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A new scaffold containing small intestinal submucosa
and mesenchymal stem cells improves pancreatic
islet function and survival in vitro and in vivo
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Abstract. It is unknown whether a scaffold containing both small
intestinal submucosa (SIS) and mesenchymal stem cells (MSCs)
for transplantation may improve pancreatic islet function and
survival. In this study, we examined the effects of a SIS-MSC
scaffold on islet function and survival in vitro and in vivo. MSCs
and pancreatic islets were isolated from Sprague-Dawley rats,
and SIS was isolated from Bamei pigs. The islets were appor-
tioned among 3 experimental groups as follows: SIS-islets,
SIS-MSC-islets and control-islets. In vitro, islet function was
measured by a glucose-stimulated insulin secretion test; cyto-
kines in cultured supernatants were assessed by enzyme-linked
immunosorbent assay; and gene expression was analyzed by
reverse transcription-quantitative PCR. In vivo, islet transplanta-
tion was performed in rats, and graft function and survival were
monitored by measuring the blood glucose levels. In vitro, the
SIS-MSC scaffold was associated with improved islet viability
and enhanced insulin secretion compared with the controls, as
well as with the increased the expression of insulin 1 (Insl),
pancreatic and duodenal homeobox 1 (PdxI), platelet endothe-
lial cell adhesion molecule 1 [Pecaml; also known as cluster
of differentiation 31 (CD31)] and vascular endothelial growth
factor A (Vegfa) in the islets, increased growth factor secretion,
and decreased tumor necrosis factor (TNF) secretion. In vivo, the
SIS-MSC scaffold was associated with improved islet function
and graft survival compared with the SIS and control groups. On
the whole, our findings demonstrate that the SIS-MSC scaffold
significantly improved pancreatic islet function and survival
in vitro and in vivo. This improvement may be associated with
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the upregulation of insulin expression, the improvement of islet
microcirculation and the secretion of cytokines.

Introduction

Diabetes poses a significant global health concern. It is esti-
mated that 382 million individuals are suffering from diabetes,
and this number is expected to increase to 592 million by the
year 2035 (1). Although pancreatic islet transplantation has
been proposed as an effective therapy in diabetes, it is largely
limited by the shortage of islet donors, poor islet survival and
the requirement for lifelong immunosuppression (2). In recent
years, biomaterials have been used as an immunoisolation tech-
nique in islet transplantation. This technique aims at producing
biological barriers which prevent immune cell migration and
maintain the long-term function of transplanted islets (3,4).
Biomaterials putatively offer several potential benefits, such
as delivering proteins and growth factors, protecting the islets
from immune rejection without the use of an immunosup-
pressor, and increasing the safety and clinical effect of the
procedure (5-7). A number of natural and synthetic materials
have been investigated in islet transplantation, including algi-
nate, polyvinyl alcohol and silk hydrogel (8-10). However, there
are still significant challenges that need to be resolved, such
as methods of providing oxygen and nutrients to coated islets,
reducing the damage due to the inflammatory response, and
selecting suitable sites for transplantation (11).

The porcine small intestinal submucosa (SIS) is a new
bioactive material composed of collagen I and fibronectin. SIS
includes proteoglycan, glycosaminoglycan, glycoprotein and
growth factors (12). Compared with other synthetic materials,
SIS is easy to handle and elicits no immune response in the
recipient organism (13). As a safe material, SIS has been success-
fully applied in clinical practice, including general pediatric
surgery, urology and neurosurgery (14). SIS has a 3-dimen-
sional microarchitecture that contains many cytokines, and
can serve as a scaffold for cell growth and proliferation (15,16).
Several research groups, including ours, have demonstrated that
SIS can improve the islet survival rate, boost insulin secretion
and reduce cell apoptosis in vitro (17-19); however, the precise
mechanisms and the effects in vivo remain unclear.



168

The mesenchymal stromal cell (MSC) is an adult stem
cell (20) that is considered a suitable candidate for regen-
erative medicine and cell-based therapy, due to its ease of
isolation, self-renewal potential, multipotency and immuno-
modulatory function (21,22). MSCs can promote angiogenesis
by producing a large number of cytokines. In addition, MSCs
have anti-apoptotic, anti-inflammatory and mitogenic effects.
It has been reported that MSCs can maintain islet organization
and morphology, improve graft revascularization, suppress
inflammatory damage and mediate immune responses,
promoting prolonged graft survival and enhanced islet func-
tion (23-27).

