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The role of mesenchymal stem cell therapy in ameliorating
diabetes-induced ovarian damage in albino rats: Histological,
biochemical and immunohistochemical studies
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Background

Diabetes mellitus (DM) is a chronic disease causing a variety of complications that
can damage most organs, including the gonads. Diabetes was reported to be
effectively treated using mesenchymal stem cells (MSCs).

Objective

The objective of the work was to demonstrate the therapeutic role of stem cells in
cases of ovarian damage due to diabetes.

Materials and methods

Eighteen adult female albino rats were divided evenly into three groups. The control
group received an injection of 1ml of saline intraperitoneally (i.p.). The
streptozotocin (STZ)-treated group: that was given 60 mg/kg per body weight
(i.p.) of STZ to induce DM, which was slaughtered after 4 weeks. The STZ
+stem cell-treated group that got STZ then was allowed to recover for 4 weeks
and then underwent an intravenous injection of one million MSC before being
sacrificed. Measurements of blood glucose, serum estradiol (E2), follicular-
stimulating hormone (FSH), and luteinizing hormone (LH) were performed.
Histological examination with hematoxylin and eosin, Masson stain, and
immunohistochemical investigation for proliferating cell nuclear antigen (PCNA)
were performed on the ovarian sections.

Results and conclusion

The STZ-induced DM group showed high glucose, FSH, and LH levels and
decreased the E2 levels. Also, the inflammation, degeneration, and decreased
PCNA immune expression of the ovary development in the STZ-induced DM group
were observed. The treatment with the MScs reversed the effect of DM on glucose,
FSH, LH, and E2. Additionally, the MScs improved the pathological alterations by
increasing PCNA immune expression in the ovary. It was concluded that MSCs can
effectively treat diabetes-induced ovarian damage.
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Introduction

Itis a glucosamine-nitrosourea compound that has specific

One of the most prevalent non-communicable metabolic
chronic diseases is the diabetes mellitus (DM). Diabetes
has suddenly and significantly increased globally during
the past few decades. The International Diabetes
Federation reported that there will be 642 million
diabetic patients by 2040, up from 415 millionin 2015 [1].

Most of the body’s organs, such as the retina, kidney,
heart, and gonads, are negatively impacted by DM in
both sexes. It has negative effects on the functions of
the reproductive system and decreases the rate of
fertility due to ovarian damage, but the exact
mechanisms are unclear [2].

Streptozotocin (STZ) is an ideal chemical agent that
can be used to develop an animal model of diabetes [3].
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harmful effects on pancreatic beta cells due to the
production of free radicals such as superoxide hydrogen
and peroxide, leading to the induction of diabetes [4].

Diabetes and associated consequences, such as
retinopathy, nephropathy, and ovarian damage, were
reported to be treated with mesenchymal stem cells

(MSCs) with success [5-7].

A relatively new intervention technique used to repair
injured tissues is stem cell therapy. According to some
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medical researchers, stem cell therapy alters the course
of various human diseases. The stem cells can multiply,
resulting in generations with a variety of differentiation
potentials. This property, which has great promise,
allows for synthesising various tissues to replace
damaged and malfunctioning tissues [8].

Nitric oxide and prostaglandin estradiol (E2), two
substances secreted by MSCs, improve antioxidant
defences, suppress oxidation-related factors, and
lessen  cell  necrosis  [9,10].  Additionally,
immunological regulation of MSCs reduces the
proliferation of inflammatory cells, having an anti-
inflammatory effect [11].

The primary aim of this study was to shed light on the
ovarian alterations driven by diabetes while elucidating
the potential therapeutic benefits of MScs through
histological, biochemical, and immunohistochemical
investigations.

Materials and methods

This study was conducted at Beni-Suef University’s
Faculty of Pharmacy’s animal house between the
February 15, 2023 and the August 15, 2023 in line
with the standards for the handling and use of
laboratory animals, the code of ethical approval was
022-375 of the institutional animal care and use
committee Beni-Suef University (BSU-IACUC).

Experimental animals

The study included 18 adult female albino rats
weighing 200-400g. The female rats spent 2 weeks
acclimating in the laboratory before performing the
study. These rats were handled in metal cages under
regular  laboratory and
circumstances. Food and water were given to the
rats according to the recommended level.

sterile  environmental

The rats were divided evenly into three groups. The
control group received an injection of 1ml of saline
intraperitoneally (i.p.). The STZ-treated group was
given 60 mg/kg per body weight (i.p.) of STZ for the
purpose of inducing DM, which was slaughtered after
4 weeks [12]. The STZ+stem cell-treated group that
got STZ then was allowed to recover for 4 weeks and
then underwent an intravenous injection of one million

MSC before being sacrificed [13].

