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Abstract
Ovarian insufficiency is one of the common reproductive disorders affecting women with limited therapeutic aids. 
Mesenchymal stem cells have been investigated in such disorders before yet, the exact mechanism of MSCs in 
ovarian regeneration regarding their epigenetic regulation remains elusive. The current study is to investigate the 
role of the bone marrow-derived mesenchymal stem cells (BM-MSCs) lncRNA (Neat-1 and Hotair1) and miRNA (mir-
21-5p, mir-144-5p, and mir-664-5p) in mitigating ovarian granulosa cell apoptosis as well as searching BM-MSCs 
in altering the expression of ovarian and hypothalamic IGF-1 – kisspeptin system in connection to HPG axis in a 
cyclophosphamide-induced ovarian failure rat model. Sixty mature female Sprague Dawley rats were divided into 3 
equal groups; control group, premature ovarian insufficiency (POI) group, and POI + BM-MSCs. POI female rat model 
was established with cyclophosphamide. The result revealed that BM-MSCs and their conditioned media displayed 
a significant expression level of Neat-1, Hotair-1, mir-21-5p, mir-144-5p, and mir-664-5p. Moreover, BM-MSCs 
transplantation in POI rats improves; the ovarian and hypothalamic IGF-1 – kisspeptin, HPG axis, ovarian granulosa 
cell apoptosis, steroidogenesis, angiogenesis, energy balance, and oxidative stress. BM-MSCs expressed higher levels 
of antiapoptotic lncRNAs and microRNAs that mitigate ovarian insufficiency.

Bone marrow mesenchymal stem cells 
expressing Neat-1, Hotair-1, miR-21, miR-644, 
and miR-144 subsided cyclophosphamide-
induced ovarian insufficiency by remodeling 
the IGF-1–kisspeptin system, ovarian 
apoptosis, and angiogenesis
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Introduction
Female infertility is the inability to conceive a pregnancy 
for one year. Due to its significant impact on a substantial 
worldwide population, infertility has garnered consider-
able attention. The primary focus of clinical research has 
been the advancement of novel therapeutic interventions 
aimed at preventing and managing infertility and improv-
ing the overall quality of life for affected patients [1]. One 
of the significant factors contributing to infertility and 
abnormal ovarian function is ovulatory dysfunction. POI 
and polycystic ovary syndrome (PCOS) are the two main 
conditions that cause ovarian dysfunction and are linked 
to infertility [2]. Primary ovarian insufficiency, often POI, 
is a complex and mysterious medical condition. Accord-
ing to statistical data, the prevalence of POI is estimated 
to be approximately 1 in 250 women under the age of 
35 and 1 in 100 women under 40 years old. Yoon SY [3] 
POI is characterized by oligomenorrhea or amenorrhea, 
increased follicle-stimulating hormone (FSH), and low 
estradiol levels [4].

The complex interaction of many regulatory signals 
within the hypothalamic-pituitary-ovarian (HPO) axis 
is crucial for developing and maintaining female repro-
ductive potential. The intricate neurohormonal system 
controls ovarian hormone secretion and the intermittent 
release of oocytes during ovulation [5]. Recently, stem 
cell therapy has gained acceptance as a prospective and 
alternative therapeutic approach, allowing the repair and 
restoration of the normal function of injured tissues [6, 
7]. Interestingly, Mesenchymal stromal cells (MSCs) are 
a subset of adult stem cells derived from the mesoderm, 
a germ layer in embryonic development. These cells can 
undergo self-renewal and differentiate into many cell 
types derived from both ectoderm and endoderm, as well 
as mesoderm lineages, including osteocytes, chondro-
cytes, and adipocytes. MSCs are ubiquitously present in 
nearly all types of tissues. Mesenchymal stem cells can 
be readily obtained from various sources, including bone 
marrow, fetal liver, muscle, lung, adipose tissue, and the 
umbilical cord [8]. For ovarian dysfunction, MSCs can 
migrate directly and impulsively to the damaged ovary 
and survive there while being stimulated by multiple fac-
tors that facilitate ovarian recovery [9–11].

In “next generation” biology, non-coding RNA (ncRNA) 
is thought to be the research area of interest. Yet, its 
intricate interaction with POI remains elusive. Single-
stranded RNAs with more than 200 nucleotides (nt) are 
referred to as long non-coding RNAs (lncRNAs), and 
they have a role in many disorders [12]. It is well-known 
that the incidence and progression of POI are closely cor-
related with the aberrant transcription of cellular lncRNA 

[13]. For instance, lncRNA DLEU1 accelerated the apop-
tosis of OGCs and was significantly elevated in POI ovar-
ian tissues compared to the control [14]. Additionally, it 
has been previously noted that lncRNA HOTAIR over-
expression decreased hamster ovary cell apoptosis [15]. 
According to numerous reports, nuclear enriched abun-
dant transcript 1 (NEAT1), a lncRNA, was thought to 
act as an oncogene in ovarian cancer and other human 
malignancies by preventing cancer cells from dying off 
(apoptosis) [16, 17]. Although the relationship between 
NEAT1 and Hotair-1 in the progress of POI has been 
hypothesized, the precise mechanism is yet unknown. 
Short non-coding RNA (sncRNAs) called microRNAs 
(miRNAs), which have a length of around 22 nt, are pri-
marily in control of post-transcriptionally regulating gene 
expression [18]. According to reports, POI progresses as 
a result of miRNAs being improperly regulated [19, 20]. 
Yang et al. discovered that miR-144-5p was beneficial in 
preventing POI caused by cyclophosphamide intraperito-
neally (CTX) [19]. The long non-coding RNA (Hotair-1) 
acts Through a NOTCH1-mediated mechanism, as a 
microRNA-34a-5p sponge to decrease nucleus pulposus 
cell death [21]. Moreover, through the sponging of miR-
125a-5p by the long non-coding RNA NEAT1, cardio-
myocyte apoptosis is suppressed [22].

Multiple studies have indicated that the secretome of 
mesenchymal stem cells (MSCs) plays a crucial role in the 
therapeutic impact on reproduction. This is attributed to 
the secretome’s abundance of bioactive molecules that 
effectively promote and sustain ovarian functions. The 
molecules under consideration encompass IGF, VEGF, 
and other growth factors that elicit cellular development, 
differentiation, and immunoregulation, thus facilitat-
ing the restoration of ovarian functions [23]. Recently, 
there has been a prevailing agreement that the paracrine 
action of mesenchymal stem cells (MSCs) holds more 
significance compared to their differentiation capacity. 
The regenerative properties of transplanted MSCs can 
be ascribed to pathways encompassing both direct cell-
cell interaction and the release of bioactive chemicals 
that facilitate angiogenesis and tissue regeneration. As 
a result, the scarring process is suppressed, the immune 
and inflammatory reactions are regulated, and the activa-
tion of tissue-specific progenitor cells occurs [9].

Interestingly, MSCs’ secretome comprised lncRNAs 
which play a vital role in their paracrine regenerative 
mechanism such a role activating the internal repairing 
mechanism via initiating resident quiescent tissue stem 
cells and suppressing several pro-apoptotic microRNAs 
[24, 25]. Furthermore, MSCs’ secretomes expressed sev-
eral microRNAs such as mir-21 [26], mir-144-5p [19], 
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and mir-664-5p [27] which suppress ovarian granulosa 
cell apoptosis. However, the exact mechanism of ovari-
anRNA; mir-21-5p, mir-144-5p, and mir-664-5p, also 
their lncRNA Neat-1, and Hotair-1 and their miRNA 
and mRNA targets in the modeling of the ovarian insuf-
ficiency remain elusive. Thus, the present study was 
designed to explore the role of the BM-MSCs lncRNA 
(Neat-1 and Hotair1) and miRNA (mir-21-5p, mir-
144-5p, and mir-664-5p) in mitigating ovarian granulosa 
cell apoptosis as well as searching BM-MSCs in altering 
the expression of ovarian and hypothalamic IGF-1 – kis-
speptin system in connection to HPG axis in cyclophos-
phamide-induced ovarian failure rat model.

Materials and methods
Animals
A total of sixty Sprague-Dawley rats, classified as healthy 
adult females weighing 150 to 200  g and aged 6 to 8 
weeks, were procured from the animal facility located at 
the Faculty of Veterinary Medicine, Zagazig University, 
Egypt. The rats in the study were provided with appro-
priate and ethical care, and the research procedures were 
authorized by the Institutional Animal Care and Use 
Committee of Badr University in Cairo (Reference No. 
BUC-IACUC/VET/134/A/2023).

