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Cell-based therapy is a new direction of treatment of diseases such as type 1 diabetes mellitus (T1DM);
but unfortunately, its severe side effects include immunogenicity and tumor development. Using
Mesenchymal stem cells conditioned medium (MSCs-CM) may be an alternative therapy to avoid stem
cell risks, preserving effectiveness and demonstrating noticeably increased levels of cytokines, angio-
genic factors, and growth factors that encourage and support regenerative processes. In the current work,
we examined the effects of MSCs-CM injected in tail vein and pancreas directly compared with the
standard antidiabetic drug, glimepiride in streptozotocin-induced type 1 diabetic rats. Fifty adults Male
Wistar rats were allocated equally into five groups: normal, diabetic control and three diabetic groups
treated respectively with glimepiride, MSCs-CM injected daily into tail vein (MSCs-CMT) and MSCs-CM
injected directly in pancreas (MSCs-CMP); all treatments continued for 28 days. The treatments produced
a significant improvement in blood glucose level and glycosylated hemoglobin A1c (HbA1c), serum in-
sulin level and lipid panel, and pancreas apoptosis-related markers including B cell lymphoma-2 (Bcl-2)
and vimentin. In addition, the treatments resulted in suppression in the oxidation stress and enhance-
ment in the antioxidant, which were manifested by the suppressed lipid peroxidation and the increased
antioxidant markers (glutathione, catalase and superoxide dismutase) in the pancreas. In association
with the significant decrease in tumour necrosis factor-alpha (TNF-a) and interleukin-1beta (IL-1b) and a
significant increase in interleukin-10 (IL-10) levels, the inflammatory mediator nuclear factor-kappa B
(NF-kB) expression was significantly decreased by MSCs-CMT and MSCs-CMP. The histological amelio-
ration of the pancreatic islet cells assured our study especially in MSCs-CMP group than MSCs-CMT
which supports islet regeneration and elevated circulating insulin. These results imply that MSCs-CM
infusion has therapeutic benefits in T1DM rats and may be a viable novel therapeutic approach;
SCs, mesenchymal stem cells; TGF-b, transforming growth factor-b; MSCs-CM, mesenchymal stem cells conditioned
il vein; MSCs-CMP, MSCs-CM injected directly in pancreas; DM, diabetes mellitus; CM, conditioned medium; EVs,
, streptozotocin; IACUC, Institutional Animal Care and Use Committee; MERC, Medical Experimental Research Centre;
sphate buffer saline; r.p.m, rounds per minute; HbA1c, glycated hemoglobin A1c; EDTA, ethylenediamine tetraacetic
-C, low-density lipoprotein cholesterol; vLDL-C, very low-density lipoprotein cholesterol; MDA, malondialdehyde; SOD,
se; IL-1b, interleukin-1beta; IL-10, interleukin-10; TNF-a, tumor necrosis factor-alpha; ELISA, enzyme-linked immu-
-PCR, quantitative real-time polymerase chain reaction; RNA, ribonucleic acid; Bcl-2, B-cell lymphoma 2; SE, standard
Multiple Range Test; Epac3, exchange protein activated by cyclic adenosine monophosphate; ROS, reactive oxygen
ide adenine dinucleotide phosphate; NOX, NADPH oxidase; MMP2, matrix metalloproteinase-2; GPx1, glutathione
me proliferator-activated receptor gamma; H2O2, hydrogen peroxide; AD-MSCs, adipose tissue-derived MSCs; PETN,
nositol 3-kinase/protein kinase B; FBG1, fasting blood glucose before treatment; PPBG1, postprandial blood glucose
after treatment; FBG2, fasting blood glucose after treatment.
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MSCs-CMP was shown to be more effective than glimepiride and MSCs-CMT. The mechanisms of anti-
diabtic actions may be mediated via the antioxidant, anti-apoptotic and anti-inflammatory effects.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Type 1 diabetes mellitus (T1DM) impacts millions of people
worldwide and needs to be carefully managed to prevent major
long-term consequences such heart and renal disease, stroke, and
blindness [1]. The group of patients with T1DM is incredibly
diverse; they have varying genetic origins, discrete etiologies, and
appear with the illness at different stages and severities [2]. In
T1DM, autoreactive T lymphocytes target pancreatic b-cells, lead-
ing to the loss of islet b-cells linked to insulitis. This complete
absence of insulin secretion causes hyperglycemia, aberrant
glucose metabolism, and a permanent need on external insulin [3].
Most T1DM patients have significant blood sugar fluctuations and
inadequate blood glucose control. Prolonged hyperglycemia con-
tributes to the emergence of major diabetes complications,
including microvascular and macrovascular problems, which lower
quality of life and place a significant financial strain on both T1DM
patients and society as a whole [4].

