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Abstract

Developing strategies to prevent beta cells mass reduction and/or increasing 
their in vivo and in vitro extension are promising choices for cell therapy of type 
1 and type 2 diabetes. MSCs (Mesenchymal stem cells)are multipotent stromal 
cells with the ability to self-renew and differentiate into various cell types of 
its host tissues. Recently, the effects of transplanted rBMSCs(rat Bone Marrow 
Mesenchymal Stem Cells) on survival and function of isolated islets have been 
reported. In this research, rP-MSCs (rat pancreatic Mesenchymal Stem Cells) 
were isolated and characterized before being co-cultured with injured islets of 
diabetic rat models in vitro. The effects of rP-MSCs on insulin secretion of islets 
were examined after 5 days. Furthermore, the extracted cells were labeled 
by DiI dye and their migration and incorporation within the injured pancreatic 
islets were visualized after 24 hours. Altogether, our data revealed that after 
co-culturing of the injured islets with rP-MSCs, the insulin secretion level of the 
islets were significantly elevated (p value<0.001). This finding implies that rP-
MSCs have a potential ability in repair of diabetic islets by either releasing some 
growth and immuno-modulatory factors, or by direct incorporation within the 
damaged islets.
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The application of pancreas transplantation, as a therapeutic 
strategy for diabetic patients, is limited because of a shortage in 
organ donors [13,14]. In case of islet transplantation to diabetic 
patients, a good supply of insulin producer cells is required [15]. 
At the same time, maintaining the survival of islets can be another 
challenge [16], as the injuries made during islet isolation may lead to 
a functional drop of islets and transplantation failure [17]. Therefore, 
improvement of the methods to preserve the function and survival of 
islets are very important in transplantation success.

Some researchers have tried to overcome the aforementioned 
problem by co-culturing islets with different cell types. The first 
study in this subject was performed by [18], when they co-cultured 
pancreatic islets of new born rats with mouse fibroblasts and observed 
an increase in survival and function of the cultured islets. Similar 
efforts have been made by using pancreatic duct cells [19] or bone 
marrow cells [6,20,21] to improve the islets function.

In this study, we have investigated a new strategy to improve the 
function of isolated injured islets obtained from rat diabetic models, 
by co-culturing them with pancreatic mesenchymal stromal cells.

Materials and Methods
Isolation and culture of rP-MSCs

Male Wistar rats (Rattus norvegicus; weight 90-110grams; 3-4 
weeks old) were obtained from Pastor Institute in Tehran, and were 
stored under standard conditions of constant humidity (55-65%) and 
temperature (22-24°C), 12 hours dark/light cycle, with unrestricted 
access to food and water. Animal housing and surgical procedures 
were carried out in accordance with the Animal Care and Use 

Introduction
Diabetes Mellitus is the most common endocrine disorder, with 

more than 200 million people suffering from the disease worldwide. 
More importantly, it is estimated that the number of cases will reach 
to 300 million by 2025 [1-3]. The disease is a chronic metabolic 
syndrome, and is diagnosed by an elevated sugar level in blood 
which is referred to hyperglycemia. Type 1 diabetes is usually caused 
by an autoimmune disturb of pancreatic islet’s beta cells which 
is consequently followed by a shortage or lack of insulin in blood. 
For this reason, the person will need a permanent supply of external 
insulin to survive [4]. While the external insulin sources can improve 
the blood sugar level, managing its routine application, and hence 
permanent blood’s sugar control, is very complicated. Therefore, 
transplantation of Pancreas tissue or insulin producing cells has been 
an attractive potential therapy to cure the disease permanently [5].

The main aim of the cell-based therapy that has emerged as a 
strategic treatment for many human diseases is to replace, repair and/
or enhance the biological function of damaged tissues in an organ. 
The main biological materials for this purpose are “stem cells” which 
is obtained either from embryonic or adult tissue-specific stem cells 
[6]. According to some recent studies, the insulin secreting cells can 
be generated in vitro from mouse bone marrow stromal cells [7] and 
mature pancreatic cells including mouse and human pancreatic duct 
cells [8,9]. In this regard, the epithelial cells of pancreatic duct contain 
progenitor cells which are involved in pancreas growth and renewal 
[10]. Furthermore, there are other cell types within the pancreas that 
are able to proliferate and differentiate to beta cells [11,12]. These cells 
are recognized by the presence of some cell surface markers that are 
related to a specific linage of stem cells.
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Committee regulations of Tarbiat Modares University (TMU) to 
reduce animal suffering and the number of used animals.