Chemicals

The powder solvent form of STZ was purchased
from Sigma Company (St Louis, Missouri,
USA). The active component of STZ, also known

as N-methylnitrosocarbamoyl-D-glucosamine STZ,
weighs 1g per vial of the drug.

Diabetes mellitus induction

In the Department of Biochemistry of the Faculty of
Medicine at Beni-Suef University, 60 mg/kg body
weight of STZ was dissolved in sodium citrate
buffer (0.1M). It was administered intravenously
within 15min of the solution’s preparation at pH

4.5. This step’s objective is to trigger DM [14].

Diabetes diagnosis

Within 3 days of receiving the STZ injection, adult rats
displayed polyphagia and polydipsia, which indicated
that they was triggered by deteriorating the pancreatic
cells of Langerhans islets [15]. An increase in blood
glucose levels confirmed the diabetes diagnosis [16].
Rats with more than 200 mg/dl of blood glucose levels
were considered to have DM [14].

Diabetes mellitus treatment

Preparing labelled MSCs from bone marrow was
performed in Beni-Suef University’s Faculty of
Medicine’s Biochemistry Department. Four weeks
tollowing the DM diagnosis, these stem cells were
administered as a single dosage of 1ml containing
about 1x10° cells/rat through intravenous injection
[17]. Only group III received the MSCs therapy,
suspended in 1 ml of normal saline [18].

Isolating and culturing the bone marrow-derived
mesenchymal stem cells

At the Medical Biochemistry Department, Faculty of
Medicine, Beni-Suef University, the 5-bromo-2-
deoxy-uridine labelled stem cells were performed.
According to the previous study [19], these stem
cells were isolated and cultured for 4 weeks.
Euthanization of the rats was carried out, and all
their femora and tibias were removed when they
were completely sterile. They were put in Dulbecco’s
modified eagle medium, which was used to flush out
the MSCs, and a syringe with a 23-G needle was used.
The cells were carefully separated by repeatedly
pipetting the bone marrow from the bones. These
cells were centrifuged at 2250 rpm for 15min after
being washed twice with Dulbecco’s modified eagle
medium. The stem cells were grown in Dulbecco’s
modified eagle medium with 10% fetal bovine serum
(100 U/ml penicillin G and 100 mg/ml streptomycin
added at a 2.5x10%/cm? density). The stem cells were
incubated at 37°C in humidified 5% CO, and 95% air.
Removing the nonadherent cells was done after 3 days.
Every 3 days, fresh Dulbecco’s modified eagle medium

was added and replenished. The stem cells were



harvested after reaching 80-90% confluency over 2
weeks. They were then replanted on a six-well disc
at 1.5x10°/cm? and grown to almost confluence once
more using 1 mmol EDTA, and 0.25% trypsin at 37°C
for 3 min. To expand the culture, the cells were diluted
by adding water at a ratio of 1 : 2 per passage. Every 3
days, the stem cells were examined under a fluorescent
phase-contrast microscope (Axiocam MR R3, Carl

Zeiss, Jena, Germany).

Biochemical investigations

A fine, heparinized capillary tube was used to collect
blood samples for each group at the conclusion of the
trial. The plasma was obtained from the centrifuged
blood samples and utilized to measure glucose,
luteinizing  hormone (LH), follicle-stimulating
hormone (FSH), and E2. To avoid chemical
damage, the rats were first given a light ether
inhalation anesthetic before being killed by cervical
dislocation [20]. The ovaries of rats were carefully and
promptly removed.

Histological and immunohistochemical analysis

The ovaries were cut open and dissected. Then, they
were treated for blocks of paraffin and sectioned at a
thickness of 5m after being fixed in 10% formalin
for an overnight period - hematoxylin and eosin
(H&E) [21], [22]. The
immunohistochemical analysis employing
proliferating cell nuclear antigen (PCNA) [23] was
performed on the paraffin sections. Slices of hydrated
and deparaffinized paraffin were employed. After
suppressing the endogenous activity of peroxidase
with 10% H,O,, the sections were treated with
primary rabbit polyclonal antibodies against PCNA
(Sigma-Aldrich). ~ The  secondary  antibody
(biotinylated goat anti-rabbit) was used after
phosphate buffer saline for washing. The slides

were incubated using the tagged avidin-biotin

Masson’s  trichrome

peroxidase, linked to the secondary antibody’s
biotin. After adding diaminobenzidine chromogen,
which is transformed by peroxidase into a brown
precipitate, the antibody binding site was visualized.
The typical positive control was a piece of tonsil (it is
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the standard positive control as it contains PCNA
molecules and can be easily detected using the stain).
By omitting the injection of the main antibody, the
negative control was one of the ovarian sections.

