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A B S T R A C T

Paclitaxel (PTL) is commonly used in cancer therapy at varying doses and durations, often in combination with 
other chemotherapeutic agents. However, achieving therapeutic efficacy typically requires high doses, which are 
associated with considerable toxicity. Adipose-derived stem cells have shown therapeutic potential, particularly 
through the release of extracellular vesicles known as exosomes. This study investigated the potential protective 
effects of exosomes derived from adipose-derived mesenchymal stem cells (AMSC-Exos) in a rat model of PTL- 
induced acute ovarian injury. Twenty-eight rats were assigned to groups: control, PTL (7.5 mg/kg), AMSC- 
Exos (1 ×106 exosomes), and PTL+AMSC-Exos (7.5 mg/kg PTL + 1 × 106 exosomes). Three days after the 
administration, ovarian tissues were harvested for histological and biochemical analysis. Hematoxylin and eosin 
(H&E) and Masson’s Trichrome (MT) staining revealed significant histopathological deterioration in the cortex 
and medulla of ovarian tissue in the PTL group compared to the PTL+AMSC-Exos group. Exosome treatment 
following PTL administration resulted in upregulation of VEGF and downregulation of HIF-1α, NFKB-p65, and IL- 
1β immunostaining intensities. Additionally, AMH immunostaining intensity was increased in primary, preantral, 
and secondary follicles. Levels of TNF-α, IL-1β, and IL-6 were significantly lower in the exosome treated group 
than in the PTL group, according to the results of the ELISA. These findings demonstrate that AMSC-Exos 
exhibited beneficial effects against PTL-induced acute ovarian damage by reducing histopathological alter
ations, inflammation, and HIF-1α expression, while enhancing VEGF expression and ovarian reserve. AMSC-Exos 
may represent a promising therapeutic approach for preventing chemotherapy-induced ovarian toxicity.

1. Introduction

By 2040, the number of cancer cases is estimated to reach 28.4 
million, while by 2025, approximately 100 million women worldwide 
are expected to be at risk of ovarian damage due to chemotherapy [1,2]. 
Therefore, elucidating the molecular mechanisms of 
chemotherapy-induced ovarian damage and developing effective stra
tegies to protect the reproductive system are of critical importance. The 
ovary is an essential organ with a fundamental role in fertility and 
endocrine balance. It is susceptible to chemotherapy, a vital treatment 
for cancer [3]. Chemotherapy is associated with several adverse 

outcomes, including dysregulation of ovarian hormones, amenorrhea, 
premature ovarian insufficiency (POI), and subsequent infertility [4,5]. 
One of these chemotherapeutics, PTL, approved by the FDA as the first 
chemotherapeutic agent sourced from a plant, is derived from the taxus 
plant [6,7]. PTL is widely utilized in clinical practice, often in combi
nation with other gonadotoxic drugs. Initially, some clinical studies 
suggested that PTL did not have a negative impact on ovarian function. 
However, subsequent studies demonstrated that it reduces ovarian 
reserve and causes significant ovarian toxicity in premenopausal women 
[8]. PTL treatment has also been reported to exert adverse effects, 
including vascular structural damage, reduced blood flow [9,10], and 
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depletion of the ovarian follicle pool [11,12]; however, the existing 
literature on this subject remains insufficient [3].

The capacity of mesenchymal stem cells to repair damage has 
recently attracted significant attention. The cells, widely distributed 
throughout the body, including the umbilical cord, bone marrow, fat, 
and amniotic membrane, are reported to provide protection against 
premature ovarian failure (POF) resulting from chemotherapy [13]. 
Concurrently, the exosome formed by these cells contributes to inter
cellular communication by binding to the receptor in the target cell with 
a diameter of 40–150 nm [14,15]. The functions of exosomes are 
mediated by DNA, various types of RNA (including circular and 
messenger RNAs), as well as proteins and lipids [16]. Following POF, 
exosome treatment leads to an enhancement in follicle number, recovery 
of hormone levels, an increase in ovarian granule cells’ proliferation 
rate, and a decrease in their apoptosis rate [17]. In this study, 
adipose-derived mesenchymal stem cells (AMSCs) were selected as the 
preferred source of exosomes due to their ease of isolation from adipose 
tissue [18], high stem cell density, and favorable volumetric properties 
[19]. AMSC-Exos have the potential to promote ovarian function and 
may represent a novel, safe, and effective therapeutic strategy for pre
venting POI and enhancing female reproductive health [17].