Chemicals
The Cyclophosphamide utilized in this study was pro-
cured from (Baxter, USA). The DMEM medium, strep-
tomycin, penicillin, phosphate-buffered saline (PBS), and 
fetal bovine serum (FBS) were acquired from Lonza Bio-
science. Qiazol was supplied from (Qiagen, Germany), 
chloroform HPLC grade, isopropanol HPLC grade, Etha-
nol HPLC grade (Sigma, Aldrich), high-capacity reverse 
transcriptase cDNA kit (Applied Biosystem Massachu-
setts, USA), TopReal Sybergreen master mix (Enzynom-
ics, Korea). ELISA kit for serum hormonal assays of 
FSH, LH, PRL, and E2 was supplied by (Cusabio, China). 
Antibodies for immunohistochemistry were bought 
from (primary and secondary) for VEGF, and Kiss-1 was 
obtained from (Abcam), rat fibroblast cell line obtained 
from the laboratory of stem cells and regenerative medi-
cine research faculty of veterinary medicine, Zagazig 
University, Egypt.

Isolation and culturing of BM-MSCs
According to the protocol of Smajilagić A, Aljičević M, 
Redžić A, Filipović S and Lagumdžija A [28] 12 weeks 
old rats were sacrificed, and their femur and tibia were 
aseptically extracted. The cancellous bone was extracted 
from the femur and tibia specimens and subjected to 
3–5 washes using 1x phosphate-buffered saline (PBS) 
obtained from Lonza Bioscience. Subsequently, the bone 
marrows were rinsed using Dulbecco’s Modified Eagle 

Medium (D-MEM) culture media (Lonza, Bioscience) 
containing 10% (V/V) FBS (Lonza, Bioscience) and 50 IU 
L-1 penicillin, 2mM L-glutamine, 50 µg mL-1 streptomy-
cin (Lonza, Bioscience). The released cells were collected 
and placed in a culture flask with a surface area of 75 cm2. 
The flask contained 15 ml of D-MEM culture media from 
Lonza Bioscience. The cell cultures were incubated at 
37º C in a controlled environment with a humidity level 
of 95% air and 5% carbon dioxide. The cells were left to 
adhere for three days. Following this, the non-adherent 
cell population was eliminated, and the culture medium 
was substituted with fresh culture D-MEM. The culture 
media underwent biweekly changes. Following the initial 
passage, the adhering cells were dissociated using a solu-
tion of 0.25% trypsin-EDTA (Lonza, Bioscience) and sub-
sequently cultivated for three consecutive passages.

As observed using an inverted microscope, MSCs in 
culture were identified based on their ability to adhere 
to the culture surface and their distinct morphological 
features, including fusiform, circular, and spindle forms. 
The cells obtained from the third passage were subjected 
to flow cytometry analysis to assess the presence of spe-
cific surface markers associated with mesenchymal stem 
cells, they were negative for (CD45, CD34, and HLA-DR) 
and positive for (CD90, CD73, and CD105). To trace the 
homing of the transplanted BM-MSCs in the ovarian tis-
sues, the BM-MSCs were trypsinized with 0.25% tryp-
sin EDTA, washed twice with PBS then labeled with red 
fluorescent vital cell linker stain PKH26 (Sigma Aldrich, 
USA; PKH26GL)) following the supplier guidelines. Fur-
thermore, long-coding RNAs (Hotair1 and Neat-1) and 
miRNA (mir-21-5p, mir-664-5p, and mir-144-5p) expres-
sion were detected in BM-MSCs and BM-MSCs condi-
tioned media that were compared to the expression level 
in the rat fibroblast cell line obtained from the laboratory 
of stem cells and regenerative medicine research faculty 
of veterinary medicine, Zagazig University, Egypt.

Experimental design
A total of sixty mature female Sprague Dawley rats were 
randomly allocated into three equal groups. A total of 
20 rats were assigned to each group; G1: Control group, 
the rats were injected IP with 0.25 mL with PBS daily 
for 14 consecutive days; G2: POI (Premature ovarian 
insufficiency),. G3: POI + BM-MSCs (premature ovar-
ian failure + bone marrow mesenchymal stem cells); after 
successful induction of the POI, the rats were trans-
planted with BM-MSCs one IP injection at a dose of 
2 × 107 suspended in 0.25 mL of PBS. POI was induced in 
female rats with Intraperitoneal (IP) cyclophosphamide 
(50 mg/kg) followed by IP daily cyclophosphamide injec-
tion of (8 mg/kg) for 14 consecutive days [29]. BM-MSCs 
were transplanted intraperitoneally at a dose of (2 × 107) 
cells for each rat.
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Blood and tissue sample collection
After 12 weeks from the initial cyclophosphamide dos-
ing, blood samples were obtained from the retro-orbital 
venous plexus, and the serum was afterward separated 
and preserved at a temperature of -20ºC for the enzyme-
linked immunosorbent assay (ELISA) and biochemical 
analysis. The hypothalamus, pituitary, and ovaries were 
collected and preserved in 1 ml of Qiazol (Qiagen, Ger-
many) at a temperature of -80ºC. These samples will be 
utilized for RNA extraction and subsequent gene expres-
sion analyses. A total of eight ovaries from each experi-
mental group were obtained and preserved in a 10% 
neutral formalin buffer solution for further histopatho-
logical and immunohistochemical analyses. Ten right 
ovaries of different experimental groups were homog-
enized separately with potassium chloride buffer solu-
tion 1.15% for obtaining 10% ovarian tissue homogenate 
1/10 (w/v). The homogenate was centrifuged for 15 min 
at 4000 rpm and stored at -80ºC for further oxidant/anti-
oxidant activity use.

Assay of the serum hormonal level and ovarian oxidative 
stress markers
Serum levels of the estrogen (E2), follicle–stimulating 
hormone (FSH), Prolactin (PRL), and Luteinizing hor-
mone (LH) were measured using sandwich ELISA kits 
(Cusabio, China) according to manufacture instruc-
tions and following the method used in Al-Shahat A, 
Hulail MAE, Soliman NMM, Khamis T, Fericean LM, 
Arisha AH and Moawad RS [30]. The serum level of the 
anti-mullerian hormone (AMH) was measured using 
sandwich ELISA kit (MyBioSource, USA, #MBS453381) 
according to the provider’s instructions. Moreover, the 
ovarian tissue homogenates of the different experimen-
tal groups were used for assaying the oxidative stress 
markers, Malonaldehyde (MDA), Superoxide dismutase 
(SOD), reduced Glutathione (GSH), Catalase (CAT), and 
Total antioxidant capacity (TAC) using kits supplied by 
Diagnostic and Research Reagents (Giza, Egypt).

Real-time PCR analysis
The total RNA of the BM-MSCs, BM-MSCs conditioned 
media, rat fibroblast cells, and pituitary, hypothalamus, 
and ovarian tissue of the different experimental groups’ 
was extracted using Qiazol (Qiagen, Germany). RNA 
purity and concentration were assessed using the Nano-
Drop® ND-1000 Spectrophotometer (NanoDrop Tech-
nologies, Wilmington, Delaware, USA). From the total 
extracted RNA, 500 ng was used for cDNA synthesis 
using a high-capacity reverse transcriptase kit (Applied 
Biosystem, Foster City, CS, USA) following the suppli-
er’s instructions. Moreover, cDNA for the microRNAs 
(U6, mir-34a, mir-125a, mir-21-5p, mir-664-5p, and 
mir-144-5p) of the ovarian tissue, BM-MSCs, BM-MSCs 

conditioned media, and rat fibroblast cells were synthe-
sized with specific stem-loop primer for each microRNA 
mentioned in Table 1 using miScript II reverse transcrip-
tion kit (Qiagen, Valencia, CA) following the supplier 
instruction. The mRNA target for the microRNA were 
defined using TargetScan online software https://www.
targetscan.org/vert_80/, on the other hand, the mature 
sequence for each miRNAs were got form microRNAs 
online data base https://www.mirbase.org/, and the stem-
loop, forward, and reverse primer of each miRNA were 
designed using online stem-loop primer designing tool 
http://www.srnaprimerdb.com/.