Numerous anti-diabetic medications belonging to several
groups that function through multiple mechanisms have been
introduced to address DM [5]. Glimepiride (Amaryl) is a third-
generation sulfonylurea derivative, and is one of the top three
most commonly prescribed oral antidiabetic medications [6]. It
reduces blood glucose concentration by activating intracellular
insulin receptor signalling pathway and encouraging the pro-
duction of insulin by pancreatic b-cells [7]. Numerous studies
demonstrate that glimepiride has no negative effects on heart
conditions, but it also increases the risk of stroke [8]. Also, there
are many synthetic drugs available for diabetic patients but these
drugs are expensive and have unavoidable side effects [9].
Therefore, we are in dire need to test natural products to find their
antidiabetic effects with less adverse effects, so that they can be
given to help diabetic patients Islet b-cell transplantation has
demonstrated efficacy in treating T1DM [3,10]. Nonetheless, the
increasing number of people with diabetes worldwide, a scarcity
of donors, and the requirement for continuous immunosuppres-
sion limit the extensive application of b-cell transplantation [11].
Many treatment options have been used to find b-cell re-
placements; one of the most promising approaches is stem
cell transplantation. Many studies have demonstrated that
stem cells can successfully treat type 1 diabetes by preserving islet
b-cell function and regaining immunotolerance [3,12]. Undiffer-
entiated stem cells have the ability to self-renew and can develop
into almost any type of tissue or organ [13e15]. Mesenchymal
stem cells (MSCs) have been employed to preserve b-cells
through islet protection and regeneration. Additionally, stem cells
have the potent ability to reestablish peripheral tolerance
toward b-cells through immune response remodeling and autor-
eactive T-cell function inhibition [16,17]. In general, stem cells can
rebuild immunotolerance by suppressing the immunological
response of T cells and T helper 1 (Th1) cells through Transforming
growth factor-b (TGF-b) and inflammatory pathways, and they
can increase the mass of islets by differentiating into organoids
that resemble b-cells [18]. Since T1DM is characterized by an
autoimmune disease that triggers immune cells to target
and eliminate pancreatic b-cells, stem cell therapy for T1DM
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treatment should take into account the immunomodulatory
characteristics of stem cells as well as their potential to differen-
tiate into cells that produce insulin [3]. MSCs have the ability to
change the tissue microenvironment and encourage the survival
and regeneration of already-existing b-cells, which increases
their bulk and restores normal blood glucose levels [19,20]. The
researchers postulated that the cells' potential antioxidative, anti-
inflammatory, and anti-apoptotic properties were responsible for
their protective function [21]. However, stem cell treatments are
difficult and can have major side effects, such as immunogenicity
and tumor development [22,23], It has been demonstrated that
Mesenchymal stem cells conditioned medium (MSCs-CM) sub-
stantially reduces stem cells' risks while sustaining stem cells'
efficacy and demonstrating markedly increased levels of
growth factors, angiogenic factors, and cytokines that stimulate
angiogenesis and help diabetics heal their fractures [24]. In
addition, MSCs-CM contain extracellular vesicles (EVs) that carry
a variety of proteins, coding and non-coding ribonucleic acid
(RNA), small RNAs, mitophagosomes, and autophagosomes [25].
Conditioned medium (CM) may offer the following benefits over
cell-based therapies: (1) As opposed to using whole cells, CM
uses proteins to promote regeneration; (2) It can be stored for an
extended period of time without the need for toxic reagents
like dimetylsulfoxide DMSO; (3) It is more affordable to prepare
and can be produced in large quantities; and (4) It will be easier
to assess CM's safety and efficacy than traditional pharmaceutical
preparations [25,26].

Therefore, this research was planned to assess the therapeutic
potential effect and mode of actions of MSCs-CM in tail vein
and pancreas directly compared with the standard antidiabetic
drug, glimepiride in streptozotocin (STZ)-induced diabetic Wistar
rats.

2. Materials and methods

2.1. Experimental animals

Male Wistar strain rats weighing around 190 ± 10 g and aged
10 ± 1 weeks were employed in this investigation. They were kept
at the Medical Experimental Research Centre (MERC), Mansoura,
Egypt, and were obtained from Animal Facilities of VACSERA
company (Helwan, Cairo, Egypt). Throughout the experiment, they
had unlimited access to water and a conventional meal while being
kept in a non-stressful environment for one week to help them
acclimatise (temperature: 25 5 �C, humidity: 55 5 %, and light-dark
cycle: 12:12 h). Beni-Suef University's IACUC (Institutional Animal
Care and Use Committee) approved the study) Approval Number,
024-019).

2.2. Chemicals and drugs

STZ was obtained from Sigma Aldrich Co. MO, USA. It was dis-
solved in 4.5 pH citrate buffer solution and was injected into
peritoneal cavity in a dose of 45 mg/kg body weight (b. wt) of an-
imals. AMARYL® (glimepiride tablets) (Sanofi, Cairo, Egypt) was
purchased from pharmacy.
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2.3. Induction of diabetes mellitus

After the animals were starved for 16 h, 45 mg/kg of dissolved
STZ in citrate buffer (pH 4.5) was injected by intraperitoneal in-
jection to induce T1DM in the Wistar rats [27]. Rats were given STZ
injections, and blood glucose levels were measured ten days later.
Animals that had been fasting for 10e12 h were fed glucose via
stomach intubation at a rate of 3 g/kg body weight. Following 2 h of
oral administration, serum glucose concentration was assessed
after blood samples were drawn from the lateral tail vein, allowed
to clot, and centrifuged. After 2 h of glucose ingestion, rats with
blood glucose concentrations between 180 and 300 mg/dl were
classified as having moderate diabetes and included to the study;
other rats were excluded.

