 0.05 were considered as statistically

significant.

3. Results

3.1. Co-transplantation of 50 islets and ADSCs into diabetic mice
leads to normoglycemia

We first transplanted syngeneic islets alone under the kidney capsule of diabetic
mice induced by the iv injection of STZ (180 mg/kg) at 3 days before transplanta-
tion. Recipient mice without islet transplantation remained hyperglycemic

(Fig. 1A). Hyperglycemia of mice received with 200 islets was ameliorated by 2
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Fig. 1. Recipients co-transplanted with 50 islets and ADSCs become normoglycemic in an ADSC dose-
dependent manner. Hyperglycemia was induced by STZ injection, followed by monitoring non-fasting
blood glucose levels (n = 8) (A). Non-fasting blood glucose levels of diabetic recipient mice transplanted
with 200 (n = 8), 100 (n = 7), or 50 (n = 9) syngeneic islets were monitored (B,C). A total of 50 islets
were co-transplanted with 1x10° (n = 3), 5x10° (n = 14), or 1x10° (n = 4) (E—G). Blood glucose
levels of mice transplanted with 50 islets and 5x 10> ADSCs into left and right kidneys, respectively
(n = 6) (H). Asterisk indicates removal of the kidney bearing the graft after normalization of blood

glucose levels.

weeks after transplantation (n = 8), and removal of the kidney bearing the graft
promptly made recipient mice hyperglycemic again (Fig. 1B). A total of five out
of seven recipients transplanted with 100 islets became normoglycemic, and two re-
cipients remained hyperglycemic (Fig. 1C). All recipients transplanted with 50 islets
remained hyperglycemic (n = 9) (Fig. 1D). Therefore, we used 50 islets in the

following experiments to examine the effects of ADSCs.
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ADSCs obtained from subcutaneous white adipose tissue had a spindle shape and
differentiated into mature adipocytes and osteoblasts (Fig. 2A—C). They were pos-
itive for Sca-1, CD106, CD29, and CD44 but negative for CD45, CD11b, and CD31
(Fig. 2D). To examine the effect of co-transplantation with ADSCs, we combined 50
islets with 1x10°, 5x10” or 1x10° ADSCs and transplanted them into STZ-induced
hyperglycemic mice. Recipients co-transplanted with 1x10°> ADSCs remained hy-
perglycemic (n = 3) (Fig. 1E). In contrast, recipients co-transplanted with 5x10°
or 1 x10® ADSCs gradually became normoglycemic by 30 days after transplantation
in a cell number-dependent manner (Fig. 1F and G). They became hyperglycemic

again after removal of the kidney bearing the graft at 120 days after transplantation.

We transplanted 1x10° ADSCs alone into STZ-induced hyperglycemic mice, but
the recipients remained hyperglycemic (data not shown). When islets and ADSCs
were respectively transplanted into left and right kidneys, the recipients remained
hyperglycemic (Fig. 1H), indicating that the effect ADSCs was not systemic but
local. These data clearly demonstrate that ADSCs enhance engraftment of trans-

planted islets, resulting in normoglycemic recipients.
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Fig. 2. Characteristics of ADSCs. ADSCs observed with a phase-contrast microscopy (A). Bar repre-
sents 100 pm. Oil-Red O-stained ADSCs after adipogenic differentiation (B). Bar represents 50 pm.
After osteogenic differentiation, ADSCs were immnostained with anti-osteopontin antibody (C). Bar
represent 100 um. Expression patterns of cell surface markers of ADSCs were analyzed by flowcytom-

etry (D). Blue line and red line show isotype control and surface marker, respectively.

7

https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

8

|He1iyon

Article No~e00632

To confirm insulin secretion from the grafted islets in response to blood glucose

levels, we performed an ipGTT before and after the removal of the transplanted islets

at 120 days after transplantation. Most of mice transplanted 50 islets alone were dead

within 30 days because of hyperglycemia, and we performed ipGTT using naive

mice as control. As a result, blood glucose levels of grafted animals at 30 and 120

min significantly increased compared to naive mice. However, AUC was not signif-

icantly different between naive and grafted animals. Those results suggested that

glucose tolerance of grafted animals was partially recovered, before nephrectomy.

After nephrectomy, the glucose tolerance of co-transplanted mice was significantly

lower than that of naive mice (Fig. 3A and B). Before nephrectomy, the plasma in-

sulin level of co-transplanted mice was clearly detectable in response to glucose in-

jection, whereas it became undetectable after nephrectomy (Fig. 3C). These data

demonstrated that exogenous insulin from the grafted islets controlled recipient

blood glucose levels in response to the increase of glucose.

