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ABSTRACT

Background: Premature ovarian failure (POF) is a debilitating complication of cytotoxic
chemotherapy, characterized by the accelerated depletion of the ovarian primordial follicle re-
serve and the consequent loss of endocrine and reproductive function. Mesenchymal stem cell
(MSC) transplantation has emerged as a promising cytoprotective and regenerative modality; how-
ever, the precise molecular mechanisms governing MSC-mediated ovarian recovery remain incom-
pletely understood. This study aimed to investigate the therapeutic efficacy of human dental pulp—
derived mesenchymal stem cells (DP-MSCs) in preserving ovarian structural architecture and fol-
licular reserve in a cyclophosphamide (CTX)-induced POF rat model, with a specific focus on the
canonical Wnt/-catenin signaling pathway. Methods: Female Wistar albino rats were randomly
allocated into four experimental groups (n = 8 per group): Control, Sham (saline), POF, and DP-
MSC. POF was induced via an initial intraperitoneal injection of CTX (200 mg/kg) on day 1 followed
by daily maintenance injections of 8 mg/kg/day for 14 consecutive days. On day 15, animals in
the treatment group received a local intraovarian injection of 2 x 10% human DP-MSCs suspended
in phosphate-buffered saline. Ovarian function and morphology were evaluated 10 days post-
transplantation via serum hormonal profiling (anti-Mdllerian hormone [AMH], follicle-stimulating
hormone [FSH], and luteinizing hormone [LH]), differential follicle counting, histopathological ex-
amination, and semi-quantitative immunohistochemical analysis of Wnt-1, Wnt-4, and -catenin
expression. Results: CTX administration caused extensive follicular depletion across all develop-
mental stages, significant stromal fibrosis, increased follicular atresia, and dysregulated LH secretion.
Local DP-MSC transplantation effectively mitigated these cytotoxic damages, significantly increas-
ing primordial, secondary, and tertiary (antral) follicle counts, restoring functional corpora lutea, and
markedly decreasing atretic and cystic follicle numbers (p < 0.05). Immunohistochemical analysis
revealed that DP-MSC transplantation preserved prominent Wnt-1 immunoreactivity in primordial
follicles and successfully restored Wnt-4 expression in primary follicles and corpora lutea, which
was largely lost in untreated POF ovaries. Stable cytoplasmic and nuclear 3-catenin expression was
observed across all groups, confirming the presence of active canonical signaling machinery. Con-
clusion: Local intraovarian transplantation of human DP-MSCs effectively preserves the primordial
follicle pool and restores ovarian histological architecture in CTX-induced POF rats. These thera-
peutic benefits appear to be mediated, at least in part, through the reactivation and modulation
of the canonical Wnt/B-catenin signaling pathway, particularly via the restoration of Wnt-4 expres-
sion. DP-MSCs represent a viable, accessible, and potent candidate for stem cell-based ovarian
regenerative therapies.

Key words: Cyclophosphamide, Premature ovarian failure, Dental pulp stem cells, Mesenchymal
stem cell transplantation, Folliculogenesis, Wnt/3-catenin signaling pathway

INTRODUCTION

Premature ovarian failure (POF), also referred to
as primary ovarian insufficiency (POI), is a major
cause of female infertility characterized by the pre-
mature cessation of normal ovarian function before

1

the age of 40 years'. Pathophysiologically, POF

is defined by the accelerated depletion of the qui-

escent primordial follicle pool, amenorrhea, hypoe-
strogenism, and elevated serum gonadotropin lev-
els2. Histologically, chemotherapy-induced POF
manifests as extensive ovarian parenchymal atro-
phy, interstitial stromal fibrosis, microvascular de-
generation, and marked follicular atresia, accompa-
nied by severe disruption of normal folliculogene-

