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Background & objectives: Bone marrow is a rich source of adult stem cells that can differentiate into
various cell types. Administration of mesenchymal stem cells (MSCs) in irradiated diabetic rat model
has transiently shown to decrease blood glucose level. This study examines the effect of high dose and
multiple injections of MSCs on glycemic profile, their localization and regeneration of islet in diabetic
Wistar rat.

Methods: The study was carried out in male Wistar rats categorized into three groups (n=6, in each
group): Group 1 as control, group 2 streptozotocin (STZ) (50 mg/kg) induced diabetic group and group
3 experimental group; 5-bromo-2-deoxyuridine (BrdU) labelled allogenic MSCs were injected in the
non-irradiated diabetic rat of the experimental group through tail vein. The blood glucose profile
was subsequently monitored at regular intervals. Rats were sacrificed on day 45 and pancreas was
examined for localization of BrdU labelled stem cells by immunofluorescence and islet-neogenesis by
immunohistochemistry .

Results: There was a significant reduction in blood glucose level after administration of MSCs in the
experimental group (P<0.001). The presence of BrdU labelled MSCs in islet suggested their localization
in the pancreas. Co-expression of anti-BrdU and anti-insulin antibody indicated trans-differentiation /
fusion into insulin producing cells evidenced by significant increase in total number of islet (P=0.004) and
insulin positive cells (P<0.0001) in experimental group.

Interpretation & conclusions: Our results showed that the MSCs administration in non-irradiated
diabetic Wistar rat reduced hyperglycaemia and was accompanied by increased islet-neogengesis,
possibly through trans- differentiation/fusion.
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The prevalence of diabetes is rapidly increasing
all over the world possibly due to population growth,
ageing (increased life expectancy), increasing
prevalence of obesity and sedentary lifestyle and as per
an estimate by the International Diabetes Federation at
least 382 million people are affected by diabetes and
this number is likely to grow to 592 million by 2035'.
India houses 62.4 million people with diabetes and 77.2
million with prediabetes contributing almost one-fifth
of the world diabetic population’. The development
of both type 1 and type 2 diabetes is attributed to the
destruction or dysfunction of B-cell, respectively. Type
1 diabetes is characterized by abnormal activation of
T-cells resulting in immune-inflammatory destruction
of the B-cell consequently leading to absolute insulin
deficiency. Type 2 diabetes is characterized by
two defects, namely insulin resistance and insulin
deficiency. Insulin resistance remains fairly constant
after the onset of hyperglycaemia, while decline in
B-cell function is progressive and inexorable. It is
attributed to glucotoxicity, oxidative stress, free radical-
mediated injury and possibly enhanced programmed
B-cell death®.

Irrespective of the type of diabetes, the current
focus is to target B-cell dysfunction and/or mass to
achieve the cure of diabetes. Islet cell transplantation
is a viable option and has been successfully performed
with insulin independence in initial years in a majority
of diabetic patients*. However, limited availability of
donors, progressive decline in insulin independence
and graft rejection are major limitations of this therapy®.
Stem cells, which have the ability to differentiate into
insulin producing cells either in vitro® or in vivo’, would
provide a potentially unlimited source of islet cell for
the treatment and alleviation of the major limitations of
availability and rejection of allogenic pancreatic islet®.

Bone marrow is an important source of adult
stem cells enriched with haematopoietic stem cells
(HSCs) and mesenchymal stem cells (MSCs). MSCs
are multipotent and can differentiate into bone,
cartilage, fat and connective tissue and also have anti-
inflammatory and immunomodulatory properties’.
It is proposed that MSCs may be responsible for
pancreatic endocrine differentiation and help in
proliferation and vascularisation but these donot
differentiate into B- cell'®!'. Moreover, the MSCs
are hypoimmunogenic as compared to HSCs, which
lowers the probability of allogenic rejection, thereby
providing an opportunity to administer these cells
even without prior irradiation.

The present study is designed to demonstrate
the effect of allogenic mesenchymal stem cells
transplantation in non-irradiated streptozotocin (STZ)
induced diabetic Wistar rat to demonstrate its effects on
glycaemic profile and their localization into pancreatic
islet and effects in islet neogenesis.

