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Abstract
Background and Objective: Diabetes Mellitus (DM) type 1 is characterized by a loss of beta cells; its current therapy depends on the
administration of insulin with no available curable therapy till now. We evaluated the effect of Mesenchymal Stem Cells-Derived Exosomes
(MSCs-Exs) in the treatment of induced-type I DM in rats; additionally, were compared the effects of the MSCs-Exs versus the
undifferentiated MSCs (Un- MSCs) and Vitamin d (Vit. D). Materials and Methods: Seventy-five rats, six weeks old, weighing 150-170 gm
were equally divided into five groups, fifteen rats each: group1: healthy control group, group II: diabetic non-treated group, group III: Un-
MSCs treated group, group IV: MSCs-Exs treated group and group V: Vit. D treated group. Diabetes was induced by streptozotocin (STZ)
injection intraperitoneal (IP) in groups II, III, IV and V. Estimation of serum insulin and glucose levels were done after one, two and three
months. At the end of the experiment, animals were sacrificed and pancreatic tissues were obtained for insulin, Smad2, Smad3, Pancreatic
And Duodenal Homeobox 1 (PDX1), Paired Box 4 (PAX4) and neuro D genes expression and histopathological examinations. Results: Un-
MSCs, Vit. D or MSCs-Exs resulted in lower serum glucose and higher serum insulin with significantly higher Insulin, Smad2, Smad3, PDX1,
PAX4 and neuro D gene expressions compared to the diabetic non-treated group. Results were superior in the case of MSCs-Exs compared
to either Un-MSCs or Vit. D. Conclusion: MSCs-Exs are found to be better than Un-MSCs or Vit. D in the treatment of experimental type-I
DM. MSCs-derived exosomes may represent a novel cell-based treatment agents of type-1 DM treatment.
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INTRODUCTION

Diabetes mellitus is worldwide diseases, over 415 million
people suffer from diabetes and the incidence is expected to
reach1 to 642 million by 2040.

Diabetes is a chronic metabolic disorder characterized by
dysfunction of the insulin-secreting pancreatic beta cells. Type
1 DM is characterized by irreversible beta cell destruction
occurs and abolishing insulin secretion 2 thus necessitates the
life-long dependence of insulin injection to regulate blood
glucose level; thus type 1 diabetic patients are strictly
dependent on daily insulin injection to regulate blood glucose
level3.

MSCs are present in many tissues as bone marrow,
synovium and adipose tissues4, representing an important
source for regenerative medicine that can differentiate into
different types of cells with its function5. Previous reports of
MSCs showed its immunomodulatory actions6. It acts as an
immune and inflammatory system through the suppression of
natural killer, T-lymphocytes and dendritic cells7.

MSCs can be segregated from bone marrow which
represents the first source reported8, then adipose tissues
were discovered as an alternative rich source9 and subsequent
MSCs have been successfully segregated synovium10.

MSCs are potent tissue regenerators11 that can
differentiate to several types of cells like epithelial cells,
stromal cells and hematopoietic cells12.

Exosomes are secreted vesicles with very small structures
measured in nanoscale, can transport different types of
proteins and lipid components to neighboring cells13. MSCs-Ex
therapeutic efficacy is thought duet to its pleiotropic effects
and the interacting factors and vesicles of its structure14, its
mechanism of action are thought to be through its inward
budding to multivesicular bodies15. which is then going to the
inside cell via its fusion to the cell membrane or taken up by
cells16.

Exosome was previously discovered in immature red
blood cells17. Recently, it has been shown that SC-derived
exosomes enhance cell proliferation and maintenance of its
survival by the relocation of different types of proteins and
non-coding types of RNAs18. Exosomes are considered as the
active ingredient of MSCs-based therapy19.

