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Abstract: Since Type 1 diabetes (T1DM) occurs when β-cells mass is reduced to less than 20% of the normal level due to

autoimmune destruction of cells resulting in the inability to secrete insulin, preservation or replenishment of the

functional β-cells mass has become a major therapeutic focus for this diabetic type treatment. Thus, this 4-week work

plan was designed to determine which mesenchymal stem cells (MSCs) type is more appropriate to alleviate

pancreatic hazards resulting from diabetes induction; via tracking a comparative study between MSCs derived from

adipose tissue (AD-MSCs) and from bone marrow (BM-MSCs) in management of T1DM considering their

immunomodulatory, anti-apoptotic and antioxidative roles. Rats were divided randomly into 4 groups; control, STZ-

diabetic (D), D+AD-MSCs, and D+BM-MSCs groups. Both stem cells types in this study were allogenic. Herein, both

oxidative stress and antioxidant markers were evaluated using colorimetric analysis, while inflammatory, immune and

apoptotic markers were assessed through flow cytometric analysis. Results showed that diabetic rats treated with

either AD-MSCs or BM-MSCs exhibited marked pancreatic antioxidant and anti-inflammatory activities that were

able to initiate pancreatic immunomodulation and reducing β-cells apoptotic death, thus, help to restore their normal

insulin secretion and hypoglycemic abilities. However, AD-MSCs injection was shown to be superior as a pancreatic

regenerative tool in overcoming diabetes; owing to their marked antioxidant, anti-inflammatory, immunomodulatory,

and anti-apoptotic characteristics over BM-MSCs treatment.
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ROS: Reactive oxygen species
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Introduction

Genetic autoimmune irreversible destruction of pancreatic
insulin-producing β-cells due to a progressive defective
immune regulation was considered the hallmark of Type 1
diabetes mellitus (T1DM); which counts for approximately
5% to 10% of diabetic patients. The prevalence of T1DM is
0.1%–0.5% among the general population worldwide with
an incidence of 30–50 per 100,000 people, associated with
an annual 3% increasing rate. Millions of patients, often
children, suffer from T1DM; as it is more common in
peripubertal boys, usually noticed for the first time in young
ages of 5–7 years, that not associated with obesity or family
history (Thakkar et al., 2017; Boddu et al., 2020; Erendor et
al., 2021). Because of being insulin-dependent, it is more
dangerous than Type II and is commonly complicated with
ketosis. It is generally lethal unless treated with daily
exogenous insulin. However, exogenous control of insulin
dosage cannot compensate for the sensitive adjustment
normally made by β-cells (Gibbons and Freeman, 2020;
Williams et al., 2020). Furthermore, insufficient insulin doses
could lead to extreme hyperglycemia or diabetic ketoacidosis,
while in some cases, intensive insulin therapy may further
result in hypoglycemic shock (Takahashi et al., 2019).

Evidence indicated that auto-reactive CD4+ and CD8+ T
lymphocytes could mediate the destruction of 70–100% of the
insulin-producing β-cells; via releasing huge amounts of
cytokines (such as interleukin-2 (IL-2) and γ-interferon
(IFN-γ) triggering an inflammatory response that leads to
progressive irreversible insulin-producing islets β-cells’
damage; eventually results in their dysfunction and nearly
absolute insulin secretion deficiency, causing hyperglycemia
(Boddu et al., 2020; Zhong et al., 2020). Hence, addressing
the inflammatory response, besides β-cell mass replenish,
may provide an opportunity for T1DM therapy, with the
aim of controlling or arresting the progression of β-cells
destruction and restoring normal glycemic control and
immune hemostasis.

In the last decade, the cell-based therapies have offered a
new paradigm in the management of T1DM for creating an
unlimited source of insulin-producing cells (IPCs), repairing
β cell function, modulating metabolism, and improving
immune dysfunction. In this regard, owing to their
immunosuppressive properties, there has been much interest
revolving around mesenchymal stem cells (MSCs) as an
emerging strategy for the treatment of autoimmune diseases
for their therapeutic potential, especially in regenerative
medicine. Since new β-cells generation is an important
target in T1DM treatment; thus, MSCs usage could be the

ideal choice for this disease therapy. This could be
attributed to their capabilities in modulating immune and
inflammatory cells, restoring islet function, endogenous islet
cells protection, induction of islet cell regeneration and
differentiation into IPCs; followed by marked restoration of
β-cell mass and significant hypoglycemia (Amer et al., 2018;
Ullah et al., 2019); via functioning as a potent source of
various cytokines and growth factors with powerful
immune-modulating, angiogenic, and anti-apoptotic effects
which could support the residual β-cells regeneration and
participating in the suppression of the autoimmune reaction
against β-cells (Boháčová and Holáň, 2018; Takahashi et al.,
2019). These factors are able to manage the immune system
activity by suppressing T-cells activation, proliferation and
maturation; inhibiting naïve and memory T-cells response;
and upregulating the production of regulatory T-cells
(T-regs); while such regulation needs to be licensed by
inflammation (Qi et al., 2017; Takahashi et al., 2019; Ullah
et al., 2019).