Morphometric study

The strength of the PCNA immune expression in the
ovarian sections was measured morphometrically using
a Leica Quin 500 computerized image analysis system

(Leica Ltd, Cambridge, UK).

Statistical analysis

Statistical analysis was performed utilizing SPSS
software, version 22 (SPSS Inc., Chicago, Illinois,
USA). The data were expressed as a mean and SD.
To compare both groups, the one-way analysis of
variance test was applied. When the P values were
less than 0.05, the statistical findings were regarded as
significant.

Results
Mortality rate
There were no rat deaths found.

Biochemical results

As indicated in Table 1, a significantly higher mean
levels of glucose, FSH, and LH and lower mean levels
of E2 were found in the STZ-treated group but these
changes were reversed in the STZ+stem cell-treated
group as compared to the control group (P<0.05).

Histological results

H&E staining of ovarian sections from the control
group showed normal ovarian architecture formed of
surface epithelium overlying a thin layer of tunica
albuginea, the outer cortex, and the inner medulla.
The outer cortex demonstrated different types of
growing follicles in different stages of development
and an intact corpus luteum, as shown in Fig. 1.
Furthermore, Figs 2 and 3 showed the H&E
staining of ovarian sections in the STZ-treated
group, demonstrating a prominent increase in
interstitial stromal cells, dilated congested blood
vessels, and distorted corpus luteum with vacuolated

Table 1 Detection of the levels of blood glucose and measured hormone levels in the studied groups

The groups Blood glucose level (mg/dl) FSH level (mIU/ml) LH level (mIU/ml) E2 level (pg/ml)
(mean+SD) (mean+SD) (mean+SD) (mean+SD)
The control group 91.24+7.75 0.018+0.03 0.03+0.02 31+5.62
The STZ-treated group 292.35+18.89* 0.088+0.07* 0.099+0.09* 17+9.54*
The STZ+stem cell- 137.44+15.23* 0.022+0.04* 0.044+0.01* 28.2+3.12¢

treated group

E2, estradiol; FSH, follicular-stimulating hormone; LH, luteinizing hormone; STZ, streptozotocin. "Significant differences (P<0.05) from the

control group.



410 Egyptian Pharmaceutical Journal, Vol. 23 No. 3, July-September 2024

Figure 1

Figure 3

A photomicrograph of an ovarian section of the control group showed
normal ovarian architecture formed of surface epithelium overlying a
thin layer of tunica albuginea (arrowhead), outer cortex, and inner
medulla. The outer cortex demonstrated different types of growing
follicles in different stages of development (arrows) and the corpus
luteum (CL) (H&E, x200). H&E, hematoxylin and eosin.

A photomicrograph of an ovarian section of the STZ-treated group
showed distorted atretic follicles with an irregular outline and
shrunken oocytes (arrows). Also, vacuolated follicular cells (curved
arrows) and extravasation of blood in the ovarian stroma (stars) are
demonstrated (H&E, x400). H&E, hematoxylin and eosin; STZ,
streptozotocin.

cells. Distorted atretic follicles with an irregular outline
and shrunken oocytes were detected. Also, vacuolated
follicular cells and extravasation of blood in the ovarian

Figure 2

stroma were demonstrated, whereas the H&E staining
of ovarian sections in the STZ+stem cell-treated group
showed normal germinal epithelium, most of the

A photomicrograph (a—c) of an ovarian section of the STZ-treated group. (a) A prominent increase in interstitial stromal cells (IC) and distorted
corpus luteum with vacuolated cells (CL). (b) An abnormal corpus luteum with vacuolated cells (curved arrows) and dilated congested blood
vessels (stars). (c) Distorted atretic follicles with an irregular outline and shrunken oocytes (arrows). Also, vacuolated follicular cells are
demonstrated (arrowhead) (H&E, x200). H&E, hematoxylin and eosin; STZ, streptozotocin.




Figure 4

A photomicrograph of an ovarian cortical section of the STZ+stem
cell-treated group showed germinal epithelium (arrowhead). Most
ovarian follicles at different stages of development are intact
(arrows). Mildly distorted corpus luteam (CL) and extravasation of
blood (stars) are seen (H&E, x200). H&E, hematoxylin and eosin;
STZ, streptozotocin.

ovarian follicles at different stages of development were
intact, and mildly distorted corpus luteal and
extravasation of blood in the ovarian stroma were
also seen in Fig. 4.