3.2. Increases of insulin granules and hormone contents

Macroscopically, the grafted islets were seen in adipose-like tissue under the kidney

capsule with neovascularization at 120 days after transplantation (Fig. 4A). Micro-

scopically, the grafted islets were surrounded by fibroblast-like cells with adipose

tissue (Fig. 4B). Immunohistochemical analyses revealed that islet cells were posi-

tive for insulin, glucagon,

somatostatin, and pancreatic polypeptide (PP)

(Fig. 4C—F). Of note, a-cells in transplanted islets were distributed inside of the
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Fig. 3. Intraperitoneal glucose tolerance test (ipGTT) before and after removal of the graft-bearing kid-

ney of mice transplanted with 50 islets and 5x10° ADSCs. Open circles, naive mice (n = 4); black cir-

cles, 120-day normoglycemic mice co-transplanted with islets and ADSCs before removal of the graft-

bearing kidney (n = 4); open squares, 5 days after removal of the kidney. A—C show blood glucose

levels, the area under the curve, and plasma insulin, respectively. Values are expressed as the mean £
SEM. *P < 0.05, *¥*P < 0.01, ***P < 0.001, ***%P < 0.0001 vs. naive, P < 0.05, {fP < 0.01,
T11P < 0.001 vs. before nephrectomy.
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Fig. 4. Macroscopic images of the graft and immunohistochemical staining for insulin, glucagon, somato-
statin, and PP. At 120 days after co-transplantation of 50 islets and ADSCs, the graft was observed macro-
scopically. Dotted lined area and arrow heads indicate kidney and graft islets, respectively (A). Section of
the graft stained with hematoxylin and eosin (B), and serial sections immunostained with antibodies against
insulin (C), glucagon (D), somatostatin (E), and PP (F). Bars represent 50 pm in B—F. Electron micrograph
of isolated islets (G) or a B-cell in the graftislet at 120 days after co-transplantation (H), Bars represent 1 pum.
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islets, which is dissimilar to the peripheral localization of a-cells that are observed in

pancreatic islets of naive mouse (Fig. 4D).

Next, to examine the cellular structure of -cells, we performed electron microscopic
observations. Compared with isolated islets, the number of insulin granules in the
graft was increased dramatically, and the rough endoplasmic reticulum was devel-
oped in B-cells (Fig. 4G and H). In the grafted B-cells, insulin granules were densely
observed, suggesting an increase of insulin production from each B-cell. Then, we
measured the insulin and pro-insulin contents of the grafted islets for comparison
with isolated islets. The insulin contents of 50 isolated and grafted islets were
8.66 + 0.62 pg and 12.1 4+ 0.80 ng, respectively (P = 0.0060) (Fig. 5A). Pro-
insulin contents of 50 isolated and grafted islets were 12.7 4+ 2.59 ng and 25.8 £+
3.07 ng, respectively (P = 0.0097) (Fig. 5B), indicating that the hormone contents
of grafted islets were increased significantly. Next, we examined whether such in-
creases of hormone contents in the graft occurred in normoglycemic recipients,
we transplanted 50 islets with ADSCs into the normoglycemic mice and compared
their hormone contents with those of hyperglycemic recipients. Insulin contents of
the grafts in hyperglycemic and normoglycemic recipients were 11.6 + 0.84 pg
and 7.31 £ 1.23 pg, respectively (P = 0.0277) (Fig. 5C). The increase of hormone

contents by co-transplantation with ADSCs was not seen in the grafts of
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Fig. 5. Insulin and pro-insulin contents of grafted islets. Peptide hormones were extracted from isolated
islets, the kidney bearing the graft at 120 days post-transplantation, and the recipient pancreas, and in-
sulin contents were measured (A). Pro-insulin contents of isolated islets and the kidney bearing the graft
(B). To examine the effects of recipient blood glucose levels on the hormone contents of grafts, at 120
days after transplantation, insulin contents of the graft co-transplanted with 50 islets and ADSCs into
normoglycemic recipient mice [STZ (—)] and STZ-induced diabetic mice [STZ (+)] were compared
(C). Values are expressed as the mean = SEM. *P < 0.05.
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normoglycemic recipient mice, suggesting that blood glucose levels of recipients

might be a possible factor in the increase of hormone contents.

We hypothesized that the increase of hormone contents was caused by the expansion
of transplanted islet cells. To confirm this hypothesis, we performed immunostaining
with anti-insulin and anti-Ki67 (proliferation marker) antibodies. In pancreatic islets,
Ki67-positive cells were rarely detected (Fig. 6B), whereas several Ki67-positive

cells were detected in the grafted islets, and most of them were positive for insulin

Fig. 6. Ki67- and insulin-positive cells in grafted islets and the Ki67-positive ratio. Grafted and pancre-
atic islets were double stained with anti-insulin and -Ki67 antibodies, and their nuclei were counter-
stained with DAPI (A, B). Bars represent 100 pm and 50 um in A and B, respectively. Numbers of
Ki67- and DAPI-positive cells in islets of the pancreas of naive mouse (n = 7) and grafted islets at
30 days (n = 3) or 120 days (n = 3) after transplantation were counted, and the Ki67-positive ratio
was calculated (C). Arrowheads show Ki67-positive cells. Values are expressed as the mean £ SEM.

Bars represent 100 pm and 50 pm in A and B. *P < 0.05 vs. naive pancreatic islets. ns, not significant.
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(Fig. 6A). We counted the Ki67-positive cells in the graft islets and calculated the
ratio of Ki67-positive cells to DAPI-positive cells in the islets. As a result, the
Ki67-positive ratio in pancreatic islets, grafted islets at 30 days post-
transplantation and graft islets at 120 days post-transplantation were 0.47 =+
0.13% (n = 6), 2.02 £ 0.72% (n = 3), and 0.90 £ 0.22% (n = 3), respectively
(Fig. 6C). Ki67-positive cells in grafted islets with ADSCs post 30 days were signif-
icantly increased compared with those in pancreatic islets (P = 0.0119).