The detection of the integration of male BM-MSCs 
into female ovarian tissues was accomplished by assess-
ing the relative mRNA expression of the sex determina-
tion region on the male Y chromosome (SRY gene) in the 
ovarian tissues of the female rat recipient [31]. The gene 
expression analysis for ovarian, BM-MSCs, BM-MSCs 
conditioned media, and rat fibroblast cells miRNA (U6, 
mir-34a, mir-125a, mir-21-5p, mir-664-5p, and mir-
144-5p), long-noncoding RNA (Neat-1 and Hotair1), 
ovarian, hypothalamic, and pituitary mRNA expression 
for (Notch-1, P53, Casp-3, BCL-2, Gapdh, Sry, IGF-1, 
Kiss-1, Kiss1r, GnRH, GnRhr, GnIH, FSH-1β, LH-1β, 
GLP-1, PPAR-α, StAR, CYP-17A1, CYP-11A1, CYP-
19A1, HSD-17β3) were assayed using RotorGene Q 2 
plex real-time PCR system (Qiagen, Germany) with a 
primer sequence synthesized by (Sangon Biotech, Beijing, 
China) and listed in Table 1. The relative gene expres-
sion was determined via the 2-ΔΔCT method, according 
to Livak KJ and Schmittgen TD [32], with Gapdh serv-
ing as the reference gene for mRNA and long-noncoding 
RNA as well as U6 for normalizing data of the miRNA 
expression.

Histological and immunohistochemical analysis
The ovarian tissue of the different experimental groups 
was fixed in neutral formalin buffer 10% overnight, then 
serially passaged in graded ethanol concentration for tis-
sue dehydration, then submerged for 20 min in benzene, 
and fixed in paraffin wax blocks. The tissue paraffin wax 
blocks were sectioned into 5-micron sections. After that, 
the sections were deparaffinized with xylene and stained 
with H&E for histological examination by light micro-
scope [33]. Immunohistochemistry for VEGF and Kiss-1 
was done using a primary polyclonal rabbit anti-VEGF-A 
(ABclonal, Cat. No. # A0280) and a primary rabbit poly-
clonal anti-kisspeptin antibody (Bioss, Cat. No. # bs-
0749R) and their related secondary antibodies. Antigens 
were retrieved via boiling for 15 min in citrate buffer pH 
6, followed by blocking the endogenous peroxidase activ-
ity with hydrogen peroxide 3% for 20 min. For blocking 
the nonspecific antigen, goat serum was used and incu-
bated at 37 oC for 30 min. The sections were incubated 
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with the primary rabbit polyclonal anti-VEGF-A (dilution 
rate, 1:200) and anti-Kiss-1 (dilution rate, 1:200) antibody 
overnight at 4 oC then were subjected to incubation with 
the secondary antibody and subsequently stained with 
DAB. For quantifying positive immunoreaction, three 
slides for each rat and ten fields for each slide were evalu-
ated for the immunostaining density of VEGF-A and 
Kiss-1 and determined by using FIJI/ImagJ® software [34].

Statistical analysis
The statistical analysis was performed using GraphPad 
Prism Version 9.2 software, (GraphPad Software Inc. in 
San Diego, California, USA). The data is presented in the 
form of the mean ± standard error of the mean (SEM). 
The statistical analysis consisted of performing a one-way 
analysis of variance (ANOVA) test, followed by a post 
hoc Tukey test to facilitate pairwise comparisons. The 
results exhibited statistical significance, as shown by a 
p-value below 0.05.

Results
Bm-MSCs identification and homing
The present study’s findings indicate that the isolated 
cells adhered to the culture flask surface, displaying a 
round morphology on the third day of culture and tran-
sitioning to a spindle form by the seventh day of culture 
(Fig. 1A & B). Moreover, the isolated cells were positive 
for CD105, CD90, and CD73, however, showed nega-
tive reaction with CD45, CD34, HLA-DR (Fig.  1C – I). 
Interestingly, the tracking of the transplanted BM-MSCs 
revealed that BM-MSCs could be homed to the injured 
ovarian tissue in the POI + BM-MSCs group which was 
validated by the positive red florescent color of PKH-26 
stained BM-MSCs during examination of the ovarian tis-
sue under florescent microscope and confirmed with the 
mRNA expression of SRY gene compared to a positive 
control for SRY expression (rat testicular tissue) (Fig. 1K 
& L).

Table 1  PCR primer and stem-loop primers for microRNA sequences
Gene Forward primer (5′–3′) Reverse primer (5′–3′) Accession No Product size
Kiss-1 ​T​G​C​T​G​C​T​T​C​T​C​C​T​C​T​G​T​G​T​G​G ​A​T​T​A​A​C​G​A​G​T​T​C​C​T​G​G​G​G​T​C​C NM_181692.1 110
Kiss-1r ​C​T​T​T​C​C​T​T​C​T​G​T​G​C​T​G​C​G​T​A ​C​C​T​G​C​T​G​G​A​T​G​T​A​G​T​T​G​A​C​G NM_023992.1 102
GnRH1 ​A​G​G​A​G​C​T​C​T​G​G​A​A​C​G​T​C​T​G​A​T ​A​G​C​G​T​C​A​A​T​G​T​C​A​C​A​C​T​C​G​G NM_012767.2 100
GnRHr ​T​C​A​G​G​A​C​C​C​A​C​G​C​A​A​A​C​T​A​C ​C​T​G​G​C​T​C​T​G​A​C​A​C​C​C​T​G​T​T​T NM_031038.3 182
GnIH ​A​G​A​G​C​A​A​C​C​T​A​G​G​A​A​A​C​G​G​G​T​G​T​T ​A​G​G​A​C​T​G​G​C​T​G​G​A​G​G​T​T​T​C​C​T​A​T​T NM_023952.1 84
Star ​C​C​C​A​A​A​T​G​T​C​A​A​G​G​A​A​A​T​C​A ​A​G​G​C​A​T​C​T​C​C​C​C​A​A​A​G​T​G NM_031558.3 187
CYP11A1 ​A​A​G​T​A​T​C​C​G​T​G​A​T​G​T​G​G​G ​T​C​A​T​A​C​A​G​T​G​T​C​G​C​C​T​T​T​T​C​T NM_017286.3 127
CYP17A1 ​T​G​G​C​T​T​T​C​C​T​G​G​T​G​C​A​C​A​A​T​C ​T​G​A​A​A​G​T​T​G​G​T​G​T​T​C​G​G​C​T​G​A​A​G NM_012753.2 90
CYP19A1 ​G​C​T​G​A​G​A​G​A​C​G​T​G​G​A​G​A​C​C​T​G ​C​T​C​T​G​T​C​A​C​C​A​A​C​A​A​C​A​G​T​G​T​G​G NM_017085.2 178
SRY ​C​T​A​G​A​G​C​T​G​C​A​C​A​C​C​A​G​T​C​C Tgggtatccagtggggatgt NM_001409365.1 77
IGF-1 ​A​A​G​C​C​T​A​C​A​A​A​G​T​C​A​G​C​T​C​G ​G​G​T​C​T​T​G​T​T​T​C​C​T​G​C​A​C​T​T​C NM_001082477.2 166
GLP-1 ​C​A​C​C​T​C​C​T​C​T​C​A​G​C​T​C​A​G​T​C ​C​G​T​T​C​T​C​C​T​C​C​G​T​G​T​C​T​T​G​A NM_012707.2 128
PPAR-α ​G​T​C​C​T​C​T​G​G​T​T​G​T​C​C​C​C​T​T​G ​G​T​C​A​G​T​T​C​A​C​A​G​G​G​A​A​G​G​C​A NM_013196.2 176
PDCD4 ​C​G​G​C​C​C​G​A​G​G​G​G​A​T​T​C​T​A​A​A ​G​G​G​T​C​A​G​T​G​G​G​G​T​T​C​A​C​A​T​T NM_022265.3 123
PTEN ​A​T​A​C​C​A​G​G​A​C​C​A​G​A​G​G​A​A​A​C​C ​T​T​G​T​C​A​T​T​A​T​C​C​G​C​A​C​G​C​T​C NM_031606.2 101
notch-1 ​C​C​T​T​G​C​T​C​T​G​C​C​T​A​A​C​G​C​T ​A​T​T​C​A​G​G​C​A​G​G​T​C​C​C​A​C​T​T​G NM_001105721.1 80
p53 ​C​C​C​C​T​G​A​A​G​A​C​T​G​G​A​T​A​A​C​T​G​T ​T​C​T​C​C​T​G​A​C​T​C​A​G​A​G​G​G​A​G​C NM_030989.3 75
BCL-2 ​G​A​C​T​G​A​G​T​A​C​C​T​G​A​A​C​C​G​G​C​A​T​C ​C​T​G​A​G​C​A​G​C​G​T​C​T​T​C​A​G​A​G​A​C​A NM_016993.1 135
Hotair-1 ​C​C​T​T​A​T​A​A​G​C​T​C​A​T​C​G​G​A​G​C​A ​C​A​T​T​T​C​T​G​G​G​T​G​G​T​T​C​C​T​T​T XR_005503470.1
NEAT-1 ​A​A​G​G​C​A​C​G​A​G​T​T​A​G​C​C​G​C​A​A​A​T ​T​G​T​G​C​A​C​A​G​T​C​A​G​A​C​C​T​G​T​C​A​T​T​C XR_005494740.1
mir-34a ​A​A​C​A​C​G​C​T​G​G​C​A​G​T​G​T​C​T​T​A ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T
mir-21 ​A​A​G​C​G​A​C​C​T​A​G​C​T​T​A​T​C​A​G​A​C​T ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T
mir-125a ​A​A​C​A​A​G​T​C​C​C​T​G​A​G​A​C​C​C​T​T​T​A ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T
mir-664-5p ​A​A​C​A​A​G​C​T​G​G​C​T​G​G​G​G​A​A​A ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T
mir-144-5p ​A​G​C​C​A​G​C​G​G​G​A​T​A​T​C​A​T​C​A​T​A​T​A ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T
U6 ​G​C​T​C​G​C​T​T​C​G​G​C​A​G​C​A​C​A ​G​A​G​G​T​A​T​T​C​G​C​A​C​C​A​G​A​G​G​A
Stem-loop primers for microRNA
mir34a ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T​C​C​G​A​G​G​T​A​T​T​C​G​C​A​C​T​G​G​A​T​A​C​G​A​C​A​C​A​A​C​C
mir125a ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T​C​C​G​A​G​G​T​A​T​T​C​G​C​A​C​T​G​G​A​T​A​C​G​A​C​T​C​A​C​A​G
mir-664 ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T​C​C​G​A​G​G​T​A​T​T​C​G​C​A​C​T​G​G​A​T​A​C​G​A​C​C​C​A​A​T​C
mir-144-5p ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T​C​C​G​A​G​G​T​A​T​T​C​G​C​A​C​T​G​G​A​T​A​C​G​A​C​A​C​T​T​A​C
mir-21-5p ​G​T​C​G​T​A​T​C​C​A​G​T​G​C​A​G​G​G​T​C​C​G​A​G​G​T​A​T​T​C​G​C​A​C​T​G​G​A​T​A​C​G​A​C​T​C​A​A​C​A
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Expression of anti-apoptotic long non-coding RNA (Neat-1 
& Hotair-1) of BM-MSCs and their conditioned media
The result of the present study revealed that the expres-
sion of the anti-apoptotic long non-coding RNA Hotair-1 
and Neat-1 were detected with a marked significant level 
in both BM-MSCs (p < 0.0001) and their conditioned 
media (p < 0.01) compared with the rat fibroblast cells as 
a control (Fig. 2A).