AMSC-Exos have been identified as potential inducers of angiogen
esis in endothelial cells, with the mechanism involving the secretion of 
growth factors via angiogenesis-related microRNAs [20]. Taxanes, 
known to inhibit mitotic activity, have been shown to suppress angio
genesis [21]. Angiogenesis is implicated in a variety of physiological 
processes, including human folliculogenesis, ovulation, and corpus 
luteum formation [22,23]. Ovarian angiogenesis is essential for follic
ular maintenance, and its disruption, whether due to endothelial cell 
damage or insufficient capillary network formation, may lead to follic
ular atresia or degeneration [24]. Moreover, the ovarian stroma is 
affected by it due to the dense network of blood vessels, which facilitate 
the efficient supply of nutrients to growing follicles, supporting their 
development and function [25]. For these reasons, this study aimed to 
assess the effects of AMSC-Exos on the ovary following PTL treatment, a 
chemotherapeutic agent currently utilized both as monotherapy and in 
combination with other agents in cancer treatment protocols.

2. Materials and methods

2.1. Animals

The present study employed a total of 28 female Wistar albino rats 
aged 16–24 weeks. The present study was conducted in accordance with 
the approval granted by the Erciyes University Animal Research Ethics 
Committee for the use of experimental animals (Approval No: 2022–22/ 
066). The allocation of animals and the execution of the experimental 
procedures were carried out at the Erciyes University Experimental 
Research and Application Center. The subjects were accommodated in a 
standardized condition, with a temperature of 23 ± 2◦C, within a period 
of 12 h of light/dark. The food and water requirements of the rats placed 
in experimental animal cages were met on an ad libitum basis.

2.2. Isolation and characterization of AMSCs and AMSC-Exos

Human AMSCs (hAMSCs) were provided by the Erciyes University 
Genome and Stem Cell Center. Following thawing at 37◦C in a water 
bath, AMSCs were cultured in α-Modified Eagle’s Medium (α-MEM) 
supplemented with 1 % antibiotics, 1 % stable L-glutamine, and 10 % 
fetal bovine serum (FBS). To facilitate exosome release, the culture 
medium was replaced with an FBS-free medium 24 h prior to secretome 
collection. Exosome isolation was performed using a commercial 
precipitation-based solution (ExoQuick-TC, System Biosciences).

For structural characterization, hAMSC-Exos morphology was 
assessed via scanning electron microscopy (SEM), and the size distri
bution of MSC-derived exosomes was further analyzed using a 

Nanoparticle Tracking Analysis (NTA) system. Exosomes isolated from 
hAMSCs were imaged using SEM (Zeiss GEMINI 500, Almanya) at the 
Erciyes University Technology Research and Application Center. A 30 µL 
volume of exosome resuspension from hAMSCs was carefully applied 
onto a sterile slide and evenly spread using a pipette. The slides were 
allowed to dry at room temperature, then coated with gold-palladium 
and prepared for SEM imaging. The diameter of the exosomes was 
measured in ten different areas of the images obtained using the ImageJ 
program, and the mean exosome size was calculated.

The size of exosomes, a key parameter in their characterization, was 
determined using an NTA system (Malvern Instrument Nanosight 
NS300, UK) at Erciyes University’s Nanotechnology Research Center. 
The final volume of hAMSC-Exos was adjusted to 1 mL using DPBS. The 
measurement of hAMSC-Exos was performed using an instrument opti
mized according to the manufacturer’s software guidelines (NanoSight 
NS300 Kullanıcı Kılavuzu, MAN0541-01-TR-00, 2017).

2.3. Experimental protocol

Rats were weighed, and those with comparable weights were 
assigned to the same experimental group. The quantity of PTL to be 
delivered to each subject was guided by reference to the findings of 
precedent studies [26,27].

In this study, four groups were formed, with each group comprising 
seven rats.

The rats in Group 1 (control group) were not administered any 
treatment.

The rats in Group 2 (PTL group) were administered 7.5 mg/kg 
intraperitoneally as a single dose [26,28].