Because most Ki67-positive cells were also positive for insulin, we next performed
double immunostaining using anti-Pdx1, -glucagon, -somatostatin and -PP anti-
bodies to assess which endocrine cells were positive for Ki67 in the grafted islets.
The double staining revealed that most Ki67-positive cells were also positive for
Pdx1. Several Ki67-positive cells were weakly positive for Nkx6.1 (Sander et al.,
2000), and double positive cells for glucagon, somatostatin, or PP were not detected
(Fig. 7). We also performed immunostaining for the progenitor marker Ngn3
(Gradwohl et al., 2000; Gu et al., 2002) and Ngn3 downstream transcriptional factor
Pax4 (Sosa-Pineda et al., 1997), but neither Ngn3- or Pax4-positive cells were not

detected in the graft islets (Fig. 7). Those data suggested that the Ki67-positive cells

Day 30 graft E15.5 pancreas

Adult duodenum

D
Day 30 graft
b N

naive pancreatic islet
Nkx6.1

Fig. 7. Ki67-positive cells express Pdx1. A, Grafts at 30 days after co-transplantation were double stained
for Ki67 and Pdx1, glucagon, somatostatin, or PP. Nuclei were counterstained with DAPI. Bars represent
50 um. Arrowheads show Ki67-positive cells. At 30 days after transplantation of 50 islets and ADSCs, the
graft sections were immunostained with antibodies against Ngn3 (A), Pax4 (B), and Nkx6.1 (C). Arrow-
heads indicate positive cells. Bars represent 50 pm and 20 pm in B and C, and D, respectively.
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were derived from B-cells and co-transplantation with ADSCs did not induce B-cell

neogenesis but induced proliferation of B-cells in the graft.

3.3. B-cells are derived from donor islets

Several groups have reported that MSCs can differentiate into insulin-producing
cells (Chandra et al., 2009; Piran et al., 2017; Timper et al., 2006). To examine
the possibility of B-cell differentiation from ADSCs or recipient cells, we co-
transplanted wild-type islets with ADSCs derived from MIP-GFP transgenic mice.

A

HE Insulin GFP

islets: MIP-GFP
ADSCs: wt

recipients: wt

islets: wt
ADSCs: MIP-GFP
recipients: wt

islets: wt
ADSCs: wt
recipients: MIP-GFP

Insulin

p-actin

Fig. 8. B-cells in the graft are derived from grafted islets. (A, upper) MIP-GFP islets and wild-type ADSCs
were transplanted into wild-type recipient mice. At 120 days after transplantation, graft sections were stained
with an anti-GFP antibody, and GFP-positive cells were detected in the graft. (A, middle) Wild-type islets
and ADSCs derived from MIP-GFP mice were co-transplanted. GFP-positive cells were not detected. (A,
lower) Recipient mice were MIP-GFP. GFP-positive cells were not detected in the grafted islets. Bars repre-
sent 20 um. (B) Total RNA was isolated from the kidney containing the graft, and GFP expression levels
were examined by RT-PCR. GFP was not detected in the graft consisting of co-transplanted wild-type islets
and MIP-GFP ADSCs. Full image of agarose electrophoresis is shown in Supplementary Fig. 1.

13 https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

14

| Heliyon
Article No~e00632

Post 120 days of transplantation, GFP expression levels in the grafts were examined
by immunostaining and RT-PCR. As a result, expression of GFP was not detected in
both protein and mRNA levels (Fig. 8, Supplementary Fig. 1). When we trans-
planted wild-type islets and wild-type ADSCs into diabetic MIP-GFP mice, GFP-
positive cells were not detected. These data clearly indicated that the B-cells were

derived from the donor islets.

4. Discussion

In this study, we clearly demonstrated that diabetic recipient mice transplanted with
50 islets alone remained hyperglycemia, although diabetic recipients transplanted 50
islets and ADSCs gradually became normoglycemic, suggesting that ADSCs pro-
mote engraftment of transplanted islets. The enhancing effect of ADSCs on grafted
islet cell function was not systemic but local since the contralateral transplantation of
ADSCs was ineffective.

In the graft islets transplanted with ADSCs, the number of insulin granules was
increased dramatically, and insulin and proinsulin contents of the graft were
increased, suggesting that B-cell function was promoted by co-transplantation of
ADSCs. In addition, the result of immunostaining, the ratio of Ki67-positive cells
in the grafted islets at 30 days after transplantation was significantly higher than
that of islets in the pancreas of naive mouse. Most Ki67-positive cells were positive
for insulin and Pdx1. These data suggested that co-transplantation with ADSCs
induced B-cell replication. Moreover, the proliferated B-cells were found to be
derived from the donor islets but not from co-transplanted ADSCs or recipients based
on the finding with use of MIP-GFP Tg mice. Taken together, we showed that
ADSCs enhance the proliferation of islet cells in grafted tissue by co-transplantation.

