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a  b  s  t  r  a  c  t

This  study  aimed  to  examine  the  co-culturing  of  the rat islets  with  liver,  salivary  glands  and  intestine
primary  cells  in vitro  and  in  vivo  models  of  islet injury.  Viability  of  pancreatic  islet  cells  co-cultured  was
determined  using  trypan  blue.  Glucose  level  was  measured  in  vivo condition  by  glucose  oxidase  method.
Insulin  levels  were  also  determined  in  vivo and in vitro  conditions  by  ELISA  method.  The  in  vitro  results
of  this  study  showed  that pancreatic  islet  cells  co-cultured  with  liver,  salivary  glands  and  intestine  cells
caused  a significant  rise  in  insulin  level.  These  effects  displayed  the  following  hierarchy:  liver  > salivary
glands  > intestine.  On  day  28,  the  insulin  level  of rats exposed  to alloxan  decreased  compared  with  the
rats  that  received  non-treated  islet  transplantation.  However,  the  insulin  level  of  rats  exposed  to alloxan
that  received  co-cultured  islets  with  liver cells,  salivary  gland  cells  and  intestine  cells  increased  when  we
compared  with  the rats  that  received  non-treated  islet  transplantation.  Islet-transplanted  diabetic  rats
showed the  preserved  ability  to  regulate  blood  glucose  levels  throughout  the  study  period,  suggesting
prolongation  of islet  graft survival.  We  investigate  the  possibility  that  the  epithelial  lining  of  the  tissues
provide  viability  and functional  recovery  of the  injured  pancreatic  islet  cells.

© 2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

It is well known that endoderm gives rise to the epithelial lining
of the organs such as the thyroid, liver, gall bladder, and pancreas
[1]. There is evidence showing that during embryonic development
in mammals, the upper digestive tract organs namely: the liver,
pancreas, and duodenum are derived from the primitive foregut
endoderm [2]. Moreover, a vast majority of studies have addressed
the fact that there are common tissue stem cells in hepatic oval
cells, pancreatic epithelial progenitor cells, and salivary gland [3].
In addition, investigators found out that tissue injury stimulates the
tissue progenitor cells to differentiate, in the process of repairing
the damaged cells [4]. It is interesting to note that the multipotent
progenitor cells isolated from the rat salivary gland have char-
acteristics of tissue stem cells and can differentiate into cells of
endodermal lineages [5]. It is well- established that the progeni-
tors existing in the salivary gland were able to trans-differentiate
into cells with hepatic or pancreatic endocrine phenotypes [6]. It
is now clear that salivary gland progenitor can be differentiated
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into hepatic or pancreatic cell lineages [7]. Previous studies suggest
that as the pancreas is embryologically derived from endodermal
tissue, it is a logical place to search for pancreatic stem cells in
other endo-dermally derived organs. According to several studies,
both the liver and small intestine share a common lineage origin
with the pancreas and, as such, both have been extensively studied
as potential sources of pancreatic �-cells. Indeed, other potential
stem cell sources have also been studied, including the small intes-
tine [8–10], salivary glands [11] and adipose tissue [12]. Recent
data have shown that multi-potent progenitor cells do exist in the
pancreatic ducts of mice [13–15]. It seems that these cells reappear
following pancreatic injury and give rise to new �-cells. Extensive
studies have been performed in vitro in which adult rodent acinar
cells were trans-differentiated into �-like cells using combinations
of various growth factors and culture methods [16]. From a func-
tional point of view, a microenvironment is created for islets via
integration of nano-encapsulation with cell co-cultures, thereby
enhancing their survival and function [17]. Literature review con-
firmed the hypothesis that some bioactive factors excreted by
freshly isolated pancreatic islets could enhance the migrating rate
of cells [18]. As previously demonstrated, co-culturing of beta-TC6
cells with neural crest stem cells in direct contact is the best way
of protecting the cells against cytokine-induced beta-cell death
[19]. Existing studies suggest that mesenchymal stem cell- derived
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factors showed positive effects on isolated human islets [20]. It is
well- known that the mesenchymal stem cell directly differentiates
into an insulin-releasing phenotype after undergoing co-culture
with pancreatic islets [21]. Many studies showed that cells derived
from the definitive endoderm germ layer include liver cells and
pancreatic � cells. It is now clear that the endodermal lineage
includes the liver, pancreas, and intestine [22]. Earlier studies have
suggested that pancreas stem cells are a potential source of insulin-
producing � cells for the therapy for patients with diabetes [23].
Based on the mentioned studies, the following hypothesis is pro-
posed that co-culturing of pancreatic islets with liver, salivary
glands and intestine cells might have contributed to improving the
viability and function of injured pancreatic islets and the expres-
sion of insulin after the process of co-culturing is completed. There
are few reports in the literature related to this subject and the
resolution of this mechanism requires further experiments.

2. Materials and methods

2.1. Materials

The following materials that were used in this study included the
following: Hanks’ balanced salt solution (HBSS), collagenase type V,
fetal bovine serum (FBS), histopaque 1.077, and RPMI-1640 culture
medium were all obtained from Sigma Chemical Co., St Louis, MO,
USA.