Material & Methods

Male Wistar rats weighing between 180-200 g
were procured from the animal house of Postgraduate
Institute of Medial Education and Research (PGIMER),
Chandigarh, India. The study was approved by the
institute’s animal ethics committee and was carried out
at the department of Endocrinology and Translational
and Regenerative Medicine at PGIMER, Chandigarh,
from September 2011 to October 2012. The rats
were kept individually in polypropylene cages in an
environmentally controlled room maintained at 25 +
2° C with a 12 h dark and light cycle and 40-70 per
cent humidity. The animals had free access to food and
water. Rats were fed with rat chow diet according to
the standard protocol. Experiments were carried out
after a week of acclimatization.

Experimental groups: Male Wistar rats were randomly
categorized into three groups with six animals in
each group: including the control group (group 1),
streptozotocin (STZ) induced diabetic group (group
2) and experimental group (group 3) which received
MSCs after STZ induced diabetes. The rats were
injected freshly prepared STZ (Sigma -Aldrich, USA)
prepared in chilled sodium citrate buffer (pH 4.5) at
a dose of 50 mg/kg body weight, intraperitoneally at
baseline. The animals exhibiting blood glucose level
of more than 200 mg/dl on multiple occasions after
administration of STZ were considered as diabetic'.

The MSCs were administered in a non-irradiated
diabetic rat of the experimental group through tail vein
on days 17 and 24 after the establishment of diabetes
on several occasions between baseline and day 10.
Subsequently, blood glucose was regularly monitored
till the end of the study. After six weeks of MSCs
transplantation, an intraperitoneal glucose tolerance
test (IPGTT) was performed. Rats were sacrificed and
the pancreas was isolated and examined for histology,
islet neogenesis by immunohistochemistry (IHC),
immunofluorescence (IF) and electron microscopy.

Blood glucose level: Blood was drawn from the tail
vein and blood glucose was measured between 0800
and 1100 h at baseline, days 3,5,7,10, 17, 24, 31 and
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38 by a glucometer using the glucose oxidase method
(Optium Xceed, Abbott Diabetes Care Inc, USA)
which was regularly calibrated with reference standard
solutions.

Intraperitoneal glucose tolerance test (IPGTT):
At day 45 after an overnight fast, the rats were
challenged by loading a glucose solution administered
intraperitoneally at a dose of 2 g/kg. Blood samples
were drawn for blood glucose at baseline (0 min) and
at 30, 60, 90 and 120 min after glucose load.

Isolation and culture of bone marrow mesenchymal
stem cells: The rats were sacrificed after administration
of sodium pentobarbital intraperitoneally at a dose
of 30 mg/kg. The femurs and tibiac were carefully
cleaned of adherent soft tissues. The tip of each bone
was cut with a bone cutter. Bone marrow cells were
flushed from the medullary cavities of the femurs and
tibiae and disaggregated into a single-cell suspension
by sequential passage through a 23-gauge needle. This
single cell suspension was cultured in 15 ml of MSC
specific medium; minimum essential medium (MEM)
supplemented with 10 per cent foetal bovine serum
(FBS) and penicillin/streptomycin) in T-75 culture
flasks at 37° C in a humidified atmosphere of 95 per
cent air and 5 per cent carbon dioxide incubator. Three
to four days later, non-adherent cells were removed by
changing the medium. After 10 days in culture, adherent
cells formed homogenous fibroblast-like colonies.
When MSCs became confluent (80-90%), adherent
cells were passaged with trypsin (0.25%) by incubating
for 10 min. Three such passages were done to obtain
optimal number of MSCs before transplantation. The
de-adhered cells after trypsin treatment were collected
in a 15ml falcon tube and centrifuged at 480 g for 5 min
and these cells were counted and tested for viability by
trypan blue.

Flow cytometery analysis of cell surface markers and
labelling of the MSCs: Rat MSCs specific cell surface
antigens (CD29 and CD54) were characterized for
purity of cultured population and negative markers
for haematopoietic lineage (CD 34 and CD 45). The
cells were incubated at room temperature for 30 min
with monoclonal antibodies CD29, CD54, CD34
and CD 45 (BD Bioscience, USA) labelled with
fluorescein isothiocyanate (FITC) and phycoerythrin
(PE), respectively, and acquired onto 4-colour flow
cytometer (FACS Calibur, BD Bioscience USA).

