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A R T I C L E  I N F O    A B S T R A C T   
Keywords:  Chemotherapy severely reduces primordial follicles in cancer survivors, leading to premature ovarian failure (POF). This 

study investigates the potency of bone marrow-derived mesenchymal stem cells (BM-MSCs) on POF induced by 

cyclophosphamide chemotherapy. Twenty-one female albino Sprague Dawley rats were divided into three equal groups 

(n=7): Group 1 served as the negative control, group 2 was the positive control receiving intraperitoneal (IP) injections 

of cyclophosphamide (CPA) (50 mg/kg) once, followed by CPA (8 mg/kg) daily for 14 days, and group 3 received 

intravenous (IV) BM-MSC therapy (1x106 cells) after POF induction by CPA and were sacrificed after 4 weeks. Hormonal 

FSH, LH, E2, and progesterone levels were assessed using ELISA, and primordial follicles were quantified to evaluate 

follicle reserve. Ovarian structure was assessed histomorphologically, and morphometric measurements and statistical 

analysis were conducted. The homing of BM-MSCs in the ovary was verified by analyzing PKH-26 labelled BM-MSCs under 

a fluorescent microscope. Hormonal analysis showed increased FSH levels and decreased E2 and progesterone levels 

following CPA administration, with near-normal restoration of hormonal levels after BM-MSC therapy. CPA caused 

significant loss of primordial follicles, stromal blood vessel damage, and notable fibrosis. In contrast, BM-MSC therapy 

facilitated ovarian folliculogenesis and mitigated these histological changes. Specifically, hormone measurements 

indicated decreased E2 and progesterone levels and increased FSH levels post-CPA treatment. After BM-MSC therapy, 

hormonal levels approached normal. Cyclophosphamide caused significant primordial follicle loss, stromal blood vessel 

damage, and substantial fibrosis, whereas BM-MSC therapy restored ovarian folliculogenesis and reduced these 

histological alterations. Our results suggest that BM-MSCs possess notable regenerative effects on the maturation of 

follicles in cyclophosphamide-induced ovarian failure. In conclusion, BM-MSCs demonstrate reparative effects on follicle 

maturation in ovarian damage caused by Cyclophosphamide, suggesting their potential therapeutic role in mitigating 

chemotherapy-induced POF. 
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1. Introduction 

A couple with infertility is unable to achieve pregnancy within a year or six months despite engaging in regular, unprotected sexual contact three 

to four times per week [1]. This condition may result from medical issues that interfere with ovulation, damage the fallopian tubes, or cause hormonal 

imbalances. 

Premature ovarian failure (POF) is a type of ovarian dysfunction marked by menstrual irregularities, ovarian atrophy, diminished sexual function, 

and reduced fertility in women between 40 years of age and puberty. POF significantly affects endocrine balance and female reproductive health, making 

it a leading cause of female infertility [2]. 

Stem cells throughout human development and lifespan are undifferentiated cells capable of self-renewal, producing identical cells through 

division and differentiating into various cell types [3]. Research has investigated the potential of stem cells in fertility preservation [4,5]. Moreover, the 

human placenta and its derivatives have shown capabilities in immune system regulation, hepatocyte protection and regeneration, hormonal balance 

maintenance in women, and alteration of brain monoamine oxidase activity [6]. 

Animal models of premature ovarian insufficiency (POI), such as those utilizing POF mice and rats, serve as valuable tools for elucidating this 

condition's underlying genetic and molecular mechanisms and informing the development of innovative therapeutic approaches. POI models can be 
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induced chemically using agents like Cyclophosphamide and Cisplatin via intraperitoneal (i.p.) administration or busulfan and murine ZP3 330–342 

peptides (ZP3) by tail-vein (intravenous, i.v) injection; vaginal smears are usually used for confirmation [7]. 

Cyclophosphamide  (CPA) is commonly used to treat various cancers, including melanomas, breast and pediatric cancers. Still, it carries a significant 

risk of inducing ovarian failure [8]. Among chemotherapy drugs, CPA is notably associated with the highest risk of infertility due to its severe impact on 

ovarian follicles, leading to premature ovarian insufficiency (POI) [9]. 

Promising evidence suggests that patients who undergo bone marrow (BM) transplants may unexpectedly regain ovarian function and fertility [10]. 