Effect of BM-MSCs transplantation on the ovarian 
expression of anti-apoptotic LncRNA and their miRNA and 
mRNA targets
The outcomes of the current investigation showed that 
the POI group displayed a significant (p < 0.0001) down-
regulation in the relative expression of the anti-apop-
totic; lncRNA (Neat-1 & Hotair-1) and mRNA (BCL-2 

& Notch-1) with significant upregulation in the expres-
sion of the pro-apoptotic miRNA (mir-34a & mir-125a) 
(Fig. 2B – G). Surprisingly, BM-MSCs transplantation in 
the POI female rats significantly (p < 0.0001) upregulated 
the expression of Neat-1, Hotair-1, BCL-2, and Notch-1 
as well as downregulated the expression of mir-34a and 
mir-125a compared with POI group (Fig. 2B – G). More-
over, there was a significant (p < 0.05) downregulation in 
the relative expression of Neat-1, Hotair-1, BCL-2, and 
Notch-1, with a significant (p < 0.01) upregulation in 
mir-34a and mir-125a expression in the POI + BM-MSCs 
group than the control group (Fig. 2B – G).

Fig. 1  BM-MSCs identification and homing (A – L). A. a representative photomicrograph of BM-MSCs on the 3rd of culture showed, B. a representative 
photomicrograph of BM-MSCs on the 7th day of culture, C. flow cytometry analysis of CD105, D. flow cytometry analysis of CD90, E. flow cytometry 
analysis of CD73, F. % of mean fluorescent intensity of positive cell population for (CD105, CD90, CD73, CD45, CD34, and HLA-DR), G. flow cytometry 
analysis of CD45, H. flow cytometry analysis of CD34, I. flow cytometry analysis of HLA-DR, J. a reprehensive photomicrograph of control group under 
the fluorescent microscope showing negative fluorescent signal, Scale bar 100 μm, K. a reprehensive photomicrograph of POI + BM-MSCs group ovarian 
tissue under fluorescent microscope showing positive red fluorescent signal of PKH-26 stained BM-MSCs, Scale bar 100 μm, and L. Relative expression of 
SRY/Gapdh mRNA of the different treated group compared to rat testicular tissue for ensuring BM-MSCs homing
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Expression of anti-apoptotic miRNAs (mir-21, mir-664, mir-
144) of BM-MSCs and their conditioned media
The findings of the contemporary work illustrated that 
the expression level of the anti-apoptotic miRNAs; mir-
21-5p, mir-664-5p, and mir-144-5p were found to be sig-
nificantly (p < 0.0001) upregulated in BM-MSCs and their 
conditioned media than the rat fibroblast cells (Fig. 3A).

Effect of BM-MSCs transplantation on the ovarian 
expression of anti-apoptotic miRNAs and their target 
genes
The result of the present investigation showed that the 
anti-apoptotic miRNAs mir-21-5p, mir-664-5p, and 
mir-144-5p were significantly (p < 0.0001) downregu-
lated, however, the pro-apoptotic markers P53 and cas-
pase-3 were significantly upregulated in the POI groups 
than the control one (Fig. 3B – F). On the contrary, POI 
group treated with BM-MSCs elucidated a significant 

(p < 0.0001) upregulation in the expression of anti-
apoptotic miRNAs; miRNAs mir-21-5p, mir-664-5p, 
mir-144-5p, and downregulation in the expression of 
pro-apoptotic markers P53 and caspase-3 compared with 
the POI groups (Fig. 3B – F). Moreover, POI + BM-MSCs 
cells showed a significant (p < 0.001); downregulation in 
the expression of mir-21-5p, mir-664-5p, mir-144-5p and 
upregulation in the P53 and caspase-3 expression than 
the control group (Fig. 3B – F).

Effect of BM-MSCs transplantation on mRNA expression of 
IGF-1/HPG axis of the POI rats
The results of the present study showed a significant (p 
˂0.0001) downregulation in the relative mRNA expres-
sion of the hypothalamic IGF-1, Kiss-1, Kiss-1r, GnRH, 
and pituitary GnRhr in the POI group compared to the 
control one (Fig. 4A – F). However, hypothalamic GnIH 
of the POI rats was significantly (p ˂0.0001) upregulated 

Fig. 2  Expression of anti-apoptotic long non-coding RNA (Neat-1 & Hotair-1) of BM-MSCs and their conditioned media and Effect of BM-MSCs transplan-
tation on the ovarian expression of anti-apoptotic LncRNA and their miRNA and mRNA targets (A – G). A. Expression of anti-apoptotic long non-coding 
RNA (Neat-1 & Hotair-1) in BM-MSCs and BM-MSCs conditioned media in comparison with rat fibroblast cells as a control, B. Relative expression of ovarian 
lncRNA Neat-1/Gapdh, C. relative expression of ovarian mir-125a/U6, D. Relative expression of ovarian BCL-2/Gapdh, E. Relative expression of lncRNA 
Hotair-1/Gapdh, F. Relative expression of ovarian mir-34a/U6, and G. Relative expression of ovarian Notch-1/Gapdh
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in comparison to control rats (Fig.  4D). On the other 
hand, BM-MSCs transplantation induced a significant (p 
˂0.0001) improvement in the relative expression of hypo-
thalamic IGF-1, Kiss-1, Kiss-1r, GnRH, GnIH, and pitu-
itary GnRhr compared with the POI group (Fig. 4A – F). 
On the contrary, BM-MSCs + POI group elicited a signifi-
cant downregulation of the relative mRNA expression of 
IGF-1 (p ˂0.01), Kiss-1 (p ˂0.05), Kiss-1r, GnRH, and pitu-
itary GnRhr (p ˂0.0001) and significant (p ˂0.0001) upreg-
ulation in the relative mRNA expression of hypothalamic 
GnIH compared to the control group (Fig. 4A – F.).