It is unknown whether a scaffold containing both SIS and
MSCs may improve islet function and islet survival. Thus, in
the present study, in an aim to clarify this issue, we investi-
gated the effects of a SIS-MSC scaffold on islet function and
survival in vitro and in vivo.

Materials and methods

Rats. The Animal Care and Use Committee of Xi'an Jiaotong
University approved all the animal protocols. Sprague-Dawley
rats were purchased from the Laboratory Animal Center, Xi'an
Jiaotong University, Xi'an, China. Bamei pigs were purchased
from Xi'an Zhuque market, Xi'an, China. Rats (Laboratory
Animal Center, Xi'an Jiaotong University, Xi'an, China)
were raised in a specific-pathogen-free laboratory (tempera-
ture 18-26°C, relative humidity 40-70%) and were provided
with free access to food and water.

Rat MSC isolation and identification. MSCs were acquired
from Sprague-Dawley rats (n=8; male, 3 weeks of age, 60-80 g).
The rats were sacrificed by the spinal dislocation method
before obtaining the bones. Briefly, the femurs and tibiae were
removed in a sterile environment and the bone cavity was lightly
flushed with phosphate-buffered saline (PBS) using a 21-gauge
needle. The flushed samples were centrifuged at 1,000 rpm for
5 min, and the supernatant was removed. The cells were resus-
pended in complete medium (Cyagen Biosciences, Guangzhou,
China), and incubated by the adherence culture method, as
previously descrbied (28) to isolate the MSCs. MSCs were
identified by surface molecular markers [CD90 (anti-mouse/
rat CD90.1(Thy-1.1) PE; 12-0900-81, eBioscience, San Diego,
CA USA) and CD34 (anti-mouse CD34 FITC; 11-0341-82,
eBioscience)] with the use of a flow cytometer, and their ability
to differentiate into osteoblast-like and adipocyte-like cells was
assessed by Alizarin Red S and Oil Red O staining (both from
Cyagen Biosciences). All experiments were carried out using
MSCs at passage 3-6.

Isolation of SIS from Bamei pigs and SIS-MSC scaffold
preparation. SIS isolation and preparation was performed as
previously described (29). Briefly, Bamei pigs (male, 6 months
of age, 100-120 kg) were sacrificed by a lethal injection of
sodium pentobarbital and the SIS was prepared within 4 h.
The jejunum was washed with water, and fat, tunica serosa,
and tunica muscularis were removed. The jejunum was
dipped in 1 g/l peroxyacetic acid (Shaanxi Three Bridge
Chemical Co., Ltd., Shaanxi, China) to sterilize and main-
tained in PBS until use. SIS was identified by hematoxylin
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and eosin (H&E) staining and scanning electron micros-
copy (Hitachi, Tokyo, Japan).

To generate the SIS-MSC scaffold, the SIS was cut into
22x22 mm sections and each section was placed on a Nunclon
35-mm petri dish (Thermo Fisher Scientific, Waltham, MA,
USA). Approximately 1x10® MSCs were seeded in the dish and
cultured for 48 h to form a confluent monolayer.

Rat islet isolation and identification. Islets were isolated from
Sprague-Dawley rats (n=10; male, 8 weeks of age, 280-300 g)
as previously described (30). The rats were anesthetized by an
intraperitoneal injection of pentobarbital before obtaining the
pancreas for the islets. The pancreas was digested with 1 mg/ml
collagenase P (Roche, Mannheim, Germany) and purified by
Histopaque-1077 (Sigma, St. Louis, MO, USA). After washing
with RPMI-1640 medium (Gibco, Carlsbad, CA, USA), the
islets were distributed into groups of 200 for culture. Islets
were identified by dithizone and their viability was estimated
by acridine orange/propidium iodide (AO/PI), described
below (both from Gibco).

Experimental design. The islets were divided into 3 groups
as follows: group A, islets; group B, SIS-islets; and
group C, SIS-MSC-islets. In the controls (group A), 200 fresh
islets were cultured alone in non-treated 35-mm Petri dishes.
For group B, 200 fresh islets were seeded on SIS. For group C,
200 fresh islets were seeded on the SIS-MSC scaffold.