This restoration is thought to be linked to the regenerative properties of mesenchymal stem cells (MSCs). Unfortunately, the notion that ovarian or 

mesenchymal stem cells can facilitate neo-oogenesis remains contentious, with ongoing scientific debate and conflicting findings [11]. 

The present study aims to investigate the therapeutic potential of mesenchymal stem cell (MSC) transplantation in female rats with experimentally 

induced premature ovarian failure (POF). This proof-of-concept study is designed to evaluate the efficacy of BM-MSCs in treating CPA-produced ovarian 

insufficiency in a rat model. 

 

2. Materials and Methods: 

 

2.1. Ethical Approval, POF model establishment  and Experimental Design 

 Cyclophosphamide (CPA), commercially known as Endoxan®, was procured in 1g vials from Baxter Oncology GmbH, Halle, Germany. For 

administration, CPA was reconstituted in phosphate-buffered saline (PBS). The rats received an initial intraperitoneal (I.P.) injection of CPA at a dosage 

of 50 mg/kg. This was followed by daily I.P. injections of 8 mg/kg for 14 consecutive days, depending on the methodology outlined by Aboutalebi et al., 

[12]. Following the rules for the Care and Use of Laboratory Animals, the animal studies were carried out at Al-Azhar University's Animal House. Under 

permission number AEC 2320, all operations were authorized by Fayoum University's Institutional Animal Care and Use Committee (FU-IACUC). 

Twenty-one adult female Sprague Dawley (SD) rats weighing approximately 200±20 grams were acquired from the VACSERA animal facility in Cairo, 

Egypt. The rats were provided ad libitum entry to water, food, and subsequently randomized into various experimental groups, as outlined in Table 1. 

Table 1. The experimental design for different studied groups and the duration of each group of 21 female rats. They  randomly divided into 3 groups 

after vaginal smear for the Estrous cycle (n=7): 

Group Description 

Group 1, (GI) 
Female rats were administered a standard diet and subsequently euthanized via an intraperitoneal injection of 80 mg/kg 
sodium pentobarbital upon conclusion of the experiment. 

Group CPA, (GII) 
They were then subjected to a 50 mg/kg dose of  (CPA), followed by daily intraperitoneal injections of CPA at 8 mg/kg for 
a period of 14 days. 

Group MSCs, (GIII) 
Each rat received a single intravenous transplantation of 1×106 (MSCs). After 4 weeks, they were euthanized via 
intraperitoneal injection of 80 mg/kg sodium pentobarbital. 

 

2.2. Hormonal Profiling 

The ELISA technique (Dynatech Microplate Reader Model MR 5000) was used to measure the concentrations of serum follicle-stimulating 

hormone (FSH), progesterone, luteinizing hormone (LH), and estradiol (E2). Reagent kits were obtained from from Biosource, USA [13]. 

2.3. Isolation of Mesenchymal Stem Cells from Rat Bone Marrow (BM-MSCs)  

An intraperitoneal injection of sodium pentobarbital (30 mg/kg) was used to euthanize six-week-old female white albino rats. Before bone marrow 

extraction, the tibiae and femurs were flushed with Dulbecco's Modified Eagle's Medium (DMEM), containing 10% fetal bovine serum (Gibco BRL, 

Karlsruhe, Germany). Using a Ficoll-Paque density gradient (Pharmacia), nucleated cells were isolated and resuspended in a 1% penicillin-streptomycin-

containing medium (Gibco BRL). Large colonies reached 80-90% confluence after 12-14 days of incubation at 37°C in a humidified atmosphere with 5% 

CO2. A 5-minute dissociation procedure with 0.25% trypsin in 1 mM EDTA (Gibco BRL) was performed after incubation with PBS. A serum-supplemented 

medium was used to resuspend the cells and transfer them to a falcon culture flask of 50 cm2 for first-passage culture [14]. Mesenchymal stem cells 

(MSCs) were characterized by their adherence properties and spindle-shaped morphology. Cells were subjected to three passages to obtain enough 

MSCs for transplantation. After trypsinization, cells were collected into a 15 ml Falcon tube and centrifuged at 480 g for 5 minutes. Cell viability was 

evaluated using the trypan blue exclusion assay [15].  