sis2. Conventional therapeutic approaches, primar-
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ily hormone replacement therapy (HRT), are limited
to alleviating hypoestrogenic symptoms; they fail
to restore biological ovarian function or rescue the
depleted follicular reserve, highlighting the urgent
need for novel regenerative therapeutic strategjes>.
Mesenchymal stem cells (MSCs) have emerged
as highly promising candidates for regenerative
medicine owing to their self-renewal capacity, mul-
tilineage differentiation potential, and robust im-
munomodulatory and paracrine secretome pro-
files*>. Preclinical studies have demonstrated that
MSC transplantation can promote ovarian tissue
repair, attenuate granulosa cell apoptosis, stimu-
late local neo-angiogenesis, and potentially support
germ cell lineage maintenance under favorable mi-
croenvironmental conditions*°. Among the various
tissue sources available, dental pulp-derived mes-
enchymal stem cells (DP-MSCs) have garnered par-
ticular interest. DP-MSCs originate from the em-
bryonic neural crest, are readily accessible from dis-
carded permanent third molars or deciduous teeth
without invasive harvesting procedures, and exhibit
superior proliferation rates, genomic stability, and
strong neurovascular and regenerative properties
compared to conventional bone marrow—derived
MSCs (BM-MSCs)®7.

The molecular cascades driving stem cell-mediated
ovarian regeneration are multifaceted, with devel-
opmental signaling pathways playing pivotal regu-
latory roles. In particular, the Wnt signaling cas-
cade represents an evolutionarily conserved net-
work essential for embryogenesis, organogenesis,
tissue homeostasis, and cellular fate determination.
It coordinates essential biological processes, includ-
ing cell proliferation, survival, polarity, and migra-
tion, which are vital for maintaining structural in-
tegrity and orchestrating tissue repair®. Within
the female reproductive system, canonical Wnt/f-
catenin signaling is indispensable for gonadal differ-
entiation and ovarian development®’. Experimen-
tal studies have established that Wnt-4 is an abso-
lute requirement for normal female sex determina-
tion and folliculogenesis; mice lacking Wnt-4 exhibit
severe ovarian dysgenesis and a drastically depleted
follicular pool®. Furthermore, Wnt-1 has been re-
ported to stimulate granulosa cell proliferation and
suppress apoptosis via activation of the canonical
Wnt/B-catenin pathway, underscoring its key role in
early follicular maturation®,

Beyond its structural roles, the canonical Wnt/p-
catenin pathway is intricately involved in the regu-
lation of ovarian steroidogenesis. Wnt signaling ac-
tively crosstalks with gonadotropin signaling path-

ways to modulate target gene transcription reg-
ulated by follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) . Consequently, pertur-
bation or suppression of this signaling cascade com-
promises granulosa cell viability, impairs follicular
maturation, and contributes to the pathogenesis of
POF.

Therefore, this study aimed to investigate the ther-
apeutic effects of human DP-MSCs on ovarian his-
tological architecture and follicular reserve in a
cyclophosphamide (CTX)-induced POF rat model,
with a specific focus on the modulation of the
canonical Wnt/B-catenin signaling pathway.

MATERIALS AND METHODS

Animals and Experimental Design

This study was conducted in accordance with inter-
national guidelines for the care and use of laboratory
animals and was approved by the Pamukkale Uni-
versity Animal Experiments Ethics Committee (Ap-
proval No. PAUHDEK-2021/38). A total of 32 adult
female Wistar albino rats (weighing 250-350 g) were
housed under controlled standard laboratory condi-
tions (temperature: 21 + 1°C, relative humidity: 65—
70%, 12-hour light/dark cycle) with ad libitum access
to standard rodent chow and water.

The animals were randomly allocated into four ex-
perimental groups (n = 8 per group):

1. Control group: received no interventions or
injections throughout the study period.

2. Sham group: received daily intraperitoneal
(i.p.) injections of physiological saline (0.9%
NaCl) for 14 consecutive days.

3. POF group: premature ovarian failure was
induced via an initial loading i.p. injection
of CTX (200 mg/kg; Sigma-Aldrich, St. Louis,
MO, USA) on day 1, followed by daily main-
tenance i.p. injections of 8 mg/kg/day for 14
consecutive days.

