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Introduction

Abstract

Introduction: Cell-based therapies with certain cell
types are touted as novel and hopeful therapeutic
intervention in the clinical setting. Here, we aimed
to assess the regenerative potential of c-Kit* cells in
the rejuvenation of ovarian tissue and fertility rate in
rat model of premature ovarian failure (POF).
Methods: Rats were treated with 160 mg/kg/BW
of 4-vinylcyclohexene dioxide for 15 days. Freshly
enriched rat bone marrow-derived c-Kit* (MACS)
and c-Kit cells (4x10° cells/10 pL) were transplanted
into the ovaries of treatment and control animals.
Prior to transplantation as well as 2, 4, 6, and 8 weeks post-transplantation, randomly-selected
rats were euthanized and ovarian tissues were subjected to pathophysiological examinations and
real-time PCR analyses.

Results: POF status was confirmed by the presence of pathological features and a decreased
number of immature and mature follicles compared with the control group (P <0.05). Histological
examination revealed a substantial reduction of atretic follicles in POF rats receiving c-Kit*
cells in comparison with POF rats that did not receive these cells (P<0.05). Compared with the
control samples, angiogenesis-related genes, Angpt2 and KDR, showed increased and decreased
expressions in POF ovaries, respectively (P<0.05). c-Kit* cells had potential to restore angiogenesis
in the ovarian tissue within normal ranges. Systemic levels of FSH did not significantly change in
pre- or post-transplantation time points for any group (P>0.05). Notable reduction of collagen
deposition was found in c-Kit-treated rats. Transplantation of c-Kit* cells also restored the reduced
fertility rate (P<0.05).

Conclusion: The administration of c-Kit* cells can modulate angiogenesis and pathological
changes, leading to the rejuvenation of ovarian function of a rat model of premature menopause.

presentation of oligomenorrhea or sudden amenorrhea

Premature ovarian failure (POF) is a condition caused
by ovarian insufficiency during the reproductive age
that affects ~1% of women globally. Diagnostically, POF
is defined as the cessation of ovarian germinative and
hormonal functions prior to age 40 with concurrent

(for >4 months), elevated serum follicle-stimulating
hormone levels (FSH, >40 U/L), and decreased levels
of estradiol (E2, <20 pg/mL)."* Women diagnosed with
POF are prone to suffering from infertility, osteoporosis,
endothelial dysfunction, cardiovascular disease, various
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autoimmune diseases, and/or other complications such
as Parkinson's and Alzheimer's diseases.”” The etiology
of POF is not well understood, although some cases can
be caused by gonadotoxic cancer treatments, concomitant
autoimmune diseases, environmental toxicants, lifestyle
choices, and/or genetic predispositions affecting the
ovaries.®’

Various strategies have been proposed for treating
POF; suggestions include clinical interventions such as
hormonal replacement or immunomodulation therapy
and several clinical or experimental-assisted reproduction
modalities.*"! Advances in the cryopreservation of
oocytes, embryos, and ovarian tissue are promising in the
preservation of the reproductive potential, especially when
combined with restoration of endocrine function.®>*®
However, these latter strategies should only be considered
when a large ovarian reserve is present, and this is rare in
circumstance. Cryopreservation of ovarian tissue may be
an option for prepubertal girls undergoing gonadotoxic
treatments with a high risk of POE' but this procedure
is both inefficient and associated with legal and ethical
limitations.'” As such, current treatment strategies do not
always produce a satisfactory outcome and alternative
options are still being explored.