2.4. Preparation of mesenchymal stem cells conditioned medium
(MSCs-CM)

MSCs-CM was prepared according to the following steps:

1) Dulbecco's Modified Eagle Medium (DMEM) was used as a
culture medium and MSCs in culture medium was divided into
50 mL Falcon tubes each containing 45 mL under laminar air
flow and preserved it at 2e8 �C.

2) Antibiotic vial has been thawed in water bath for 20 min as it
was preserved at �20 �C.

3) Antibiotic was aliquoted at 15mL tubes each contains 10e15mL.
4) To prepare a serum-free basal medium, 45 mL DMEM and

0.5 mL antibiotic were mixed in the 50 mL tube.
5) For a duration of one day, MSCs were cultured in awhole culture

medium at a density of 10,000 cells/cm2
6) For 48 h, stem cells were cultured in serum-free basal medium

after being stripped three times using PBS.
7) After 24 h of incubation at an atmosphere of 95 % humidity with

5 % CO2 [28,29], for filtration and concentration, the supernatant
was collected at 12,000 rpm [30,31].
2.5. Experimental design

Five groups, each of 10 rats were used (Fig. 1). The first group
was the control group, which received the same vehicle quantities
for a period of 28 days. Rats with diabetes whowere given the same
amounts of the vehicles for a period of 28 days made up the second
group. The third group was made up of diabetic rats that received
oral glimepiride for 28 days at a dosage of 800 mg/kg body weight/
day. The fourth group consisted of diabetic rats that received 0.5 mL
of MSCs-CM intravenously every 28 days in their lateral tail vein.
The fifth group consisted of diabetic rats that received a 28-day
treatment with MSCs-CM (0.5 mL CM for each rat) administered
locally into the pancreas (0.5 mL for each rat).

2.6. Samples collection and preparation

At the end of the experiment, rats were anesthetized by ethyl
ether inhalation anesthesia for 2e3 min. Blood samples were
collected from jugular vein and were then allowed to coagulate at
room temperature before being centrifuged for 30 min at 3000
round per minute (r.p.m.). After a short time, the supernatant sera
were separated into three parts for each animal, and stored
at�30 �C for further examination. After collection of blood samples
and decapitation, rats were dissected and the pancreas was quickly
excised. The pancreas of each rat was separated into three sections:
one portion of pancreas was preserved in 10 % neutral buffered
formalin to prepare paraffin sections and stain them for histological
3

analysis. The second part was saved in glutaraldehyde 25 % for
electron microscope examination and third part was homogenized
and centrifuged at 3000 r.p.m. for 5 min to get rid of cell debris,
supernatant was kept at �30 �C, and applied to biochemical
examinations.
2.7. Laboratory biochemical investigations

2.7.1. Determination of glucose, glycated hemoglobin A1c (HbA1c)
and insulin levels

Samples were taken for the assessment of blood biochemical
parameters in ethylenediamine tetraacetic acid (EDTA) and serum-
separating tubes. Blood glucose level was determined by CERA-
CHECK™ 1070 glucometer, HbA1c was calculated with Bisse and
Abraham's method [32] and insulin in serum was measured ac-
cording to Temple et al. method [33].
2.7.2. Detection of lipid profile in serum
Serum cholesterol and triglyceride concentrations were detec-

ted according to Young, and Friedman [34]. The levels of high-
density lipoprotein cholesterol (HDL-C) were detected using the
method of Warnick et al. [35], whereas the levels of low-density
lipoprotein cholesterol (LDL-C) and very low-density lipoprotein
cholesterol (vLDL-C) were determined using the formulas of Tietz
[36] and Frideewald [37], respectively.
2.7.3. Determination of oxidative stress and antioxidant parameters
in pancreas

Pancreatic sample homogenates were prepared using potassium
phosphate buffer (pH 6.5, 1:10) and centrifuged for 20 min at 4 �C.
The supernatant for each sample was fractioned into 3 Eppendorf
tubes. Malondialdehyde (MDA) was determined based on the
methods of Satoh [38] and Ohkawa et al. [39]. Superoxide dis-
mutase (SOD) activity, GSH content, and catalase (CAT) activity
were measured based on the publications of Beutler et al. [40],
Nishikimi et al. [41], and Aebi [42] respectively.
2.7.4. Determination of inflammatory and anti-inflammatory
markers

The manufacturer's instructions were followed in measuring
serum concentrations of interleukin-1beta (IL-1b), interleukin-10
(IL-10), and tumor necrosis factor-alpha (TNF-a) using the ELISA,
whichwas based on the techniques of DeVita et al. [43], Hodge et al.
[44], and Brouckaert et al. [45] respectively. The pancreatic nuclear
factor kappa-B (NF-kB) was measured using quantitative real time-
polymerase chain reaction (qRT-PCR). Total RNA was isolated and
extracted in accordance with Qiagen, CA, USA manufacturer's in-
structions [46].
2.7.5. Determination of B-cell lymphoma 2 (Bcl-2) and vimentin
The mRNA expressions of Bcl-2, and Vimentin were determined

in the pancreas by qRT-PCR. Total RNA was isolated from pancreas
based on the manufacturer's instructions (Qiagen, CA, USA).
2.8. Histopathology and ultrastructural preparations of the
pancreas

In accordance with Bancroft and Gamble, slices of pancreases
were stained using hematoxylin and eosin stain [47] method. The
other specimens were prepared for ultrastructural examination by
the method of Bain and Mercer [48].