4. DP-MSC group: following the 14-day CTX
regimen as described above, animals received
a local intraovarian injection of 2 x 10® human
DP-MSCs suspended in 0.2 mL phosphate-
buffered saline (PBS) on day 15, adminis-
tered bilaterally using a 1-mL insulin syringe
equipped with a 26-gauge needle under asep-
tic conditions.

On day 25 (10 days post-transplantation), all an-
imals were deeply anesthetized and euthanized.
Blood samples were collected via cardiac puncture
for biochemical analysis, and ovaries were harvested
and processed for histological and immunohisto-
chemical evaluations.

8966



Biomedical Research and Therapy 2026, 13(08):8965-8979

DP-MSC Isolation, Culture, and Character-
ization

Human DP-MSCs were isolated from healthy im-
pacted third molars following approval from the Pa-
mukkale University Non-Interventional Clinical Re-
search Ethics Committee (Approval No. 17, dated
July 8, 2020) and informed donor consent. Cells at
passage 3 were maintained in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 1% penicillin-streptomycin at 37
°C in a humidified incubator containing 5% CO,.
The immunophenotypic profile of DP-MSCs was
verified by flow cytometry using monoclonal an-
tibodies against human CD73, CD90, and CD34
(Beckman Coulter, Brea, CA, USA). Trilineage mul-
tipotency was validated by culturing cells in os-
teogenic, adipogenic, and chondrogenic differenti-
ation media for 21 days, followed by specific stain-
ing with Alizarin Red S (calcium deposits), Oil Red
O (neutral lipid vacuoles), and Alcian Blue (sulfated
glycosaminoglycans), respectively.

Hormonal Analysis

Blood samples were collected via cardiac puncture
under deep anesthesia, allowed to clot for 30 min-
utes at room temperature, and centrifuged at 3,000
x g for 15 minutes at 4 °C. Serum was separated
and stored at -80 °C until analysis. Serum concen-
trations of AMH, FSH, and LH were measured us-
ing rat-specific enzyme-linked immunosorbent as-
say (ELISA) kits (Bioassay Technology Laboratory
[BT LAB], Shanghai, China) according to the manu-
facturer’s instructions. All samples were analyzed in
duplicate. Optical density was measured at 450 nm
using a microplate reader (BioTek ELx800; BioTek In-
struments Inc., Winooski, VT, USA), and absolute
hormone concentrations were calculated using stan-

dard calibration curves.

Histological Evaluation and Differential
Follicle Counting

Excised ovarian tissues were fixed in 10% neutral
buffered formalin for 24 hours, dehydrated through
an ascending ethanol series, cleared in xylene, and
embedded in paraffin wax. Serial sections (5-pm
thickness) were prepared and stained with hema-
toxylin and eosin (H&E) for structural evaluation.

For quantitative follicle counting, every 5th sec-
tion (specifically the 1st, 5th, and 10th sections per
ovary) was systematically selected to avoid double

counting. Only follicles containing an oocyte with

an identifiable nucleus were counted and classified

according to standard morphological criteria '"12:

Primordial follicles: an oocyte surrounded
by a single layer of flattened, squamous pre-
granulosa cells;

Primary follicles: an oocyte surrounded by a

single layer of cuboidal granulosa cells;

+ Secondary follicles: an oocyte enclosed by
two or more layers of cuboidal granulosa cells
without an antral cavity;

« Tertiary (antral) follicles: a follicle exhibit-

ing a well-defined, fluid-filled antral cavity;

Atretic follicles: follicles displaying apop-
totic/pyknotic granulosa cells, cellular detach-
ment from the basement membrane, or degen-
erated oocytes;

Cystic follicles and corpora lutea were also

quantified across sections.

All microscopic examinations were performed using
an Olympus BX53 light microscope by two indepen-
dent histologists blinded to the study groups.