Vit. D deficiency is shown to be linked to various types of
diseases including DM 20. Active Vit. D, (1,25OH2D) can induce
insulin synthesis through binding to the Vit. D response
element in the human insulin gene promoter in pancreatic B
cell 21. Vit. D also improves pancreatic Beta-cell function and
insulin resistance through its role in ca homeostasis 22. Vit. D
improves insulin resistance in type-2 diabetic rats23, also Vit. D
deficiency was found to be more common in diabetic

patients24. Moreover, Zeitz et al.25, showed impaired insulin
secretion was reported in mice with defective Vit. D receptor.
The discovery of a curable treatment for type-1 DM is an
important target and still receiving updates elsewhere; Vit. D,
MSC and MSCs-Ex represent promising agents that are widely
used in experimental work, that could be hopefully used in the
treatment of DM.

The current study was designed to evaluate the effect of
MSCs-Exs in the treatment of induced-type I diabetes mellitus
(DM) in rats; additionally, we compared the effects of the
MSCs-Exs versus the MSCs and Vit. D in the regeneration of $
islets of Langerhans in experimental Type-I DM.

MATERIALS AND METHODS

Study area: This study was carried out at Molecular Biology
Lab. Biochemistry Department, Medical College, Cairo
University, Egypt from January 2018 to March 2019.

Experimental animals and induction of diabetes: Seventy-
five male albino rats, six weeks old, weighing 150-170 gm
were included in the current experiment. Rats were
maintained on stainless steel cages in an animal house with an
air conditioner with 12/12-hour daylight/dark with free access
to food and water; they kept for two weeks before starting the
experiment for acclimatization. Rats then divided into five
groups, fifteen rats each as follows: group1: healthy control
group, group II: diabetic non-treated group, group III: Un-MSCs
treated  group  (3×106  cells  per  rat)  intravenously26, group
IV:  MSCs-Exs  treated group (0.4 :g mLG1, 100 :L) IV via tail
vein,  twice-weekly27  and  group  V:   Vit.   D   treated  group
(0.1 :g/kg/day) orally daily28.

Induction of diabetes: Diabetes was induced by injection of
streptozotocin in a dose of 55 mg kgG1 intravenous (once),
control rats were injected with vehicle. Confirmation of the
occurrence of diabetes was done by regular measuring of
blood glucose level; the diabetic rat was considered when
blood glucose exceeds 300 mg dLG1.

Bone marrow stem cells isolation and characterization: The
process of BM isolation is done following the method
described by Abd Elaziz et al.9. In brief, phosphate-buffered
saline (PBS) was used to flush BM cells' tibia and fibula rats'
bones. The results of BM cells flushed were then centrifuged
then the upper layer was discarded. Isolated BM-MSCs were
cultured, propagated and supplemented  with  10%  fetal
bovine serum (FBS), 0.5% penicillin/ streptomycin and
incubated at 37EC and 5% CO2 until reaching 80-90%
confluence26.
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The isolated MSCs were identified by identification of its
morphology character, adherence, surface markers, Cell
surface  antigen  expression  of  BM-MSCs  was analyzed by
flow  cytometry  in which cells were incubated with
fluorescein-isothiocyanate-conjugated  (anti-CD45)  or
phycoerythrin cyanine-5-conjugated  (anti-CD90)  or  rat
immunoglobulin G (IgG) isotype control antibodies for 30 min
at 4EC in PBS.

Exosomes isolation: The release of MSCs derived exosomes
(diameter <100 nm) is a cellular process which is a method of
communication that occurs in all living cells. To get rid of cells
and debris; MSCs' conditioning media was subjected to
centrifugation at 3000 g for 15 min at room temperature. The
cell-free supernatant was recentrifuged at 100,000×g
(ultracentrifuge of Beckman Coulter Optima L 90 K) for 1 h at
4EC  to  precipitate  Exs29.  The  protein  content  was
quantified  by  the  Bradford  method (BioRad, Hercules, CA).
The  pellet  was  resuspended  in  100  :L  of glutaraldehyde
for TEM analysis and characterization, or 600 :L of
Lysis/Binding Buffer (Zymo Research Quick-gRNA™ MiniPrep
kit, USA) and stored at -80EC.