Fig. 1. Experimental design. STZ, strptozotocin; MSCs-CM, mesenchymal stem cells conditioned medium.
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2.9. Statistical analyses

The data was displayed as mean ± SE, and one-way analysis of
variance (ANOVA) was carried out using computer software (SPSS
version 20, IBM Corp., 2011) to find any significant differences be-
tween groups. Next, the Duncan Multiple Range Test (DMRT) was
run. A difference was considered significant if p-value is less than
0.05.

3. Results

3.1. Effects on glucose, glycated hemoglobin A1c (HbA1c) and
insulin levels

The diabetic control rats presented a significant (p < 0.05) raise
in blood glucose and HbA1c with a marked (p < 0.05) reduction in
serum insulin levels contrasted with the normal control. When
compared to the diabetic group, the diabetic rats were treated with
glimepiride, MSCs-CMT, or MSCs-CMP and demonstrated a signif-
icant improvement in these parameters. The greatest successful
recovery towards normal levels was demonstrated by MSCs-CMP
therapy (Table 1). MSCs-CMP was more potent than MSCs-CMT in
improving postprandial blood glucose at the end of the experiment
(PPBG2) and its effect was comparable to that of glimepiride.

3.2. Effects on serum lipid profile

When compared to the nondiabetic control group, the diabetic
group had a substantial (p < 0.05) elevation in the lipid profile,
which included blood cholesterol, triglycerides, LDL-C, and vLDL-C,
as well as a significant (p < 0.05) drop in HDL-C levels. Following
therapy, everyone is improved (Table 2). The most effective method
of enhancing the serum lipid profile was the MSCs-CMP therapy.

3.3. Effect on pancreas oxidative stress and antioxidant defense
system

Table 3 reveals that the pancreatic tissues of the diabetic group
showed a notable drop in SOD, CAT, and GSH, as well as a significant
increase of MDAwhen compared to the control group. On the other
hand, several treatment plans demonstrated a substantial
(p < 0.05) improvement, with the MSCs-CMP therapy demon-
strating the greatest amelioration.
4

3.4. Effect on inflammatory and anti-inflammatory markers

Comparing the diabetic group to the control, a substantial
(p < 0.05) drop in IL-10 levels and a rise in serum TNF-a and IL-1b
were noted. In comparison to the normal groups, the diabetic rats
also showed a considerable increase in pancreatic NF-kB mRNA
expression. On the other hand, compared to the diabetes group, all
diabetic treated groups exhibited significant (p < 0.05) reductions
in pancreatic NF-kB mRNA exoression and serum TNF-a and IL-1b.
Furthermore, improvement in serum TNF-a, IL-1b, and IL-10 levels
as well as pancreatic NF-kB mRNA expression was most successful
with MSCs-CMP therapy (Fig. 2).
3.5. Effects on pancreas Bcl2 and vimentin expression

In the pancreatic tissues of diabetic rats, the expression of the
anti-apoptotic gene Bcl-2 was dramatically (p < 0.05) lowered,
whereas the expression of the vimentin gene was significantly
(p < 0.05) enhanced. Following glimepiride therapy, diabetic rats
receiving MSCs-CMT and MSCs-CMP showed a substantial
(p < 0.05) increase in Bcl-2 mRNA expression and a significant
(p < 0.05) decrease in vimentin gene expression as compared to the
diabetic group (Fig. 3).
3.6. Histopathological and ultrastructural analysis

The results of histopathological investigation of pancreata from
each experimental group are shown in Fig. 4. The normal group
(Fig. 4A) had tissue architecture and intact pancreatic islets of
Langerhans without any injuries. Pancreata of the diabetic control
rats (Fig. 4B) illustrated markedly shrunken islets attained with
vigorous depletion in the islet cells number. Disrupted islets with
extreme necrosis and vacuolar degeneration were seen. Moreover,
some damaged pancreatic acini with irregular borders, while
others are vacuolated, and wide spaces between pancreatic lob-
ules were also observed. Moderately alleviated histological ar-
chitecture and integrity of islets of Langerhans with marked
improvement in size and number of b-cells of vacuolar degener-
ation and few damaged pancreatic acini leaving empty spaces
were observed in diabetic rats treated with glimepiride and MSCs-
CMT group (Fig. 4C&D). The MSCs-CMP group (Fig. 4E) revealing
improved islets architecture, integrity and an increase in number



Table 1
Changes in glucose, HbA1c and insulin in normal, diabetic control and diabetic treated groups.