Effect of BM-MSCs transplantation on the hormonal levels 
of the POI rats
The serum levels of (FSH, LH, and E2) were significantly 
decreased (p ˂ 0.001), and relative mRNA expression of 
the pituitary (FSH-1β and LH-1β) were significantly 
downregulated (p ˂ 0.0001) in the POI group than the 
control one (Fig.  5A – F). However, the serum level of 
Prolactin and AMH were significantly increased (p ˂ 
0.001) in the POI group than the control one (Fig. 5F). In 
contrast, the findings of the current investigation dem-
onstrated a statistically significant rise (p < 0.001) in the 
serum concentrations of (FSH, LH, and E2) and a sig-
nificant upregulation (p ˂ 0.0001) in the relative mRNA 
expression of the pituitary (FSH-1β and LH-1β) in the 
POI + BM-MSCs group compared to the POI group 

Fig. 3  Expression of anti-apoptotic miRNAs (mir-21, mir-664, mir-144) of BM-MSCs and their conditioned media and Effect of BM-MSCs transplantation 
on the ovarian expression of anti-apoptotic miRNAs and their target genes (A – F). A. Relative expression of anti-apoptotic miRNAs; mir-21-5p, mir-664-5p, 
mir-144-5p in BM-MSCs and their conditioned media compared to rat fibroblast cells as a control, B. relative expression of ovarian mir-21-5p/U6, C. rela-
tive expression of ovarian mir-664-5p/U6, D. Relative expression of ovarian mir-144-5p/U6, E. Relative expression of ovarian P53/Gapdh, and F. Relative 
expression of ovarian caspase-3/Gapdh
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(Fig.  5A – F). Meanwhile, the serum level of Prolactin 
and AMH were significantly decreased (p ˂ 0.0001) in 
the POI + BM-MSCs group than the POI group (Fig. 5F).
However, POI + BM-MSCs groups provoked a significant 
(p ˂ 0.001) decrease in the serum levels of (FSH, LH, and 
E2), a significant (p ˂ 0.001) downregulation in the rela-
tive mRNA expression of pituitary LH-1β, and a signifi-
cant (p ˂ 0.01) increase in the serum prolactin and AMH 
level than the control one (Fig. 5A – F).

Effect of BM-MSCs transplantation on the ovarian oxidative 
stress markers of the POI rats
The outcomes of the current investigation showed a sig-
nificant (p < 0.0001) increase in the lipid peroxidation 
marker MDA and a significant (p < 0.0001) decrease in 
the activity of CAT, SOD, GSH, and TAC in the POI and 
POI + BM-MSCs groups compared to the control group 

(Fig.  6A – E). In contrast, the POI + BM-MSCs group 
elicited a significant (p < 0.0001) decrease in the lipid per-
oxidation marker MDA and a significant increase in the 
activity of CAT, SOD, GSH, and TA compared to the POI 
group (Fig. 6A – E).

Effect of BM-MSCs transplantation on mRNA expression of 
ovarian IGF-1 – GLP-1 – PPAR-α / steroidogenesis pathway 
of the POI rats
The result of the present study illustrated a significant (p 
˂0.0001) downregulation in the relative mRNA expres-
sion of the ovarian IGF-1, GLP-1, PPAR-α, StAR, CYP-
11A1, CYP-19A1, and HSD-17β3 in the POI group 
compared to the control one (Fig. 7A – H). In contrast, 
The POI + BM-MSCs group showed a significant (p 
˂0.0001) upregulation in the relative mRNA expression 
of the ovarian IGF-1, GLP-1, PPAR-α, StAR, CYP-11A1, 

Fig. 4  Effect of BM-MSCs transplantation on mRNA expression of IGF-1/HPG axis of the POI rats (A – F). A. hypothalamic mRNA IGF-1, B. hypothalamic 
mRNA Kiss-1, C. hypothalamic mRNA Kiss-r1, D. hypothalamic mRNA GnIH-1, E. hypothalamic mRNA GnRH, and F. hypothalamic mRNA GnRHr. The values 
represent the average of 6 to 8 rats in each group ± SEM *p < 0.05, **p < 0.01, ****p < 0.0001
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CYP-19A1, and HSD-17β3 than POI group (Fig. 5A – H). 
Meanwhile, BM-MSCs transplantation induced a signifi-
cant downregulation in the relative mRNA expression of 
CYP-11A1 (p ˂0.0001), CYP-19A1 (p ˂0.01), and HSD-
17β3 (p ˂0.05) than the control group (Fig. 7E – H).

Effect of BM-MSCs transplantation on the expression of 
ovarian kisspeptin system of the POI rats
Regarding the KiSS-1 immunostaining, the cytoplasmic 
immunoreactivities were detected in the germinal epi-
thelium, interstitial stromal cells, and granulosa-lutein 
cells as intense, faint, and moderate expression in control, 
POI, and POI + BM-MSCs groups, respectively (Fig.  8A 
– F). The findings of the contemporary work showed 
a significant (p ˂0.0001) downregulation in the relative 
mRNA expression of ovarian Kiss-1, Kiss-r1, and protein 
expression of the ovarian Kiss-1 positive immunostaining 

in the POI group compared to the control one (Fig.  8A 
– I). Interestingly, The POI + BM-MSCs group showed a 
significant (p ˂0.0001) upregulation in the relative mRNA 
expression of ovarian Kiss-1, Kiss-r1, and protein expres-
sion of the ovarian Kiss-1 positive immunostaining com-
pared to the POI group (Fig. 8A – I). However, BM-MSCs 
administration fails to bring the ovarian kisspeptin sys-
tem to the normal physiological tone of the control group 
(Fig. 8A – I).

Effect of BM-MSCs transplantation on the expression of 
ovarian anti-angiogenic VEGF-A 165b isoform of the POI 
rats
The anti-angiogenic VEGFA isoform immunostaining 
was localized in the cytoplasm of the granulosa lutein 
cells. This immunoreactivity appeared faint, intense, and 
moderate in CON, POI, and POI + BM-MSCs groups, 

Fig. 5  Effect of BM-MSCs transplantation on the hormonal levels of the POI rats (A – G). A. Relative expression of pituitary mRNA FSH-1β, B. Serum FSH 
level mIU/mL, C. Relative expression of pituitary mRNA LH-1β, D. Serum LH level mIU/mL, E. Serum E2 level pg/mL, F. Serum prolactin level ng/mL, and 
G. Serum AMH level ng/mL. Values are the mean of 8 rats per group ± SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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respectively (Fig. 9A – F). The result of the current study 
illustrated a significant (p ˂ 0.0001) upregulation of the 
anti-angiogenic VEGF-A 165b isoform protein expres-
sion positive immunostaining of the POI group compared 
to control group (Fig.  9A – G). Surprisingly, BM-MSCs 
transplantation significantly (p ˂ 0.0001) downregulated 
the expression of anti-angiogenic VEGF-A 165b isoform 

positive immunostaining than the POI group (Fig. 9A – 
G). But, BM-MSCs + POI group showed a significant (p 
˂0.001) upregulation in the expression of anti-angiogenic 
VEGF-A 165b isoform positive immunostaining com-
pared to the control group (Fig. 9A – G).

Fig. 6  Effect of BM-MSCs transplantation on the ovarian oxidative stress markers (A – E). A. SOD U/g, B. CAT U/g, C. GSH mg/g, D. TAC mmol/L, and E. 
MDA nmol/L. Values are the mean of 8 rats per group ± SEM ***p < 0.001, ****p < 0.0001
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Effect of BM-MSCs transplantation on the expression 
of the POI rats’ ovarian histopathological findings and 
morphometry
The control rats demonstrated normal ovarian architec-
ture. The ovarian surface showed simple squamous ger-
minal epithelium and underlying thin tunica albuginea. 
The cortical regions displayed the various stages of fol-
licular development embedded in a loose connective 
tissue stroma (Fig.  10A). The primordial follicles con-
sisted of primary oocytes with eccentric pale nuclei and 
cytoplasm enclosed by simple squamous granulosa cells. 
The primary follicles were formed of primary oocytes 
with large pale nuclei and cytoplasm surrounded by 
simple cuboidal granulosa cells (Fig.  10B). The second-
ary follicles showed stratified polyhedral granulosa cells, 
well-defined eosinophilic zona pellucida, and numer-
ous small liquor folliculi-filled clefts and theca folliculi 
cells (Fig.  10C). A single large antrum, stratum granu-
losum, and theca folliculi characterized the tertiary fol-
licles. The latter consisted of large pale staining theca 
interna cells and a fibrous theca externa (Fig. 10D). The 
corpora lutea demonstrated large granulosa lutein cells 
with copious eosinophilic cytoplasm and pale, round 
nuclei intermingled with small theca lutein cells with 
intensely basophilic nuclei (Fig.  10E). The medulla was 