However, there are various types of stem cells with
different potency and sources; thus, the therapeutic effects
and utility were different (Qi et al., 2019). Interestingly, most
studies have examined MSCs derived from bone marrow
(BM-MSCs) and adipose tissue (AD-MSCs) for their easy
isolation in large quantities, marked abilities to retain their
immunomodulatory characteristics, and high amounts of
extracellular matrix components production potentiality
(Bagno et al., 2018). Surprisingly, IPCs differentiated from
either AD-MSCs or BM-MSCs injection could obviously
lower glucose and HbA1c serum levels and increase both C-
peptide and insulin release in diabetic rats (Gabr et al., 2017;
El-Kholy et al. (2018) and in diabetic mice (Kono et al.,
2014) as well as in diabetic patients (Thakkar et al., 2015);
confirming MSCs hypoglycemic activity. Zang et al. (2017)
also reported that BM-MSCs showed a powerful glycemic
control indicated by the 50% decline in insulin requirements;
through restoring islet function, endogenous islet cells
protection, induction of islet cell regeneration and
differentiation into IPCs; followed by marked restoration of
β-cell mass and significant hypoglycemia in STZ-diabetic mice.

Chandra et al. (2009) first induced AD-MSCs into IPCs
using murine epididymal (mE)-ASCs of Swiss albino mice.
After 10 days of culture with differentiation cocktails, AD-
MSCs progressively differentiated into cells expressing insulin
in a glucose-dependent manner. These IPCs transplanted into
experimental diabetic mice bring about normoglycemia
within 2 weeks. Compared to undifferentiated AD-MSCs,
IPCs group mice showed a better therapeutic effect in
improving glucose levels by increasing circulating insulin
levels and ameliorating metabolic parameters including IL-6.
In this regard, Amer et al. (2018) also found that STZ-
diabetic rats received IPCs differentiated from AD-MSCs;
showed an apparent islet cells proliferation and regeneration
that leads to a marked C-peptide increase accompanied by
insulin secretion elevation; in glucose-dependent manner.
Besides, other animal experiments have demonstrated that
AD-MSC infusion could improve hyperglycemia through the
recovery of islet β cells, reduction of inflammation, and
improvement of insulin sensitivity (Hu et al., 2015; Wang
et al., 2018). It is also worth noting that some mechanism
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exploration provide the potential of AD-MSC clinical
application (Shree and Bhonde, 2017; Xie et al., 2017).
Similar results in diabetic subjects were reported by Chen
et al. (2020) regarding AD-MSCs (1 × 106 cells/rat) injection,
and by El-Kholy et al. (2018); El-Sawah et al. (2020)
regarding BM-MSCs (1 × 106 cell/rat) injection; compared to
the diabetic untreated rats.

Interestingly, it has been demonstrated that MSCs could
directly suppress T-cells activation/proliferation while inducing
its apoptosis by expressing nitric oxide (NO), indoleamine 2,3,
dioxygenase (IDO), programmed death-ligand 1 (PD-L1), or
Fas ligand. Hence, the starting hypothesis is that MSCs
hypoglycemic effect could be considered as an indirect effect
of secretion of immunomodulators, which prevent T-cells
from eliciting pancreatic β-cell destruction in T1DM (Zhou
et al., 2016; Sordia et al., 2017). Additionally, MSCs
transplantation was found to alleviated tissue inflammatory
infiltration of lymphocytes and macrophages by lowering
expression of IL-1β, IL-6, IL-8, MCP-1, TGF-β, TNF-α, and
other pro-inflammatory cytokines in diabetic rats
(Chandravanshi and Bhonde, 2017; Hamza et al., 2017).

In regard to β-cells death in T1DM, Chandravanshi and
Bhonde (2017) study showed that after 48 h of MSCs
transplantation, islet cells exhibited higher viability and
reduced apoptosis. It was suggested that MSCs may have
shown diverse mechanisms of action including harboring
anti-apoptotic and pro-proliferative properties via secreting
various potent paracrine cytoprotective, angiogenic, anti-
inflammatory, and growth factors; including vascular
endothelial growth factor (VEGF), hepatocyte growth factor
(HGF), fibroblast growth factor (FGF) and prostaglandin E2
(PGE2), and insulin growth factor-1 (IGF-1). Such growth
factors could function as trophic mediators which can
regulate the local microenvironment of the damaged tissue,
reduce inflammation, improve the immune defense system,
promote tissue regeneration and revascularization, and may
also play an important role in the enhancement of
angiogenesis, stimulation of cell proliferation, and the
attenuation of cell death responses in diabetes (Sordia et al.,
2017; Takahashi et al., 2019; Aminzadeh et al., 2020).