Parameters Normal Diabetic control Diabetic treated with glimepiride Diabetic treated with MSCs-CMT Diabetic treated with MSCs-CMP

FBG1 (mg/dL) 78.17 ± 4.18a 163.00 ± 10.30b 165.83 ± 4.75b 174.06 ± 3.43b 159.50 ± 6.86b

PPBG1 (mg/dL) 113.67 ± 5.73a 243.83 ± 8.02b 222.50 ± 13.84b 212.00 ± 6.67b 232.17 ± 15.81b

FBG2 (mg/dL) 89.17 ± 3.03a 172.67 ± 6.31c 104.50 ± 5.01ab 111.83 ± 7.30b 112.17 ± 4.41b

PPBG2 (mg/dL) 124.83 ± 1.35a 238.50 ± 15.41c 117.50 ± 4.10a 165.83 ± 10.16b 123.67 ± 5.17a

HbA1c (%) 2.52 ± 0.09a 4.08 ± 0.06c 3.67 ± 0.08b 3.70 ± 0.09b 3.63 ± 0.09b

Insulin (mIU/mL) 3.43 ± 0.16c 1.56 ± 0.16a 2.40 ± 0.19b 2.72 ± 0.16b 2.98 ± 0.09bc

Values are represented as Mean ± SE of 10 rats in each group. Values, which have different superscript symbols (a, b and c) for each parameter, are significantly different at p <
0.05. FBG1 and PPBG1 are fasting blood glucose and postprandial blood glucose concentrations before treatment while FBG2 and PPBG2 are fasting blood glucose and
postprandial blood glucose concentrations at the end of the treatment period. HbA1c: glycosylated hemoglobin A1c. MSCs-CMT, MSCs-CM injected daily into tail vein; MSCs-
CMP, MSCs-CM injected directly in pancreas.

Table 2
Lipid profile parameters in normal, diabetic control and diabetic treated groups.

Parameters Normal Diabetic control Diabetic treated with glimepiride Diabetic treated with MSCs-CMT Diabetic treated with MSCs-CMP

Cholesterol (mg/dL) 102.67 ± 5.65a 211.17 ± 5.40d 178.33 ± 6.23c 144.33 ± 2.95b 105.17 ± 3.19a

Triglycerides (mg/dL) 80.83 ± 2.72a 157.60 ± 3.30d 113.67 ± 3.45c 102.67 ± 2.11b 82.00 ± 2.65a

HDL-C (mg/dL) 54.67 ± 0.88c 37.33 ± 1.09a 47.00 ± 0.63b 52.50 ± 0.99c 55.00 ± 0.45c

LDL-C (mg/dL) 32.45 ± 1.20a 134.97 ± 3.25d 113.33 ± 4.77c 70.83 ± 3.52b 36.83 ± 1.14a

vLDL-C (mg/dL) 15.55 ± 0.19a 31.70 ± 0.96d 22.67 ± 0.89c 19.33 ± 0.67b 16.32 ± 0.78a

Values are expressed as Mean ± SE of 10 rats in each group. Values, which have different superscript symbols (a, b, c and d) for each parameter, are significantly different at p <
0.05. MSCs-CMT, MSCs-CM injected daily into tail vein; MSCs-CMP, MSCs-CM injected directly in pancreas; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; vLDL-C, very low-density lipoprotein cholesterol.

Table 3
Oxidative stress and antioxidant parameters in normal, diabetic control and diabetic treated groups.

Parameters Normal Diabetic control Diabetic treated with glimepiride Diabetic treated with MSCs-CMT Diabetic treated with MSCs-CMP

MDA (nmol/g. tissue) 39.04 ± 4.34a 128.83 ± 2.49d 70.00 ± 5.29c 58.92 ± 4.05bc 50.20 ± 2.29ab

GSH (mmol/g. tissue) 89.50 ± 2.25c 38.8 ± 1.74a 65.13 ± 3.40b 71.25 ± 1.74b 83.88 ± 1.06c

CAT (U/gm tissue) 47.12 ± 7.20d 115.02 ± 2.23a 196.65 ± 2.91b 202.65 ± 4.63bc 218.87 ± 2.42c

SOD (U/gm tissue) 36.85 ± 1.63c 12.03 ± 0.39a 21.70 ± 1.55b 20.93 ± 1.79b 31.47 ± 1.41c

Values are expressed as Mean ± SE of 10 rats in each group. Values, which have different superscript symbols (a, b, c and d) for each parameter, are significantly different at p <
0.05. MSCs-CMT, MSCs-CM injected daily into tail vein; MSCs-CMP, MSCs-CM injected directly in pancreas. MDA, malondialdehyde; GSH, glutathione; CAT, catalase; SOD,
superoxide dismutase.
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of b-cells. Few degenerated acini and dilated congested blood
vessels could be seen.

The control group of islets of Langerhans, mostly composed of b-
cells, had an electron micrograph that revealed their cytoplasm
included many electron-dense secretory granules encircled by a
broad lucent halo, mitochondria, the Golgi apparatus, and a
euchromatic nucleus (Fig. 5A). The diabetic control group displayed
b-cells that were clearly vacuolated, had fewer secretory granules,
and some granules had fused together (Fig. 5B). In comparison to
the diabetes group, the glimepiride-treated diabetic group had b-
cells with less vacuolation, fewer granule fusions, and more
secretory granules (Fig. 5C). In comparison to the diabetes group,
the diabetic group treated with MSCs-CMT exhibited an increased
number of secretory granules, a euchromatic nucleus, and few
vacuoles in b-cells (Fig. 5D). In comparison to the diabetes control
group, the diabetic group treated with MSCs-CMP exhibited an
increase in secretory granules, euchromatic nuclei, and few or no
vacuoles in b-cells (Fig. 5E).
4. Discussion