In the rats in Group 3 (AMSC-Exos group (AMSC-Exos)), 1 × 106 

exosomes were administered intravenously [29, 17].
In the rats in Group 4 (PTL and AMSC-Exos group (PTL+AMSC- 

Exos)), 7.5 mg/kg was administered intraperitoneally, and 1 × 106 

exosomes intravenously.
Three days following the final administration, the rats were eutha

nized by cervical dislocation under xylazine and ketamine anesthesia 
(10 mg/kg and 60 mg/kg, intraperitoneally). Upon termination of the 
experimental procedure, the ovaries from all groups were retrieved for 
further examination via histological, immunohistochemical, and 
biochemical studies. The left ovaries were exposed to a 10 % formal
dehyde solution for histological analysis, while the right ovaries were 
maintained at − 80 ◦C for biochemical analysis.

2.4. Histopathological observations

After formaldehyde fixation, ovarian tissues were subjected to a se
ries of histological procedures to prepare them for paraffin embedding. 
Initially, excess fixative was removed by rinsing with water, after which 
ovarian tissues were dehydrated through a graded ethanol series. Sub
sequently, clearing with xylene and embedding in paraffin were per
formed. The 5 μm sections prepared from the paraffin blocks were 
subjected to staining with H&E and MT. An Olympus BX51 light mi
croscope (Japan), equipped with a camera, was utilized for the exami
nation of the preparations and the acquisition of images. In order to 
detect ovarian damage, twenty non-overlapping fields were randomly 
selected at 40x magnification from each rat and the mean values for each 
group were subsequently evaluated. Ovarian scoring was conducted in 
accordance with the criteria for vascular congestion, hemorrhage, 
follicular degeneration, and fibrosis. In order to assess the severity of the 
histopathological damage in the ovarian tissue section, a scoring system 
that adopted the specified criteria was employed, with scores ranging 
from 0 to 3 [30,31].

2.5. Immunohistochemistry

The ovarian sections underwent a process of deparaffination, 
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hydration, and an incubation in distilled water. They were treated with 
citrate buffer (0.01 M, pH 6.0) at 95 ◦C for 10 min, followed by incu
bation in the same buffer at room temperature for an additional 10 min. 
Termination of the hydrogen peroxide activity was achieved by utilising 
3 % H₂O₂ for 10 min., and then ultra-V block incubation was completed 
for 10 min. AMH (1:200, Sc166752, Santa Cruz, Oregon, USA), NFKB- 
p65 (1:300, D14E12, Cell Signaling), VEGF (1:200, Sc152, Santa Cruz, 
Oregon, USA), IL-1β (1:50, BT-AP04469, Bioassay Technology Labora
tory, Zhejiang, China), HIF-1α (1:400, Sc535446, Santa Cruz, Oregon, 
USA), and PCNA (1:400, Sc9857, Santa Cruz, Oregon, USA) primer an
tibodies were dripped onto the circled sections. After being incubated 
with primer antibodies during the night at 4◦C, they were treated with 
biotinylated secondary antibody (goat anti-rabbit) and avidin-biotin- 
peroxidase for 10 min. For all other steps, PBS washing was performed 
with the exception of UV blocking. The brown-stained areas created by 
the peroxidase activity became visible after 3,3′-diaminobenzidine 
treatment and their nuclear staining was performed with hematoxylin. 
Following the staining procedure, the sections were treated with 
increasing concentrations of alcohol and xylene, with the aim of coating 
them with Entellan.

For each primary antibody, a total of ten images were obtained for 
each of the seven rats in each group using an Olympus BX51 microscope. 
The mean intensity of immunostaining was obtained from the images by 
way of the ImageJ program (NIH, USA) Onder et al. [32].

2.6. Enzyme-linked immunosorbent assay

Levels of tumor necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), 
and interleukin 1β (IL-1β) were determined using Rat TNF-α (Sunred 
Bio, 201–11–0765, Shanghai, China), Rat IL-6 (Sunred Bio, 
201–11–0136, Shanghai, China), and Rat IL-1β (Sunred Bio, 
201–11–0120, Shanghai, China) enzyme-linked immunosorbent assay 
(ELISA) kits, using the manufacturers’ instructions as a guide.