During the first 30 days after co-transplantation, recipient mice were still in the
hyperglycemic state, but they gradually became normoglycemic from 45 days after
transplantation. The Ki67-positive ratio of grafted islets at 30 days was significantly
increased compared with that of pancreatic islets. Conversely, at 120 days, when the
recipient became normoglycemic, the Ki67-positive ratio of the grafted islets was
not different from that of pancreatic islets. Moreover, when we co-transplanted islets
and ADSCs into non-diabetic normoglycemic recipient, there was no increase in in-
sulin content of the grafts compared with 50 donor islets. These findings suggest that
the hyperglycemic condition may be essential not only for promoting B-cell function
but also for B-cell replication produced by co-transplantation of ADSCs. Indeed, it
has been demonstrated that differentiated B-cell could be redifferentiated by stimu-
lation with high glucose level in the medium for 2 days during which the expression
of insulin, Pdx-1 and MafA significantly increased over time (Russ et al., 2011). In
addition, hyperglycemia has been also reported to stimulate an increase in B-cell
number (Otonkoski et al., 1994; Zhang et al., 2016).
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The mechanism of pancreatic (3-cell regeneration remains unclear and has been contro-
versial. In general, B-cell regeneration was thought to be mediated by both B-cell neo-
genesis and the proliferation of existing -cells (Gu et al., 1995). B-cell neogenesis is
new fB-cell formation from other cells such as acinar and ductal compartments as sug-
gested by experiments of injury-induced regeneration in the pancreas (Westphalen
etal., 2016). Although the actual propensity for acinar cells to contribute to the endocrine
lineage is limited, acinar cells poses intrinsic plasticity that directs them toward a 3-cell-
like phenotype by the introduction of three genes, Pdx-1, Ngn3, and MafA (Zhou et al.,
2008). Acinar cells can be converted to ??-like and a-like cells by overexpression of
Ngn3 and Ngn3 plus MafA, respectively (Li et al., 2014). However, studies employing
50—70% pancreatomy have demonstrated that B-cells regenerate almost exclusively by
self-duplication of existing -cells and not through neogenesis (Meier et al., 2008; Nir
et al., 2007). Recently, functional heterogeneity of B-cells and the presence of a popula-
tion of proliferative and mature B-cells have been reported (Bader et al., 2016). Our study
clearly indicated that, at least in transplantation experiments, -cells were derived from

donor islets but neither from co-transplanted ADSCs nor from recipients.

It has been reported that proliferation of B-cells can be induced under physiological
conditions and by several stimuli (Dor et al., 2004). Insulin, insulin-like growth
factor-1, interleukin (IL)-6, serotonin, incretins, hepatocyte growth factor (HGF)
(Alvarez-Perez et al., 2014; Mellado-Gil et al., 2011), platelet-derived growth factor
(PDGF) (Chen et al., 2011), and microRNAs are reported to enhance 3-cell prolifer-
ation (Filios and Shalev, 2015). Among them, MSCs secrete IL-6, HGF, and PDGF,
although we did not examine the roles of these factors in our experiments. The extra-
cellular matrix (ECM) provided by ADSCs might be important for graft islets. ECM,
integrin B1 (Diaferia et al., 2013), connective tissue growth factor (Riley et al., 2015),
and tissue inhibitor of metalloproteinases-1 (Kono et al., 2014) have been reported to

be related to B-cell proliferation and suppress apoptosis of graft islets.

Interestingly, in the co-transplantation experiment, the localization pattern of a-cells
was dissimilar to that of pancreatic islets. The possibility that proliferation of a-cells
caused different localization patterns of o-cells appears to be unlikely because we
did not find double staining of Ki67 and glucagon or somatostatin. At least in our
experiments, the proliferation of the grafted islets appears to be restricted to 3-cells
only. Trans-differentiation of a- or d-cells into B-cells (Chera et al., 2014) may be
another possibility, but it is very difficult to examine this possibility by in vivo trans-
plantation experiments. Further studies are needed to clarify how B-cells expand by
co-transplantation with ADSCs.

In this study, we used mouse inguinal subcutaneous white adipose tissue as a source
of MSCs. Considering clinical islet transplantation, the preparation of stem cells
from adipose tissue is more suitable than from bone marrow because adipose tissue

is easy to access with better recovery of cells (Gondo et al., 2008). However, it is of
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note that ADSC-stimulated expansion of the co-transplanted islet was observed in
STZ-induced and syngeneic conditions and thus, the simple application of our sys-
tem to autoimmune diabetes may not be possible.

5. Conclusions

We examined the effects of ADSCs on transplanted islets and demonstrated that co-
transplantation with ADSCs not only enhances engraftment of islets but also induces

B-cell expansion of transplanted islet cells in a syngeneic mice transplantation model.

Declarations
Author contribution statement

Tomoko Tanaka: Conceived and designed the experiments; Performed the experi-
ments; Analyzed and interpreted the data; Contributed reagents, materials, analysis
tools or data; Wrote the paper.

Daibo Kojima, Toshiyuki Mera, Masahito Matsumoto: Performed the experiments.
Yohichi Yasunami: Conceived and designed the experiments.

Toshihiko Yanase: Analyzed and interpreted the data; Wrote the paper.

Funding statement

This work was supported by a KAKENHI grant (No. 16K09815) from the Japan So-
ciety of the Promotion of Science (TT), the MEXT-Supported Program for the Stra-
tegic Research Foundation at Private Universities (S1512005) (YY), and funds (No.
147014) from the Central Research Institute of Fukuoka University (YY). The
Department of Bioregulatory Science of Life-related Diseases of Fukuoka Univer-
sity (Fukuoka, Japan) was supported financially by a donation from MSD K. K.
The funders had no role in study design, data collection and analysis, decision to

publish, or preparation of manuscript.

Competing interest statement

The authors declare no conflict of interest.