RPMI-1640 containing 10% fetal calf serum was used
for all co-culture configurations. All islets were cultured in a
carbon dioxide incubator (37°C, 5% CO,).

In vitro islet function tests. The islets from the 3 groups were
collected on days 7 and 14. The viability rate of the islets was
estimated by AO/PI as follows: viability rate, % = numbers,,.,/
NUMbErSy e, 4 req X100.

Islet function was measured by a glucose-stimulated insulin
secretion test. Briefly, the islets were incubated in RPMI-1640
containing 1.67 mmol/l glucose for 2 h, and then incubated in
RPMI-1640 containing 16.7 mmol/l glucose for a further 2 h.
Insulin secretion was assessed with an enzyme-linked immu-
nosorbent assay (ELISA) kit (Mercodia, Uppsala, Sweden). The
insulin release stimulation index (SI) was calculated as follows:
SI = insulin concentration (16.7 mmol/l)/insulin concentra-
tion (1.67 mmol/l).

Immunohistological analysis and cytokine detection.
In each group, the islets and cultured supernatants were
obtained at day 7. The islets were fixed in 10% parafor-
maldehyde (Beyotime, Shanghai, China) overnight and
embedded in paraffin. The paraffin sections were stained
with a rabbit insulin monoclonal antibody (1:100; Cell
Signaling Technology, Danvers, MA, USA), followed by
3,3'-diaminobenzidine (DAB) immunostaining. Images were
acquired using a light microscope (Olympus, Tokyo, Japan).
Cytokines [vascular endothelial growth factor A (VEGFA),
ciliary neurotrophic factor (CNTF), epidermal growth
factor (EGF), hepatocyte growth factor (HGF) and tumor
necrosis factor (TNF)] in cultured supernatants were detected
using an ELISA kit (Mercodia) in accordance with the manu-
facturer's instructions.
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Reverse transcription-quantitative PCR (RT-gPCR). RNA
was extracted from the islets on day 14 using an RNeasy kit
(Qiagen, Valencia, CA, USA). Reverse transcription was
performed using a FastQuant RT kit with gDNase (Tiangen,
Beijing, China) from 2 mg total RNA. Quantitative PCR (QPCR)
was performed using a maxima SYBR-Green qPCR master
mix (Thermo Fisher Scientific) protocol on the instructions of
CFX96 (Bio-Rad, Hercules, CA, USA). The PCR products
were amplified using the following primer sets: for glyceral-
dehyde 3-phosphate dehydrogenase (Gapdh), 5'-TACCCA
CGGCAAGTTCAACG-3' and 5'-CACCAGCATCACCCC
ATTTG-3'; for pancreatic and duodenal homeobox 1 (PdxI),
5'-GGAACGCTGGAACAGGGAAG-3' and 5'-CAGTCT
CGGTTCCATTCGGG-3'; for insulin 1 (Insl), 5'-GACCATT
GATTCCGTGACAT-3' and 5-CACCAGAGCATAGGAG
CGAC-3'; and for vascular endothelial growth factor A (Vegfa),
5'-AGGAGTACCCCGATGAGATA-3' and 5'-ATCTCTCC
TATGTGCTGGCT-3".

Every sample was tested in triplicate and the results were
quantified using the Livak 22T method, where CT is the
cycle threshold. Relative gene expression was determined by
the AACT method relative to the GAPDH gene expression. All
data are presented as the means + SEM. A value of P<0.05
was considered to indicate a statistically significant difference
compared to the control group.

Immunofluorescence staining. The cultured islets were
collected on day 14 and treated using a cell smear centrifuge.
The smears were fixed in 4% paraformaldehyde and permea-
bilized with Triton X-100 (Beyotime). After blocking with
10% donkey serum, the smears were incubated serially with a
rabbit insulin monoclonal antibody (#3014) or a mouse cluster
of differentiation (CD)31 monoclonal antibody (#3528) (1:100;
both from Cell Signaling Technology). The smears were
then incubated with secondary antibody (donkey anti-rabbit
Alexa 488, 711-545-152, 1:500 or donkey anti-mouse Cy3,
715-165-150, 1:500; Jackson Immunoresearch, West Grove,
PA, USA). Finally, the smears ware counterstained with
4',6-diamidino-2-phenylindole (DAPI; Beyotime). Images
were obtained using a confocal laser scanning micro-
scope (Leica). Graphical representations are expressed as the
average of mean fluorescence intensity (MFI) using arbitrary
units (AU) + SD. A value of P<0.05 was considered to indicate
a statistically significant difference compared with the control
group, as determined by the Tukey-Kramer post test.