One such option is stem cell therapy, an emerging
therapeutic approach for treating patients undergoing an
early decline in their fertility status. In various studies,
several stem cell lineages, including adipose, bone
marrow-derived, umbilical cord, and endothelial and/
or mesenchymal skin stem cells, have been successfully
used to ameliorate ovarian insufficiency.””?' These novel
developments offer renewed hope for cancer survivors
diagnosed with early menopause. So far, the use of
mesenchymal stem cells derived from bone medulla is
particularly promising.?? Its success is likely due to the
secretory milieu of bone marrow cells which contains
many cytokines including the stem cell factor (SCE
also known as the kit ligand, steel factor, or mast cell
growth factor). The SCF protein can be found in both
soluble and transmembrane forms which bind to the
c-Kit receptor (CD117). These cytokines are essential
in promoting cell proliferation and survival, as well as
angiogenesis.”*** It is also known that stem cells derived
from the bone marrow niche have the potential to give
rise to different cellular lineages.”® The subpopulations
of bone marrow-derived cells harboring c-Kit receptors
(CD117* cells) include hematopoietic, endothelial, and
mesenchymal lineages.” Interactions between SCF and
the cell-membrane bound c-Kit receptor contribute to
the regulation of the stem cell niche.”” The SFC/c-Kit
axis is also important in regenerative potency during
hematopoiesis, gametogenesis, and melanogenesis, where
the presence of c-Kit receptor in target cells is shown to
be integral to their multipotentiality and differentiation
capacity.”® Therefore, we hypothesized that cells harboring
the c-Kit receptor provide an appropriate candidate for the

restoration of injured ovarian tissue. To our knowledge,
the therapeutic effects of enriched populations of c-Kit*
cells on the rejuvenation of ovarian tissue have not yet
been reported or described. Thus, in the present study,
we aimed to investigate the recovery of ovarian function
following transplantation of c-Kit" cells using a rat
model of POE. On this basis, we used conventional POF
induction protocol induced by VCD (4-vinylcyclohexene
dioxide) which is touted as a typical gonadotoxic chemical
targeting primary follicles.”

Materials and Methods

Materials

Chemicals and materials were prepared for the current
experiment as follows; VCD (Cat no: 94956; Sigma-
Aldrich); Bovine serum albumin (BSA; Cat no: A2153;
Sigma-Aldrich); Anti-CD117 microbeads (Cat no: 130-
091-224; Miltenyi Biotec) and LS column (Cat no: 130-
042-401; Miltenyi Biotec); PE-conjugated anti-mouse
secondary antibody (Cat no: 12-4015-82; eBioscience);
and Anti-rat a-SMA antibody (Cat no: PM 001 AA;
Biocare Medical; HRP-conjugated secondary antibody
(Cat no: ab97046; Abcam).

Animal care and handling

A total of 91 female and 10 male albino Wistar rats were
used (Med Zist Institute, Karaj, Iran). This included 10
female rats as bone marrow cell donors, 6 female rats
for collection of blood and ovarian tissue samples prior
to intra-ovarian injections, 75 female rats in different
treatment/control groups, and 10 male rats for breeding
trials. At arrival, the rats were 8-10 weeks old and weighed
~200 + 20 g. Female and male rats were group-housed
separately in random orders (up to 5 rats per cage) and
maintained under standard animal care conditions
including 12-hour dark-light cycles, a temperature of
22 + 2°C, and ad libitum access to water and pelleted
food. All rats were allowed to acclimate for one week
before any procedures. For surgeries, ketamine (87 mg/
kg) and Xylazine (13 mg/kg) were intraperitoneally (IP)
administered for anesthesia,?” and euthanasia was induced
using an overdose of anesthesia, followed by exsanguishing
and bilateral thoracotomy to ensure death.

Induction of the rat model of menopause

Rats were weighed every 3 days throughout the study. To
induce the rat model of menopause, we used VCD at 160
mg/kg/BW dissolved in 200 uL of saline, injected IP every
day for 15 days.*® Vehicle control rats received 200 uL of
saline IP for 15 days (Fig. 1A).

Isolation of bone marrow c-Kit* cells using magnetic-
activated cell sorting

Ten female rats were randomly selected to serve as bone
marrow donors for the isolation of marrow-derived c-Kit*
cells. For this purpose, rats were euthanized and the
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humerus and femur bones were obtained under sterile
conditions. The bones were then cut by sterile scissors
and marrow contents were flushed with sterile phosphate-
buffered saline (PBS) using a 26-gauge needle attached
to a 1-mL syringe. Samples were minced and gently
triturated to yield a single cell suspension then rinsed
in PBS and centrifuged at 400 xg for 5 minutes. Freshly
isolated bone marrow mononuclear cells (MNCs) were
obtained using the Ficoll-Paque Plus density gradient
medium (Cat no: 17-1440-02; GE Healthcare) according
to the manufacturer’s instruction. To enrich c-Kit* cells
using magnetic-activated cell sorting (MACS), MNCs
were blocked with 1% BSA for 20 minutes at room
temperature, and anti-CD117 microbeads were added to
the cell suspension and maintained at 4°C for 1 hour. Cells
were then passed through the LS column and both c¢-Kit
positive and negative cells were separated into different
conical tubes.