Immunohistochemical Analysis

Paraffin sections (5-um thickness) were deparaf-
finized in xylene and rehydrated through a descend-
ing graded ethanol series. Heat-induced antigen re-
trieval was performed in 10 mM citrate buffer (pH
6.0) using a microwave oven, followed by cooling to
room temperature. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxide in methanol
for 10 minutes. Non-specific binding was blocked
using a protein blocking solution (ScyTek Laborato-
ries, Logan, UT, USA).

Sections were incubated overnight at 4 °C with pri-
mary rabbit polyclonal antibodies against Wnt-1
(1:300; Bioss Antibodies, Woburn, MA, USA), Wnt-4
(1:300; Bioss Antibodies), and B-catenin (1:300; Bioss
Antibodies). After PBS washes, sections were incu-
bated with a biotinylated secondary antibody, fol-
lowed by streptavidin—horseradish peroxidase con-
jugate (ScyTek Laboratories). Immunoreactivity was
visualized using 3,3’-diaminobenzidine (DAB) as the
chromogen substrate. Sections were counterstained
with Mayer’s hematoxylin, dehydrated, cleared, and
mounted. Negative controls were prepared by omit-
ting the primary antibody. Immunoreactivity was
evaluated semi-quantitatively based on staining in-
tensity as negative (-), weak (+), moderate (++), or

strong (+++) by two blinded observers.
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Statistical Analysis

Statistical analyses were performed using IBM SPSS
Statistics for Windows, Version 25.0 (IBM Corp.,
Armonk, NY, USA). Continuous variables were ex-
pressed as mean + standard deviation (SD) for nor-
mally distributed data or as median with interquar-
tile range (IQR; 25th-75th percentiles) for non-
normally distributed data. Normality was evaluated
using the Shapiro-Wilk test. Differences among
multiple independent groups were analyzed using
one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test for normally distributed pa-
rameters, or the Kruskal-Wallis test followed by
post hoc pairwise Mann-Whitney U tests with Bon-
ferroni correction for non-normally distributed vari-
ables. All statistical tests were two-tailed, and a p-
value < 0.05 was considered statistically significant.

RESULTS

Phenotypic and Functional Characteriza-
tion of Human DP-MSCs

Flow cytometric immunophenotyping confirmed
the characteristic mesenchymal surface profile of
isolated human DP-MSCs. The cells demonstrated
strong positive surface expression of characteris-
tic mesenchymal markers CD73 (99.92%) and CD90
(96.76%), alongside negligible expression of the
hematopoietic lineage marker CD34 (0.08%) (Fig-
ure 1, Panel I). Under phase-contrast microscopy,
passage 3 DP-MSCs displayed typical spindle-
shaped, fibroblast-like morphology with plastic-
adherent growth (Figure 1, Panel I[IA). Multilineage
differentiation potential was verified by successful
differentiation into adipocytes (Oil Red O-positive
neutral lipid droplets; Figure 1, Panel 1I1B), osteo-
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Figure 1: Phenotypic characterization and multilineage differentiation potential of human dental pulp-
derived mesenchymal stem cells (DP-MSCs). (I) Flow cytometric immunophenotyping of passage 3 DP-MSCs
demonstrating strong positive surface expression of characteristic mesenchymal markers CD90 (96.76%) and
CD73 (99.92%), alongside negligible expression of the hematopoietic lineage marker CD34 (0.08%). Gates were
set using appropriate isotype controls. (Il) Morphological appearance and in vitro trilineage differentiation assays:
(A) Phase-contrast microscopy showing passage 3 DP-MSCs exhibiting characteristic spindle-shaped, fibroblast-
like morphology with plastic adherence (arrows); (B) Adipogenic differentiation verified by Oil Red O staining of
intracellular neutral lipid droplets (arrows) following 21 days of adipogenic induction; (C) Osteogenic differentia-
tion confirmed by Alizarin Red S staining of mineralized calcium nodules (arrow) following 21 days of osteogenic
induction; (D) Chondrogenic differentiation confirmed by Alcian Blue staining of sulfated proteoglycans within
the extracellular matrix (arrows) following 21 days of chondrogenic induction. Micrographs were acquired using
an inverted phase-contrast microscope at 200x total magnification (20x objective). Abbreviations: CD, cluster
of differentiation; DP-MSC, dental pulp-derived mesenchymal stem cell; FITC, fluorescein isothiocyanate; PE, phy-
coerythrin; PC7, phycoerythrin-cyanine 7; SS INT, side scatter intensity.
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Table 1: Comparison of initial weights, final weights, and changes in body weight for each group.