Taken together, this study focuses on exploring the best
choice of MSCs therapies in T1DM via seeking to be the
first to compare head-to-head of AD-MSCs and BM-MSCs
outcomes as an innovative strategy to cure T1DM; through
investigating their antioxidant, immunomodulating, and
anti-inflammatory potencies in alleviating and suppressing
the resultant pancreatic oxidative stress and apoptotic status;
using a model of streptozotocin-induced diabetic rats.

Materials and Methods

Chemicals
Streptozotocin (STZ) and culture media constituents of both
BM-MSCs and AD-MSCs were purchased from Sigma
Aldrich Co. (St. Louis, Mo 6, USA); and were of a pure
chemical gradient.

Biochemical assays
Serum glucose concentration was estimated by Trinder (1969)
method using SPINREACT diagnostics kit, Spain. Insulin

measurement occurred by ELISA kit purchased from
Boehringer Mannheim, Germany, according to the method
of Flier et al. (1976) using Boehringer Analyzer ES 300.
C-peptide measurement occurred by enzyme immunoassay
(EIA) kit purchased from Bio Vision, USA, according to the
method of Flier et al. (1976). Glycosylated hemoglobin
(HbA1c) and advanced glycation end products (AGEs),
were estimated according to the methods of Gonen and
Rubenstein (1978) by using kits obtained from Teco
Diagnostics, USA. Bio Diagnostic Company (Egypt) kits
were used in estimating tissue levels of some oxidative stress
markers [Xanthine oxidase (XO) and Reactive oxygen
species (ROS) according to Young (2001) methods,
Malondialdehyde (MDA) according to Ohkawa et al.
(1982)] in addition to many antioxidant markers [Catalase
(CAT) according to Bock et al. (1980), Glutathione-S-
transferase (GST) according to Habig et al. (1974),
Superoxide dismutase (SOD) according to Nishikimi et al.
(1972), Glutathione (GSH) according to Prins and Loose
(1969), Heme-oxygenase 1 (HO-1) according to Gonen and
Rubenstein (1978) and Total antioxidant capacity (TAC)
according to Koracevic et al. (2001)]. However, CRP level
was determined quantitatively in serum using CRP-
SPINREACT diagnostics kit, Spain according to Vaishnavi
(1996). All according to the instructions of the supplier.

Flow cytometric analysis
Pancreatic inflammatory markers (TNF-α, TGF-β, CD95+,
IL-6), immunity markers (CD4+, CD8+), and apoptotic
markers (annexin V, P53, caspase-3, Bcl-2, and G0/G1 %), in
addition to CD44, CD73, CD90, CD45, CD11b and CD31
MSCs surface markers % (for characterization of the isolated
BM-MSCs and AD-MSCs phenotyping), were determined via
Sigma Aldrich Company (St. Louis, Mo 6, USA) kits through
flow cytometric analysis. A fresh tissue specimen was washed
with isotonic tris EDTA buffer, dissolved in 250 ml of
distilled water at 7.5 pH (using 1N HCl), and centrifuged for
10 min at 1800 rpm, then aspire supernatant. Cells are fixed
in ice-cold 96–100% ethanol (1 ml for each sample), then
stored in the refrigerator. Regarding cells staining, the
fluorochrome is directly linked to the primary antibody
(Phycoerythrin (PE) conjugate). Cell suspension adjusted
(10 cell/mL) with PBS/BSA buffer pH 7.4. The cell
suspension was Aliquoted into test tubes (100 µL each), then
a 7 µL antibody was added for each tube, mixed well, and
incubated for 30 min at room temperature. Then, cells were
washed with 2 mL of PBS/BSA and centrifuged for 5 min at
4000 rpm. However, the resulting supernatant was discarded
and cells were resuspended in 0.2 mL of PBS/BSA (Tribukait
et al., 1975). Finally, data were acquired by flow cytometry
using FACS Caliber flow cytometer (Becton Dickinson,
Sunnyvale, CA, USA), equipped with a compact air cooked
low power 15 m watt argon iron laser beam (488 nm). The
average evaluated cells per specimen were 10.000. Dean and
Jett’s computer program for mathematical analysis is used to
obtain the DNA histograms (Dean and Jett, 1974).

BM-MSCs and AD-MSCs preparation
Fresh bone marrow and subcutaneous adipose tissues have
been used to isolate allograft BM-MSCs and AD-MSCs
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respectively were obtained from (6–8 weeks) male Wistar rats.
To prepare BM-MSCs, each end of the femur and tibia was cut
to expose the marrow cavity, then washed three times with
phosphate-buffered saline (PBS). Fresh bone marrow was
collected and centrifuged at 2000 rpm for 10 min. Pelleted
cells were suspended in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 100 U/mL penicillin with 100 μg/mL streptomycin as an
antibiotic at 37°C in a 5% CO2 atmospheric state with 95%
humidity, then centrifuged at 2000 rpm for 10 min (Hamza
et al., 2017). On the other hand, 1-2 mg fresh rats’
subcutaneous adipose tissues (epididymal fat) were harvested
by lipoaspiration, minced, washed extensively three times in
PBS and incubated into a digestion solution containing
0.075% collagenase type I (prepared in PBS) at 37° for
3 hours, then centrifuged for 10 minutes at 2000 rpm. After
discarding the supernatant, cells were collected as a pellet and
suspended in DMEM (10% FBS, 2 mM L-glutamine, and
100 U/ml penicillin with 100 μg/mL streptomycin as an
antibiotic) at 37°C in 5% CO2 with 95% humidity (Chen et
al., 2020). The growth mediums of both MSCs types were
changed every 3 days, and non-adherent cells were removed.
All MSCs used in this study were from passages 3–4 and
transferred chilled for transplantation within 2 h.