 

2.4. PKH26-labelled BM- MSCs 

When cells reached 80–90% confluence, adherent hAMSCs were trypsinized and centrifuged to obtain cellular pellets and then resuspended in 

1 ml PBS. First, 2.0 × 106 cells were incubated with 250 μl 4.0 × 10−6 mol/L PKH26 at room temperature for 5 min. The reaction was stopped with 250 μl 

FBS and diluted with an equal amount of 10% FBS. The cells were centrifuged and resuspended in 10 mL complete medium and then washed twice with 

PBS. The morphology of PKH26-labelled hAMSCs was observed under an inverted phase-contrast fluorescence microscope, and the percentage of PKH26 

marker cells was detected by flow cytometry. 
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2.5. Histological and Immunofluorescence examination 

After euthanasia, the ovaries were immediately excised and fixed in 10% formalin saline for 24 to 48 hrs. A graded ethanol series dehydrated the 

tissues, which were then cleared in xylene and embedded in paraffin. Histopathological analysis was performed using sections cut with a Leica rotary 

microtome (Germany) stained with hematoxylin and eosin. 

 

2.6. Tracking of PKH26-Labeled BM-MSCs 

To identify the location and fate of transplanted MSCs in ovarian tissues, immunofluorescence analysis was conducted. Three rats from each group 

were randomly selected and euthanized at 7 and 14 days post-transplantation of PKH-26-labeled MSCs. One ovary from each rat was harvested and 

immersed in a 20% sucrose solution for 2 hours. The ovaries were then embedded in a cryoembedding medium and sectioned into 5 μm slices using a 

cryostat. Fluorescence microscopy (Leica Biosystems, Germany) was employed to visualize the sections. The presence and distribution of PKH-26-

labeled MSCs were identified by detecting red fluorescence signals within the ovarian tissue. 

 

2.7. Morphometric Analysis 

The quantitative analysis of the average number of primordial follicles per group (± SD) was conducted using Image-J software. 

 

2.8. Statistical Analysis 

Version 20 of the SPSS program was used for the statistical analysis. The data was analyzed using a one-way analysis of variance, and the findings 

were presented as mean values and standard errors (± S.E.). P values less than 0.05 were considered statistically significant. 

 
3. Results  

3.1. MSCs recovered the oestrus cycle 

The estrous cycle was assessed following CPA administration to validate the POF model's efficacy. Vaginal smears were examined without staining 

using an inverted phase contrast microscope (Olympus, Tokyo, Japan). During the estrous phase, cornified cells indicated estrogenic activity and the 

absence of progression to the subsequent metaestrous, diestrous, and proestrous phases. This observation marked the initiation of treatment, as 

detailed in Table 2. Subsequently, the oestrous cycle was monitored daily throughout the experiment post-administration of BM-MSCs to evaluate the 

treatment efficacy. The results were analyzed as follows: The table's cells contain mean values alongside their respective standard deviations (±) for 

each parameter and group. Statistically significant differences between groups for each parameter are denoted by letters (a, b, c), with distinct lower-

case letters indicating significant differences. The table delineates estrogenic activity across distinct groups during the estrous cycle, encompassing the 

Control, CPA, and BM-MSCs (groups. Regarding the estrous cycle parameter, the Control group demonstrated significantly elevated values compared to 

the CPA and BM-MSC groups. This pattern of significant differences persisted consistently across all evaluated parameters and groups, offering crucial 

insights into the variations in estrogenic activity throughout the oestrous cycle under diverse experimental conditions. 

 

Table 2. shows the indications of estrogenic activity during the estrous cycle. 

 

Parameters 

Groups   
Proestrous Estrous Metaestrous Diestrous 

Control (GI) 49.2 ± 1.1a 30.8 ± 1.3a 5.6 ± 0.6a 6.9 ± 0.3a 

CPA (GII) 15.8 ± 0.5b 11.4 ± 0.4b 17.1 ± 1.2b 14.2 ± 0.5b 

BM-MSCs (GIII) 29.7 ± 1.3c 17.4 ± 1.03c 9.1 ± 0.3c 7.8 ± 0.7a 

 

3.2. Body weight changes 

Table 3 presents the variations in body weight across different experimental groups, specifically the GI, GII (an intervention or treatment), and GIII 

(another treatment group). Body weights for each group are indicated as mean ± SE. The letters (a, b, c) indicate significant differences between groups, 

emphasizing which groups show statistically significant differences in body weight changes. The statistical analysis suggests that the GII group 

experienced a more substantial body weight reduction than the GI and GIII groups. 