comprised of richly vascularized loose connective stroma 
(Fig. 10F). Regarding the POI group, the primary histo-
pathological alterations were a simple cuboidal germi-
nal epithelium, thick tunica albuginea, cortical stromal 
hypercellularity, and degenerated ovarian follicles. These 
follicles displayed shrunken oocytes with darkly stained 
nuclei and cytoplasm (Fig.  8H), ill-defined zona pel-
lucida. The granulosa and theca interna cells appeared 
loosely arranged, shrunken, and pyknotic, with granular 
antral fluid (Fig. 10I, J). The degenerated corpus luteum 
(CL) had irregularly shaped granulosa lutein with pyk-
notic nuclei and large gaps between them (Fig.  10K). 
The medulla showed a prominent increase in cellularity 
with congested blood vessels and vascular wall thicken-
ing (Fig. 10L). In the POI + BM-MSCs group, mild ovar-
ian cortical and medullary cellularity with moderate 
thickness of tunica albuginea was noticed. The develop-
ing follicles appeared nearly normal with mild vascular 
congestion (Fig.  10M – R). These data were statistically 
confirmed. The number of degenerated primordial, pri-
mary, secondary, and tertiary follicles was significantly 
higher in the POI group than in the control group. Post-
BM-MSCs transplantation in the POI rats significantly 
reduced this number compared to the POI (Fig. 11A – F). 
Compared with the control group, the thickness of tunica 

Fig. 7  Effect of BM-MSCs transplantation on mRNA expression of ovarian IGF-1 – GLP-1 – PPAR-α / steroidogenesis pathway of the POI rats (A – H). A. 
ovarian mRNA IGF-1, B. ovarian mRNA GLP-1, C. ovarian mRNA PPAR-α, D. ovarian mRNA StAR, E. ovarian mRNA CYP11A1, F. ovarian mRNA CYP17A1, 
G. ovarian mRNA HSD17B3, and H. ovarian mRNA CYP19A1. The values represent the average of 6 to 8 rats in each group ± SEM *p < 0.05, **p < 0.01, 
****p < 0.0001
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albuginea and the number of ovarian interstitial fibro-
blast cells was significantly increased in the POI group. 
On the other hand, these parameters were significantly 
decreased in the POI + BM-MSCs group compared to the 
POI group (Fig. 11A – F).

Discussion
POI is a clinical disease that primarily impacts women 
who are younger than 40 years old. The absence of fol-
liculogenesis and the subsequent production of ovar-
ian estrogen distinguishes it. One of the most profound 

consequences of cancer treatment in young female 
patients is the development of ovarian impairment, 
resulting in a notable decline in reproductive capac-
ity [35]. Consequently, researchers have been actively 
exploring diverse therapy methodologies to augment the 
quality of life for patients. Recently, many studies have 
been devoted to investigating mesenchymal stem cells 
for controlling many chronic incurable as an aid in tissue 
repairing and regeneration, such as bone marrow derived 
mesenchymal stem cells (BM-MSCs) [1]. Recently, Long 
and short non-coding RNA play pivotal role either in 

Fig. 8  Effect of BM-MSCs transplantation on the expression of ovarian Kisspeptin system of the POI rats (A – I). Representative images from the anti-Kiss1 
protein immunostained rat ovarian section of the CON (A, B), POI (C, D), and POI + BM-MSCs groups (E, F) lower and higher magnification, respectively, 
showing cytoplasmic immune expression of germinal epithelium (GE), interstitial stromal cells (IS), and granulosa lutein cells (GL) as intense, faint, and 
moderate immunoreactivity in CON, POI, and POI + BM-MSCs groups, respectively. Scale bars A, C, E = 200 μm; B, D, F = 50 μm, G. Relative expression of 
ovarian mRNA Kiss-r1, H. Relative expression of ovarian mRNA Kiss-1, and I. Area % of ovarian Kiss-1 positive immunostaining. The values represent the 
average of 6 to 8 rats in each group ± SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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diseases progression or therapy, among the lncRNAs 
are Neat-1 and Hotair-1 which displayed anti-apoptotic 
activity via sponging the pro-apoptotic miRNAs mir-
125a and mir-34a respectively [15–17]. Additionally, 
several microRNAs exerted anti-apoptotic properties 
such as mir-21 [26], mir-144 [15], and mir-664 [16] via 
augmenting the expression of P53 and caspases. MSCs 
secretome containing many lncRNAs and microRNAs 
which are involved in their regenerative mechanisms [24, 
25]. However, the role of MSCs’ Hotair-1, Neat-1, mir-
21-5p, mir-144-5p, and mir-664-5p in regeneration of the 
ovarian injury as well as their effect on both peripheral 
and central kisspeptin system in recovery of the ovarian 
insufficiency remains elusive. Thus, the present study 
was designed to explore the underlying mechanism of 
BM-MSCs in recovery of the premature ovarian insuffi-
ciencyregarding the role of MSCs’ lncRNA (Neat-1 and 
Hotair-1) and microRNAs (mir-21-5p, mir-144-5p, and 
mir-664-5p) on ovarian granulosa cell apoptosis in addi-
tion exploring BM-MSCs effect on IGF-1 – kisspeptin 
system either peripherally or centrally.

The homing capacity of mesenchymal stem cells 
(MSCs) is a crucial determinant in assessing the effi-
cacy of MSC-based therapy [36, 37]. The result of the 
present investigation revealed that the intraperitoneal 
transplanted BM-MSCs homed to the injured ovarian tis-
sue, which was noticed via detecting expression of SRY 
mRNA expression of the male rats BM-MSCs within the 
POI female rat ovaries that double confirmed via detect-
ing red fluorescence emission of the PKH-26 within 
the POI female rat ovaries. The intraperitoneal route 
was selected in order to mitigate the risk of pulmonary 

entrapment and apoptosis of the infused BM-MSCs, as 
found with the intravenous administration approach. The 
intravenous administration method limits the accessi-
bility of transplanted MSCs in the injured tissues, since 
almost of the trapped MSCs are undergo apoptosis and 
only 3% of the infused cells are redistributed to the site 
of injury [38]. In the current study, a rat POI model was 
established by administration of Cyclophosphamide. The 
results indicated that Cyclophosphamide successfully 
induced POI and significantly reduced the number of fol-
licles at various stages of development [39]. The current 
findings also showed that the ovarian stroma cells and 
medulla were destroyed, along with leakage, edema, and 
affection on the blood vessels. The ovarian stroma’s dis-
tortion is caused by this toxic impact of the Cyclophos-
phamide [4]. Our study revealed that in the (POI + BM 
– MSCs) group, the follicle number was nearly restored 
to normal at all stages (primordial, primary, secondary, 
and antral follicle) [4].

Reactive oxygen species (ROS) are generated by the 
H2O2 and NADPH oxidase system as part of cellular 
metabolism. These ROS are counteracted by antioxidant 
system which aid in their elimination and the imbalance 
in those system will induce the oxidative stress [40]. Oxi-
dative stress causes DNA damage and mutation, protein 
oxidation, mitochondrial damage, and lipid peroxidation, 
all impairing biological processes and ultimately caus-
ing cell aging and death [41]. The findings of the existing 
study illustrated that cyclophosphamide-induced ovarian 
oxidative stress was noticed with a significant elevation 
in the lipid peroxidation markers MDA and reduction in 
the CAT, SOD, TAC, and GSH enzymes. These explain 

Fig. 9  Effect of BM-MSCs transplantation on the expression of ovarian anti-angiogenic VEGF-A 165b isofrm of the POI rats (A – G). Representative im-
ages from the anti-angiogenic VEGFA 165b isoform immunostained rat ovarian section of the CON (A), POI (C), and POI + BM-MSCs groups (E) and their 
respective higher magnifications (B, D, F). Notice faint (arrow), intense (arrowhead), and moderate (biforked arrow) cytoplasmic immunoreactivities in 
the granulosa lutein cells of the CON, POI, and POI + BM-MSCs groups, respectively. Scale bars A, C, E = 200 μm; B, D, F = 50 μm, and G. Area % of ovarian 
anti-angiogenic VEGFA 165b isoform positive immunostaining. The values represent the average of 6 to 8 rats in each group ± SEM *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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that Cyclophosphamide induces POI via accelerating 
lipid peroxidation of the ovarian mucosal tissue, render-
ing the antioxidant system unable to neutralize ROS [42]. 
Therefore, excessive ROS accumulation induces infertility 

by delaying oocyte maturation and causing granulosa cell 
apoptosis [43].