BM-MSCs and AD-MSCs characterization
The inverted microscope has been used to perform both
BM-MSCs and AD-MSCs morphological characterization
for confirming their identity. Moreover, the stemness of
cultured cells should be confirmed by positive and negative
surface markers (CD11b, CD34, CD45, CD73, CD90 and
CD105) by flow cytometry, Figs. 1A & 1B, to confirm
retaining of their phenotype before performing the animal
study; according to the minimal criteria defined by ISCT.

Experimental animals and maintenance
The experiment was conducted in accordance with the
guidelines of the Animal Ethics Committee of Faculty of
Science, Arish University, North Sinai, Egypt. Male albino
allogenic Wistar rats (6-8 weeks, 100-120 g) were obtained
from the laboratory animal facility of the National Research
Center, Dokki, Giza, Egypt. Rats kept at room temperature
(22 ± 2°C) with humidity of 50 ± 5%, 12/12-hours light/
dark cycle and were fed standard pellet chow (El-Nasr
Chemical Co., Cairo, Egypt), where food and water were
allowed ad libitum. After two weeks of acclimatization
before dietary manipulation, four equals groups rat groups
(n = 6) were randomly selected from 24 rats.

Diabetes induction
A single STZ solution dose (45 mg/kg dissolved in citrate
buffer, pH 4.6) were injected intraperitoneally in overnight
fasting rats; while control rats received the vehicle alone.
Animals were allowed to drink 5% glucose solution
overnight to overcome drug-induced hypoglycemia.
Diabetes was confirmed 3 days after induction via detecting
the level of blood glucose from the tail vein; using Glukotest
of diagnosis glucose level by ACCU–CHEKGo apparatus
(Roche Company, Germany Only rats with fasting blood
glucose (FBG) above 250 mg/dl were considered diabetic

(Kodidela et al., 2020). The experiential protocol was
continued for 4 consecutive weeks.

Experimental design

� Control group: Injected intraperitoneally with a single dose of
sodium citrate buffer (pH 4.5).

� Diabetic (D) untreated group: Injected intraperitoneally
with a single dose of STZ (45 mg/kg bw) dissolved in
sodium citrate buffer (pH 4.5).

� Diabetic AD-MSCs treated group: Injected intravenously
with a single dose of AD-MSCs (1 � 106 cell/rat), following
diabetes induction confirmation.

� Diabetic BM-MSCs treated group: Injected intravenously
with a single dose of BM-MSCs (1� 106 cell/rat), following
diabetes induction confirmation.

Samples collection
After 4 weeks experimentation period, overnight fasted rats
were anesthetized using diethyl ether before being dissected
and blood samples were immediately withdrawn directly
from the heart. For glycosylated hemoglobin (HbA1c)
assessment, a few droplets of blood samples were placed in
clean heparinized tubes. On the other hand, the remaining
blood samples were collected in clean non-heparinized
centrifuge tubes, then let to stand for 15 min, and centrifuged
for 15 min at 3000 rpm. Blood sera were carefully separated,
labeled, and kept at –20°C for subsequent biochemical
analysis. Meanwhile, pancreas specimens were removed and
cleaned with saline solution, where an appropriate part was
weighed and homogenized in cold distilled water forming
10% (w/v) homogenate, then labeled and kept at –20°C for
later biochemical estimations. While another part was stored
in 10% formalin solution for subsequent histopathological
examination. However, the remnant parts were labeled and
kept at –80°C for subsequent flowcytometric analysis.

Histochemical examination
Rats were autopsied and samples of the pancreas were cut into
around 1 cm thickness, immersed in 10% neutral buffer
formalin for fixation, processed routinely to be embedded in
paraffin to perform samples blocks to be sectioned via
microtome producing 3–5 µm thickness sections that were
mounted on labeled glass slides for further Hematoxylin and
Eosin staining using (Leica Auto Stainer) automatic
instrument. Afterward, samples’ slides were examined via a
light microscope (Suvarna et al., 2013).

Statistical analysis
Obtained data were statistically evaluated with ANOVA
followed by Post-Hoc Tukey multiple range tests using
Statistical Package for the Social Sciences (SPSS/17.5
software version) for Windows. All the results were
expressed as the Mean±SEM (n = 6). The significance
between groups was considered at the P ≤ 0.05.