The animals were anaesthetized with 60mg/kg pentobarbital 
(Sigma, Germany); their pancreases were removed under sterile 
conditions, minced into small pieces and washed with cold PBS. 
The enzymatic digestion was performed by collagenase P (Roche, 
Germany) enzyme at 1mg/mL in cold PBS, with an incubation time 
of 13 minutes. Digestion was then stopped with addition of cold 
PBS. After washing and discarding the supernatant, DMEM (Gibco-
Invitrogen, USA) media supplemented with 20% fetal bovine serum 
(Biowest, USA) was added to the pellet, resuspended and cultured in 
a 6-well plate.

RNA extraction and reverse transcription-polymerase 
chain reaction (RT-PCR)

Total RNA was isolated from passage 1 of rP-MSCs cell cultures, 
using Trizol reagent (Invitrogen, USA) and as instructed by the 
manufacturer. The RNA of PSCs (Pancreatic Stem Cells)and islets (as 
positive controls) were reverse-transcribed using the primescriptTM 
RT reagent kit (TaKaRa, Japan). The obtained cDNA of PSCs and 
islets was then added to PCR mix consisted of 10X PCR buffer, 4μl 
dNTPs, 1μl mix primer, 4μl MgCl2 and 0.25μl TaKaRa Ex TaqTM.The 
PCR products were then analyzed by 2% agarose gel electrophoresis. 
The sequences of the designed primers for selected genes are listed in 
Table 1.

Induction of diabetes with Alloxan
Diabetes was induced by intravenous injection of a freshly 

prepared solution of alloxan (Sigma-Aldrich, USA; 40mg/kg body 
weight) to rats. The blood sugar level was measured in 48 hours, and 

animals with glucose ranging from 300-380 mg/dl, showing clear 
signs of polyuria, polydipsia and polyphagia, were considered as 
diabetic and were analyzed 48 hours after alloxan treatment.

Isolation of islets from normal and diabetic rats
The rats were starved for 12 hours before surgery, and their 

pancreatic ducts were clamped. The exposed pancreas was subjected 
to collagenase P solution (0.5 mg/ml in cold PBS) and incubated in 
37°C for 17 minutes. Next, the endocrine parts were isolated from the 
other parts by PBS washing and suction for several times. The islets 
were then handpicked under a stereo microscope.

Staining of islets with DTZ 
The diabetic and normal islets were stained by DTZ (dithizone), 

(Millipore,USA). For islets staining, we added 10µl of 100X DTZ 
stains solution to 1ml culture medium. After 3-5 minutes, the cells 
were examined under an invert microscope.

Co-culturing of rP-MSCs with normal & diabetic islets 
For co-culture experiments, pancreatic stromal cells were 

employed as feeder cells. Isolated islets (diabetic and normal) were 
categorized in two groups: half of the strainers (BD Falcon, Mexico) 
containing islets from each group were cultured with rP-MSCs and 
the rest of the islets were cultured alone. In order to study the effects 
of rP-MSCs on islets’ function, co-cultures of days 1, 3 and 5 were 
chosen randomly. At the end of each day, strainers containing islets 
were incubated first in L-DMEM for 1 hour and then in H-DMEM 
for another 1 hour. Finally the culture media were collected and the 
amount of released insulin was measured by rat insulin ELISA kit 
(Mercodia, Denmark), according to the manufacturer instruction.

Genes Gene Bank 
Accession No Primers Product

size (bp)
Nucleostemin

Vimentin

Cyclin D1 

Neurog 3 (Ngn 3)

Sox 2(SRY- box 2)

PDX 1

CD 34

Isl 1

Pax 6

Prominin1(CD133)