Initially, the homogenization process was applied to ovarian tissues 
stored at − 80◦C, utilizing phosphate buffer (pH 7.4, 20 mM). The su
pernatant was obtained from the homogenates by centrifugation at 
+4◦C, 5000×g for 15 min. The standard wells were filled with 50 μl of 
varying concentrations of standards, prepared from the standard solu
tion. The sample wells were filled with 40 μl of sample and 10 μl of 
antibody. After the HRP treatment at 37 ◦C for 60 min, the microplate 
was washed in wash buffer five times. Then, 50 μl of chromogen A and 
chromogen B were applied separately at 37 ◦C for 10 min, respectively. 
After the addition of the stop buffer, absorbance was measured at a 
wavelength of 450 nm using a microplate reader, and protein concen
tration was expressed in picograms per milligram [33].

2.7. Statistical analysis

The Shapiro-Wilk and Kolmogorov-Smirnov tests were performed to 
assess the normality of the data. If the data were normally distributed, 
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test 
was used to compare quantitative variables. For histopathological 
scoring data that were not normally distributed, Dunn’s multiple com
parison test was applied. A p-value of less than 0.05 was considered 
statistically significant. The statistical analyses were performed using 
GraphPad Prism software (version 9.0).

3. Results

3.1. Characterization of AMSC-Exos

The size of AMSC-Exos was determined using an NTA system, 
revealing a size distribution of 129.5 ± 47.4 nm (Fig. 1A). Additionally, 
exosome morphology, another key characteristic, was analyzed using 
SEM, demonstrating a spherical shape with an average size of 
116.2 ± 12.1 nm (Fig. 1B).

3.2. Histopathological alterations of ovarian tissues

Under light microscopy, the histopathological effects of PTL on 
ovarian morphology were assessed using H&E staining. In the control 
group, ovarian tissue exhibited well-preserved histoarchitecture, 
including a cortex with developing follicles and a medulla composed of 
loose connective tissue. Similarly, the ovarian tissue in the AMSC-Exos 
only group displayed a histological appearance comparable to that of 
the control group. In contrast, the PTL-only group exhibited disrupted 
follicular structures, edema, dilated or congested blood vessels in the 
medulla, indicating significant alterations in tissue architecture. The 
alterations observed in the PTL group were less pronounced in the 
AMSC-Exos treatment group, and based on histopathological scoring, 
this improvement was statistically significant (Fig. 2 and Table 1).

To evaluate potential changes in the ovarian connective tissue, MT 
staining was performed. In the ovarian cortex of the control group, thin 
tunica albuginea was observed beneath the germinal epithelium and 
cortical connective tissue septa were identified. Additionally, thin 
collagen fibers were present in the perivascular regions of the ovarian 
medulla, an area characterized by its abundance of blood vessels. In 
contrast, the PTL group exhibited thickening of the cortical connective 
tissue septa, as well as an increased density of collagen fibers extending 
from the medulla to the cortex and surrounding the blood vessels. The 
administration of PTL in conjunction with AMSC-Exos therapy resulted 
in a decline in collagen fiber abundance within the cortex and medulla 
(Fig. 2 and Table 1).

Fig. 1. Characterization of AMSC-Exos. A. Size distributions of AMSC-Exos by NTA. B. Transmission electron microscopy image of AMSC-Exos, scale bar = 200 nm.
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Fig. 2. H&E and MT staining of rat ovarian tissues. Primordial follicles (yellow arrow), primary follicles (green arrow), preantral follicle (blue arrow), secondary 
follicle (sf), corpora lutea (cl) and atretic follicles (atf). Congested blood vessels (black arrow), edema (arrowhead) and fibrosis (red arrow). Original magnification 
20x; scale bar 200 μm. In H&E staining, the cortex of the control and AMSC-Exos groups exhibits the healthy follicles in different types; in contrast, the PTL group 
exhibited disrupted follicular structures. In PTL group medulla, edema and congested blood vessels were detected. AMSC-Exos therapy mitigated PTL-induced 
damage in follicular and medullary ovarian structures. In MT staining, the PTL group increased collagen fiber density in the perivascular regions and septa 
extending from the medulla to the cortex. The distribution and density of collagen fibers did not significantly increase in the other groups, in contrast to the 
PTL group.

Table 1 
The results of statistical analyses of histopathological scoring.