Table 3. Body weight changes 

Parameter Control (GI) CPA (GII) BM-MSCs (GIII) 

Body weight 199.8 ± 4.1a 139.8 ± 3.9b 159.1 ± 3.7c 

  

The Table's cells contain mean values alongside their respective standard error for each parameter and group. Statistically significant differences 

between groups for each parameter are denoted by letters (a, b, c), with distinct lower-case letters indicating significant differences. 
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3.3. Hormonal profile 

The study employed ELISA kits to quantify E2, Progesterone, LH, and FSH serum levels. The findings reveal substantial variations in these hormonal 

levels among the different experimental groups, as detailed in Table 4. Firstly, FSH levels were markedly elevated in the GII-treated group relative to 

the control group, whereas the GIII-applied group demonstrated significantly lower FSH levels than GII. This indicates that GII had the highest FSH levels 

observed six weeks post-chemotherapy. Secondly, LH levels significantly rose in the GII compared to the control group but were reduced in the GIII. As 

a result, six weeks following chemotherapy, GII exhibited the highest LH levels. Thirdly, estradiol levels significantly declined in the GII relative to the 

GI; however, they significantly rose higher in the GIII. Consequently, GII displayed the lowest Estradiol levels after six weeks of chemotherapy. Finally, 

progesterone levels were significantly reduced in the GII than the GI, but they rose significantly in the GIII. Therefore, six weeks after chemotherapeutic 

intervention, GII showed the lowest progesterone levels. These results collectively suggest that chemotherapeutic treatment elevates FSH and LH levels 

while reducing estradiol and Progesterone levels and that treatment with GIII can mitigate these effects to varying degrees.  

 

Table 4. Hormonal profile  

Parameter Control (GI) CPA (GII) BM-MSCs (GIII) 
Progesterone 5.6 ± 0.23a 1.7 ± 0.13b 2.3 ± 0.16c 
Estradiol 57.9 ± 2.3a 16.4 ± 1.1b 35.2 ± 0.48c 
luteinizing hormone 0.23 ± .007a 0.8 ± .04b 0.61 ± .03d 
Follicle stimulating hormone 0.34 ± .02a 0.91 ± .04b 0.56 ± .05c 

The table's cells contain mean values alongside their respective standard error for each parameter and group. Statistically significant differences 

between groups for each parameter are denoted by letters (a, b, c), with distinct lower-case letters indicating significant differences. 

 

3.4. Morphometric analysis of primordial follicles 

3.4.1. Primordial diameter and count 

Our morphometric analysis evaluated the primordial diameter and count across three experimental groups: Control, CPA, and BM-MSCs. The 

Ccontrol group exhibited a primordial diameter averaging 121.2 ± 4.6 units. In contrast, the CPA group demonstrated a significantly reduced average 

diameter of 68.3 ± 3.3 units, whereas the BM-MSCs group showed an average diameter of 106.4 ± 1.2 units.  Regarding the primordial count, the control 

group averaged 7.2 ± 0.4, while the CPA group had a markedly lower average of 3.5 ± 0.26. The BM-MSCs group presented an intermediate value, with 

an average count of 5.4 ± 0.17. 

3.4.2. Comparative analysis 

The comparative data underscore significant variations in both primordial diameter and count among the experimental groups. The exposure to 

CPA and the administration of MSCs significantly influenced the size and number of primordial follicles than the control group, as summarized in Table 

5. Table 5 delineates the mean values and standard deviations for both primordial diameter (Pd) and primordial count (Pc) across the different 

experimental conditions. Groups sharing the same letter exhibit no significant difference in their measurements, whereas different letters denote 

significant differences. This detailed morphometric analysis highlights the impact of CPA and BM-MSCs on primordial follicle morphology, providing 

insights into their potential therapeutic implications. 

Table 5. Presents the mean values of primordial diameter and counts 

Parameter Control (GI) CPA (GII) BM-MSCs (GIII) 

Primordial diameter (PD) 128.2 ± 4.6a 71.3 ± 3.4b 104.4 ± 1.3c 

Primordial count (PC) 7.0 ± 0.3a 3.3 ± 0.28b 5.3 ± 0.18c 

The Table's cells contain mean values alongside their respective standard error for each parameter and group. Statistically significant differences 

between groups for each parameter are denoted by letters (a, b, c), with distinct lower-case letters indicating significant differences. 