The findings of the present investigation indicate that 
the treatment of BM-MSCs led to a notable reduction in 

Fig. 10 (See legend on next page.)
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the ovarian peroxidation marker MDA, as well as an ele-
vation in the antioxidant activity of SOD, CAT, TAC, and 
GSH. These findings demonstrate the antioxidant activ-
ity of the BM-MSCs which could be attributed to the of 
many soluble trophic factor in MSCs’ secretome such as 
HGF, IL-6, IL-8, VEGF, and LIF, in conjunction with the 
initiation of the FOXO-PI3K/AKT and Nrf2-ARE signal-
ing pathways [44].

Along with the oxidative stress-induced-ovarian gran-
ulosa cell apoptosis, there are many miRNAs such as 
mir-125a and mir34a that activate P53 and caspases cas-
cade, thus, aggravating ovarian cell apoptosis [45, 46]. 
The results of the present study were in accordance with 
the previous notions, as the POI group showed a sharp 
upregulation in the expression of the ovarian mir-125a 
and mir-34a with a noticeable upregulation in the expres-
sion of the pro-apoptotic markers P53 and caspase-3 
and downregulation in the antiapoptotic marker BCL-2 
and Notch-1, that obviously reflects the negative regu-
latory role of the mir-125a for BCL-2 [47] and mir-34a 
[48] for Notch-1 expression subsequently, activate ovar-
ian granulosa cell apoptosis. Interestingly, BM-MSCs 
transplantation in the POI rat model exerted a marked 
downregulation in the expression of the mir-125a and 
mir-34a accompanied by upregulation of BCL-2 and 
Notch-1 which illustrated that BM-MSCs hindering the 
pro-apoptotic activity of the mir-125a and mir-34a. On 
the other hand, the results showed that the expression 
of the lncRNAs neat-1 and Hotair-1 was upregulated in 
the BM-MSCs and their conditioned media. The pres-
ence of Neat-1 and Hotair-1 in the conditioned media of 
BM-MSCs clearly evidenced that the above-mentioned 
lncRNAs are a part of their secretome which is in accor-
dance with a previous report [25] which stated that the 
MSCs secretome includes proteins, DNA, tRNA, and 
lncRNAs. Besides, the findings revealed a significant 
downregulation in the expression of the ovarian Neat-1 
and Hotair-1 together with an upstream regulation in the 
ovarian pro-apoptotic markers, mir-125a, and mir-34a in 
POI rats which evidently proves the role of these lncRNA 

in regulation the cellular apoptosis [49, 50]. On the con-
trary, BM-MSCs-treated POI rats displayed a significant 
upregulation in the expression of the lncRNAs; Hotair-1 
and Neat-1 compared with the POI group, and according 
to the previous findings of [7, 21] reported that Hotair-1 
sponge mir-34a and [22] stated that Neat-1 sponge mir-
125a, the present findings suggested that BM-MSCs 
could alleviate the ovarian cell apoptosis via their secre-
tome that embraced Neat-1 and Hotair-1 which masked 
the apoptotic effect of the proapoptotic mir-125a and 
mir-34a respectively and upregulating the antiapoptotic 
markers BCL-2 and Notch-1 improve ovarian cell viabil-
ity and inhibited their death.

Furthermore, the result of the current investigation 
illustrated that the BM-MSCs and their conditioned 
media showed a marked expression of mir-21-5p, mir-
144-5p, and mir-664-5p which represents another part 
of the MSCs secretome that exhibited a proven anti-
apoptotic activity via diminishing expression of P53 and 
caspases [10–12, 19, 26, 27], also, the result of the in vivo 
study confirm that in vitro findings as the POI group 
showed significant downregulation in the expression of 
mir-21-5p, mir-144-5p, and mir-664-5p in consort with 
upregulation in the expression of P53 and Caspase-3 
compared with the control group, however, BM-MSCs 
treated POI group showed a contrary situation compared 
with the POI group, which suggesting another antiapop-
totic mechanism of BM-MSCs via secreting extracellu-
lar vesicle comprehend several microRNAs mir-21-5p, 
mir-144-5p, mir-664-5p that counter act the ovarian cells 
apoptotic signals via a paracrine effect.

The HPG axis governs the regulation of reproduction. 
The release of GnRH serves to orchestrate the hypotha-
lamic regulation of sexual activity [51]. Recent research 
has revealed that the upstream regulator of pulsatile 
and surge GnRH is kisspeptin (Kiss1). On the other 
side, the presence of kisspeptin immunoreactivity has 
been detected in steroidogenic granulosa lutein cells, 
with its levels progressively increasing in accordance 
with the advancing development of the corpus luteum 

(See figure on previous page.)
Fig. 10  Effect of BM-MSCs transplantation on the expression of ovarian histopathological findings of the POI rats (A – R). Representative H&E images of 
CON (A, B, C, D, E, F), POI (G, H, I, J, K, L), and POI + BM-MSCs (M, N, O, P, Q, R) rat ovarian tissue. Control group: B: Squamous germinal epithelium (SG) and 
thin tunica albuginea (Tn). Cortex (C) with loose connective tissue stroma (CLS) housing primordial follicles comprising primary oocyte with an eccentric 
pale nucleus and cytoplasm enclosed by simple squamous granulosa cells (Sq). Primary follicle (PF) containing primary oocyte with a large pale nucleus 
and cytoplasm enclosed by simple cuboidal granulosa cells (CG). C: Secondary follicle composed of stratified granulosa cells with mitotic figures (MG), 
well-defined, eosinophilic zona pellucida (ZP), small liquor folliculi-filled clefts (LF) and theca folliculi (TF). D: Tertiary follicle with single antrum (An), stra-
tum granulosum (SG) enclosed by large pale staining cells of theca interna (TI) and fibrous theca externa (TE). E: Corpora lutea (CL) showing large eosino-
philic granulosa lutein cells (GL) intermingled with small intensely stained theca lutein cells (TL). F: Ovarian medulla (M) demonstrates richly vascularized 
(V) loose CT stroma (MLS). POI Group: H: Cuboidal germinal epithelium (Cu), thick tunica albuginea (Tk), cortical interstitial stroma hypercellularity (CHC), 
degenerated primordial (DPr), primary (DP), I: secondary and, J: tertiary follicles with indistinct zona pellucida (IZ), pycnotic (PG), shrunken and loosely 
arranged granulosa (LG) and theca interna cells (LI) and granular antral fluid (GA). K: Degenerated CL shows irregular-shaped granulosa lutein cells with 
pyknotic nuclei separated by large gaps (DGL). L: Medullary ovarian Hypercellular (MHC) with thickened, congested blood vessels (CV). POI + BM-MSCs 
group: N: Tunica albuginea of intermediate thickness (Im) and mild cortical interstitial stroma hypercellularity (MCC). O, P, Q: Nearly normal follicles and 
corpus luteum. R: Mild medullary cellularity (MMC) with mild vascular congested blood vessels (MVC). Scale bars A, G, M = 400 μm; B, C, D, E, H, I, J, K,N, O, 
P, Q = 40 μm, F, L, R = 150 μm
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[52]. According to an earlier study, kisspeptin increases 
the transcription of the main steroidogenic enzymes 
CYP11A, StAR, and 3β-HSD [53]. Additionally, kiss-
peptin dramatically increases the luteal cells’ ability to 
produce progesterone [54]. Recent data show that spe-
cific actions of kisspeptins are obligatory for maintaining 
full ovulatory capacity throughout the reproductive life 
span and preventing excessive atresia of large antral fol-
licles [55]. The dysfunction of the kisspeptin/ Kiss-1r sys-
tem causes POI, which is characterized by a premature 
regression in ovulatory rate, progressive oocyte, antral 
follicle loss, and infertility [5]. The result of the pres-
ent work showed significant downregulation of hypo-
thalamic Kiss-1, GnRH, Kiss-1r, hypophyseal GnRhr, 

ovarian Kiss-1, Kiss-1r, and upregulation of GnIH in 
the POI group when compared with the control group, 
which could be attributed to the oxidative stress induced 
by cyclophosphamide administration [56]. On the con-
trary, the results revealed a significant upregulation in 
gene expression of hypothalamic Kiss-1, Kiss-1r, GnRH, 
hypophyseal GnRH, and ovarian Kiss-1 and a decrease of 
GnIH in the POI + BM – MSCs group compared with the 
POI group [57]. Additionally, the immunohestochemical 
analysis of the ovarian tissue confirmed the molecular 
finding as the POI group showed a marked downregu-
lation in the expression of Kiss-1 positive immunos-
tained cells, however, the BM-MSCs treated POI group 
showed the reverse situation. These findings, endorse the 