Exosomes  characterization:  Exosomes were diluted using
145 µL Phosphate Buffer Saline (PBS) containing 0.2%
paraformaldehyde  (w/v).  Ten microliter was administered to 
a formvar-carbon-coated 300 mesh grid (Electron Microscopy
Sciences, Hatfield, USA) for 7 min, 1.75% uranyl acetate (w/v)
was used for staining. Samples were left to dry at room
temperature for  2  h  then  imaged  by  transmission  electron

microscopy (TEM) (CM-10, Philips, Eindhoven, The
Netherlands) at 100 kV afterward30, Fig. 1.

Biochemical   investigations: Serum glucose and insulin
levels from all studied groups were assessed according to the
time chart of the study and according to kits instruction (Cell
Biolabs, Inc. San Diego, CA 92126) and (Mercodia AB, Sweden,
No: 34-0130) respectively.

Animals scarification: Retro-orbital blood samples were
withdrawn from each animal at the end of the 1st, 2nd and 3rd
months of the experimental period, for insulin and glucose
blood level estimations31.

At the end of the experiment, rats were sacrificed under
general anesthesia. The pancreas of each  rat  was  taken, half

Fig. 1: TEM of EXs; they were spheroid (their size is less than
100 nm) and have a well-defined membrane with
heterogeneous contents

Table 1: Primers sequence of all the studied genes
Gene Gene primer sequence (5'-3')
Insulin F: GGGAGCGTGGATTCTTCTAC

R: CAGTGCCAAGGTCTGAAGGT
(#Accession number: AH002190.2)

Smad 2 F: GCCCCAACTGTAACCAGAGA
R: GCCAGAAGAGCAGCAAATTC
(#Accession number: XM_006254945.3)

Smad 3 F: GGCTTTGAGGCTGTCTACCA
R: GGTGCTGGTCACTGTCTGTC
(#Accession number: XM_008766216.2)

PDX1 F: GGATGAAATCCACCAAAGCTC
R: TTCCACTTCATGCGACGGT
(#Accession number: NM_022852.3)

PDX4 Forward primer: CTCGAATTGCCCAGCTAAAG
Reverse primer: CCCAAGGACTCGATTGATA
(#Accession number: NM_006193.2)

NeuroD Forward primer: TGTCGTTACTGCCTTTGGAA
Reverse primer: CGATCTGAATACAGCTACACGAA
(#Accession number: NM_002500.4)

GAPDH F: ATGGTGAAGGTCGGTGTGAACG R: TGGTGAAGACGCCAGTAGACTC
(#Accession number: XM_017592435.10)

F: Forward primer and R: Reverse primer
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for histopathological examination and the other half for gene
expression assay. The protocol of this study was approved by
the ethical committee, college of medicine, Cairo University
under approval number (CU-III-F-64-18).

RNA extraction: RNA was extracted from purified EXos by
Trizol Isolation Kit (Trizol Quick-gRNA™ kit, USA), following the
manufacturer’s instruction. Nanodrop ND-1000 (Thermo Fisher
Scientific) were used to measure RNA concentration.

mRNA expression analysis by qRT-PCR: 50 ng of total RNA
was used for reversal-transcribed to cDNA with TaqMan®
Reverse Transcription Kit (Applied Biosystem). cDNA was pre-
amplified with Megaplex™ RT Primers, (Thermo Fisher
Scientific) using a Biometra Thermal Cycler (Thermo Fisher
Scientific). The qRT-PCR reaction mix was composed of 10 ng
of cDNA, 50 nM miScript Universal Primer (Qiagen), 20 nM
mRNA-specific primer, 10 :L QuantiTect SYBR Green PCR
Master Mix (Qiagen) and nuclease-free water (Qiagen) to reach
a final reaction volume of 20 :L. The expression of mRNAs of
studied genes (Insulin, Smad2, Smad3, PDX1, PAX4 and neuro
D) in all groups were assessed (Table 1). Each sample was run
in duplicate to ensure quantitation results and negative
control to exclude contamination. GAPDH was used as an
endogenous control to normalize mRNA results by 2Gct

method. The Real-Time Thermal Cycler StepOne plus (Applied
biosystem, Foster City, USA) was used for analysis.