Control AMSC-Exos PTL PTLþAMSC-Exos p

Vascular Congestion 0.00(0.00–0.00)a 0.00(0.00–0.25)a 3.00(2.00–3.00)b 0.00(0.00–1.25)a <0.0001
Hemorrhage 0.00(0.00–0.00)a 0.00(0.00–0.00)a 2.00(2.00–2.00)b 0.00(0.00–0.00)a <0.0001
Follicle Degeneration 0.00(0.00–0.00)a 0.00(0.00–0.25)a 3.00(2.00–3.00)b 0.00(0.00–1.25)a <0.0001
Fibrosis 0.00(0.00–0.00)a 0.00(0.00–0.00)a 3.00(2.00–3.00)b 0.00(0.00–0.25)a <0.0001

Values are expressed as median (quarter 1-quarter 3); statistical comparisons are denoted by lettering, with shared letters indicating nonsignificant differences and 
distinct letters indicating significance.
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3.3. Immunohistochemical findings

To provide further insight into the function of AMSC-Exos, immu
nohistochemistry was employed to assess VEGF and HIF-1α immuno
staining intensity (Fig. 3). For VEGF, the immunostaining intensity was 
statistically similar across all groups, except for the PTL group, which 
showed a significant decrease. For HIF-1α, the immunostaining intensity 
was found to be significantly elevated in the AMSC-Exos and 
PTL+AMSC-Exos groups in comparison to the control group. The in
crease noted in the PTL group was also statistically significant compared 
to all other groups. However, compared to the PTL group, the 
PTL+AMSC-Exos group demonstrated a decrease (Table 2).

The intensity of NFKB-p65 and IL-1β immunostaining was observed 
to be highest in the PTL group. For NFKB-p65, a significant difference 
was observed between the PTL group and all other groups, while no 
significant difference was evident between the other groups. For IL-1β, a 
significant decrease in intensity was observed in the PTL+AMSC-Exos 
group when compared with the PTL group and a significant increase 
when compared with the AMSC-Exos group (Fig. 3 and Table 2).

AMH, a crucial marker of follicular development, was evaluated by 
immunohistochemistry, and its immunostaining intensity was 
measured. The presence of AMH immunostaining was observed in 
certain follicle types, specifically in granulosa cells of primary, pre
antral, and secondary follicles. Among all three follicle types, the PTL 
group exhibited the lowest immunostaining intensity, which was sta
tistically significant compared to the other groups (Fig. 4 and Table 3).

3.4. Biochemical findings

In order to ascertain the anti-inflammatory effect of AMSC-Exos, the 
pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 levels in ovarian 

tissues were measured by ELISA. Administration of PTL led to a signif
icant (p < 0.001) increase in levels of TNF-α, IL-1β and IL-6. In the PTL+
AMSC-Exos group, the levels of these cytokines were statistically 
decreased (Table 4). There was no significant difference between the 
other groups for TNF-α and IL-1β levels. For IL-6 levels, PTL+ AMSC- 
Exos group showed a statistically significant decrease compared to the 
PTL group, and a significant increase compared to the other groups.

4. Discussion

The present study demonstrated that acute PTL administration in
duces ovarian damage, which can be effectively alleviated by AMSC- 
Exos. Histopathological analysis revealed that PTL treatment resulted 
in the disruption of follicular structures, edema, dilatation or occlusion 

Fig. 3. Effect of AMSC-Exos on VEGF, HIF-1α, NFKB-p65 and IL-1β immunostaining in rat ovarian sections from each experimental group. Representative images of 
VEGF, HIF-1α, NFKB-p65 and IL-1β immunostaining at × 40 magnification (400 ×). Immunostaining of VEGF in the AMSC-Exos-treated group shows an intense 
cytoplasmic reaction in the cells, while the PTL group shows a mild immunostaining pattern. PTL+AMSC-Exos shows similar immunostaining except for the PTL 
group. HIF-1α immunostaining in the PTL group exhibits the highest cytoplasmic reactivity of stromal cells, whereas the PTL + AMSC-Exos group demonstrates a 
notable reduction in staining intensity. NFKB-p65 immunostaining in the PTL group exhibits the highest cytoplasmic and nuclear reactivity, which was statistically 
significant compared to the other groups. However, no significant differences were observed among the remaining groups. IL-1β immunostaining in the PTL group 
exhibits the highest cytoplasmic reactivity, whereas the PTL + AMSC-Exos group demonstrated reduced staining intensity.

Table 2 
The results of statistical analyses of VEGF, HIF-1α, NFκB-p65, and IL-1β immu
nostaining intensities in all experimental groups.