Additional information

Supplementary content related to this article has been published online at https://doi.
org/10.1016/j.heliyon.2018.00632.

16 https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e00632
https://doi.org/10.1016/j.heliyon.2018.e00632
https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e00632

Acknowledgements

The authors thank Mrs. Fusako Ogata, Mrs. Yuriko Hamaguchi and Mr. Masaru Se-
gawa for immunostaining and hormone content measurements, and electron micro-
scopic observations, respectively. This work was supported by KAKENHI (No.
16K09815) form Japan Society of the Promotion of Science (TT), MEXT-
Supported Program for the Strategic Research Foundation at Private Universities
(S1512005) (YY) and by funds (No. 147014) from the Central Research Institute
of Fukuoka University (YY). We thank Edanz Group (www.edanzediting.com/ac)
for editing a draft of this manuscript.

References

Alvarez-Perez, J.C., Ernst, S., Demirci, C., Casinelli, G.P., Mellado-Gil, J.M.,
Rausell-Palamos, F., Vasavada, R.C., Garcia-Ocana, A., 2014. Hepatocyte growth
factor/c-Met signaling is required for beta-cell regeneration. Diabetes 63, 216—223.

Bader, E., Migliorini, A., Gegg, M., Moruzzi, N., Gerdes, J., Roscioni, S.S.,
Bakhti, M., Brandl, E., Irmler, M., Beckers, J., et al., 2016. Identification of prolif-

erative and mature beta-cells in the islets of Langerhans. Nature 535, 430—434.

Barton, F.B., Rickels, M.R., Alejandro, R., Hering, B.J., Wease, S., Naziruddin, B.,
Oberholzer, J., Odorico, J.S., Garfinkel, M.R., Levy, M., et al., 2012. Improvement
in outcomes of clinical islet transplantation: 1999—2010. Diabetes Care 35,
1436—1445.

Bellin, M.D., Barton, F.B., Heitman, A., Harmon, J.V., Kandaswamy, R.,
Balamurugan, A.N., Sutherland, D.E., Alejandro, R., Hering, B.J., 2012. Potent in-
duction immunotherapy promotes long-term insulin independence after islet trans-
plantation in type 1 diabetes. Am. J. Transplant. 12, 1576—1583.

Berman, D.M., Willman, M.A., Han, D., Kleiner, G., Kenyon, N.M., Cabrera, O.,
Karl, J.A., Wiseman, R.W., O’Connor, D.H., Bartholomew, A.M., et al., 2010.
Mesenchymal stem cells enhance allogeneic islet engraftment in nonhuman pri-
mates. Diabetes 59, 2558—2568.

Borg, D.J., Weigelt, M., Wilhelm, C., Gerlach, M., Bickle, M., Speier, S.,
Bonifacio, E., Hommel, A., 2014. Mesenchymal stromal cells improve transplanted
islet survival and islet function in a syngeneic mouse model. Diabetologia 57,
522—-531.

Cao, X.K., Li, R., Sun, W., Ge, Y., Liu, B.L., 2016. Co-combination of islets with
bone marrow mesenchymal stem cells promotes angiogenesis. Biomed. Pharmac-
other. 78, 156—164.

17

https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://www.edanzediting.com/ac
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref1
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref1
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref1
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref1
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref2
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref2
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref2
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref2
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref3
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref3
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref3
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref3
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref3
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref3
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref4
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref4
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref4
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref4
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref4
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref5
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref5
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref5
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref5
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref5
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref6
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref6
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref6
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref6
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref6
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref8
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref8
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref8
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref8
https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e00632

Chandra, V.G.S., Phadnis, S., Nair, P.D., Bhonde, R.R., 2009. Generation of
pancreatic hormone-expressing islet-like cell aggregates from murine adipose
tissue-derived stem cells. Stem Cells 27, 1941—1953.

Chen, H., Gu, X., Liu, Y., Wang, J., Wirt, S.E., Bottino, R., Schorle, H., Sage, J.,
Kim, S.K., 2011. PDGF signalling controls age-dependent proliferation in pancre-
atic beta-cells. Nature 478, 349—355.

Chera, S., Baronnier, D., Ghila, L., Cigliola, V., Jensen, J.N., Gu, G., Furuyama, K.,
Thorel, F., Gribble, F.M., Reimann, F., et al., 2014. Diabetes recovery by age-
dependent conversion of pancreatic delta-cells into insulin producers. Nature 514,
503—-507.

Diaferia, G.R., Jimenez-Caliani, A.J., Ranjitkar, P., Yang, W., Hardiman, G.,
Rhodes, C.J., Crisa, L., Cirulli, V., 2013. Betal integrin is a crucial regulator of
pancreatic beta-cell expansion. Development 140, 3360—3372.

Ding, Y., Xu, D., Feng, G., Bushell, A., Muschel, R.J., Wood, K.J., 2009. Mesen-
chymal stem cells prevent the rejection of fully allogenic islet grafts by the immu-
nosuppressive activity of matrix metalloproteinase-2 and -9. Diabetes 58,
1797—1806.

Dor, Y., Brown, J., Martinez, O.1., Melton, D.A., 2004. Adult pancreatic beta-cells
are formed by self-duplication rather than stem-cell differentiation. Nature 429,
41—46.