Histopathological examination: At room temperature,
pancreatic tissue from each animal was obtained and fixed in
10% formalin solution for 72 hours and then embedded in 
paraffin blocks. From each block, histological sections of 4  µm

thickness were prepared, mounted to glass slides, stained by
hematoxylin and eosin (H and E).

Slides were examined by light microscopy first by
scanning and low power to assess the adequacy of specimens
and take initial impression about architecture and ratio
between exocrine and endocrine compartments, number and
size of islets, presence of leukocyte infiltrate, vascular changes,
cell density within the islets and any deposits. High power was
used to assess cellular changes within the islets32.

Statistical analysis: Our results were collected, tabulated,
analyzed using SPSS 17 for Windows. Data were expressed as
Mean±SEM. Groups were compared using the One-Way
ANOVA test, followed by LSD as a post hoc test, paired T-test
was used when needed. The result considered significant if P
value <0.05.

RESULTS

This study was carried on 75 rats divided into 5 groups, 15
rats each as follows: Control group, STZ (diabetic non-treated
group), Un-MSC-treated group, MSCs-Exs and Vit. D-treated
groups.

Administration of STZ significantly decrease serum insulin
and increase serum glucose levels compared to the control
group.

Un-MSC, MSCs-Exs groups and Vit. D significantly increase
serum insulin and significantly decreased serum glucose levels
 compared to the STZ group. The EX-MSC-treated group
showed a significant increase in serum insulin and a significant
decrease in glucose levels compared to the MSC-treated
group or Vit. D-treated group (Fig. 2, 3).

Fig. 2: Serum insulin assay among studied groups over three months
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Fig. 3: Glucose level among studied groups over three months

Fig. 4(a-b): Quantitative pancreatic (a) Smad2 and (b) Smad3 gene expression of among studied groups

Fig. 5(a-b): Quantitative pancreatic (a) PDX1 and (b) PAX4 gene expression among studied groups

Quantitative  estimation  of  pancreatic  Smad2 and
Smad3  gene  expression  levels  was  done  using Real-Time
PCR (Fig. 4). Smad2, 3 significantly decreased in the STZ-
treated group compared to the untreated group. Un-MSC, Vit.
D and Ex-MSC treated groups significantly upregulated
pancreatic Smad2 gene expression (Fig. 4a). Ex-MSC treated
group showed a significant increase in Smad3 expression
compared to either Vit. D or Un-MSC-treated group (Fig. 4b).

PDX1 and PAX4 gene expression significantly decreased
in the STZ group as compared to the control untreated group

(Fig. 5). Un-MSC treated and EX-MSC-treated groups
significantly increase PDX1 and PAX4 compared to the STZ
group. While Vit. D treated group significantly upregulated
only PAX4 compared to the SZT-treated group. EX-MSC-
treated group significantly increase PDX1 and PAX4 gene
expression levels  compared  to either Vit. D or Un-MSC treated
groups (Fig. 5a,b).

Neuro D gene expression level was significantly
decreased in the STZ-treated group compared to the
untreated group; while Un-MSC, Vit.  D  and  Ex-MSC  treated
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Fig. 6(a-b): Quantitative pancreatic (a) Neuro D and (b) Insulin genes expression among studied groups

Fig. 7(a-e): (a): Pancreas of the control group (2 weeks) showing normal architecture of endocrine and exocrine pancreatic cells.
Black arrow indicated normal $ cells of islets of Langerhans (100x), (b): Pancreas of STZ group showing massive
vacuolation and necrosis of islets of Langerhans cells. Black arrow indicated massive destruction $ cells in STZ
induced rat (200x), (c): Pancreas of STZ+Un-MSCs group showing blue arrow at dilated blood vessels with
inflammatory cells. Black arrow indicated regenerated $ cells of islets of Langerhans (200x), (d): Pancreas of
STZ+MSCs-Exs group showing a normal architecture of islets of Langerhans cells, Black arrow indicated regenerative
$ cells in STZ induced rat (200x), (e): Pancreas of STZ+Vit. D group showing vacuolation and necrosis of islets of
Langerhans cells. Black arrow indicated destructive $ cells in STZ induced rat (200x)

groups significantly upregulated Neuro D gene expression
compared to the STZ-treated group. EX-MSC treated group
significantly upregulated Neuro D gene expression in
pancreatic tissues compared to Vit. D and Un-MSC treated
groups (Fig. 6a).