2.2. Instruments

The instruments as the following, namely: Centrifuge (Cele-
ments 2000, Sydney, Australia), Spectrophotometer (Cecil, CE 1020,
Cambridge, England), Deionizer (HastaranTeb Co.) and Haemocy-
tometer were used in this study.

2.3. Animal

12-week old male rats (n = 35), with a weight of 170–230 g, were
purchased from animal center. Rats were housed under conven-
tional conditions and were allowed free access to food and water
ad libitum. The environment was temperate and light- controlled
(12 h light/12 h darkness). The study was carried out according to
the principles of animal care. The experimental protocols were
approved by Babol University of Medical Sciences (no: 62, 3461,
and 92/9/24).

2.4. In vitro experiments

2.4.1. Isolation of islets
Five animals (Group I) were only submitted to in vitro protocol

as the cell-treated group. The pancreatic islets were obtained from
Group I as described by De Vos et al. [24] and Khajehdehi et al. [25].
Briefly, after the rats were anesthetized, a middle abdominal inci-
sion was made from the typhoid to hip level. The gastric, splenic and
duodenal regions of the pancreas were removed by using cotton tip
applicators, after which 5 ml  of HBSS containing 1 mg/mL  collage-
nase type V was injected into the pancreas. The swollen pancreas
was excised and incubated at 37 ◦C for 10 min. The digestion of the
pancreas stopped by the addition of 15 ml  of cold HBSS followed
by mechanical disruption for 5 min  shaking. Disrupted pancreas
was filtrated through 100-�m mesh to remove other tissues. After
washing with HBSS containing FBS, the isolated islets were purified
by centrifugation in a discontinuous Histopaque 1.077 gradient and
then washed with RPMI-1640 culture medium.

2.4.2. Isolation of rat salivary gland, liver and intestinal cells
Isolation of rat primary salivary gland, liver and intestinal cells

were carried out as described previously with some modifica-
tion [26–28]. Briefly, hepatocytes were obtained from rats using
collagenase protocol. Purification of cell suspension by means of
centrifugation over Percoll, we  routinely isolated approximately 70
million hepatocytes per rat liver with 92% viability as evaluated by
trypan blue exclusion. The rats were used as pancreas donors after
anesthesia. Pancreas was isolated and cut into small tissue blocks.
Tissue blocks were cultured at 37 ◦C in a 5% CO2-air humidified
atmosphere. Submandibular glands were dissected. Cell suspen-
sions were prepared by mincing and enzymatically dissociated by
adding collagenase. The tissue cell suspension was filtered with a
mesh and plated in plates. Counting of cells was  done using hemo-
cytometer.

2.4.3. Cell culture
Islets were isolated by handpicking and finally 50 islets were co-

cultured with rat primary salivary gland, liver and intestinal cells
at a density of 0.2 × 106 cells per well of 12-well plate in1 ml of
RPMI-1640 medium supplemented with 10% (v/v) FBS to promote
viability, with 100 U/mL penicillin and 100 �g/mL streptomycin to
reduce the possibility of contaminations (at basal 2.8 mM/L) and
16.7 mM glucose (at stimulant dose). Islets were cultured in 1 ml
of RPMI-1640 media in 12-well plate at 37 ◦C in the humidified
atmosphere containing 5% CO2 for 1, 3 and 5 days, which were
changed every day. The islets were divided into five experimental
groups, with 50 islets in each, as follow: S1 – islets only; S2 – islets
exposed to alloxan; S3 – islets exposed to alloxan and co-cultured
with liver cells; S4 – islets exposed to alloxan and co-cultured with
salivary glands cells; S5 – islets exposed to alloxan and co-cultured
with intestine cells. All experimental islets were challenged with
glucose concentration in 16.7 mM/L. In each group, the glucose-
stimulated insulin secretion test was performed at 1, 3 and 5 days
after treatment. At the end, 300 �l of the culture medium were col-
lected and insulin was measured in the medium using a rat insulin
ELISA method (Mercodia, Denmark), according to the manufac-
turer’s instruction. Results were reported as insulin was released
in the medium.

2.4.4. Staining of islets with dithizone
Isolated islets were stained by dithizone. Briefly, for the staining

of islets, 5 �l of 100× dithizone stains solution was added to the
0.5 ml  culture medium. Macroscopic assessment was  performed
on a sample of islets stained with dithizone and viewed under the
microscope visual counting.

2.4.5. Assessment of islet viability and function
In this study, viability is defined as living versus dead. The ratio

of healthy living cells to dead cells was  calculated within each
islet with a microscope. When viewed with a scanning objective
lens under a light microscope, islets appeared spherical and golden
brown, approximately 45–240 �m in diameter. Glucose-stimulated
insulin secretion was  measured for islet function.

2.5. In vivo experiments

2.5.1. Cell culture
Islets were segregated by handpicking and finally 50 islets were

co-cultured with rat salivary gland, liver and intestinal primary
cells at a density of 0.2 × 106 cells per well of 12-well plate in 1 ml
of RPMI-1640 medium containing 10% FBS, 1% (v/v) l-glutamine
penicillin/streptomycin incubated at 37 ◦C in the humidified atmo-
sphere containing 5% CO2 for 5 days. Twenty animals (n = 20)
received 65 mg/kg of alloxan as hyperglycemic animals. One week
after alloxan was administered to the animals, the hyperglycemic
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