Purity assessment of c-Kit+ cells by flow cytometry

c-Kit positive samples were fixed in ice-cold
paraformaldehyde (4% v/v), washed twice with PBS, and
incubated with PE-conjugated anti-mouse secondary
antibody at 4°C for 30 minutes. The percent of c-Kit*
cells was calculated using a cell analyzer system (BD
FACSCalibur) and the Flow]Jo software (version 7.6.1).

Transplantation of cells into the ovarian tissue

Fig. 1A summarizes the study design, assignment of
groups, and timelines. To evaluate the effect of c-Kit* cells
on the restoration of ovarian function in the rat model
of menopause, 75 female rats were randomly divided
into five groups (n = 15 rats/group) as follows; I) VCD
& intra-ovarian c-Kit" cells, II) VCD & intra-ovarian
c-Kit™ cells, III) VCD & intra-ovarian saline (sham), VI)
VCD without intra-ovarian injections, and V) vehicle
control without intra-ovarian injections. On the day
after the last treatment (Day 16), rats of groups I-III were
anesthetized and the skin of the supra flank region was
shaved and prepared for surgery. A small skin incision
was then made on both sides, followed by the opening of
the abdominal wall and blunt dissection to exteriorize the
ovaries. The intra-ovarian injections were made using a
26-gauge needle and the cells (4x10° cells for groups I and
IT) were suspended in 10 uL of saline, hence group IIT also
received 10 uL of saline in each of their ovaries (Fig. 1B).
During the intra-ovarian injections, the ovarian tissues
were carefully monitored and no leakage was observed
after transplantation. After the surgical procedure and cell
transplantations were completed, 250 mg/L Neomycin
was added to water bottles for 3 days as a prophylactic
antibiotic.

Tissue and blood sampling
One day after the final VCD/vehicle administration (i.e.,
Day 16) and prior to any intra-ovarian cell transplantations,

three randomly selected rats from each of the VCD and
vehicle-injected groups were euthanized to confirm the
POF model status (i.e., pre-transplantation time point). To
assess the effect of cell transplantation, we also euthanized
three randomly selected rats from each of the five (I-V)
groups at 2, 4, 6, and 8 weeks post-transplantation (Fig.
1C). Ovarian samples were obtained at all time points
for various analyses, and blood samples were taken at
pre-transplantation and 8 weeks post-transplantation for
hormone measurements. Ovaries were rinsed in PBS;
right ovaries fixed in 4% formaldehyde for subsequent
histopathological and immunohistochemistry (IHC)
analyses, while left ovaries were transferred to cryovials,
snap-frozen in liquid nitrogen (LN,), and maintained in
LN, for mRNA extraction at a later date.

Histopathological evaluation of follicles and fibrotic
changes in the ovaries

Formalin-fixed samples were dehydrated in alcohol series,
embedded in paraffin blocks, and sectioned at 5 uM
thickness. Sections were stained with hematoxylin and
eosin (H&E) for routine histopathological evaluations,
including the number and quality of follicles and corpus
lutea. Sections from the 8 weeks post-transplantation
samples were also stained with Masson’s trichrome to
assess the possibility of aberrant fibrotic changes in terms
of collagen deposition. Histomorphological features
and the presence of blue-colored collagen fibers were
monitored under light microscopy and documented using
a digital camera.

Detection of microvascular density using immunohistochemistry
The extent of vascularization was also assessed in ovarian
tissue sections using the IHC detection of alpha-smooth
muscle actin (a-SMA). The sections were pre-treated with
3% H,O, for 10 minutes to inhibit peroxidase activity,
followed by incubation with an anti-rat a-SMA antibody
overnight at 4°C. Thereafter, the slides were treated with an
HRP-conjugated secondary antibody for 30 minutes. For
background staining, cells were stained with hematoxylin.
To calculate the microvascular density, the number of
a-SMA positive vascular units were counted in 10 random
tields of view using a 20X objective.