The pancreatic insulin gene expression level was
significantly decreased in the STZ-treated group compared to
the control group. Administration of Un-MSC, Vit. D and EX-
MSC significantly increase insulin gene expression levels in the

treated groups. EX-MSC-treated groups significantly increase
insulin gene expression compared to Vit. D or Un-MSC treated
groups (Fig. 6b).

Histopathology result: Pancreatic specimens from rats of
each group were examined by light microscopy on low and
high power. The STZ-treated group showed massive
destruction of pancreatic tissues especially islets of
Langerhans  which decreased in number and size. Cells within
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islets showed necrosis and vacuolation. There is an
inflammatory infiltrate. Islets still decreased in size with
vasodilatation, edema, inflammatory infiltrate and signs of
regeneration in specimens of the Un-MSCs-treated group. The
pancreas of the STZ+ Vit. D group showed edema, vacuolation
and necrosis of cells of islets of Langerhans. The pancreas of
MSCs-Exs showed almost restoration of normal morphology
with normal number size and number of islets and normal
cellular  morphology  and disappearance of the destruction
(Fig. 7).

DISCUSSION

In the present study, a single dose of STZ induced
diabetes in the injected rats as proved by a significant
decrease in serum insulin level and a significant increase in
serum glucose compared to the control group. This finding is
confirmed by histopathological examination which showed
complete degeneration of beta cells and necrosis and islet of
Langerhans.

The traditional treatment of type-1 diabetes is done by
the administration of external insulin. Previously published
studies from our lab aimed to specify and innovate diabetic
treatment33.

In the current work, administration of Un-MSC, Ex-MSC, or
Vit. D ameliorates STZ-induced diabetes effect by a significant
increase in serum insulin and decreases serum glucose levels
in rats of the treated groups.

Although Vit. D is not well established as a treatment
option of type-1 diabetes, yet it represents promising
pharmacological agents in the management of DM. Hence, we
select Vit. D as a promising drug to be compared against other
cell lines-based therapy in the current work.

The reports of Meta-analysis demonstrated the effect of
Vit. D in the treatment of diabetes is controversial; where
George et al.17, concluded that Vit. D decrease fasting plasma
glucose level and improve insulin sensitivity comparing to the
placebo  group34,28,24,23,20,  while  the  vice  was reported by
Seida et al.35. In a recent metanalysis, Vit. D supplementation
significantly reduces HbA1c36.

The protective effect of Vit D observed her run with23,
which may be due to its induction of glucose transport and
activation of the insulin receptor gene transcription37, or
through decrease the activation of c-Jun N-terminal protein
kinase that is involved in triglyceride metabolism38.

Exogenous MSCs have been reported to have an anti-
inflammatory effect39. MSCs are capable to differentiate into
endothelial or epithelial cells, vascular smooth muscle40.

TGF-$ is a cytokine involved in the regulation of diverse
cellular processes including apoptosis by regulating the
balance between apoptotic and pro-apoptotic genes
expression41, activation of TGF-$ induces phosphorylation of
Smad2 and Smad3 with subsequent combination with Smad4
resulting in the initiation of transcription. The formed complex
translocated to the nucleus to regulate targeted gene
expression through direct binding to the Smad-binding
element or indirectly through transcriptional coactivator
association.

Currently,  the  STZ-treated  group  markedly
downregulated pancreatic smad2 and smad3 expression
levels. On the other hand, all treated groups significantly
upregulated pancreatic smad2 and smad3 expression levels.

Pancreatic duodenal homeobox-1(PDX1) is a transcription
factor involved in foregut and pancreas development during
fetal life42, It controls the islet cell development and apoptosis.