Eberhard, D., Kragl, M., Lammert, E., 2010. ‘Giving and taking’: endothelial and
beta-cells in the islets of Langerhans. Trends Endocrinol. Metab. 21, 457—463.

Figliuzzi, M., Cornolti, R., Perico, N., Rota, C., Morigi, M., Remuzzi, G.,
Remuzzi, A., Benigni, A., 2009. Bone marrow-derived mesenchymal stem cells

improve islet graft function in diabetic rats. Transplant. Proc. 41, 1797—1800.

Filios, S.R., Shalev, A., 2015. Beta-cell MicroRNAs: small but powerful. Diabetes
64, 3631—3644.

Gondo, S., Okabe, T., Tanaka, T., Morinaga, H., Nomura, M., Takayanagi, R.,
Nawata, H., Yanase, T., 2008. Adipose tissue-derived and bone marrow-derived
mesenchymal cells develop into different lineage of steroidogenic cells by forced

expression of steroidogenic factor 1. Endocrinology 149, 4717—4725.

Gondo, S., Yanase, T., Okabe, T., Tanaka, T., Morinaga, H., Nomura, M., Goto, K.,
Nawata, H., 2004. SF-1/Ad4BP transforms primary long-term cultured bone

marrow cells into ACTH-responsive steroidogenic cells. Genes Cells 9, 1239—1247.

18

https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(17)33966-X/sref9
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref9
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref9
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref10
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref10
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref10
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref10
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref11
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref11
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref11
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref11
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref11
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref12
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref12
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref12
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref12
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref13
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref13
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref13
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref13
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref13
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref14
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref14
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref14
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref14
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref15
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref15
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref15
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref16
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref16
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref16
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref16
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref17
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref17
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref17
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref18
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref18
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref18
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref18
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref18
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref19
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref19
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref19
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref19
https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e00632

Gradwohl, G., Dierich, A., LeMeur, M., Guillemot, F., 2000. Neurogenin3 is
required for the development of the four endocrine cell lineages of the pancreas.
Proc. Natl. Acad. Sci. U. S. A. 97, 1607—1611.

Gu, D., Arnush, M., Sawyer, S.P., Sarvetnick, N., 1995. Transgenic mice express-
ing IFN-gamma in pancreatic beta-cells are resistant to streptozotocin-induced dia-
betes. Am. J. Physiol. 269, E1089—E1094.

Gu, G., Dubauskaite, J., Melton, D.A., 2002. Direct evidence for the pancreatic
lineage: NGN3+ cells are islet progenitors and are distinct from duct progenitors.
Development 129, 2447—2457.

Hara, M., Wang, X., Kawamura, T., Bindokas, V.P., Dizon, R.F., Alcoser, S.Y.,
Magnuson, M.A., Bell, G.I., 2003. Transgenic mice with green fluorescent protein-
labeled pancreatic beta -cells. Am. J. Physiol. Endocrinol. Metab. 284, E177—E183.

Ito, T., Itakura, S., Todorov, I., Rawson, J., Asari, S., Shintaku, J., Nair, I.,
Ferreri, K., Kandeel, F., Mullen, Y., 2010. Mesenchymal stem cell and islet co-
transplantation promotes graft revascularization and function. Transplantation 89,
1438—1445.

Johansson, U., Rasmusson, I., Niclou, S.P., Forslund, N., Gustavsson, L.,
Nilsson, B., Korsgren, O., Magnusson, P.U., 2008. Formation of composite endo-
thelial cell-mesenchymal stem cell islets: a novel approach to promote islet revas-
cularization. Diabetes 57, 2393—2401.

Kono, T.M., Sims, E.K., Moss, D.R., Yamamoto, W., Ahn, G., Diamond, J.,
Tong, X., Day, K.H., Territo, P.R., Hanenberg, H., et al., 2014. Human adipose
derived stromal/stem cells (hASCs) protect against STZ-induced hyperglycemia;

analysis of hASC-derived paracrine effectors. Stem Cells.

Li, W., Nakanishi, M., Zumsteg, A., Shear, M., Wright, C., Melton, D.A., Zhou, Q.,
2014. In vivo reprogramming of pancreatic acinar cells to three islet endocrine sub-
types. Elife 3, e01846.

Matsumoto, S., Zhang, G., Qualley, S., Clever, J., Tombrello, Y., Strong, D.M.,
Reems, J.A., 2004. The effect of two-layer (University of Wisconsin solution/per-
fluorochemical) preservation method on clinical grade pancreata prior to islet isola-

tion and transplantation. Transplant. Proc. 36, 1037—1039.

McCall, M., Shapiro, A.M., 2012. Update on islet transplantation. Cold Spring
Harb. Perspect. Med. 2, a007823.

Meier, J.J., Butler, A.E., Saisho, Y., Monchamp, T., Galasso, R., Bhushan, A.,
Rizza, R.A., Butler, P.C., 2008. Beta-cell replication is the primary mechanism

19

https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(17)33966-X/sref20
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref20
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref20
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref20
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref21
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref21
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref21
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref21
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref22
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref22
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref22
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref22
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref22
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref23
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref23
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref23
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref23
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref24
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref24
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref24
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref24
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref24
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref25
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref25
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref25
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref25
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref25
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref26
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref26
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref26
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref26
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref28
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref28
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref28
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref29
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref29
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref29
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref29
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref29
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref30
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref30
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref31
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref31
https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e00632

subserving the postnatal expansion of beta-cell mass in humans. Diabetes 57,
1584—1594.