Real-time PCR analysis

The left ovaries snap-frozen at euthanasia were removed
from LN, and smashed using a mortar and pestle. Total
RNA was isolated from these frozen-thawed samples
using a Blood/Cultured Cell Total RNA Purification Kit
(Cat no: FABRK 001; Yekta Tajhiz, Iran). Absorbance
measurements were performed at 260/280 nM to
determine the purity of isolated RNAs. cDNA synthesis
was performed using a cDNA Synthesis Kit (Cat no:
YT4500; Yekta Tajhiz,). Angiogenesis was evaluated by
assessing transcripts for the angiopoietin-2 (Angpt2) and
vascular endothelial growth factor receptor-2 (VEGFR2,
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Fig. 1. Schematic representation of the experimental design and timeline (A); Intra-ovarian cell transplantation during the surgical

intervention (B); and ovarian tissue sampling (C).

also known as the kinase insert domain receptor - KDR),
using quantitative real-time PCR (qRT-PCR; Roche
Light Cycler 96) and an SYBR Green Real-Time PCR
Master Mix (Cat no: YT2551; Yekta Tajhiz). QRT-PCR
was performed over 40 cycles of three-step amplification
with denaturation at 95°C for 10 seconds, annealing at
60°C for 10 seconds, and temperature extension at 72°C
for 10 seconds. Melting curves were evaluated to verify
single product amplification. Primers were designed using
NCBI online program (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/). Standard curves were also prepared
using PCR products in 10-fold dilutions to confirm the
specificity of the primer pairs. In the end, expression
levels were normalized with the reference gene. The list of
primers is summarized in Table 1.

Measurement of FSH using ELISA assays

Blood samples were obtained at pre-transplantation and
8-week post-transplantation from each of the VCD and
vehicle-injected groups of rats (as described above). The
samples were taken from the heart under anesthesia and
prior to euthanasia. The blood samples were allowed to
clot in glass tubes, centrifuged at 400 x g for 20 minutes,
the sera carefully aspirated, and stored at -80°C for

subsequent analyses. FSH levels were quantified using
a commercial kit (425-300 FSH AccuBind ELISA Rev3-
STAT-Fax, DRG) as per manufacturer’s instructions.

Post-transplantation evaluation of fertility

The ovarian function and fertility status of rats in various
groups were assessed at 8 weeks post-transplantation. To
this end, the remaining three female rats from each group
were housed together with one male rat for five days. The
presence of a vaginal plug was used as a determinant sign
that mating had occurred. Subsequently, each female
rat was caged individually for an average of 22 days, the
expected length of gestation. During their pregnancy
period, rats were weighed every day. The fertility rate,
litter size (number of offspring), and birth weights of pups
were recorded.

Statistical analysis

GraphPad Prism v8.0.2.263 (GraphPad Software Inc.,
San Diego CA) was used to compare data amongst the
groups. The Kruskal-Wallis test was used to determine
the normality of samples. One-way ANOVA followed by
a least significant difference (LSD) test was conducted for
statistical comparisons among groups. Repeated measures
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Table 1. List of primers used for gRT-PCR

Annealing

Gene Sequence
4 Q)

ancpt.p FOWard S-GCAGCGTTGACTTCCAGAGA-3 6
9P Reverse 5'-ATACAGAGAGTGTGCCTCGC-3'

KDR Forward 5’-AGATGCGGGAAACTACACGG-3’ 60
Reverse 5'-GGGAGGGTTGGCATAGACTG-3

B-Actin Forward 5’-TCACCCACACTGTGCCCATCTACGA-3’ 60
Reverse 5-GGATGCCACAGGATTCCATACCC-3’

ANOVA test was also used to compare changes in the
number of follicles, gene expression levels, and weight
variations over time. Values are expressed as mean +*
standard deviation (SD). A P value <0.05 was considered
statistically significant.