In the current work, pancreatic PDX1 gene expression was
significantly downregulated following STZ administration.
PDX1 was upregulated in all treated rats, being more
significant in Ex-MSc treated group compared to others. Our
results run with a recent study reported that restoration of
PDX1 expression inhibits Beta-cell apoptosis and improves the
function of beta-cell43. Hani et al.44, that reported inducing of
PDX1 gene expression can lead to the improvement of islet
cells function and enhance its survival in an in vitro study.
Rajaei et al.45 succeeded to generate in vitro cells with
Glucose-Responsive insulin-secreting cells properties from
PDX1-Overexpressing diabetic patients stem cells. Intense
efforts are directed to identify agents that can be able to
induce beta cell regeneration and insulin secretion. Paired box
(PAX), is one of the transcriptional genes involved in cell
organogenesis46, it plays a crucial role in plasticity and
pancreas development.

Currently, STZ downregulates PAX4 gene expression,
whereas Vit. D, Un-MSC, EX-MSC treated groups upregulate
PAX4 in treated rats. EX-MSC-showed superior results
compared to Vit. D and Un-MSC treated groups. The current
results run with the Mellado-Gil et al.47, who showed the PAX4
overexpressing cells protect against STZ-induced DM in mice.
Thus, PAX induced overexpression could be a good tool as a
novel curative treatment of DM.

In the current work, the antiapoptotic effect of PDX1 and
PAX4 upregulation in the treated groups was furtherly
confirmed by histopathological examination of pancreatic
tissues of the treated rats that showed improvement of
pancreatic architecture and appearance of beta-cell cellular
regeneration which run parallel to insulin gene expression.

443



Int. J. Pharmacol., 16 (6): 437-446, 2020

NeuroD is a crucial transcription factor involved in
pancreas development48 and activates the expression of
glucokinase enzyme involved in glucose metabolism.

Currently, the NeuroD gene expression level was
significantly decreased in the STZ-treated group. This is in
coincides with previous studies that revealed; Neuro D is a
vital transcription factor expressed in all pancreatic cells49.
Neuro D gene expression level was upregulated in Un-MSC,
exosome and Vit. D treated groups compared to the STZ-
treated group. EX-MSC-treated group significantly increased
Neuro D gene expression compared to Vit. D or Un-MSC
treated groups.

Previous studies reported that Neuro D can induce insulin
synthesis and release and can induce-also-beta-cell
maturation and function50. In the present study, Ex-MSC
treated group showed superior improvement relative to either
UN-MSC or Vit. D.

Exosomes are an extracellular vesicle that contains
molecular content of their cells of origin, such as proteins and
different types of RNA. It represents a method of
communication between cells as it can transfer molecules
from one cell to another, thus exosomes can modulate the
immune system51, mediating adaptive immune responses to
pathogens and tumors52.

Exosomes have been recognized as a potential
therapeutic agent as they can elicit potent cellular responses
both in vitro and in vivo53. It has a powerful regenerative effect
in damaged cells54. Thus exosomes can be considered as an
important carrier for different types of RNA involved in many
interfering functions55.

The better results obtained from Ex-MSC compared to
MSC may be explained due to direct fusion of exosomes to its
target cells enabling it to perform more biological effects, the
facility of its storage for long period, easy control of its dose,
time and route of administration and almost no risk of its
rejection by the immune system or tumorigenesis associated
with treatment by cell transplantation56.

In the current study, we evaluated the MSCs, MSCs-Ex and
Vit. D against type-1 DM which revealed the superior
beneficial effect of MSCs-Ex. This may represent a promising
therapeutic tool for permanent Type-1 DM recovery. However
different doses of MSCs-Ex should be tested to select the
appropriate doses and recording of its related side effects
before the clinical trial phase which was not done in the
current project, we acknowledge this limitation and
encourage the researcher to consider it in the upcoming
studies.

CONCLUSION

Vit D, Un-MSC and Ex-MSC showed a protective effect
against STZ-induced type 1 DM in rats. The superior result was
found in Ex-MSC treated group with evidence of beta cell
regeneration providing an important novel source for cell-
based permanent treatment of type 1 diabetes.
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