Fig. 11  Effect of BM-MSCs transplantation on the expression of ovarian histopathological morphometry of the POI rats (A – F). A. Thickness of ovarian tu-
nica albuginea, B. Number of cortical stromal cells, C. Number of degenerated primordial follicles, D. Number of degenerated primary follicles, E. Number 
of degenerated secondary follicles, and F. Number of degenerated tertiary follicles. The values represent the average of 6 to 8 rats in each group ± SEM 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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modulatory role of BM-MSCs for the peripheral and cen-
tral kisspeptin system as well as HPG axis, which might 
be owed to secretory activity of the BM-MSCs for sev-
eral growth factors such as IGF-1 [58, 59]. On the same 
context, the results revealed a significant upregulation 
in the expression of ovarian and hypothalamic IGF-1 of 
BM-MSCs treated POI rats, which is downregulated in 
POI groups, IGF-1 could improve the kisspeptin produc-
tion as both the ovarian and hypothalamic kiss-1 secret-
ing cells expressed the insulin growth factor receptors 
(IGFR) which is indispensable improving energy produc-
tion in those cells hence, increasing their secretory activ-
ity for kisspeptin-1, improving gonadotrophin secretion, 
and ovarian steroidogenesis [57, 60] Furthermore, IGF 
can modify theca or granulosa cells’ responsiveness to 
gonadotropin activation [61] and improve their differen-
tiation and proliferation by enhancing the FSH function 
in granulosa cells [62]. Too, IGF level inhibits AMH func-
tion, which reduces the growth and performance of antral 
and preantral follicles. Thereby, IGF can control folliclo-
gensis [63]. Additionally, BM-MSCs could improve fertil-
ity by downregulating the expression of gonadotrophin 
inhibiting hormone (GnIH) which reported by Khamis T, 
Hegazy AA, El-Fatah SSA, Abdelfattah ER, Abdelfattah 
MMM, Fericean LM and Arisha AH [64] who reported 
that breast milk mesenchymal stem cells transplantation 
downregulated the expression of GnIH and improving 
HPG axis in diabetic infertility rat model.

On the other hand, ovarian granulosa express glucagon 
like peptide-1 receptors (GLP-1R) on their membrane 
[65]. GLP-1/PPAR-α influences the ovarian energy bal-
ance and promotes fatty acid oxidation [66]. Therefore, 
we hypothesize that GLP-1/GLP-1R is crucial for con-
trolling granulosa cells’ function and regulating ovarian 
steroidogenesis. In the POI model, Cyclophosphamide 
significantly downregulated ovarian GLP-1. PPAR-α 
affects ovarian cell metabolism and enhances oxidative 
stress by augmenting the cellular antioxidant system 
thus, flaring the reactive oxygen and nitrogen species, 
which induce inflammation and apoptosis within the 
ovaries [57]. Remarkably, BM-MSCs transplantation in 
POI female rats sharply upregulated the expression of 
ovarian GLP-1 and PPAR-α, indicating a favorable impact 
on ovarian metabolism. Several previous studies showed 
that improving the expression of the GLP-1 – GLP-1r/
PPAR-α system enhances ovarian metabolism with a pos-
itive energy balance that abrogates ovarian dysfunction 
and damage [65, 67].

Moreover, the result of the present investigation illus-
trated that the POI group showed a significant decrease 
in FSH, LH, and E2 and an increase in PRL serum levels 
[68]. However, BM–MSCs transplantation significantly 
enhanced the serum FSH, LH, E2, and PRL, which clearly 
illustrated that BM-MSCs enhanced folliculogenesis and 

ovarian activity that was in the same line with Guo C, 
Ma Y, Situ Y, Liu L, Luo G, Li H, Ma W, Sun L, Wang 
W, Weng Q, Wu L and Fan D [69]. Furthermore, the 
results of this study showed that the POI group displayed 
a significant downregulation in the steroidogenic genes 
that include STAR, CYP17A1, CYP11A1, HSD17B, and 
CYP19A1 compared with the control group, which could 
be owed to oxidative stress-induced ovarian inflamma-
tory and apoptotic microenvironment that in turn reduce 
and/or switch off ovarian steroidogenesis pathway [64]. 
Surprisingly, BM – MSCs infusion in POI female rats 
restored the abovementioned ovarian steroidogenesis-
related genes in accordance [70].

The enhancement in ovarian steroidogenesis could be 
discussed as BM-MSCs create a local anti-inflammatory 
microenvironment via secreting many soluble, trophic, 
and anti-inflammatory factors that reduce further ovar-
ian damage [71]. The most crucial mechanism through 
which MScs reestablish ovarian function is their anti-
inflammatory action since MSCs may prevent lym-
phocyte activation and growth, hinder the release of 
pro-inflammatory cytokines, and send regulatory signals 
to immune cells [72].

Likewise, the process of creating and remodeling the 
vascular system in the ovary is a fundamental aspect of 
ovarian development and functional recovery. This is 
because the follicles and CL rely on the ovarian blood 
vessels for nutritional support and the transportation of 
hormones to specific organs. The most significant stro-
mal cells in the ovary are the ovarian granulosa cells, 
which provide the nutrients required for oocyte growth 
and follicle maturity. These cells also regulate gonadotro-
pins, which modulate oocyte maturation through auto-
crine and paracrine pathways [73]. Also, Angiogenesis is 
governed by a group of proteins called the vascular endo-
thelial growth factor-A (VEGFA) family. Notably, these 
proteins exist in two isoforms, namely proangiogenic 
(VEGF165) and anti-angiogenic (VEGF165b), which are 
generated through alternative splicing mechanisms [74]. 
Notably, the result of current work showed that cyclo-
phosphamide-induced overexpression of VEGF165b in 
the rat ovary revealed a functional role for this isoform 
in delaying the development of the CL and maturation of 
follicles from primary to secondary to mature follicles, 
which in turn led to a fertility defect in these rats [75]. 
However, BM-MSCs administration downregulated the 
immunohistochemical expression of VEGF165b isoform 
that restored the balance between proangiogenic and 
anti-angiogenic VEGF, therefore restoring angiogen-
esis and follicular development [76], this effect could be 
attributed to the paracrine signaling of BM-MSCs which 
promote the ovarian angiogenesis and suppress ovarian 
inflammation, apoptosis, and fibrosis by secreting vari-
ous growth factors as VEGF which increase vascularity 
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of the ovarian tissues [36]. On the same ground, a study 
conducted by researchers revealed the presence of bone 
marrow-derived mesenchymal stem cells (BM-MSCs) 
within the vasculature of damaged ovaries [6], suggest-
ing that MSCs can impede germ cell (GC) apoptosis and 
stimulate GC proliferation by secretion of cytokines such 
as VEGF, HGF, and IGF-1. This mechanism enhances the 
proliferation of ovarian stem cell niches and suppresses 
apoptosis [76, 77]. The angiogenic potential of BM-MSCs 
plays a pivotal role in ovarian regeneration and restora-
tion of fertility. In addition to evaluating the anti-angio-
genic VEGF-A165b isoform, assessing the expression 
of vascular markers such as alpha-smooth muscle actin 
(α-SMA) could provide further insights into the mecha-
nisms underlying BM-MSC-mediated ovarian vascular-
ization [78, 79]. Other reports demonstrated that α-SMA, 
a marker of vascular smooth muscle cells and pericytes, 
is crucial for angiogenesis and vascular stabilization. 
Incorporating α-SMA expression analysis could elucidate 
the roles of BM-MSCs in promoting ovarian vascular 
remodeling and stabilization [78, 80]. Furthermore, the 
pro-angiogenic effects of mesenchymal stem cells, medi-
ated by the secretion of various factors, including VEGF. 
Exploring the paracrine mechanisms through which BM-
MSCs modulate ovarian angiogenesis could further sub-
stantiate their therapeutic potential in addressing ovarian 
insufficiency and infertility [81, 82]. Collectively, these 
complementary approaches would provide a compre-
hensive understanding of the angiogenic capacity of BM-
MSCs and their implications in ovarian regeneration and 
fertility restoration [83, 84].

Conclusions
BM-MSCs could abate cyclophosphamide-induced ovar-
ian insufficiency in female rats via their Neat-1, Hotair-1, 
mir-21-5p, mir-144-5p, and mir-664-5p rich secre-
tome that suppress ovarian granulosa cell apoptosis via 
a paracrine mechanism along with improving periph-
eral and central IGF-1–kisspeptin system and ovarian 
angiogenesis.
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