 

3.5. Histological and histopathological observations 

Histopathological examination was conducted in all groups to evaluate the effect of BM-MSC transplantation. In the control group, the ovaries 

displayed numerous healthy follicles at various stages, including primordial, primary, secondary, and antral follicles (Fig. 1a-f). Microscopic examination 

of the ovaries in Group I revealed a normal histological structure. Primal follicles with central oocytes and nuclei were present, along with follicles at 

various developmental stages (Fig. 1A). Primary follicles exhibited larger oocytes (Fig. 1B), and secondary follicles (Fig. 1C) featured large oocytes 

encircled by a cuboidal cell layer, zona pellucida (ZP), multiple layers of granulosa cells (GCs), and an antral cavity (Fig. 1D). Each follicle was surrounded 

by flat stromal cells. Additionally, several mature Graafian follicles (GF) with intact walls were observed (Fig. 1E). The cumulus oophorus (CO) was 

prominently observed, containing a well-defined oocyte with a distinct nucleus, enveloped by GCs, Corona radiata (CR), and ZP. The corpus luteum (CL), 

depicted in Fig. 1F, contained large acidophilic cells with a faint stain. Ovarian sections showed a cortex with multiple corpora lutea, a Graafian follicle, 

smaller primordial follicles, and secondary follicles within the cortical region.Conversely, the ovaries of CPA-induced POF model rats showed signs of 

atrophy, characterized predominantly by interstitial cells in a fibrous matrix and a reduced number of follicles at each developmental stage. The POF 

model rats had fewer well-developed follicles and numerous atretic follicles compared to the control group. Although follicle development at all stages 

was partially restored in POF rats, they did not reach normal levels within 28 days post-BM-MSCs transplantation. Notably, follicles at all developmental 

stages with abundant granulosa cells (Fig. 2, histopathological details are provided for each graph) showed a significant increase compared to the POF 

model group. After 28 days, the ovarian morphology of BM-MSCs transplanted rats closely resembled that of normal ovaries in the control group. Many 

mature oocytes were surrounded by several layers of squamous granulosa cells, with the oocyte-corona-cumulus complex and pellucid zone all observed 
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in mature oocytes.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Photomicrographs showing different follicle stages in normal ovarian structure histology stained with hematoxylin and eosin (magnification 

×40). 

Fig. 2. The ovarian pathological alterations were assessed using H&E staining in the CPA group 28 days following POF induction (magnification ×40) 

Table 6.  Histopathological and follicular changes in POF rats showing impact of MSCs therapy. 
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The data in Table 6 illustrates significant histopathological changes in the ovaries of female rats in the POI group (Group II). This group exhibited 

a marked reduction in the total follicle count, especially in antral and mature follicles (0.4 ± 0.41 and 0.2 ± 0.22, respectively),  as well as primordial and 

primary follicles (0.5 ± 0.52), compared to both the GI and the GIII. Observations of Graafian follicles in the POI group showed signs of oedema, cellular 

disintegration, compromised layer integrity, and absence of the CO. GCs in this group displayed shrinkage and pyknotic nuclei. Additionally, there was 

a significant rise in atretic follicles in the POI group (2.8 ± 0.63) compared to the other groups. The ovarian medulla in the POI group exhibited extensive 

damage with significant oedema. However, many of these histopathological abnormalities were notably ameliorated in the GIII. 

3.6. Identification of BM-MSCs labelled utilizing the PKH26 fluorescent dye 

In this investigation, female rats were done BMMSCs labelled with PKH-26 fluorescent dye. Then, we examined their localization within ovarian 

tissue using a fluorescent microscope. The utilization of PKH-26 labelling facilitated the straightforward monitoring of the administered stem cells. The 

conspicuous red autofluorescence is evident in unstained ovarian sections (see Fig. 3, a-b), corroborating the labelled BM-MSCs within the tissue and 

confirming successful implantation. This approach substantiated homing, underscoring the integration of the administered stem cells into the ovarian 

tissue. The detection of red fluorescence within the tissue substantiated the presence of the labelled stem cells, thereby validating their engraftment.  

 
Fig. 3. Tracking of MSCs in vivo in MSCc rats  (group III) . (a, b) MSCs labeled with PKH26 exhibited red fluorescence.  

 

Post-transplantation, these MSCs were detectable in the MSC rats ovaries under both bright and dark fields using a fluorescence microscope at 

100x magnification. 