Results

Table 1 showed marked serum glucose and HbA1c
elevation coupled with significant insulin and C-peptide
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levels decline in the diabetic group; compared to control.
Regarding both MSCs-treated groups, all measured
parameters of the diabetic rats revealed an obvious

enhancement relative to diabetics; although values of
BM-MSCs were still significantly variable relative to
control. However, data of diabetic rats injected with

FIGURE 1. (A&B): BMMSCs and ADMSCs characterization, respectively. Fig. 1A: BM-MSCs positive surface markers (CD 73: 94.4%, CD 90:
99.3%, CD 105: 96.2%), and BM-MSCs negative surface markers (CD 11b: 2.5%, CD 34: 3.7%, CD 45: 5.4%). Fig. 1B: AD-MSCs positive surface
markers (CD 73: 95.1%, CD 90: 97.0%, CD 105: 95.2%), and AD-MSCs negative surface markers (CD 11b: 2.1%, CD 34: 2.0%, CD 45: 4.8%).

TABLE 1

Serum glucose, insulin, C-peptide and HbA1c levels

Control Diabetic (D) D+AD-MSCs D+BM-MSCs

Glucose (mg/100 ml) 93.91 ± 4.42 405.40 ± 16.46a 96.75 ± 5.70b 160.50 ± 5.22abc

Insulin (µIU/ml) 17.15 ± 0.66 8.02 ± 0.33a 16.90 ± 0.34b 14.32 ± 0.57abc

C-peptide (ng/ml) 0.84 ± 0.03 0.30 ± 0.03a 0.81 ± 0.01b 0.75 ± 0.02abc

HbA1c (%) 2.95 ± 0.11 4.90 ± 0.20a 2.98 ± 0.14b 3.29 ± 0.10abc

Note: Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P ≤ 0.05) comparing to control, diabetic and diabetic AD-MSCs treated
groups, respectively.
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AD-MSCs detected a marked hypoglycemic superiority
when compared to those of BM-MSCs.

Table 2 illustrates that the diabetic group exhibited
significant increases in pancreatic oxidative stress markers
(MDA, ROS, and XO) levels coupled with a marked decline
in all antioxidant markers (GSH, SOD, CAT, GST, TAC,
and HO-1) levels in addition to pancreatic viable cells (G0/
G1) %; when compared to the control group. However,
present results revealed that diabetic rats treated with either
AD-MSCs or BM-MSCs showed a marked decrease in
oxidative stress markers, while a significant increase in both
antioxidant markers levels and G0/G1 %; when compared to
the diabetic group. On the other hand, AD-MSCs cleared
non-significant changes in all tested parameters compared
to control group; in contrast to BM-MSCs values which
were still significantly variable. Interestingly, all results of
diabetic rats treated with AD-MSCs recorded a much more
enhancement than BM-MSCs treatment.

Table 3 and Figs. 2A–2D illustrate that the diabetic group
exhibited significant increases in pancreatic inflammatory
markers (CRP, TNF-a, TGF-β, CD95, and IL-6) %; when
compared to the control group. However, present results
revealed that diabetic rats treated with either AD-MSCs or
BM-MSCs showed a marked decrease in these inflammatory
markers %; when compared to the diabetic group. On the
other hand, AD-MSCs cleared non-significant changes in all
tested parameters compared to control group; in contrast to
BM-MSCs, values were still significantly higher than normal
values. Interestingly, AD-MSCs administration recorded a
much more anti-inflammatory efficacy than BM-MSCs
treatment in diabetic rats, where, 2A, 2B, 2C and 2D,
represents TNF-a, TGF-β, CD95+, and IL-6%, respectively.

Summarized data in the Table 4 and Figs. 3A and 3B
indicated a marked elevation in both pancreatic immune
parameters % in the diabetic group; regarding normal
control one. On the other hand, relative to the diabetic
group; both MSCs-treated groups’ results showed a
significant enhancement in tested parameters. Surprisingly,
obtained results of the diabetic rats injected with AD-MSCs
displayed an obvious improvement variation in the

pancreatic immune condition, compared to those treated
with BM-MSCs, where, Figs. 3A and 3B, represents CD4 &
CD8%, respectively.

Table 5 and Figs. 4A–4D obtained results revealed a
marked apoptotic status development in pancreatic cells of
diabetic rats; as suggested via the significant increases in
many apoptotic markers (annexin V, P53, and caspase 3%)
accompanied by a significant decrease in both anti-apoptotic
marker (Bcl-2%) and pancreatic viable cells count (G0/G1
%); in regard to control rats. On the contrary, Both MSCs
treated groups’ tested indicators clearly demonstrated a
significant improvement; when compared to the diabetic
untreated group. Notably, diabetic rats injected with AD-
MSCs recorded a great amelioration in the overall
pancreatic immune environment; comparing to BM-MSCs
treated rats, where, Figs. 4A, 4B, 4C and 4D, represents
annexin V, P53, caspase 3 & Bcl-2%, respectively.

Fig. 5 Photomicrograph of H&E-stained pancreatic
tissue displaying a typical histological image of islets of
Langerhans.

- (A) control, group showed normal intact features of
(IL) islets of Langerhans, (AC) acinar cells, and (CT)
connective tissue septa.