Results

VCD administration induced menopause

To induce the rat model of menopause/POF, we
administered VCD for 15 consecutive days. Besides, we
assessed the putative effects of VCD on ovarian tissues
one day after the final injection. Histopathological
examinations revealed multiple changes in the ovaries
of VCD-treated rats compared with those of the control
(Fig. 2A). Along with the reduction in number of all
follicle types, the pathological changes and ultrastructural
remodeling included a widespread follicular atresia
(indicated with morphologically degenerative changes) as
evidenced by a lack of healthy follicles in the VCD group
(Fig. 2A-B). Cells furnishing the primary (composed of
single-layered of granulosa cells with typical cuboidal
structure) and secondary follicles (with multi-layered
cuboidal granulosa cells) in the VCD group underwent
degeneration and detached from the basement membrane.
These changes coincided with the retention of follicular
fluid (Fig. 2A). Other pathological observations included
the presence of hyperemia, necrotic changes, and the
formation of collagen fibers in ovarian stroma of VCD
treated rats (data not shown).

Evaluation of c-Kit+ populations confirmed purity

To assess the purity of the c-Kit* cells following MACS
enrichment, we used flow cytometry analysis. The results
showed that the proportion of c-Kit" cells among isolated
cells exceeded 90% (Fig. 2C).

Injection of c-Kit+ increased the population of follicles

Pre-transplantation, a low number of normal follicles
and a high number of immature atretic follicles was
observed in the VCD group (Fig. 2B). This continued
post-transplantation in groups II-V which did not receive
intra-ovarian c-Kit* cell injections (P<0.05; Fig. 3A).
Conversely, transplantation of c-Kit* cells was found to
increase the number of primary, secondary, and antral
follicles (contained fluid-filled antrum with immature

oocyte) present in the ovarian tissue compared to other
VCD groups at all time points (P<0.05; Fig. 3A). The
number of immature follicles in VCD + c-Kit" rats were
comparable to the control group. We also found that the
administration of c-Kit* cells into ovarian tissue led to
increased numbers of secondary follicles over time, with a
maximum number counted 8 weeks post-transplantation.
Comparatively, administration of c-Kit cells did not
change the number of primary and secondary follicles
compared with the VCD alone or normal saline + VCD
groups. Histological examinations revealed that antral
follicles in VCD + c-Kit* rats were present at numbers
comparable to the control group and greater than all
other groups (P<0.05; Fig. 3A). In contrast, the number of
atretic follicles of all stages declined over time in the VCD
+ c-Kit* group (Fig. 4). Quantification of corpus lutea did
not show differences among the groups (data not shown).

c-Kit cell injections decreased the rate of collagen
deposition in VCD ovaries

Masson’s trichrome staining was used to evaluate the
presence of collagen fibers as an indication of fibrotic
changes in ovarian tissue samples. Under bright-field
imaging, blue-colored fibers were extensively present
in samples from VCD treated rats. Following the intra-
ovarian administration of c-Kit positive or negative cells,
rates of tissue remodeling and collagen fiber deposition
were reduced; however, this was most prominently evident
in ovaries receiving c-Kit* cells (Fig. 5A).

c-Kit lineage cells improved the vascularization of ovaries
IHC was used to assess the angiogenic effect of c-Kit cell
transplantation in VCD-treated rats, as indicated by the
levels of a-SMA positive vessels. This analysis showed
a significant reduction of vascular density in ovarian
samples taken from rats receiving VCD without c-Kit cell
transplantations in comparison with the control group
(P<0.0001; Fig. 5B-C). However, after intra-ovarian
injections of bone marrow-derived cells (i.e., either c-Kit
positive or negative), vascular density increased (P<0.05;
Fig. 5B, C). Although transplantation of c-Kit cells also
improved angiogenesis of the ovaries, the extent of
vascularization was less than those of the control tissue.
Conversely, the injection of c-Kit* cells increased the
number of a-SMA positive vessels to near-control values
(P>0.05; Fig. 5B-C).

Expressions of Angpt2 and KDR were altered

Quantitative real-time PCR was performed to examine
the transcription levels of angiogenesis-related genes,
with results summarized in Fig. 3B. In pre-transplantation
samples, expression of Angpt2 increased while that of KDR
decreased in VCD-treated rats compared with the control
rats (P<0.05). Expression of Angpt2 was higher in VCD
rats receiving no ovarian injections than that in all other
VCD rats at 2 weeks (P<0.05), as well as those receiving
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differences (P<0.05) between experimental groups.

saline at 6 weeks post-transplantation (P<0.05). We also
found that the expression of KDR increased in VCD rats
6 weeks after intra-ovarian injection of c-Kit* cells when
compared with VCD rats receiving c-Kit cells or saline
(P<0.05). By 8 weeks post-transplantation, Angpt2 and
KDR transcripts for all treatment groups were in the range
of control animals.