Islet transplantation. Sprague-Dawley rats (n=30; male,
6-8 weeks of age, 250-300 g) were rendered diabetic by a single
intraperitoneal injection of streptozotocin (STZ, 50 mg/kg).
The rats were anesthetized by an intraperitoneal injection of
pentobarbital before transplantation. The rats were randomly
apportioned into 3 groups as follows: group A, islets (control);
group B, SIS-islets; and group C, SIS-MSC-islets. In the
controls (group A), the rats received 1,000-islet transplantation
under the skin. In group B, 1,000 SIS-coated islets were folded
to a size of 1x1 cm and fixed on the back under the skin of the
rats. In group C, 5x10° MSCs were seeded onto SIS to generate
an SIS-MSC scaffold within 48 h, and 1,000 islets were coated
and folded as in group B for transplantation. No immunosup-
pressive protocols were applied in the recipient rats.
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Graft survival and function. To assess islet graft survival
and function, blood glucose and insulin concentrations were
monitored. Blood was obtained from the tail vein using a
syringe. Successful islet function was defined as blood glucose
levels <11.1 mmol/l on 2 consecutive days. Graft rejection was
defined as blood glucose levels >11.1 mmol/l on 2 consecutive
days. The mean survival time of the grafts was recorded.

Statistical analysis. The statistical significance of the differ-
ences was determined using one-way analysis of variance.
Statistical analyses were performed using SPSS17.0 software.
A P-value <0.05 was considered to indicate a statistically
significant difference. Differences among the groups with
regard to blood glucose and insulin concentration were
analyzed by multivariate analysis.

Results

Characterization of MSCs, islets and SIS. To characterize
the MSCs, bone marrow cells isolated from rats were stained
for surface molecular marks (CD90 and CD34) and analyzed
by flow cytometry. We found that the cells were positive for
CD90 and negative for CD34 (Fig. 1A). In addition, the cells
were able to differentiate into osteoblast-like and adipocyte-
like cells (Fig. 1B and C). These results confirmed that the
isolated cells were MSCs.

To characterize the islets, islets isolated from rats were
identified with dithizone and AO/PI staining. We found that the
islets were stained with dithizone and AO/PI (Fig. 1D and E).
These results indicated that islet isolation was successful.

To characterize SIS, the SIS from Bamei pigs was observed
respectively under a light microscope and scanning electron
microscope. We found that the SIS was composed of collagen
fiber with no cells (Fig. 1F and G), indicating that the isolation
was successful.

SIS-MSC scaffold enhances islet viability and function in vitro.
To examine the effects of the SIS and SIS-MSC scaffold on
islets, their viability and function were examined in vitro. We
found that the viability was significantly higher in both the SIS
group and SIS-MSC group than in the control group (Fig. 2A).
The cell viability in the SIS-MSC group appeared to be supe-
rior to that of the SIS group. These results suggest that the SIS
and SIS-MSC scaffold increase islet viability.

Islet function was determined with a glucose-stimulated
insulin secretion test on days 7 and 14. We found that the SI
was significantly higher in both the SIS and SIS-MSC groups
relative to the control group (Fig. 2B; P<0.05). The SI was
significantly higher in the SIS-MSC group compared with
the SIS group (P<0.05). These findings suggest that the SIS
and SIS-MSC scaffolds enhanced islet function, and that the
SIS-MSC scaffold was superior to the SIS scaffold.

SIS-MSC scaffold increases insulin expression in islets
in vitro. To investigate whether SIS-MSC increases insulin
secretion, we analyzed the intensity of insulin staining in the
islets by immunohistochemistry and immunofluorescence
staining. The results of immunohistochemistry revealed
that the intensity of insulin was significantly higher in the
SIS-MSC group than in either the SIS group or the control
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Figure 1. Characterization of mesenchymal stem cells (MSCs), islets and small intestinal submucosa (SIS). MSCs and islets were isolated from Sprague-Dawley
rats and SIS was prepared from Bamei pigs. (A) Flow cytometric analysis shows the MSC phenotype of the cells (CD90-positive and CD34-negative). MSCs dif-
ferentiated into (B) osteoblast-like and (C) adipocyte-like cells. Islets were stained with (D) dithizone and (E) acridine orange/propidium iodide (AO/PI). (F) SIS