Control AMSC- 
Exos

PTL PTLþAMSC- 
Exos

p

VEGF (88.26 
± 4.83)a

(86.59 
± 5.15)a

(79.08 
± 6.83)b

(84.16 
± 5.71)a

<0.0001

HIF¡1α (65.59 
± 5.22)a

(77.67 
± 11.88)b

(92.29 
± 9.20)c

(83.73 
± 6.03)b

<0.0001

NFKB- 
p65

(82.70 
± 6.68)a

(84.54 
± 7.10)a

(90.68 
± 5.10)b

(84.29 
± 5.63)a

<0.0001

IL¡1β (76.33 
± 7.46)ac

(73.78 
± 4.68)a

(87.51 
± 5.39)b

(80.36 
± 4.98)c

<0.0001

Values are expressed as mean ± standard deviation; statistical comparisons are 
denoted by lettering, with shared letters indicating nonsignificant differences 
and distinct letters indicating significance.
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Fig. 4. Effect of AMSC-Exos on AMH immunostaining in rat ovarian sections from each experimental group. AMH immunostaining was predominantly observed in 
the cytoplasm of developing granulosa cells. (A) Representative images of AMH immunostaining at ×20 magnification (200×). (B) Representative images of AMH 
immunostaining at ×40 magnification (400 ×). For all types of primary, preantral, and secondary follicles, the PTL group exhibited the lowest immunostaining 
intensity. Compared to the PTL group, the PTL + AMSC-Exos group exhibited a significantly higher staining intensity.

Table 3 
The results of statistical analyses of AMH immunostaining intensities in primary, 
preantral, and secondary follicles of all experimental groups.

AMH Control AMSC- 
Exos

PTL PTLþAMSC- 
Exos

p

Primer (114.4 
± 21.24)a

(117.9 
± 14.21)a

(87.13 
± 9.68)b

(108.3 
± 25.81)a

0.0086

Preantral (121.7 
± 11.05)a

(119.6 
± 13.08)a

(105.4 
± 9.12)b

(121.2 
± 14.53)a

0.0002

Sekonder (113.3 
± 18.97)a

(120.5 
± 14.87)a

(89.06 
± 12.13)b

(105.6 
± 13.19)a

<0.0001

Values are expressed as mean ± standard deviation; statistical comparisons are 
denoted by lettering, with shared letters indicating nonsignificant differences 
and distinct letters indicating significance.

Table 4 
ELISA results of statistical analyses of TNF-α, IL-1β and IL-6 levels in the ovaries 
of all experimental groups.

ELISA Control AMSC- 
Exos

PTL PTLþAMSC- 
Exo

p

TNF-α (137.1 
± 12.12)a

(135.3 
± 18.34)a

(166.4 
± 7.05)b

(133.0 
± 12.28)a

0.0101

IL¡1β (664.7 
± 125.2)a

(686.7 
± 148.2)a

(1025.0 
± 89.56)b

(694.7 
± 136.5)a

0.0046

IL¡6 (29.32 
± 7.36)a

(31.63 
± 2.84)a

(67.79 
± 8.06)b

(49.40 
± 5.13)c

<0.0001

Values are expressed as mean ± standard deviation; statistical comparisons are 
denoted by lettering, with shared letters indicating nonsignificant differences 
and distinct letters indicating significance.
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of blood vessels. However, the adverse effects of acute PTL-induced 
ovarian injury were prevented by AMSC-Exos, which exert protective 
effects on both ovarian tissue integrity and AMH levels. These protective 
effects are likely mediated through the attenuation of HIF-1α, NFKB-p65, 
and pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, 
within the ovarian tissue.