Serum levels of FSH did not change

In pre-transplantation samples, serum levels of FSH were
not altered by VCD treatments. FSH levels at 8 weeks
post-transplantation also did not differ among groups
(Fig. 3C).

c-Kit+ cells restored fertility rate in menopausal rats
To assess the fertility outcome of various treatments at 8
weeks post-transplantation, three female rats per group

were allowed to mate with male rats. Breeding trials
resulted in a birth-giving rate of 3 out of 3 rats for the
control and VCD & c-Kit" groups. A total of 19 and 18
offsprings were recorded for the control and VCD & c-Kit*
groups, respectively. In the c-Kit group, 2 out of 3 rats gave
birth to a total of 7 pups. No pregnancy and parturition
were observed in the VCD & saline group, whereas only
1 of 3 rats became pregnant and gave birth (to a single
pup) in the VCD group (Fig. 5D). No abnormalities were
observed in any of the pup born during this study.

Weight gain after cell transplantation

To monitor the potential effect of treatments on body
weight, all rats were weighed every 3 days throughout the
study, including before and after transplantations. Prior
to cell transplantation, weight loss was observed over
one week following the onset of the intraperitoneal VCD
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injection, with a gradual pattern of weight gain noticed
thereafter. Rats in the control group also exhibited weight
gain and intra-ovarian saline injection did not affect their
total performance. Following transplantation, significant
weight gain occurred, as reported in our weekly based
weighing schedule (Fig. S1, Supplementary file 1).

Discussion

Given the clinical significance of POF in women, this study
was designed to investigate the efficacy of using intra-
ovarian transplantation of bone marrow-derived c-Kit*
cells in restoring ovarian function in rats experiencing
experimentally-induced POF. To test this hypothesis, a
combination of histopathological, IHC, gene expression,
hormonal, and fertility assessments were used. Taken
together, the results are in support of our hypothesis. To
our knowledge, we are first to report positive therapeutic

effects of enriched populations of c-Kit* bone marrow-
derived cells on the rejuvenation of ovarian tissue in a rat
model of POE

As a first step, we set out to generate a reliable rat model
of POE This was achieved through daily administrations
of VCD, a chemical that is known to induce premature
ovarian insufficiency in animal models.*** In a study by
Mayer and colleagues, various doses of VCD were used to
induce the menopausal model in mice (80-320 mg/kg/d
for 15 days), where 160 mg/kg/d for 15 days was reported
as an optimal dose for the induction of ovarian failure.”**
In the present study, we used this latter dose to achieve
the depletion of follicles in rats. Our findings confirm
that VCD injections can induce ovarian fibrosis and
cause atresia of follicles at all stages of their development
in rats. It has been suggested that this of VCD action
occurs through its effect on the KIT-KITLG and apoptotic
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Fig. 4. Atretic follicle counts (primary, secondary and antral follicles) observed 2, 4, 6, and 8 weeks post- stem cell transplantation. Asterisks represent

significant differences (P<0.05) between experimental groups.

signaling pathways, leading to ovarian deficiency.”*** Our
results are consistent with previous studies that reported
VCD as being capable of reducing the number of ovarian
follicles, especially in their earlier and later stages.’"***
As a next step, we used MACS to isolate bone marrow-
derived which were then confirmed to be highly enriched
for c-Kit* cells. These cells along with c-Kit cells and
saline were used for intra-ovarian injections in different
groups of VCD-treated rats.

In the present study, the administration of c-Kit" cells,
but not c-Kit cells or normal saline, restored ovarian
competence compared with the untreated VCD rats.
In our rat model of menopause, restoration of ovarian
competence was defined as an increased relative number
of primary, secondary, and antral follicles. Our results
also showed that bone marrow-derived cells, including
c-Kit" but especially c-Kit*, have the potential to slow
down aberrant remodeling in VCD-treated ovarian tissue.