For localization, 80-90 per cent of confluent MSCs
were labelled with 10 pM 5-bromo-2'-deoxyuridine

(BrdU, Sigma-Aldrich, USA) containing medium and
incubated for 48 h. After incubation, the cells were
trypsinized. A part of labelled MSCs was kept for flow
cytometer analysis and the remaining cell population
was processed for transplantation. The cells for flow
cytometric analysis were incubated with mouse anti-
BrdU antibody (Sigma -Aldrich, USA) at room
temperature for two hours followed by incubation with
a secondary antibody, i.e. goat anti-mouse IgG- FITC
(Sigma -Aldrich, USA) for two hours and acquired
onto 4-colour flow cytometer.

MSCs transplantation: BrdU labelled MSCs 4.8 x 10°
(range - 4.5-5.5 X 10° in 0.5ml of phosphate buffer
saline , pH 7.4 were administered intravenously through
tail vein on days 17 and 24 in the non-irradiated diabetic
rat of the experimental group (group 3). The same
volume of saline was injected into the STZ induced
diabetic group (group 2).

Histological and morphological analysis: Rats
were sacrificed at day 45 by administering sodium
pentobarbital at a dose of 30mg/kg. The pancreas was
dissected out and the tissue was embedded in an optimal
cutting temperature (OCT) component and stored at
-20 °C. The tissue was cut at a thickness of 4pm in
cryostat (Leica CM 1850 UV, Thermo Fisher scientific,
USA). A portion of the tissue was fixed in 10 per cent
buffered formalin and processed for haematoxylin and
eosin (H & E) stain for pancreatic histology in all the
groups.

Immunohistochemistry: For immunohistochemistry,
tissue sections were deparaffinised in xylene, immersed
in 3 per cent hydrogen peroxide to quench endogenous
peroxidase activity and microwaved in sodium citrate
solution (pH= 6.9) for 15 min for antigen retrieval. The
tissue sections were incubated with mouse anti-insulin
antibody (1:300 v/v, Sigma -Aldrich, USA) at room
temperature for two hours and the slides were then
incubated with peroxidase labelled secondary antibody
(goat secondary antibody against rabbit/ mouse with
peroxidase labelled dextran, DakoREAL™ Envision™/
HRP, Denmark) for 40 min. The chromogen used for
obtaining brown colour was 3’3’ diaminobenzidine
tetrachloride (DAB) chromogen buffer. Tissue
sections were counter-stained with haematoxylin and
mounted with DPX and visualized under bright field
light microscope. Ten fields were examined in each
section to count the number of islet (10x). On higher
magnification (40x), insulin positive cells in islets were
counted randomly on immunohistochemistry.
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Immunofluorescence: Tissue sections were incubated
with blocking solution (10% bovine serum albumin)
for 30 min at room temperature. For the staining of
insulin, the pancreatic tissue sections were incubated
with a mouse anti-insulin antibody (primary antibody,
1:300 v/v, Sigma -Aldrich, USA ) at room temperature
for two hours and further incubated with 1: 200 dilution
of secondary antibody i.e. goat anti- mouse IgG-
allophycocyanin (APC, Santa Cruz, USA ) for one
hour. For BrdU staining, sections were pre-treated with
IN HCI for one hour at 30 °C, then incubated with anti-
mouse anti-BrdU antibody (primary antibody, 1:1000
v/v, Sigma -Aldrich, USA) at room temperature for two
hours followed by incubation with secondary antibody
i.e. goat anti-mouse IgG- FITC (1:100, Sigma-Aldrich,
USA) for one hour. Further, the sections were double
stained with insulin and BrdU and were mounted
with phosphate buffer glycerine visualized under a
fluorescent microscope.