4. Discussion  

This investigation utilized vaginal smears and hormonal assays to validate the diagnosis of ovarian failure (OF). Results revealed elevated levels of 

FSH and LH, along with decreased concentrations of E2 and progesterone in chemotherapy-treated subjects compared to controls, indicating of 

presence. A reliable method for assessing ovarian reproductive lifespan, fertility estimation, and premature ovarian failure (POF) risk involves analyzing 

E2, FSH, and LH levels in serum [16]. 

POF exhibits a distinct endocrine profile believed to influence ovarian follicle apoptotic pathways, leading to abnormal follicular atresia. Granulosa 

cells (GCs) predominantly secrete estrogen and progesterone, vital for proliferation and apoptosis prevention via autocrine mechanisms. 

Chemotherapeutic agents inhibit GC synthesis, reducing estrogen production and disrupting the pituitary-hypothalamus negative feedback loop, 

increasing FSH secretion [17].  Ovarian specimens from chemotherapy-treated subjects displayed shrunken ovaries with significant follicle loss and 

increased atretic follicles one week later. Although some follicles were visible after five weeks of chemotherapy, many had degenerated, indicating halted 

folliculogenesis post-chemotherapy. This phenomenon, observed previously, suggests that chemotherapy eliminates oocytes and disrupts the impeding 

follicular renewal, germ cell niche, and follicular renewal [18]. Consistent with previous findings, our study demonstrated in vivo transplanted BM-MSCs 

migration and localization within the ovarian stroma, granulosa cell layer, and theca cell layer. Despite the limited number of transplanted cells, 

beneficial effects were observed, as MSCs exert direct and paracrine/autocrine effects, contributing to tissue recovery [4,19–21]. Research indicates a 

decrease in primordial follicles 48 hours post-Cyclophosphamide® administration. Our findings suggest that in vivo transplanted BM-MSCs partially 

mitigate this reduction, particularly evident in group 3, while Cyclophosphamide® inhibits cell division, BM-MSCs promote proliferation [22–24]. The 

mechanism underlying follicle disappearance post-chemotherapy remains unclear but may involve direct cytotoxic effects on apoptotic and oocytes 

demise of primordial follicles, hindering folliculogenesis and accelerating ovarian ageing [25]. 
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The primary challenge of MSC-based therapy lies in stem cell delivery to the injury site, termed "homing," which is essential for therapeutic efficacy. 

MSCs produce paracrine factors enhancing regeneration, requiring successful delivery to the target organ. Previous research suggests MSC migration to 

various organs following intravenous transplantation, with mechanisms inducing migration and homing still debated [26]. Factors influencing MSC 

homing include organ damage severity and vascular abundance, facilitating cell homing akin to immune cells via surface adhesion molecules. Various 

factors, such as FGF, HGF and TNF-α, may regulate MSC homing [27]. 

Studies investigating MSC homing in premature ovarian insufficiency (POI) suggest MSCs mainly migrate to the medulla and ovarian hilum post-

intravenous administration, with limited migration to the cortex and no migration to the follicle. This implies settlement in the ovary's interstitium, 

potentially restoring follicular function through their secretory function, supported by ovarian hilum and medulla vascularization [28]. Additionally, 

adipose-derived MSCs (ADSCs) engraft or migrate to the thecal layers while the follicles foster follicular growth [19]. Fluorescent microscope 

observations confirmed BM-MSCs' homing in treated female rats' ovarian tissues. Histological findings support that MSCs contribute to the restoration 

of ovarian function without differentiating into granulosa cells or oocytes, acting as crucial microenvironmental components [4,19,20,29]. MSCs' 

capacity for differentiation and secretion enables them to reach target areas and exert therapeutic and regulatory effects [26]. In our examination, female 

rats administered varying doses of CPA orally exhibited toxicity signs and clinical presentations, including diarrhea, palpitations, reduced food and 

water intake, and alopecia. Moreover, a significant reduction in body weight was observed in female rats within the CPA group compared to the GI and 

GIII-treated groups. Conversely, the GIII-treated group displayed a notable rise in body weight. Comparable adverse effects, such as alopecia, cytopenia, 

hemorrhagic cystitis, amenorrhea, and mild to moderate nausea and vomiting, have been documented in various studies and clinical trials involving 

Cyclophosphamide® administration [30]. In our examination, female rats administered varying doses of CPA orally exhibited toxicity signs and clinical 

presentations, including diarrhea, palpitations, reduced food and water intake, and alopecia. Moreover, a significant reduction in body weight was 

observed in female rats within the GII group compared to the GI and GIII-treated groups. Conversely, the GIII-treated group displayed a notable increase 

in body weight. Comparable adverse effects, such as alopecia, cytopenia, hemorrhagic cystitis, amenorrhea, and mild to moderate nausea and vomiting, 

have been documented in various studies and clinical trials involving Cyclophosphamide® administration [31]. 