- (B) STZ-treated group displayed evident degeneration
illustrated in islets shrinkage (*), necrotic areas (white
arrowhead), pyknotic nucleus (black arrows), and congested
blood vessel.

- (C) AD-MSCs treated diabetic group showed marked
structural restoration.

- (D) BM-MSCs treated diabetic group showed marked
structural restoration except for the presence of limited
apoptotic nuclei (black arrowhead).

Discussion

Concomitant with our results, course STZ administration was
found to selectively targets and kills pancreatic β cells, causing
a huge serum glucose and HbA1c levels increase, coupled with
a marked C-peptide and insulin levels decline, and subsequent
prolonged hyperglycemia; regarding control subjects;

TABLE 2

Pancreatic oxidative stress, antioxidant markers levels & viable cells (G0/G1) %

Control Diabetic (D) D+AD-MSCs D+BM-MSCs

MDA (n mol/g) 10.40 ± 0.43 30.33 ± 1.05 10.65 ± 1.03b 15.50 ± 1.76abc

ROS (n mol/g) 0.79 ± 0.03 2.12 ± 0.08a 0.80 ± 0.03b 1.02 ± 0.02abc

XO (nmol/ml) 21.50 ± 1.03 50.00 ± 2.67a 22.25 ± 1.08b 29.50 ± 1.10abc

GSH (mg/gm) 53.00 ± 2.05 21.30 ± 1.34a 50.50 ± 2.64b 39.06 ± 2.87abc

SOD (u/gm) 10.22 ± 0.32 4.50 ± 0.13a 10.11 ± 0.43b 8.60 ± 0.43abc

CAT (u/gm) 0.60 ± 0.04 0.32 ± 0.03a 0.62 ± 0.03b 0.49 ± 0.02abc

GST (Mmol/gm) 6.30 ± 0.21 2.70 ± 0.16a 6.22 ± 0.22b 4.50 ± 0.24abc

TAC (mg/gm) 1.89 ± 0.09 0.53 ± 0.03a 1.85 ± 0.07b 1.40 ± 0.06abc

HO-1 (P mol/mg) 309.00 ± 13.42 110.00 ± 4.26a 304.00 ± 11.23b 235.00 ± 13.09abc

G0/G1 % 93.50 ± 2.23 55.40 ± 1.37a 92.50 ± 2.73b 75.00 ± 2.22abc

Note: Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P ≤ 0.05) comparing to control, diabetic and diabetic AD-MSCs treated
groups respectively.
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inducing an experimental model of T1DM (Amer et al., 2018;
Samaha et al., 2020). Such intracellular hyperglycemia was
supposed to cause damage to the vascular endothelium
through various mechanisms including–(i) activation of four
biochemical pathways, namely the Polyol pathway, protein
kinase C (PKC) pathway, AGEs pathway and hexosamine
pathway; all of which commutes glucose and its
intermediates leading to overproduction of ROS, (ii)
progression of oxidative stress (iii) dysregulation of growth
factors and cytokines, (iv) epigenetic changes which concern

the changes in DNA as a response to intracellular changes,
(v) abnormalities in non-coding RNAs, specifically
microRNAs, and (vi) inflammation and cell death of the
pancreatic β-islets (Jamshidi et al., 2018; Laddha and
Kulkarni, 2019; Paul et al., 2020). In particular, these high
levels of AGEs also disrupt the defense mechanisms and
assist in the destruction of β-cells through activating
different kinases and NADPH oxidase leading to ROS
increased production; which further promotes the synthesis
of more AGEs; thereby triggering cell-damaging

FIGURE 2. (A–D): Pancreatic inflammatory markers (CRP, TNF-a, TGF-b, CD95, and IL-6) %, respectively.
Results revealed that diabetic rats treated with either AD-MSCs or BM-MSCs showed a marked decrease in these inflammatory markers %;
when compared to the diabetic group. On the other hand, AD-MSCs cleared non-significant changes in all tested parameters compared to the
control group; in contrast to BM-MSCs, values were still significantly higher than normal values.
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mechanisms (Peng et al., 2018). However, oxidative stress
injury and elevated ROS and MDA production were
recognized as the major etiological factor in the
development of diabetes; which might be a reflection of the
decreased antioxidant capability of the defensive systems
and/or glucose oxidation (Aminzadeh et al., 2020; Kodidela
et al., 2020). Moreover, Dygai et al. (2016); Bathina et al.
(2017) stated that, in addition to provoking hyperglycemia
in diabetic rats, STZ could enhance increased oxidative
stress and proinflammatory cytokines; such as CRP, TNF-α,
IFN-γ, hyaluronic acid, IL1-β, and IL-6; which are positively

correlated with measures of insulin deficiency; through
inducing edema in the pancreatic insular tissue and its
infiltration by inflammatory cells and fibroblasts.