was identified by H&E staining and (G) scanning electron microscopy.
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Figure 2. Small intestinal submucosa-mesenchymal stem cell (SIS-MSC) scaffold enhances islet viability and function in vitro. (A) Islet viability and (B) insulin
release Sl in the control, SIS, and SIS-MSC groups. All samples are presented as the means + SEM, "P<0.05 compared to the control group; “P<0.05 compared

to the SIS group, n=10 cells isolated from 10 rats.

group (Fig. 3A). The insulin signal was undetectable and islet
morphology became loose in the control group, whereas the
insulin signal was detected and islet morphology was compact
in the SIS and SIS-MSC groups. Consistently, the results of
immunofluorescence staining indicated that the MFI of insulin
was markedly higher in the SIS-MSC group than in the SIS
or the control groups (Fig. 3B and C). These results revealed
that the SIS-MSC scaffold was associated with an increase in
insulin levels and may prevent islet destruction.

Subsequently, we examined the gene expression levels of
InsI and Pdxl by RT-qPCR. We found that the levels of Ins/
and Pdxl were significantly higher in the SIS-MSC group

than in the SIS and the control groups, and that there was no
significant difference in mRNA levels of Ins/ or PdxI between
the control and SIS groups (Fig. 3D). These results suggest that
the SIS-MSC scaffold rather than the SIS scaffold upregulates
the gene expression of PdxI and Insl.

SIS-MSC scaffold increases CD31 expression in islets in vitro.
CD31 is a marker of the vascular endothelium (31). To investigate
whether the SIS-MSC scaffold improves the microcirculation of
islets, we performed an immunofluorescence analysis for CD31.
Although the islets were positive for CD31 in the 3 groups, the
MFI of CD31 was significantly higher in the SIS-MSC group
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Figure 3. Small intestinal submucosa-mesenchymal stem cell (SIS-MSC) scaffold upregulates insulin and CD31 expression in vitro. (A) Detection of insulin in
the control, SIS, and SIS-MSC groups by H&E staining and immunohistochemistry. (B) Double-immunofluorescence staining of insulin and CD31. (C) MFI
of insulin and CD31. (D) Insulin 1 (Ins/) and pancreatic and duodenal homeobox 1 (PdxI) mRNA levels. "P<0.05 compared to the control group; “P<0.05
compared to the SIS group, n=10 cells isolated from 10 rats.
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Figure 4. Small intestinal submucosa-mesenchymal stem cell (SIS-MSC) scaffold increases growth factor secretion and decreases tumor necrosis factor (TNF)
secretion in vitro. Effects of SIS-MSC scaffold on cytokine secretion were examined in the control, SIS and SIS-MSC groups. Concentrations of vascular
endothelial growth factor A (VEGFA), CNTF, EGF, HGF and TNF in cultured supernatants were examined by ELISA (A-D and F). VEGFA mRNA levels were
examined by RT-qPCR in the 3 groups (E). All samples are presented as the means + SEM, "P<0.05 compared to control group; “P<0.05 compared to the SIS
group, n=10 cells isolated from 10 rats.

than in the SIS and the control group (Fig. 3B-C). These results
suggest that SIS-MSC scaffold boosts islet microcirculation.

the SIS group or the control group (Fig. 4A-D). Consistently,
the results of RT-qPCR revealed that the mRNA levels of Vegfa
were significantly higher in the SIS-MSC group compared

SIS-MSC scaffold increases growth factor secretion and  with the SIS or the control groups (Fig. 4E). By contrast, the

decreases TNF secretion in vitro. We examined the effects of
the SIS-MSC scaffold on cytokine secretion using ELISA. The
concentrations of VEGFA, CNTF, EGF and HGF in culture
media were significantly higher in the SIS-MSC group than in

concentrations of TNF in the culture media were significantly
lower in the SIS-MSC group than in the SIS or the control
groups (Fig. 4F). These results suggest that MSCs can secrete
growth factors and may decrease inflammation.
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Figure 5. Small intestinal submucosa-mesenchymal stem cell (SIS-MSC) scaffold improves islet graft function and survival. Islet transplantation was performed
in the control, SIS, and SIS-MSC groups. Blood levels of (A) glucose and (B) insulin were monitored, and (C) the survival time the of grafts was recorded. All

samples are presented as the means + SEM, n=10 rats in each group.