Hormonal assessment plays a pivotal role in evaluating ovarian health, fertility status, and the risk of POF. Diminished ovarian reserve and reduced 

levels of ovarian sex hormones typify primary ovarian insufficiency (POI), contributing to premature menopause and accelerated ovarian function 

decline. Blood assays for E2, progesterone, FSH, and LH serve as reliable markers for these conditions [32]. In our investigation, hormonal assays and 

vaginal smears were employed to confirm POF. Comparison between the CPA-treated and the control groups revealed significantly elevated levels of 

FSH and LH, accompanied by markedly reduced levels of E2 and progesterone, consistent with POF indications. Previous research has identified a 

distinct endocrine profile in POF, potentially associated with natural apoptotic pathways in ovarian follicles [17]. Alterations in ovarian granulosa cell 

hormone secretion may result from CPA-induced damage to ovarian tissues, affecting folliculogenesis and leading to ovarian failure [33]. 

POI involves a depletion of ovarian reserves, reduction in the follicle pool, and subsequent follicular dysfunction, as evidenced by elevated FSH 

levels. Cyclophosphamide®-induced apoptosis of GCs, the primary E2 producers, can decrease E2 levels. This decline disrupts the negative feedback 

mechanism of the hypothalamic-pituitary axis, resulting in increased FSH secretion [34]. Conversely, rats treated with GIII exhibited a significant 

reduction in serum FSH and LH levels than the GII group. Additionally, estrogenic hormone levels in the GIII-treated group were comparable to those in 

the GI group. Although unable to persist long-term in target tissues, stem cells exert paracrine and autocrine effects, activating local stem cells and 

promoting healing [29]. 

Ovarian stromal stem cells (OSSCs) may offer superior protection for follicle maturation compared to BM-MSCs in cyclophosphamide-induced 

ovarian damage. MSCs influence damaged tissues directly and through paracrine and autocrine activities, releasing growth factors, proteins, immune 

modulators, and chemokines to aid in tissue recovery [21,29]. Additionally, embryonic stem cell-derived extracellular vesicles (ESC-sEVs) have 

effectively restored ovarian function in POI mouse models [35]. Quantitative histomorphometric analysis in our study demonstrated a significant rise 

in the average number of primordial follicles following BM-MSC applied compared to CPA chemotherapy. This corresponds with previous findings where 

adipose-derived stem cell (ADSC) treatment increased corpora lutea and the total number of follicles [19,36]. Higher doses of cyclophosphamide 

administration led to a notable decline in the number of primordial follicles; however, this reduction was partially attenuated by in vivo transplantation 

of BM-MSCs. Furthermore, Cyclophosphamide® applied caused a significant reduction in the count of secondary follicles, likely due to its cytotoxic 

effects on granulosa cells, which are pivotal in folliculogenesis [33,37]. 

Histological examinations indicated considerable ovarian damage post-chemotherapy, evidenced by follicular depletion and vascular 

modifications, likely driven by oxidative stress, inflammatory responses, and apoptotic processes [38][38]. Conversely, treatment with BM-MSCs 

facilitated follicular regeneration and mitigated ovarian damage, consistent with observations from prior studies [4]. 

5. Conclusions 

This study demonstrated that BM-MSCs significantly enhance ovarian function, histopathological structure, and follicle development in CPA-

induced POF rats through paracrine effects. Hormonal analysis showed CPA-induced hormonal imbalances and histological damage, which were notably 

restored by BM-MSC therapy. Specifically, BM-MSCs facilitated ovarian folliculogenesis and mitigated the deleterious effects of CPA. Histopathological 

assessment revealed substantial improvements in follicle counts and tissue integrity post-treatment. PKH-26 labelling confirmed successful BM-MSC 

engraftment in ovarian tissue, underscoring their therapeutic potential in chemotherapy-induced POF 
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