Mellado-Gil, J., Rosa, T.C., Demirci, C., Gonzalez-Pertusa, J.A., Velazquez-
Garcia, S., Emst, S., Valle, S., Vasavada, R.C., Stewart, A.F., Alonso, L.C., et al.,
2011. Disruption of hepatocyte growth factor/c-Met signaling enhances pancreatic
beta-cell death and accelerates the onset of diabetes. Diabetes 60, 525—536.

Nagai, T., Yasunami, Y., Nagata, N., Ueki, M., Ono, J., Ikeda, S., 1995. Protective
effects of nicotinamide on renal subcapsular islet isografts with a marginal mass
from sustained hyperglycemia in the streptozotocin-induced diabetic rats. Trans-
plant. Proc. 27, 3196—3197.

Nir, T., Melton, D.A., Dor, Y., 2007. Recovery from diabetes in mice by beta cell
regeneration. J. Clin. Invest. 117, 2553—2561.

Oh, B.J., Oh, S.H., Jin, S.M., Suh, S., Bae, J.C., Park, C.G., Lee, M.S., Lee, M.K.,
Kim, J.H., Kim, K.W., 2013. Co-transplantation of bone marrow-derived endothe-

lial progenitor cells improves revascularization and organization in islet grafts. Am.
J. Transplant. 13, 1429—1440.

Okeda, T., Ono, J., Takaki, R., Todo, S., 1979. Simple method for the collection of
pancreatic islets by the use of Ficoll-Conray gradient. Endocrinol. Jpn. 26,
495—499.

Otonkoski, T., Beattie, G.M., Lopez, A.D., Hayek, A., 1994. Use of hepatocyte
growth factor/scatter factor to increase transplantable human fetal islet cell mass.
Transplant. Proc. 26, 3334.

Piran, M., Enderami, S.E., Piran, M., Sedeh, H.S., Seyedjafari, E.,
Ardeshirylajimi, A., 2017. Insulin producing cells generation by overexpression

of miR-375 in adipose-derived mesenchymal stem cells from diabetic patients. Bi-
ologicals 46, 23—28.

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R.,
Mosca, J.D., Moorman, M.A., Simonetti, D.W., Craig, S., Marshak, D.R., 1999.
Multilineage potential of adult human mesenchymal stem cells. Science 284,
143—147.

Rackham, C.L., Chagastelles, P.C., Nardi, N.B., Hauge-Evans, A.C., Jones, P.M.,
King, AJ., 2011. Co-transplantation of mesenchymal stem cells maintains islet
organisation and morphology in mice. Diabetologia 54, 1127—1135.

Riley, K.G., Pasek, R.C., Maulis, M.F., Peek, J., Thorel, F., Brigstock, D.R.,

Herrera, P.L., Gannon, M., 2015. Connective tissue growth factor modulates adult

20

https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(17)33966-X/sref31
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref31
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref31
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref32
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref32
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref32
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref32
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref32
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref33
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref33
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref33
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref33
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref33
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref34
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref34
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref34
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref35
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref35
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref35
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref35
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref35
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref36
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref36
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref36
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref36
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref37
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref37
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref37
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref38
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref38
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref38
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref38
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref38
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref39
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref39
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref39
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref39
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref39
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref40
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref40
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref40
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref40
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref41
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref41
https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e00632

beta-cell maturity and proliferation to promote beta-cell regeneration in mice. Dia-
betes 64, 1284—1298.

Russ, H.A., Sintov, E., Anker-Kitai, L., Friedman, O., Lenz, A., Toren, G.,
Farhy, C., Pasmanik-Chor, M., Oron-Karni, V., Ravassard, P., et al., 2011. Insu-
lin-producing cells generated from dedifferentiated human pancreatic beta cells
expanded in vitro. PLoS One 6, e25566.

Sander, M., Sussel, L., Conners, J., Scheel, D., Kalamaras, J., Dela Cruz, F.,
Schwitzgebel, V., Hayes-Jordan, A., German, M., 2000. Homeobox gene Nkx6.1
lies downstream of Nkx2.2 in the major pathway of beta-cell formation in the
pancreas. Development 127, 5533—5540.

Scuteri, A., Donzelli, E., Rodriguez-Menendez, V., Ravasi, M., Monfrini, M.,
Bonandrini, B., Figliuzzi, M., Remuzzi, A., Tredici, G., 2014. A double mechanism
for the mesenchymal stem cells’ positive effect on pancreatic islets. PLoS One 9,
e84309.

Shapiro, A.M., Lakey, J.R., Ryan, E.A., Korbutt, G.S., Toth, E., Warnock, G.L.,
Kneteman, N.M., Rajotte, R.V., 2000. Islet transplantation in seven patients with
type 1 diabetes mellitus using a glucocorticoid-free immunosuppressive regimen.
N. Engl. J. Med. 343, 230—238.