SIS-MSC scaffold improves islet function and graft survival
in vivo. To examine the effects of the SIS-MSC scaffold on
graft survival and function, we performed islet transplantation
in rats and monitored the blood levels of glucose and insulin.
While the blood glucose levels were significantly lower in both
the SIS and the SIS-MSC groups than in the control group, these
levels were markedly lower in the SIS-MSC group than in the
SIS group (Fig. 5A). Consistently, the blood insulin levels and
graft survival time were significantly higher in the SIS-MSC
group relative to the SIS or the control groups (Fig. 5B and C).
These findings suggest that the SIS-MSC scaffold improves
islet function and prolongs graft survival.

Discussion

In this study, we investigated the effects of the SIS-MSC scaf-
fold on islet function and survival. We found that the SIS-MSC
scaffold significantly improved islet function and survival
in vitro and in vivo.

MSCs have become a promising source for cell-based
therapies (32,33). It has been reported that the co-culture
of islets with MSCs has beneficial effects, including main-
taining morphological changes, conserving islet function and
preventing an early inflammatory reaction (34,35). Recently,
SIS has been used clinically as a safe material to repair vascular,
urogenital and musculoskeletal tissues. SIS is a superior bioma-
terial due to its biodegradability, biocompatibility, and low rate
of peritoneal adhesions (36). In this study, we generated a new
scaffold containing both MSCs and SIS and investigated its
effect on islets.

In the pancreas, extracellular matrix (ECM) encircles
the islets to provide support, mediate adhesion and activate
signaling pathways (10). Upon isolation and purification, the loss
of ECM and cell-cell interactions leads to rapid islet death (37).
Our findings demonstrated that SIS and SIS-MSC scaffolds
increased the viability and function of islets. These results
suggest that SIS, which has a 3-dimensional structure, may
protect the ECM and cell-cell interactions, thus decreasing the
loss of islets.

Our study demonstrated that the expression of insulin and
Pdx1 was upregulated in islets coated by SIS-MSC. Pdx1 is an
important transcription factor that plays an essential role in the

development of the pancreas, islet differentiation and the main-
tenance of (3-cell function (38). It may also regulate islet cell
proliferation and apoptosis (39). Previous studies have indicated
that MSCs are associated with an increase in the expression of
some islet-related genes, particularly Pdx/ and insulin (39,40).

Our results revealed that the SIS-MSC scaffold may
conserve islet microcirculation and maintain islet morphology.
A dense vascular network in islets is essential for efficient
insulin secretion and oxygen transfer (41). In islet transplanta-
tion, islets are isolated from the remainder of the pancreas.
This process destroys the vasculature within the islets (18).
Our results revealed that the SIS-MSC scaffold increased
CD31 expression, a marker of vascular endothelium.

Our in vivo results revealed that both the SIS and SIS-MSC
scaffolds prolonged the survival of grafts following islet trans-
plantation. SIS, as a physical immunobarrier, can protect islets
from contact with blood and avoid an instant blood-mediated
inflammatory reaction. However, we found that islet function
and graft survival were markedly improved in diabetic rats
receiving islets coating the SIS-MSC scaffold, compared with
rats receiving islets coating the SIS, suggesting that MSCs
contribute to the prolongation of islet survival. It has been
shown that MSCs secrete cytokines as a nutrition source for
islets. VEGFA can promote vascular development, HGF may
enhance endogenous [-cell regeneration (40) and EGF can
promote metaplastic-ductal formation (42). We found that the
concentrations of VEGFA, CNTF, EGF and HGF in the culture
media were significantly higher in the SIS-MSC group than
in the SIS group. Of note, the concentrations of TNF, which
play important pro-inflammatory and pro-apoptotic roles in
islet transplantation (43), were lower in the SIS-MSC group,
suggesting that MSCs may decrease inflammation.

In conclusion, the findings of our study demonstrated that the
SIS-MSC scaffold significantly improved islet function and islet
survival in vitro and in vivo. This improvement may be associated
with the upregulation of insulin expression, the improvement of
islet microcirculation and the secretion of cytokines.
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