NM_175580.2

NM_031140

NM_171992.4

NM _021700.1

NM_001109181.0

NM_022852.3

NM_001107202.2

NM_017339.3

NM_013001.2

NM_021751.2

Forward: TCCGAAGTCCAGCAAGTATTG 
Reverse: AATGAGGCACCTGTCCACTC

Forward: AATTGCAGGAGCTGAATGAC
Reverse: AATGACTGCAGGGTGCTCTC

Forward:ATGTTCGTGGCCTCTAAGATG
Reverse: TGCGGATGATCTGCTTGTTC

Forward:AGGAGAGCCGTAGCACTAAATAG
Reverse:AACAAGAGCCAGTGAGGTAAGAC

Forward: TAAGACTAGGGCTGGGAGAA
Reverse: GATCTGGCGGAGAATAGTTG

Forward: AGAATAAGAGGACCCGTACAG
Reverse: TTCTTCCACTTCATGCGAC

Forward: GTGAAGCATCTAGTTGTGAGGAG
Reverse: TCAGAGTCTTTCGGGAATAGC

Forward: AGGACAAGAAACGCAGCATCA
Reverse: AGCCTGTAAACCACCATCATGTC

Forward: ACCACACCTGTCTCCTCCTTTA
Reverse: ATCATAACTCCGCCCATTCAC

Forward: GAGTTCTTATCTGTGTCATCC 
Reverse: GTTACAGCAACGGCACATACA

232bp

301bp

220bp

142bp

192bp

175bp

294bp

134bp

204bp

89bp

Table 1: List of designed Primers for rP-MSCs.

rP-MSCs : rat Pancreatic Mesenchymal Stem Cells
The Nucleostemin, Vimentin & Cyclin D1 primers derived from the article of Yaghoobi et al. [25]
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Labeling of rP-MSCs by DiI vital dye and monitoring their 
migration into injured islets

rP-MSCs were labeled with 10μg /ml DiI dye (invitrogen, USA), 
as instructed with the manufacture. Then, they were examined under 
a florescent microscope, before and 24 hours after being co-cultured 
with injured islets.

Statistical analysis
Each experimental group included 72 islets. Co-culture 

experiments were performed in 8 different subgroups, and 9 times. 
Data are reported as mean ± SD by Prism 5 software (GraphPad 
Prism version 5.0.0.288 for Windows, GraphPad Software, San Diego 
California USA, www.graphpad.com). Then they were analyzed 
by two-way ANOVA and paired t-test with the same software. 
Differences between the experimental and control groups were 
regarded as statistically significant when p<0.05.

Results
Isolation and Characterization of Rat Pancreatic 
Mesenchymal Stromal Cells (rP-MSCs)

Isolated cells from enzymatically digested minced pancreases 
were cultured and their morphology were examined routinely. 
On first day of culture, fibroblast-like mesenchymal cells adhered 
to cultured plates (Figure 1A).The cells were then propagated to 
a confluency of 70% by 72 hours (Figure 1B). The rate of growth 
and morphology of the cells were not changed during consequent 
passages. In 8th day of culture, the confluent cells started to generate 
cell colonies which were morphologically similar to pancreatic islets 
(Figure 1C). Gradually, more cellular clusters were found in cultures, 
and step by step maturation took place (Figure 1D).

Gene expression profile of rP-MSCs
We examined the expression of some genes which are 

characteristic factors in MSCsand endocrine progenitor cells, in the 
aforementioned cell cultures. As a positive control, the extracted 
RNA from pancreatic islets was used. β-Actin was also employed as 
an internal control in both RNA samples. As it is evident in Figure 2, 

Nucleostemin, Vimentin, Cyclin D1, Pdx-1, Isl-1, CD34 and Pax-6 
genes were expressed in both pancreatic islets and the isolated cells. 
However, Ngn3 and CD133 were just expressed in pancreatic islets 
(Figure 2A).

Light microscopy of cultured normal & diabetic islets 
(with and without DTZ)

The number of normal islets which was isolated by 
aforementioned method was around 300-350 islets per rat. In 
diabetic rats, this number was much lower, approximately 50-100 
islets per animal. To examine the health and morphology of the 
islets, some of them from each group were stained with DTZ. As it is 
shown in Figure 3, diabetic islets appeared as hollow and less stained 
color spheres, due to the loss of their beta cells (Figure 3B, 3D), while 
normal islets showed a more solid appearance and uniformly stained 
with the dye (Figure 3A and 3C).
Repairing ability of rP-MSCs on diabetic islets

After co-culturing of islets from both groups with rP-MSCs, we 
employed ELISA test to monitor the level of insulin release within 
the media. The obtained data demonstrated a significant decrease 
(p<0.0001) in the level of secreted insulin from normal islets in low 
glucose medium, from day one toward day five, in both islets cultures 
with or without rP-MSCs (Figure 4A).