In this study, T1DM inWistar rats was induced by STZ, which is a
cytotoxic agent to the pancreatic b-cells. This is indicated histo-
logically by destruction and reduced number of b-cells and
decreased insulin level in the diabetic rats. Therefore, they exhibi-
ted fating and postprandial hyperglycemia linked with increased
glycated hemoglobin. The effect of STZ on apoptosis is indicated by
5

decreased expression of anti-apoptotic mediator, Bcl-2, which is
considered as caspase inhibitor and thus in inhibiting apoptosis
[49]. The decreased level of Bcl-2 expression also explained the
increased oxidation and b-cell death in diabetic rats. On the other
hand, the increased vimentin may serve as an early marker of
endocrine pancreas disorders [50].

The direct impact of glimepiride on reducing blood glucose by
promoting the release of insulin from pancreatic b-cells indicates
the improvement following therapy [51], whichmay also due to the
raising the peripheral tissues' sensitivity to insulin [52]. Addition-
ally, research has shown that glimepiride interacts with exchange
protein activated by cyclic adenosine monophosphate (Epac3), a
nucleotide exchanger that mediates the exocytosis of insulin
granules [7]. These findings align with the findings of EL-Kassaby
and colleagues [53] who has proven the improvement in pancre-
atic islets of Langerhans in group treated with glimepiride.

Therapy of diabetic rats with MSCs-CMTor MSCs-CMP causes an
obvious restoration of serum insulin levels. These results are in
accordance with those of Sabry et al. [54] and Elshemy et al. [24]
who stated that MSCs-CM attenuated hyperglycemia by regener-
ating insulin-producing cells, enhancing pancreatic b-cell regen-
eration, boosting a cell to b cell conversion. Unique proteins found
in MSC-Exosomes have been shown to have a role in gap junction
construction, extracellular matrix modification, cell-matrix and
cell-cell attachments, and the suppression of the intrinsic apoptotic
pathway. Additionally, MSC-Exosomes have a variety of transcrip-
tion factors that control metabolic pathways, differentiation, cell



Fig. 2. Changes in serum TNF-a, IL-1b, Interleukin-1b and IL-10 and pancreas mRNA expression of NF-kB in normal, diabetic control and diabetic treated groups. Values, which have
different superscript symbols (a, b, c and d) for each parameter, are significantly different at p < 0.05. MSCs-CMT, MSCs-CM injected daily into tail vein; MSCs-CMP, MSCs-CM
injected directly in pancreas, TNF-a, tumor necrosis factor-alpha; IL-1b, interleukin-1beta; IL-10, interleukin-10; NF-kB, nuclear factor kappa-B.

Fig. 3. Changes in apoptotic markers in normal, diabetic control and diabetic treated groups. Values, which have different superscript symbols (a, b, c and d) for each parameter, are
significantly different at p < 0.05. MSCs-CMT, MSCs-CM injected daily into tail vein; MSCs-CMP, MSCs-CM injected directly in pancreas; Bcl-2, B-cell lymphoma 2.
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survival, and proliferation [55]. This explained the improved anti-
apoptotic mechanism in the treated groups, indicated by
increased expression Bcl-2. The improvements of pancreatic islets
and serum insulin levels by treatment of diabetic rats with MSCs-
CMT, MSCs-CMP and glimepiride were associated with the in-
crease of pancreatic anti-apoptotic protein Bcl-2 and decrease in
pancreatic vimentin. The increase in Bcl-2 reflects the decrease in
pancreatic cells apoptosis as it inhibits Bax (Bcl-2eassociated X
protein), Bad (Bcl2-associated agonist of cell death) and Bak (BCL-2
homologous antagonist/killer) leading to inhibition of caspase-3
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and apoptosis [56,57]. Vementin on the other hand stimulate
dedifferentiation or conversion of b-cells to other pancreatic
endocrine cell types that no longer contribute to insulin production
in diabetic islets [58].

Histopathological amelioration revealed a decrease in the
necrotic score and regeneration of b-cells with a pancreatic islet
morphology close to normal. This is in line with the findings of
Sabry et al. [54] and Elshemy et al. [24], who similarly reported
islet cell regeneration with a rise in Langerhans islet size and
number and a decrease in inflammation and fibrosis, indicating