Electron microscopy: Tissue was taken out from
paraffin block and deparaffinised in xylene. The tissue
was treated with descending concentrations of alcohol
to remove xylene. It was incubated with Sorensen
buffer with sucrose at 4°C for 30 min and 1 per cent
osmic acid for two hours at 4°C. Later, it was treated
with propylene oxide and epon mixture and embedded
in rubber mould and polymerized at 60°C. Then semi-
thin sections were cut (0.5 micron) with ultramicrotome
(Leica, EMU16). The sections were taken over 200
mesh nickel grade. The grids were stained with uranyl
acetate and 1 per cent lead citrate and examined on
electron microscope (7500; Hitachi, Japan)

Statistical analysis: Intra-group comparisons were
done by repeated measures ANOVA. Inter-group
comparisons were made using one-way ANOVA
followed by post-hoc Bonferroni’s test. The statistical
analysis was carried out using the SPSS version 22
software for window (SPSS Inc., Chicago, USA).

Results

Isolation, characterisation and labelling of MSCs: After
in vitro culture for 10-12 days cells having fibroblast
like morphology adhered to flask surface (Fig. 1A).
Flow cytometeric analysis showed a high expression
of CD29 and CD54 (Fig. 1B) and negative staining
for CD34 and CD45 (Fig. 1C, D) markers indicating
that cultured cells were of mesenchymal origin as well
as of high purity without haematopoietic lineage cell
contamination. Before transplantation, the nuclei of

MSCs were labelled with BrdU. Further, the efficacy
of labelling was assessed by staining with anti-BrdU
antibody and flow cytometery revealed 90 per cent
(n=6) of these MSCs were stained positively for BrdU
(Fig. 1E) and cell viability (92%) with trypan blue.

Effectof MSCs transplantationin diabetic Wistarrat: All
rats fulfilled the criteria of diabetes after streptozotocin
as defined by an increase in non-fasting blood glucose
level more than 200 mg/dl on multiple occasions.
The weight at baseline in all the groups was similar.
Administration of STZ resulted in significant decrease
in body weight at day 17 by 14 per cent in groups 2 and
3 (P<0.001 for each), while rats fed on normal diet in
the control group gained 6 per cent increase in body
weight from baseline. After transplantation of MSCs
on days 17 and 24, the rate of decline in body weight
was slower in MSCs treated group as compared to the
diabetic group ( -16 v/s -20%), however, it was not
significant (Table).

The blood glucose at baseline was similar in all
the groups and after administration of STZ, blood
glucose level significantly increased from normal to
hyperglycaemic level in both group 2 (P<0.001) and
group 3 (P<0.001). Administration of MSCs on days 17
and 24 caused a significant decrease in blood glucose
level at days 31 and 38 in the experimental group
compared with STZ induced diabetic group (P<0.001)
(Table).

The assessment of p-cells function in the
experimental group was characterized by IPGTT.
It was observed that STZ induced diabetic group
remained glucose intolerant throughout the study period
whereas the experimental group showed a significant
improvement in glucose tolerance curves (P<0.001)

(Fig. 2).

Histological assessment of the pancreatic
tissue stained with haematoxylin and eosin showed
destruction of islet tissue and low insulin reactivity on
immunohistochemistry and immunofluorescence in
the diabetic group as compared with the control group.
Treatment with MSCs in diabetic Wistar rats resulted in
reorganization of islet and partial restoration of B-cell
as indicated by high insulin reactivity compared with
the STZ induced diabetic group as shown in Fig. 3 A,
B and C. There was a significant increase in number
of islet and insulin positive cells the experimental
group as compared to the STZ induced diabetic group
as shown on immunohistochemistry (P<0.001 and
P<0.01) (Table).



BHANSALI et al: MESENCHYMAL STEM CELLS IN DIABETES

67

Table. Weight, blood glucose level, number of islet and number of insulin positive cells in the different study groups

Parameters Time frame Control group STZ induced diabetic group ~ Experimental group
Weight (g) Baseline 206.3+14.8 209.6 +14.7 217.8+3.9
Dayl17 219.0+12.8 180.0 £ 16.2" 180.0 £9.8"
Day 45 228.0+12.4 145.0+18.1" 158.0£10.6
Blood glucose level(mg/dl) Baseline 87.0+15.0 104.0 £ 12.0 91.1+£94
Day 10 92.5+8.0 366.1 +58.8" 380.2 +50.8"
Day 17 99.7+7.1 432.7+44.5" 442.5+57.7
Day 24 104.8 £ 10.6 491.0 £ 69.4 4163 +72.9
Day 31 95.2+6.6 533.0+41.6° 349.2 + 46.3%
Day 38 95.0+£6.8 550.0 £ 0.0 419.2 £ 753>
No. of islet Day 45 67.8+14.7 145+3.6 35.0 + 5.8
No. of insulin positive cells Day 45 90.0 +19.8 11.6+1.35 40.3 £8.57