As it is shown in Figure 4B, there existed some slight changes 
in the insulin secretion in both groups (normal islets cultured alone 

Figure 1: Morphological appearances of rat pancreas stem cells (rP-MSCs) 
at different time points after culturing: after 24 hours (A) and 72 hours (B) 
of culturing (C) 8 days after culture (D) 12 days after culture. Note that by 
continuation of cell culture, clusters of cells formed colonies which resemble 
the morphology of pancreatic islets (Scale bar = 200µm).

Figure 2: Gel electrophoresis of RT-PCR products. (A) Gene expression in 
pancreatic islets. (B) Gene expression in rP-MSCs.

Figure 3: Microscopic images of isolated islets from normal and diabetic rats. 
(A) Normal islets without DTZ. (B) Diabetic islets without DTZ. (C) Normal 
islets stained by DTZ. (D) Diabetic islets stained by DTZ (scale bar = 100µm).
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or with rP-MSCs) in high glucose medium, however, the observed 
changes were not statistically significant (p>0.05). For diabetic islets 
cultured in low and high glucose medium, there was a significant 
decline in the levels of secreted insulin from day 1 toward day 5 in 
both cultures, with or without rP-MSCs (P<0.0001; (Figure 4C, 4D)). 

Moreover, comparison of the levels of insulin release between 
simple and co-culture groups of diabetic islets revealed a significant 
difference after 24 hours of culturing, for both low-glucose and high-
glucose media P<0.001; (Figure 4C, 4D). However, this difference 
was not statistically significant for later time points, as determined by 
ANOVA test (Figure 4C,4D). Interestingly, when the same raw data 
were re-examined with another statistical test, student T-test, it was 
determined that the released insulin from diabetic islets co-cultured 
with rP-MSCs is significantly higher in simple culture of diabetic 
islets in day 3 (p<0.05) and day 5 (p<0.01) of cultures in high-glucose 

media, as well as in day 5 (p<0.001), but not in day 3, of cultures in 
low-glucose media (Figure 5A-5D).

Light microscopy of DiI labeled cells & migration assay
To monitor the fate of rP-MSCs in our co-culture system, the 

cells were stained with DiI dye and were observed routinely under a 
florescent microscope (Figure 6A-6D). After 24 hours of co-culturing 
the injured islets with labeled cells, some patches of labeled cells were 
found in injured islets, confirming the immigration of labeled rP-
MSCs toward injured islets (Figure 6B,C,E,F).

Discussion
In this research, we have investigated the potential application 

of rP-MSCs to improve the recovery of diabetic islets in rats. Recent 
studies on rodents have demonstrated that the mature pancreas 
contains several types of endocrine progenitor cells, with the ability 
to differentiate to beta cells [22]. These cells could be identified via the 
presence of several ES-specific cell surface markers. We chose some of 
these markers to characterize the isolated MSCs from rat islets, based 
on previous reports of ours and other groups. These markers include: 
Nucleostemin that is expressed in high level in pluripotent as well 
as highly dividing cells [23,24]. Cyclin D1 is primarily expressed in 
highly dividing cells including stem and cancerous cells, and it has a 
key role for progression from G1 to S phases [25]. Vimentin is a specific 
protein for mesenchymal cells and it is also a marker for proliferation 
rate and undifferentiated state of the cells [26]. The expression of 
these markers in our isolated cells from rat pancreas, along with 
their morphological features, identified them as putative pancreatic 
mesenchymal stem cells.As described previously mesenchymal stem 
cell -derived factors showed positive effects on islets. MSCs-derived 
trophic molecules have the potential to inhibit islet cell death [27]. 
Previous study conducted by other investigators has shown that 
MSCs undergo to differentiation into an insulin-releasing phenotype 
after co-culture with pancreatic islets [28].