Regarding the selective and progressive autoimmune
destruction of the insulin-producing β-cells in T1DM, it was
proved to be a consequence of a targeted lymphocyte attack.
In this form of diabetes, CD4+ and CD8+ T-cells alter their
function and secrete large amounts of cytokines such as
interleukin-2 (IL-2), IL-8, TGF-β, MCP-1 and γ-interferon
(IFN-γ) triggering an inflammatory response in the
pancreatic islets, which damages β-cells, resulting in its

TABLE 3

Pancreatic CRP, TNF-α, TGF-β, CD95 and IL-6 levels

Control Diabetic (D) D+AD-MSCs D+BM-MSCs

CRP (g/dl) 3.65 ± 0.13 18.10 ± 0.65a 4.00 ± 0.34b 7.50 ± 0.32abc

TNF-α (%) 27.76 ± 1.76 44.56 ± 2.23a 30.60 ± 1.83b 38.50 ± 1.28abc

TGF-β (%) 16.50 ± 0.82 48.76 ± 2.23a 18.25 ± 1.82b 25.60 ± 1.06abc

CD95+ (%) 24.40 ± 1.62 49.40 ± 2.98a 28.60 ± 1.45b 32.60 ± 1.68abc

IL-6 (%) 18.55 ± 1.76 54.00 ± 2.34a 26.55 ± 1.38b 34.10 ± 1.72abc

Note: Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P ≤ 0.05) comparing to control, diabetic and diabetic AD-MSCs treated
groups respectively.

FIGURE 3. (A&B): Pancreatic CD4 & CD8%, respectively.
Data indicated a marked elevation in both pancreatic immune parameters % in the diabetic group; regarding normal control one. On the other
hand, relative to the diabetic group; both MSCs-treated groups’ results showed a significant enhancement in tested parameters.

TABLE 4

Pancreatic T-Helper CD 4+ and T-Cytotoxic CD 8+ (%)

Control Diabetic (D) D+AD-MSC D+BM-MSCs

T-Helper CD 4+ (%) 28.95 ± 1.20 62.23 ± 3.12a 31.12 ± 1.52b 36.55 ± 1.36abc

T-Cytotoxic CD 8+ (%) 29.00 ± 1.42 53.50 ± 2.87a 31.40 ± 1.27b 36.90 ± 1.82abc

Note: Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P ≤ 0.05) comparing to control, diabetic and diabetic AD-MSCs treated
groups, respectively.
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dysfunction and insulin secretion deficiency (Xv et al., 2017).
Moreover, Chen et al. (2017) demonstrated that β-cells
destruction by the autoimmune infiltration is additionally
exacerbated by the increased metabolic and glycemic
overload; which stimulates TNF-α increased production,
which, in turn, causing enhanced production of apoptotic
(cleaved caspase-12,9,8 and 3, respectively) ER stress’
signaling molecules levels in diabetic rats and apoptosis.
Consistent with these findings, another study revealed that

STZ-induced hyperglycemia could initiate pancreatic β-cells
apoptosis in diabetic rats, through elevating annexin, P53,
Bax, and caspases-3,8,9 expressions associated with
decreased anti-apoptotic Bcl-2 expression (Muruganathan et
al., 2017; Aminzadeh et al., 2020).

On the other hand, MSCs have been demonstrated in
displaying therapeutic effects in T1DM for their self-
renewable, differentiation potential, and immunosuppressive
properties. MSCs from various sources have the potential to

FIGURE 4. (A–D): Pancreatic annexin V, P53, caspase 3 & Bcl-2%, respectively.
Results revealed a marked apoptotic status development in pancreatic cells of diabetic rats; as suggested via the significant increases in many
apoptotic markers (annexin V, P53, and caspase 3 %) accompanied by a significant decrease in both anti-apoptotic marker (Bcl-2%) and
pancreatic viable cells count (G0/G1 %); in regard to control rats. On the contrary, Both MSCs treated groups’ tested indicators clearly
demonstrated a significant improvement; when compared to the diabetic untreated group.
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differentiate into IPCs. The differentiation program was
controlled by activating key transcription factors such as
Pdx-1, Pax4, Pax6, Ngn-3, NeuroD1, and Isl-1. Some of the
transcription factors including Isl-1 and Pax-6 were also
expressed in AD-MSCs and BM-MSCs, which indicated both
are capable to differentiate into the IPCs to cure diabetes
(Dave et al., 2014). However, many other reports attributed
the obvious hypoglycemic capability of MSCs to their marked
antioxidant activity in alleviating the resultant oxidative
stress status due to prolonged hyperglycemia. According to

Abdel Fattah et al. (2020); Aminzadeh et al. (2020),
administration of MSCs extremely ameliorated the elevated
MDA and ROS levels while increasing the mRNA expression
levels of many antioxidants; such as GSH, SOD-1 and 3, CAT,
GSH-Px-1, 3 and 4, HO-1 and TAC; in STZ-diabetic rats’
various tissues including pancreas; relative to diabetic untreated
rats. Moreover, MSCs were reported to have a significant
impact on the regulation of the immune system, by acting as a
potent source of various cytokines and growth factors and
manifest multilineage differentiation abilities. Wang et al. (2018)