“P<0.001 compared with control group. P’<0.01, 7<0.001 compared with STZ induced diabetic group
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Fig. 1(A). Photomicrographs of cultured mesenchymal stem cells (20X magnification), (B) Flow cytometry analysis of percentage of
dual positive (CD29 and CD54) cultured mesenchymal stem cells, (C, D) Flow cytometry analysis of percentage of negative marker (CD
34 and CD 45) for haematopoietic lineage, and (E) Flow cytometry analysis of percentage of labelling of mesenchymal stem cells with

anti- BrdU.
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Fig. 2. Glucose profile after intraperitoneal glucose tolerance test (IPGTT) in different study groups at the end of the study. Values are mean
+ SD (n=6). #P<0.001 compared with STZ induced diabetic group.
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Fig. 3(A) . Histology of the rat pancreas from control group, streptozotocin induced diabetic group and experimental group showing pancreatic
islets at a magnification of 20X. H&E (arrows), (B) insulin reactivity in pancreatic tissue (arrow) shown by immunohistochemistry, and
(C). immunofluorescence.
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Electron microscopy showed dense core granules
in cytoplasm indicating neuroendocrine cells in MSCs
transplanted group (Fig. 4).

Localization of transplanted MSCs in recipient
pancreas: The co-localization of anti-insulin and
anti-BrdU antibodies in MSCs treated diabetic group
showed that a few of the transplanted MSCs were
either trans-differentiated into insulin producing cells
or fused with insulin producing cells as compared to
diabetic group (Fig. 5).

Discussion

Our study demonstrated that allogenic MSCs
transplantation significantly decreased the blood
glucose level in streptozotocin induced diabetic Wistar
rat. The localization of BrdU labelled mesenchymal
stem cells in the islet confirmed their localization in
the pancreas and increase in number of islet and insulin
positive cells on immunohistochemistry suggest
regeneration of p-cells.

Current medical therapies targeting insulin
resistance include metformin and pioglitazone,
whereas therapy targeting B-cells dysfunction/mass
include pioglitazone and glucagon like peptide-1
(GLP-1) agonistic analogue. GLP-1 agonistic analogue
have been successfully shown to have islet neogenesis
in mice but not in humans'. Therefore, there is a

growing interest in cell based therapies which include
allogenic or autologous bone marrow derived stem
cells transplantation’ or placenta derived mesenchymal
stem cells'* in the management of diabetes.

Studies both with haematopoietic stem cells'® and
mesenchymal stem cells'® have shown encouraging
results in rats. These studies showed that there was an
improvement in the glucose profile and development
of new islet on histology. Banerjee et al'’ administered
multiple injections of haematopoietic stem cells in
streptozotocin induced diabetes in BALB/c mice and
demonstrated a significant reduction in blood glucose
level and increased islet neogenesis. Azab et al'® used
the haematopoietic stem cells and MSCs derived from
human bone marrow and injected separately in alloxan
induced diabetic rats. They demonstrated a significant
reduction in blood glucose level in these rats and
trans-differentiation of MSCs into insulin producing
cells in vitro. As expected, the MSCs are likely to
have a better outcome than haematopoietic stem cells
because of their multipotency, higher proliferative
capacity and less restricted lineage to differentiate.
However, the overall outcome was more favourable in
the haematopoietic stem cells group than in the MSCs
in the study, possibly because various growth factors
along with haematopoietic stem cells incited residual
B-cells. Our study showed significant reduction in

Fig. 5. Immunofluorescence on pancreatic islet tissue showing
double staining of MSCs with BrdU (green in colour and depicted
as arrow head) and insulin (red in colour and depicted as arrow) in
the experimental study group (20X).

Fig. 4. Electron microscopy showing dense core secretory
granules (arrow) indicating endocrine differentiation (10000X).
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blood glucose level after administration of allogenic
MSC:s into the diabetic rat model.