Fig. 4. Histological changes in normal, diabetic control and diabetic treated groups. A photomicrograph of pancreas sections of Normal group (A): revealing the endocrine portion
consists of well-circumscribed islets of Langerhans (IL) with blood capillaries in-between (curved arrow). The exocrine portion of the pancreas consists of pancreatic acini (PA) with
basal rounded nuclei (arrow) and notice the intralobular blood vessels (b). Scale bare ¼ 100 mm. (B): Diabetic control group illustrating markedly shrunken islets (IL) attained with
vigorous depletion in the islet cells number. Notice the disrupted islets with extreme necrosis and vacuolar degeneration. Some damaged pancreatic acini with irregular borders
(PA), other acinar cells are vacuolated (v), and wide spaces between pancreatic lobules (zigzag arrows) were also observed. Scale bare ¼ 100 mm. (C&D): Diabetic rats treated with
glimepiride group or which were injected with mesenchymal stem cells conditioned media in tail vein group (MSCs-CMT) showing histological architecture and integrity of islets of
Langerhans (IL) with marked improvement in size and number of b-cells of moderately alleviated. Vacuolar degeneration and few damaged pancreatic acini (PA) leaving empty
spaces (zigzag arrows) were also detected. Scale bare ¼ 100 mm. (E): Diabetic rats injected with mesenchymal stem cells conditioned medium direct in the pancreas group (MSCs-
CMP) revealing improved islets architecture (IL), integrity and an increase in number of b-cells. Few degenerated acini (PA) and dilated congested blood vessels (curved arrow) could
be seen. Scale bare ¼ 100 mm.
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their improvement following MSCs-CM therapy. Furthermore, the
diabetic dyslipidemia with its specific pattern of abnormally high
level of triglycerides, cholesterol, a high proportion of LDL-C and
vLDL-C with a low level of HDL-C indicated in our results, as a
common complication in diabetics owing to insulin deficiency
and/or insulin resistance [59,60]. Treatment of diabetic rats with
glimepiride has a role in improving diabetic dyslipidemia by
amelioration of the glycemic state as proven in a study of Elbably
and ElNahas [61], and by increasing insulin secretion by pancreatic
b-cells and therefore preventing the lipolysis [62]. Additionally,
MSCs from different sources have the ability to repair cells that
create insulin, which can improve the condition of hyperglycemia,
according to Elshemy et al. [24]. Because of their antioxidant
properties, MSCs shield tissues from damage brought on by
reactive oxygen species (ROS) [63].

The present results demonstrated that STZ produced oxidative
stress in pancreatic cells, leading to a significant reduction in anti-
oxidant indicators such as SOD and CAT activities as well as low GSH
content in the diabetic group's pancreatic tissues when compared to
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the control group. These cells also exhibit markedly higher levels of
ROS and MDA, a marker of lipid peroxidation (LPO). Perhaps the
reason for thehigh levelofMDAisa resultof diabetes inductionwhich
increases the oxidative stress in the tissues and the accumulation of
LPOproductsaccordingly [64].These resultsagreewith thoseofmany
reports that showeddiabetic animals exhibited obvious imbalance in
oxidation [65e67]. Gurgul-Conveyet al. [68] revealed that pancreatic
b-cells have higher vulnerability to ROS damage, as evidenced by
reduced production of CAT and glutathione peroxidase 1 (GPx1).
Activation of the polyol and hexosamine pathways, increased intra-
cellular advanced glycation end product formation, protein kinase C
(PKC) activation, andoxidative phosphorylation are someof theother
mitochondrial pathways thought to be involved in ROS production in
b-cells under hyperglycemia [69,70].

Moreover, it has been demonstrated that hyperlipidemia in-
creases the formation of ROS via activating nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX), inducing matrix
metalloproteinase-2 (MMP2), and promoting macrophage infiltra-
tion [71,72]. Inflammatory cytokines, like hyperlipidemia,



Fig. 5. Electron micrograph for the control, diabetic and diabetic treated groups. Electron micrograph of islets of Langerhans showing (A): Normal b-cells. Several electron-dense
secretory granules are shown in their cytoplasm, encircled by a broad lucent halo (arrow), mitochondria (arrow head), the Golgi apparatus (G), and the euchromatic nucleus (N)
(Scale bar ¼ 2 mm). (B): Diabetic control group showing b-cells with vacuolation (V), decreased numbers of secretory granules and fusion of some granules (red arrows) (Scale
bar ¼ 2 mm). (C): Diabetic rats treated with glimepiride group showing b-cells of diabetic rats with few vacuolations (V), few fusion of granules (F) and increased number of
secretory granules compared to diabetic group (Scale bar ¼ 500 nm). (D): Diabetic group injected with mesenchymal stem cells conditioned medium in the tail vein (MSCs-CMT)
depicting euchromatic nuclei (N), few vacuoles in b -cells and increased number of secretory granules (arrow) compared to the diabetic group (Scale bar ¼ 2 mm). (E): Diabetic group
injected with mesenchymal stem cells conditioned medium direct in the pancreas (MSCs-CMP) depicting euchromatic nuclei (N), few or no vacuoles in b-cells and increase of
secretory granules (arrow) in comparison with the diabetic group (Scale bar ¼ 2 mm).
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enhanced the generation of hydrogen peroxide (H2O2) and other
ROS products, which in turn regulated the activity of nitrogen ox-
ide(s) and elevated the expression of genes that attract macro-
phages to b-cells [68]. One of the main cytokines that are
overexpressed in the diabetic liver is TNF-a; this alteration leads to
apoptosis and inflammation of the liver and is linked to oxidative
stress and hyperglycemia [73].

Glimepiride significantly reduced serum MDA levels and
increased SOD activity, which could be attributed to two different
mechanisms for glimepiride's antioxidant potential. First, by
blocking the cyclooxygenase processes within cells [74] and the
second potential mechanism could be connected to glimepiride's
ability to upregulate the genes of antioxidant enzymes like SOD and
paraoxonase by lowering the activity of redox-sensitive NF-kB [75]
perhaps it could have agonistic effects on the peroxisome
proliferator-activated receptor gamma (PPARg) [76].