CD34 is one of the pancreatic stem cell/progenitor markers[29], 
whereas CD133 is recognized as a pancreatic duct progenitor marker. 
According to [30]. findings, rat pancreatic duct progenitors which 
were isolated by FACS were CD133+/CD34- (2007). The isolated 
cells in our work were CD133-/CD34+; and it seems that those cells 
did not have a ductal origin. Indeed, the extracted cells seem to be 
originated from the endocrine part of the pancreas, and since they 

Figure 4: Histogram representation of the data obtained by two-way Annova 
test. The comparison of the level of insulin released within the media of 
normal islets alone or co-cultured with rP-MSCSs on days 1, 3, 5 in low 
glucose medium (L-DMEM, A) and in high glucose medium (H-DMEM, B). 
Similar comparison is demonstrated for diabetic islets cultured with or without 
rP-MSCs in L-DMEM on days 1, 3, 5 (C) and in H-DMEM in day 1, 3, 5 (D). 
Note that insulin secretion was significantly declined from day 1 to day 5 in 
L-DMEM medium, in both simple and co-culture and in both normal & diabetic 
islets groups. In H-DMEM medium of normal islets, none of the differences 
were statistically significant; however, in diabetic islets and in H-DMEM 
similar results were obtained as for L-DMEM medium.

Figure 5: Histogram representation of the data obtained by paired T-test. (A) The comparison of insulin secretion level in diabetic islets of simple and co-cultured 
with rP-MSC groups in L-DMEM, on day 5. (B) Level of insulin release from diabetic islets in simple and co- cultured groups in H-DMEM on day 3 and (C) on day 
5. The obtained P values for each case are provided in the figure.
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are CD34+, they are probably arisen from the pancreatic stem cells. 
Moreover, the cultured cells were Pdx-1+, Isl-1+ and Pax 6+. Since 
Pdx-1 is a transcription factor responsible for pancreas morphology 
and functioning of the beta cells [31,32] and that Isl-1 and Pax 6 are 
specific markers for endocrine pancreas [33], we can conclude that 
the isolated cells are probably originated from the endocrine part of 
the pancreas.

Based on our data, a significant decrease in the level of insulin 
release was observed in low-glucose medium of normal islets cultured 
with or without rP-MSCs, from day 1 to day 5. In contrast, we failed 
to show a similar observation in high-glucose medium. Moreover, in 
the co-culture system of day 1, 3, and 5, rP-MSCs did not have any 
significant influence on insulin secretion of normal islets. Examining 
the effects of human bone marrow mesenchymal stem cells co-
cultured with pancreatic islets [34], reported a significant drop in the 
beta cell population in cultured islets alone from day 3 toward day 45, 
which in turn leads to a significant drop in the level of insulin release. 
Consistent with our findings in H-DMEM in day 5, they observed that 
the level of insulin released from islets co-cultured with BM-MSCs 
was lower than islets cultured alone, in days 3 and 14 of cultivation.

In a research by [21], the insulin level in treated islets with STZ 
after 14 days had a significant decrease, as compared with normal 
islets. Moreover, the intracellular insulin level of the islets co-cultured 
with stem cells showed a significant elevation, compared to the islets 
cultured alone. These data are in agreement with our findings, and 
confirmed our conclusion. In another research by [20], co-culturing 
of islets with BM cells elevated the survival and functioning of the 
islets; which is consistent with our results.

Several reports demonstrated the migration ability of MSCs to 
damaged areas [35-37]. Much evidence has accumulated in recent 
years, indicating that bone marrow mesenchymal stem cells had 
the ability to migrate to pancreaticislets and provide an apparent 
overall preservation for islet function. Furthermore pancreatic 
islets showed a better survival and function by co-culturing with 
bone marrow mesenchymal stem cells [38]. The ability of BMSCs 

Figure 6: stained rP-MSCs with vital dye DiI and their migration assay within 
the injured islets. (A, B, C) The images were taken by a phase-contrast 
microscope. (D, E, F) The images were taken with a florescent microscope to 
localized the DiI-labeled cells. (scale bar = 100µm).

to migrate into pancreatic islets was first reported by [39]; using 
bone marrow cells from GFP+ transgenic mice and transplanting the 
GFP+ cells to recipient mice confirmed the presence of GFP+ bone 
marrow cells around and into pancreatic islets. Their results were 
similar to ours in examination of cell migration to islets, however, for 
considering cellular migration, we were labeled cells by DiI dye and 
the experiments were done in vitro. The later finding was consistent 
with our data on migration of Di1 labeled cells to the cultured islets; 
however, it is possible that some released markers of rPSCs be effective 
on increasing of insulin secretion level of injured islets.
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