Similarly, although intra-ovarian injection of c-Kit cells
improved the VCD-induced angiogenesis deficiency,
transplantation of c-Kit* cells restored the vascularization
levels to a greater degree, which were ultimately
comparable to the control values.

In line with these observations, our results confirmed
that the expression of Angpt2 and KDR genes were
altered in VCD groups; Angpt2 expression was likely
elevated in response to the VCD-induced inflammatory
and degenerative changes occurring within the ovarian
tissues,*®¥ but it is not clear why KDR expression had
decreased. It may be reasonable to hypothesize that the
severe inflammation had promoted angiogenic signaling
through the up-regulation of the pro-angiogenic factor
Angpt2, which then led to a compensatory down-
regulation of its relevant receptor (KDR) gene. In either
case, levels of Angpt2 and KDR expression returned to
their normal range by 8 weeks post-transplantation,
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which would correlate with the reduction of inflammation
responses by this time. We also noted that VCD injections
contributed to the weight loss recorded during the first
5 days, which was then followed by a gradual pattern of
weight gain that continued until the end of the experiment.
We assume this to be caused by the effects of VCD being
triggered during drug administration, which would later
have been metabolized via renal and hepatic routes.
Consistent with our study, bone marrow-derived c-kit/
Sca-1 cells have been shown to restore oocyte numbers in
mice sterilized by chemotherapy, further demonstrating
their restorative potential. In their study, Johnson and co-
workers highlighted the up-regulation of genes associated
with germline markers such as Dazl, Fragilis, Stella, Nobox,
etc.’® In support for the regenerative role of bone marrow
c-kit cells, we showed that the reduction of fibrosis and
induction of angiogenesis could be an effective strategy in

the restoration of follicles.

The number of offsprings born from the VCD & c-Kit*
rats was significantly greater than those in the VCD
& c-Kit group and was in the range of control rats. In
support of this finding, Takehara and colleagues used
adipose-derived stem cells, bone marrow mesenchymal
stem cells, and tail fibroblast cells in their treatment of
rats with cyclophosphamide-induced POE. According to
their results, rats treated with bone marrow stem cells and
tail fibroblasts exhibited significantly greater offspring
numbers compared with POF rats left untreated.”
Similarly, Leia and colleagues reported that skin-derived
stem cells have the potential to increase the number of
offspring born to mice experiencing busulfan-induced
menopause.'’

Finally, we monitored the serum levels of FSH in rats
on the first day after receiving their final dose of VCD, as
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Research Highlights

What is the current knowledge?

v c-Kit* cells are a fraction of bone marrow cells with regenerative
outcomes.

v The application of this lineage open hopes in the alleviation
of different pathologies.

What is new here?

v The promotion of angiogenesis and reduction of fibrotic
changes in POF after injection of c-Kit* cells.

V The decrease of follicular atresia with improved fertility
upon the injection of c-Kit* cells

well as 8 weeks after cell transplantation. Neither pre- nor
post-transplantation FSH data differed among the groups,
which was rather unexpected given that VCD treated rats
showed a significant reduction of antral follicles, the only
follicle which produces enough estradiol to regulate FSH
through a feedback system. The reasons for this lack of
change are unclear, but could result from the low number
of animals (three) tested per time point, which may not
have been sufficient to allow detection of changes in
a pulsatile hormone such as FSH. It could also be due
to the short experimental period of our study, which
lasted only 8 weeks, since it was previously reported that
hormonal alterations reach significant values at 240 days
post-induction of POE?* In another study, however, VCD
injection in mice resulted in the elevation of FSH hormone
only 37 days after induction, with significant differences
compared with the control.” Therefore, according to our
hormonal and histological findings, it is conceivable that
hormonal examination would require a greater number
of samples per time point, in addition to longer intervals
than the time allotted in the present study. Future studies
will be necessary to determine whether FSH should serve
as a viable biomarker for this disease model and/or its
therapies, since our results suggest that it should not be
used to measure the restoration of ovarian tissue following
c-Kit* cells transplantation.

Conclusion

Our findings clearly illustrate the potential of c-Kit* bone
marrow-derived cells modulating angiogenesis signaling,
pathological changes, and fertility rate leading to the
rejuvenation of ovarian function after exposure to VCD as
a rat model for POF and menopause.
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