FIGURE 5. (A–D) demonstrated representative images for pancreatic tissues of control, diabetic, D+AD-MSCs, and D+BM-MSCs groups,
respectively.
Fig. 5A showed that pancreatic tissue of control rats exhibited standard structures with no pathological changes illustrated in an intact
construction of islets of Langerhans with clear borders, connective tissue septa in between and prominent nuclei within their different
cells. In contrast, Fig. 5B clarified that STZ injected animals showed moderate injuries displayed in a reduction in islets’ size, congested
blood vessels, pyknotic nuclei, in addition to limited vacuolation within the islets referring to the destructive effect of this drug. However,
Figs. 5C & 5D demonstrated that diabetic animals treated with both MSCs types revealed notable amelioration in a varying degree when
compared to the STZ treated group and this was presented in the restoration of islets’ size, rarely congested blood vessels, the uncommon
occurrence of apoptotic nuclei as well. However, AD-MSCs treated diabetic rats displayed superior amelioration when compared to BM-
MSCs treatment.

TABLE 5

Pancreatic annexin V, P53, caspase 3 Bcl-2 and viable cells (G0/G1) %

Control Diabetic (D) D+AD-MSCs D+BM-MSCs

Annexin V (%) 4.10 ± 0.25 28.62 ± 1.52a 4.95 ± 0.72b 14.50 ± 0.83abc

P53 (%) 21.10 ± 1.33 64.73 ± 3.63a 23.52 ± 1.34b 41.98 ± 1.72abc

Caspase 3 (%) 32.50 ± 1.56 70.56 ± 3.62a 34.20 ± 2.23b 48.50 ± 2.72abc

Bcl-2 (%) 51.00 ± 2.19 18.30 ± 0.27a 46.55 ± 1.24b 37.30 ± 1.62abc

G0/G1 % 93.50 ± 2.23 55.40 ± 1.37a 92.50 ± 2.73b 75.00 ± 2.22abc

Note: Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P ≤ 0.05) comparing to control, diabetic and diabetic AD-MSCs treated
groups, respectively.
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demonstrated pancreatic β cell mass increased after AD-MSC
infusion is associated with less inflammation in the pancreas by
reducing TNF-α expression. AD-MSCs also could promote
restoration of islet function and increase of islet β cells by
reducing the rate of apoptosis through decreasing caspase-3
activity. Meanwhile, the release of paracrine angiogenic factors
such as VEGF, IGF-1, HGF, and Vwf can promote islet
vascularization and then participate in cell regeneration (Hu et
al., 2015). Thus, it could be deduced that the mechanisms
mediate the protective effects of MSCs most probably, paracrine.

In fact, consistent with our results, a lot of studies
highlighted that AD-MSCs have been targeted as potential
therapy cells since they have shown some superior functions
to BM-MSCs in terms of their immunomodulatory, anti-
inflammatory, and trophic effects. This excellency might be
attributed to certain advantages of AD-MSCs compared
with BM-MSCs. First, their easy isolation presents less
harvesting difficulty. Second, they have been shown to have
a higher differentiative potential. The third advantage
involves their much higher immunosuppressive capacity
compared to BM-MSCs; since they had supposed not to
excite the alloreactivity of incompatible lymphocytes and to
suppress the mixed lymphocyte reaction by inducing the
expansion of T-regs. Finally, AD-MSCs were found to
contribute to a much higher increase in anti-inflammatory
cytokines compared to BM-MSCs (Kocan et al., 2017; Wang
et al., 2018; Takahashi et al., 2019). Additionally, according
to Qi et al. (2019), AD-MSCs attracted more attention due to
less harvested inconvenience and ethical issues commonly
accompany with bone marrow-derived MSCs (BM-MSCs). In
comparison with BM-MSCs, AD-MSCs were characterized by
easy accessibility, abundant sources, subcutaneous location,
longer incubation time, harvesting with less pain, having
senescence later, superiority to maintaining proliferating ability
and differentiation potential, and having an approximately
threefold increase in immunosuppressive activity. Microarray
analysis revealed that 1% of genes were differentially expressed
between AD-MSCs and BM-MSC, which might be the cause
of AD-MSCs superiority. Therefore, AD-MSCs may be a better
candidate for clinical application in theory.

Conclusion

Both MSCs types were able to increase the pancreatic β-cells’
antioxidant contents; confirming that suppression of oxidative
stress can ameliorate inflammatory damage. However, the
injection of AD-MSCs was found to be superior to BM-
MSCs as a pancreatic regenerative tool in overcoming
diabetes. AD-MSCs exhibited greater potency in alleviating
pancreatic hazards resulting from diabetes induction, over
BM-MSCs, as it was most competent for the repression of
induced T-cells proliferation; owing to their marked
immunosuppressive and anti-apoptotic activities; via
inducing the residual β-cells protection and regeneration
while decreasing its destruction in parallel with minimizing
their inflammatory and apoptotic status.
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