When MSCs-CMT and MSCs-CMP were administered to diabetic
rats, the amount of LPO in their pancreas was significantly reduced,
and their antioxidant status was improved as seen by increased CAT
and SOD activity as well as GSH content. These results agreed with
that of Elshemy et al. [24] and Yuan et al. [77]. It has been suggested
that MSCs can lessen oxidative damage by contributing their
mitochondria to repair injured cells, scavenging free radicals,
boosting host antioxidant defenses, controlling the inflammatory
8

response, and boosting cellular respiration and mitochondrial ac-
tivities [78]. The administration of MSCs-CM can also lower
oxidative stress in vivo, indicating a paracrine component to their
mechanism. The antioxidant actions of MSCs frequently occur in a
paracrine way in vitro [79]. Moreover, MSCs-CM exhibit strong
antioxidant capacity (Fig. 6), suggesting that MSCs release antiox-
idants on an active basis [80]. Models of diabetes showed that MSCs
raised GSH levels [81]. The MSCs-CM also saw these effects [79].

Glimepiride has anti-inflammatory effect that is proven inMatta
et al. [82] study who found that glimepiride seemed to affect the
expression of several cytokines that cause inflammation. All things
considered, sulfonylurea can inhibit activated macrophages' ability
to produce cytokines by inhibiting their Kþ channels [83].
Furthermore, giving MSCs-CMT or MSCs-CMP to diabetic rats
reduced TNF-a and IL-1b levels, increased IL-10 expression levels,
and lowered NF-kB expression levels. Specifically, as compared to
MSCs-CMT, MSCs-CMP demonstrated an extremely substantial
anti-inflammatory impact. The results of Hashemi et al. [84] are
consistent with our findings. They demonstrated how MSCs and
MSCs-CM therapies reduced the levels of inflammatory and anti-
inflammatory cytokines and improved the clinical symptoms of
diabetes in a mouse model. In his work, adipose tissue-derived
MSCs (AD-MSCs) and CM treatment led to a significant decrease
in blood glucose levels and the repair of pancreatic islets because of



Fig. 6. Diagram showing potential mechanism of action of MSCs-CM on T1DM. MSCs-CM, mesenchymal stem cells conditioned medium; MSCs-CMT, MSCs-CM injected daily into
tail vein; MSCs-CMP, MSCs-CM injected directly in pancreas.
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the anti-inflammatory and immunomodulatory qualities of MSCs
(Fig. 6) [85]. The ability of MSCs to regenerate may be connected to
their anti-inflammatory characteristics [86]. MSCs regulate the in-
flammatory milieu and shield injured tissues from inflammatory
reactions by producing trophic factors and anti-inflammatory cy-
tokines. The protective benefits of MSCs-CM on the survival of islet
beta cells seem to be mostly IL-10-dependent [87]. Also, the
expression of pro-inflammatory cytokines, like IL-1b, was
decreased by the MSCs-CM [88].

The M2/M1 polarization ratio is increased by MSCs-CM, which
lowers inflammation and speeds up healing in diabetic ulcer
wounds [89]. By enhancing the production of pentaerythritol tet-
ranitrate (PETN), which controls the M1/M2 polarization ratio,
MSCs-CM diminish the phosphorylation of AKT and prevent the
activation of the phosphatidylinositol 3-kinase/protein kinase B
(PI3K/AKT) pathway. This reduces the inflammatory reaction to
wounds in rats with diabetes and speeds up the process of tissue
regeneration after inflammation [90].

Overall, the current study's findings showed that injectingMSCs-
CM into the pancreas and tail vein reduced hyperglycemia by
regenerating insulin-producing cells, enhancing the regeneration of
pancreatic islet b-cells, shielding pancreatic tissues from damage
caused by ROS, and influencing immunity and angiogenesis through
secreted paracrine factors (Fig. 6). However, MSCs-CMP seemed to
havemore potent hypoglycemic action compared toMSCs-CMT. This
may be attributed to direct injection into pancreatic cells. Growth
factors and MSCs-CM's interleukin content have been proposed to
have an impact on intrapancreatic environment [91,92] and facilitate
regeneration through resident/circulating stem cells and progenitor
cells being activated and drawn to the injury site, where they work
together to repair injured tissues [93]. MSCs-CM injected direct in
pancreas is safe and biocompatible and displayed better
9

bioavailability and efficiency against diabetes and its complications
in comparing to MSCs-CM injected in tail of rats. Thus, this method
could be suggested as a potential candidate for management of
diabetes, also for further in vivo and clinical investigations.

5. Conclusions

The study concluded that the injection of MSCs-CM in both tail
vein and pancreas alleviated hyperglycemia and the hyperlipid-
emia via promoting the growth of pancreatic islet b-cells, repairing
insulin-producing cells, shielding pancreatic tissues from damage
caused by ROS and inflammation. MSCs-CM therapy by injection
directly into pancreas has the potent improvement antidiabetic
effects when compared to Amaryl and MSCs-CM injected into
lateral tail vein. Hence, this method could be suggested as a po-
tential candidate for management of diabetes, also for further
in vivo and clinical investigations.
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