Figure 5
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Masson’s trichrome staining

In Masson’s trichrome-stained ovarian sections, there
was a significant deposition of collagen fibers in the
stroma of the ovary in the STZ-treated group
compared to the control groups. Moderate
deposition of the collagen fibers was observed in the
ovarian sections of the STZ+stem cell-treated group, as

shown in Fig. 5.

Proliferating cell nuclear antigen immunohistochemical
staining

Figure 6 shows the immunohistochemical staining of
the ovaries for PCNA, which demonstrated the
positive e-NOS immune expression in the follicular
cells and stromal cells of the ovaries. Comparatively less
intense PCNA immune expression was seen in the
ovarian follicles of the STZ-treated group compared to
the control group. The STZ+stem cell-treated group,
on the other hand, displayed more intense PCNA

immune expression.

Morphometric results

Table 2 showed that the STZ group’s intensity of
PCNA immune expression was significantly reduced
when compared to the control group (P<0.05),
whereas the STZ+stem cell group’s intensity of

ey
Pis &
S

A photomicrograph of Masson’s trichrome-stained ovarian sections of the control (a), STZ-treated (b), and STZ+stem cell-treated (c) groups
showing collagen fiber deposition in the ovarian cortical stroma between follicles (arrows). (a) Minimal collagen fiber deposition. (b) Massive
collagen fiber deposition. (c) Moderate deposition of the collagen fibers (Masson’s trichrome, x200). STZ, streptozotocin.
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Figure 6
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A photomicrograph of PCNA-immune-stained ovarian sections of control (a), STZ-treated (b), and STZ+-treated (c). (a) Brown coloration
(positive PCNA immune expression) in the ovarian follicle. (b) A decreased intensity of the PCNA immune expression, while (c) shows an
increase in the intensity of the PCNA immune expression (PCNA immunostaining, x400). PCNA, proliferating cell nuclear antigen; STZ,

streptozotocin.

Table 2 The morphometric results of the intensity of proliferating
cell nuclear antigen immune expression in the studied groups

Groups Intensity of PCNA immune expression

(meanxSD)
67 180 856+3 346 319
4 487 416+8 771 690
56 994 580+9 921 946*

The control group
The STZ-treated group

The STZ+stem cell-
treated group

PCNA, proliferating cell nuclear antigen; STZ, streptozotocin.
*Significant differences (P<0.05) between the control group.

PCNA immune expression increased when compared
to the STZ-treated group (P<0.05).

Discussion

In the present study, the levels of FSH and LH
significantly increased while those of E2 significantly
decreased in the diabetic group. These findings were
analogous to the findings of Ahmed Sorour ez al. [7],
who declared that the level of LH was increased while
levels of estrogen and progesterone were decreased in
the ovaries of diabetic rats.

The current abnormal hormone results were supported
by Gambineri ez a/. [24], who claimed that the major

endocrinal abnormalities in insulin-resistant diabetic
women include high levels of testosterone and estrogen
to progesterone and, occasionally a high LH : FSH
ratio leading to the polycystic ovary (PCO).

Contrary to the current findings, Soleymanzadeh ez .
[25] found that the levels of LH and FSH and the
levels of estrogen and progesterone were decreased in
the diabetic rats’ group. These changes were due to the
decline in the level of gonadotropin-releasing hormone
in cases of diabetes.

The current study showed that the levels of FSH and
LH were decreased, and those of E2 were increased in
the stem cell-treated group.

The same findings were observed by Ahmed Sorour ez a/.
[7], who illustrated that the LH level was decreased while
estrogen and progesterone levels were increased after
treatment with stem cells. Also, Yan eza/. [26] and Ding
etal. [27] showed an improvement in the hormones after
treatment with stem cells.

In agreement with the present study, Korbling and
Estrov [28] suggested that these improvements to the



stem cells’ anti-inflammatory properties, trophic
into the damaged
location, and finally, transformation into tissue-

action, homing, integration

specific cells.

These findings agreed with a study by Fouad ez a/. [29],
who showed that stem cells improved ovarian failure in
rats with cyclophosphamide-induced ovarian failure
and restored their fertility. These findings may
contribute to the role of stem cells in restoring the
tertility of experimental rats with ovarian failure.