Transplanted BrdU labelled MSCs in the pancreas
of the recipient rats as shown by immunofluorescence,
suggested selective localization of these MSCs into the
pancreas. The ability of transplanted MSCs to ‘home
in’ at the site of tissue injury has been demonstrated
in fractured bone, myocardial infarction and ischaemic
cerebral injury'®?!. Sordi et al? have demonstrated
that MSCs are attracted by pancreatic islet both in
vitro and in vivo and that the chemokine CXCL12 and
its ligand CXCR4 play an important role in ‘homing
in’. Therefore, the ability of pancreatic islets to allure
MSCs suggests a potential role for these cells in B-cells
replacement therapy.

The dose of MSCs is an important determinant
of glucose -insulin homeostasis outcome. The doses
varying from 2-10 million cell either as single
injection'® or as multiple injections'” have been used in
animal experiments. The higher dose and the multiple
injections have been shown to have a favourable effect
on glycaemic profile. In our study two injections
with a mean dose of 4.8 million MSCs each, were
administered. Despite high doses and two injections of
MSCs, euglycaemia could not be achieved, and there
was a rise in blood glucose level after two weeks of
second injection of MSCs. This ill sustained effect on
glucose profile has been attributed to glucotoxity and/
or graft rejection®.

The mechanisms implicated in improvement in the
B cell mass and/ or function include fusion of MSCs
with islet cells or trans-differentiation of MSCs into
B-cells. Yanai ef al** showed that co-transplantation of
electrofused MSCs and islet cell in rats improved blood
glucose profile due to bi-directional reprogramming of
both B-cells and MSCs nuclei, thereby allowing the
insulin gene expression. Moreover, it also resulted
in increased islet cells proliferative capability and
decreased apoptosis. The possibility of cell fusion
is very likely in our study as substantiated by the
presence of both BrdU labelled MSCs and anti-insulin
antibody in islet cells. This will translate into increased
insulin secretion and improvement in glucose profile
without any increase in number of islets. The trans-
differentiation of MSCs into p-cells is another
mechanism of potentiation of B-cell function. It can be
proved only by labelling MSCs with green fluorescent
protein (GFP) but this procedure could not be done in

our study. However, the surrogate evidences of trans-
differentiation which have been demonstrated in our
study are increased number of islet and higher number
of insulin positive cells in MSCs transplanted group. In
addition, increased number of neuroendocrine cells on
electron microscopy further supported this finding.

Another potential mechanism of development of
new islet is stimulation of resident stem cells in the
pancreatic duct to differentiate into islet. The SRY
(sex determining region Y) box-9 (Sox9) which is a
member of the SRY related transcription factor plays
a crucial role in the development of several organs
during embryonic period including testis, heart,
pancreas, bile duct and central nervous system. The
resident stem cells in the pancreatic duct expressing
Sox-9 have a capacity to differentiate into endocrine
cells but they lose their capability soon after birth.
However, the hepatic progenitor cells in the biliary tree
have a switch from Sox 9- negative to Sox9- positive
and may differentiate into islet. This suggests that
adult liver, exocrine pancreas and intestine as a unit
provide a source of continuous cell supply of Sox-9
expressing progenitor cells thereby helping in islet
differentiation®.

Several studies have shown beneficial effect of
MSCs in amelioration of hyperglycaemia in diabetic
rats'®. However, one study has shown an improvement
in insulin sensitivity with MSCs transplantation'®. It
was attributed to an increase in GLUT-4 expression
and enhanced phosphorylation of insulin receptor
substrate-1(IRS-1) and Akt (protein kinase B) in
skeletal muscle. So administration of MSCs not only
improves B-cell function but also decreases insulin
resistance'®%,

The strength of the study includes multiple
injections of MSCs, demonstration of beneficial effect
of allogenic MSCs transplantation in non-irradiated
diabetic rats and successful localization of MSCs
into islets and PB-cells regeneration. The limitations
of the study include small sample size, shorter
duration of follow up and failure to demonstrate trans-
differentiation

In conclusion, mesenchymal stem cells
transplantation in streptozotocin induced diabetic
Wistar rat resulted in a decrease in blood glucose level
associated with increased islet neogenesis. Further
studies need to be done to understand the mechanism.
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