In the present study, a single acute dose of 7.5 mg/kg PTL was 
observed to induce marked alterations in both the general histopatho
logical architecture and the fibrotic pattern of the ovary. Disruption of 
the follicular architecture within the cortex, along with congestion, 
dilatation, and edematous areas in the blood vessels of the medulla, 
were particularly prominent. MT staining revealed an accumulation of 
collagen fibers in both the connective tissue septa and around blood 
vessels in response to PTL treatment. However, treatment with a single 
dose of AMSC-Exos attenuated these PTL-induced alterations, accom
panied by a concurrent decrease in collagen fiber. According to the 
findings of Elfayomy et al., the administration of 7.5 mg/kg PTL- 
induced ovarian shrinkage, cortical follicle depletion, and a significant 
decrease in antral follicle counts [34]. These detrimental changes are 
believed to result from the delayed meiotic maturation of oocytes, 
leading to the formation of aneuploid oocytes. The maintenance of 
ovarian development and function critically depends on angiogenesis 
[35]. In cases of POF, regulation of angiogenesis supports follicular 
growth and overall ovarian activity [36]. Exposure to a low dose of PTL 
limits the infiltration of bone marrow-derived endothelial progenitor 
cells into the tumor microenvironment and reduces microvessel density 
[37]. Exosomes released by AMSCs contain microRNAs (miRNAs) that 
promote angiogenesis and activate endothelial cells by stimulating the 
secretion of VEGF and epidermal growth factor [20]. Therefore, 
AMSC-Exos may contribute to the treatment of ovarian disorders [17]. 
Under hypoxic conditions, the regulation of VEGF is primarily mediated 
by HIF-1α, a key transcription factor. HIF-1α facilitates this process by 
promoting an increase in oxygen supply through the induction of 
angiogenesis [38]. Due to increased oxygen demand during follicular 
growth, ovarian hypoxia activates HIF-1, which in turn promotes 
VEGF-mediated angiogenesis [39,40]. The present study demonstrates 
that PTL leads to a decrease in VEGF and an increase in HIF-1α staining 
intensity; conversely, the combination of PTL and AMSC causes a 
reversal of these staining patterns. This effect may be associated with the 
ability of AMSC-derived exosomes to promote vascular endothelial cell 
functions, thereby enhancing angiogenesis [41].

One of the members of the TGF-β superfamily, AMH, is secreted by 
secondary and early antral follicle granulosa cells and serves as a reliable 
biomarker for assessing ovarian reserve following chemotherapy [42, 
43]. It has the ability to inhibit the maturation of growing follicles by 
preventing the activity of primordial follicles and reducing the sensi
tivity of antral follicles to FSH, thereby contributing to the preservation 
of the ovarian follicular pool [44]. In a study investigating, for the first 
time, the interaction between AMSC-Exos and POF, administration of 
AMSC-Exos successfully restored AMH expression levels to control 
values after in a cyclophosphamide-induced POF model [17]. The study 
further reported that it could potentially stimulate the restoration of 
primordial, primary, antral, and secondary follicles. In the current study, 
AMCS treatment significantly ameliorated the reduction in serum AMH 
levels, which may be attributed to the protective effect of AMSC inter
vention against PTL-induced ovarian damage, particularly in the 
follicular granulosa cells. NF-κB is an important molecule capable of 
activating enzymes and proinflammatory cytokines. Its activity can be 
triggered by growth factors, infectious agents, and chemotherapy drugs 
[45,46].

PTL-induced inflammatory damage in multiple tissues was charac
terised by enhanced activation of pro-inflammatory markers, such as 
NF-κB, TNF-α, IL-1β, IL-6, and iNOS [47]. In the ovary, beyond its role in 
promoting immune and inflammatory responses, this molecule also 
contributes to the regulation of granulosa cell function during folli
culogenesis [48,49]. These findings may offer valuable insights into the 

underlying mechanisms responsible for the decline in follicular reserve 
observed in these females [50]. To the best of our knowledge, the effects 
of AMSC-Exos on PTL-induced acute ovarian damage have not previ
ously been investigated. In our study, PTL administration significantly 
increased the levels of NFKB-p65, TNF-α, IL-1β, and IL-6 in ovarian tissue 
compared to both the AMSC-Exos treated and control groups. The 
anti-inflammatory functions of mesenchymal stem cells and their exo
somes are largely attributed to the inhibition of the TLR4/NF-κB [51]. 
Among them, AMSC-Exos significantly contribute to the regulation of 
immune function and the control of inflammation [52]. In conclusion, 
this study demonstrated that AMSC-Exos alleviated acute ovarian injury 
induced by PTL by activating the VEGF signaling pathway and inhibiting 
the pro-inflammatory response (TNF-α, IL-1β, and IL-6) as well as their 
key regulator, NFKB-p65. Furthermore, AMSC-Exos treatment increased 
AMH immunostaining intensity, which was consistent with the marked 
improvements observed in follicular histology. Taken together, these 
results highlight the therapeutic potential of AMSC-Exos in preserving 
ovarian function and structure following PTL-induced injury.
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