The current light microscopic results in the diabetic
group showed a prominent increase in interstitial
stromal cells, dilated congested blood vessels, and a
distorted corpus luteum with vacuolated cells.
Distorted atretic follicles with an irregular outline
and shrunken oocytes were detected. Also,
vacuolated follicular cells and extravasation of blood
in the ovarian stroma were demonstrated. In the stem
cell-treated  group, sections  showed
improvement in architecture with many normal
ovarian follicles. These findings agreed with the
study of Ahmed Sorour ez al. [7].

ovarian

Gambineri e# al. [24] defined PCO in all people with
diabetics with different BMIs as a chronic disease with
low-grade inflammation. Also, Rezvanfar ez al. [30]
reported that high blood glucose might result in
oxidative stress due to increased reactive oxygen
species (ROS) production, contributing to the
inflammatory changes in PCO syndrome.

The previous studies claimed that the enhancement of

nuclear  transcription  factor  kappa-B; a
proinflaimmatory mediator is included in an
inflammatory  condition may be involved in

reproductive diseases may be caused by excessive
production of ROS and defective antioxidant
potential with subsequent mitochondrial malfunction.

Furthermore, Mohamed ef a/. [31] demonstrated that
the environment around the ovaries can be improved by
stem cells to speed up the functional healing of the
damaged ovaries.

In terms of signaling pathways, Lu ¢z /. [32] and Li
et al. [33] suggested that stem cells have a role in the
development of ovaries, the growth of follicles, the
proliferation of granulosa cells, and the differentiation
via AMPK/mTOR Hippo, PI3K/Akt, transforming
growth factor betal/Smad3 signaling pathways. Zhao
et al. [34] demonstrated that human stem cells
enhanced the PI3K pathway by elevating free levels
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of amino acids to restore ovarian function, improving
the lipids metabolism and decreasing monosaccharides
concentration.

Following stem cell transplantation, the number of
follicles increased, and the number of granulosa cells
that had undergone apoptosis decreased, indicating
that UC MSCs may be able to enhance the
environment around follicles and prevent granulosa
cell apoptosis, thereby aiding in the restoration of
ovarian function in the ovaries [34,35].

In the current work, the observed high increase in the
distribution and density of the fibers of collagen within
the ovaries of the diabetic group coincided with
Dhindsa ez al [36], who explained that fibrosis is
merely a byproduct of inflammation, which is
characterized by excessive ROS  production,
dysregulation of apoptosis, elevated blood levels of
proinflammatory mediators, and cytokines like C-
reactive  protein, necrosis  factor-alpha,
transforming growth factor alpha or beta, tissue
plasminogen activator, upregulation of nuclear
transcription factor kappa-B, and activator protein-1
with lowering the anti-inflammatory elements’ levels.

tumor

The decrease in the abundance of collagen within the
ovaries of the stem cell-treated group appears to be
more or less like the control, which could be explained
by the previous research of Akram ez al [37], who
attributed this to the control of inflammation and
fibrosis, suggesting evidence that the paracrine
impact helps the resident and wounded cells survive
and recover functionally, significantly regulates the
environment in the area, promotes wound healing,
and decreases fibrosis.

In the current study, the PCNA immunohistochemical
staining of the ovaries demonstrated decreased PCNA
immune expression compared to the control group.
The same findings were detected by Zhang ez al. [38]
that induced diabetes in rats by using letrozole and
high-fat diets, leading to ovarian damage.

The STZ+ stem cell-treated group demonstrated
increased intensity of PCNA immune expression.
These findings were in accordance with Wang ez al.
[39], that induced ovarian damage after ovarian antigen
injection.

A DNA polymerase accessory protein forms PCNA
with a particular ring shape. The PCNA is present in
multiplying eukaryotic cells and is a key coordinator in
cell division, proliferation, and deoxyribonucleotide
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replication [40]. The PCNA has become a widely
utilized biomarker for detecting cell
proliferation activity [41].

tumor

In addition, the PCNA has been reported as a
proliferation marker, acting as an essential regulator
during ovarian follicle development in the granulosa
cells [42,43]. It has been proven that PCNA is highly
expressed during the growth and maturation of oocytes
and follicles [44]. Furthermore, the PCNA has a
critical role in different biological functions like
replication and repair of DNA, chromatid cohesion,
cell cycle control, and survival [45].

Conclusion

In the STZ-induced diabetic rats, the MSCs
transplantation may improve the blood glucose and
hormone levels (E2, FSH, and LH). Additionally, the
diabetic rats’ ovarian pathogenic alterations were
reduced by stem cells. Thus, the stem cells opened a
new field of diabetes and diabetic ovarian damage
therapeutic options.
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