Shapiro, A.M., Ricordi, C., Hering, B.J., Auchincloss, H., Lindblad, R.,
Robertson, R.P., Secchi, A., Brendel, M.D., Berney, T., Brennan, D.C., et al.,
2006. International trial of the Edmonton protocol for islet transplantation. N.
Engl. J. Med. 355, 1318—1330.

Solari, M.G., Srinivasan, S., Boumaza, 1., Unadkat, J., Harb, G., Garcia-Ocana, A.,
Feili-Hariri, M., 2009. Marginal mass islet transplantation with autologous mesen-
chymal stem cells promotes long-term islet allograft survival and sustained normo-

glycemia. J. Autoimmun. 32, 116—124.

Sosa-Pineda, B., Chowdhury, K., Torres, M., Oliver, G., Gruss, P., 1997. The Pax4
gene is essential for differentiation of insulin-producing beta cells in the mammalian
pancreas. Nature 386, 399—402.

Sutton, R., Peters, M., McShane, P., Gray, D.W., Morris, P.J., 1986. Isolation of rat

pancreatic islets by ductal injection of collagenase. Transplantation 42, 689—691.

Tanaka, T., Gondo, S., Okabe, T., Ohe, K., Shirohzu, H., Morinaga, H.,
Nomura, M., Tani, K., Takayanagi, R., Nawata, H., et al., 2007. Steroidogenic fac-
tor 1/adrenal 4 binding protein transforms human bone marrow mesenchymal cells
into steroidogenic cells. J. Mol. Endocrinol. 39, 343—350.

21

https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(17)33966-X/sref41
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref41
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref41
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref42
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref42
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref42
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref42
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref43
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref43
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref43
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref43
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref43
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref44
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref44
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref44
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref44
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref45
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref45
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref45
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref45
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref45
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref46
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref46
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref46
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref46
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref46
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref47
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref47
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref47
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref47
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref47
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref48
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref48
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref48
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref48
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref49
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref49
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref49
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref50
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref50
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref50
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref50
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref50
https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e00632

Timper, K., Seboek, D., Eberhardt, M., Linscheid, P., Christ-Crain, M., Keller, U.,
Muller, B., Zulewski, H., 2006. Human adipose tissue-derived mesenchymal stem
cells differentiate into insulin, somatostatin, and glucagon expressing cells. Bio-
chem. Biophys. Res. Commun. 341, 1135—1140.

Ueki, M., Yasunami, Y., Motoyama, K., Funakoshi, A., Ikeda, S., Tanaka, M.,
1995. The amelioration of hyperglycemia in streptozotocin-induced diabetic rats af-
ter the intraportal transplantation of an insufficient number of islets by nicotinamide
treatment. Transplantation 60, 313—317.

Westphalen, C.B., Takemoto, Y., Tanaka, T., Macchini, M., Jiang, Z., Renz, B.W.,
Chen, X., Ormanns, S., Nagar, K., Tailor, Y., et al., 2016. Dclk1 defines quiescent
pancreatic progenitors that promote injury-induced regeneration and tumorigenesis.
Cell Stem Cell 18, 441—455.

Zhang, M., Lin, Q., Qi, T., Wang, T., Chen, C.C., Riggs, A.D., Zeng, D., 2016.
Growth factors and medium hyperglycemia induce Sox9+ ductal cell differentiation
into beta cells in mice with reversal of diabetes. Proc. Natl. Acad. Sci. U. S. A. 113,
650—655.

Zhou, Q., Brown, J., Kanarek, A., Rajagopal, J., Melton, D.A., 2008. In vivo re-

programming of adult pancreatic exocrine cells to beta-cells. Nature 455, 627—632.

Zuk, P.A., Zhu, M., Ashjian, P., De Ugarte, D.A., Huang, J.I., Mizuno, H.,
Alfonso, Z.C., Fraser, J.K., Benhaim, P., Hedrick, M.H., 2002. Human adipose tis-
sue is a source of multipotent stem cells. Mol. Biol. Cell 13, 4279—4295.

22

https://doi.org/10.1016/j.heliyon.2018.00632
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(17)33966-X/sref51
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref51
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref51
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref51
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref51
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref52
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref52
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref52
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref52
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref52
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref53
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref53
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref53
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref53
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref53
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref54
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref54
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref54
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref54
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref54
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref54
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref55
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref55
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref55
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref56
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref56
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref56
http://refhub.elsevier.com/S2405-8440(17)33966-X/sref56
https://doi.org/10.1016/j.heliyon.2018.e00632
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Expansion of transplanted islets in mice by co-transplantation with adipose tissue-derived mesenchymal stem cells
	1. Introduction
	2. Materials and methods
	2.1. Mice
	2.2. ADSCs
	2.3. Islet isolation and transplantation
	2.4. Intraperitoneal glucose tolerance test (ipGTT)
	2.5. Hormone content measurements
	2.6. Morphological analysis
	2.7. RT-PCR
	2.8. Statistics

	3. Results
	3.1. Co-transplantation of 50 islets and ADSCs into diabetic mice leads to normoglycemia
	3.2. Increases of insulin granules and hormone contents
	3.3. β-cells are derived from donor islets

	4. Discussion
	5. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