Initial weight (gr)

Final weight (gr) Changes in body weight

AM.£SD 260.8+43.45
Control Med (IQR) 273 (219.5-296)
min - max 192-297
AM.£SD 258.43+7.98
Sham Med (IQR) 255 (253-265)
min — max 249-271
AM.£S.D 256+12.43
POF Med (IQR) 250 (245-266)
min — max 244-279
AM.£SD 262.1£12.91
DP-MSC Med (IQR) 260 (252-268.5)
min — max 247-292

Intergroup p-value 0.583(kw=1.94)

288.6+20.44 27.8+35.18
296 (267.5-306) 35 (-6.5-58.5)
260-308 22-68
277.43+9.2 19£7.81 (b)
277 (268-286) 19 (13-24)
265-290 9-33
268.33+12.08 12.3349.5
270 (259-281) 12 (4-18.5)
248-283 4-31
265+14.93 (a) 2.9+15.41
262 (257.5-272.5) -2.5 (-5-10)
245-292 -13-42

0.024* (F=3.673) 0.029* (kw=9.046)

*p<0.05 A.M: Arithmetic mean, S.D: Standard deviation, Med (IQR): Median (25th-75th percentiles), min — max:
Minimum and maximum values, F: One-Way Analysis of Variance, kw: Kruskal-Wallis Analysis of Variance, a:

Significant difference versus the control group; b: Significant difference versus the POF group.

cytes (Alizarin Red S-positive mineralized calcium
nodules; Figure 1, Panel 1IC), and chondrocytes (Al-
cian Blue-positive sulfated proteoglycans; Figure 1,
Panel IID). Together, these phenotypic and func-
tional assays confirmed the MSC identity of the iso-
lated cell populations.

Body Weight Changes

At baseline, initial body weights did not differ signif-
icantly among the experimental groups (p = 0.583;
Table 1). At the end of the experimental period,
a statistically significant difference in final body
weight was observed across groups (F = 3.673, p
= 0.024), with the Control group exhibiting signifi-
cantly higher final weights (288.60 + 20.44 g) com-
pared to the DP-MSC group (265.00 + 1493 g; p <
0.05). Furthermore, net body weight gain differed
significantly among the groups (Kruskal-Wallis H =
9.046, p = 0.029), with the Sham group showing a sig-
nificantly greater weight gain (19.00 + 7.81 g) com-
pared to the DP-MSC group (2.90 + 15.41 g; p < 0.05;
Table 1).

Serum Hormonal Profiles

Biochemical analysis of serum hormone concentra-
tions revealed no statistically significant differences
in AMH (p > 0.05) or FSH (p > 0.05) levels among the
four experimental groups (Table 2). Serum FSH con-
centrations were lowest in the Control group (4.68
+ 1.16 mlU/mL) and highest in the POF group (4.99

+ 0.41 mlU/mL). Serum LH concentrations differed
significantly among the groups (p = 0.017). Specif-
ically, LH levels were significantly elevated in the
untreated POF group (4.90 + 0.51 mlU/mL) com-
pared with the Sham group (4.04 + 0.86 mlU/mL,;
p < 0.05; Table 2), reflecting gonadotropin hyper-
secretion secondary to chemotherapy-induced ovar-
ian follicular damage.

Ovarian Follicle Dynamics and Morphom-
etry

Histomorphometric follicle counts demonstrated
profound alterations in follicular dynamics follow-
ing CTX administration and substantial recovery fol-
lowing DP-MSC transplantation (Table 3).

The primordial follicle count was significantly de-
creased in the untreated POF group (10.67 + 2.18)
compared with the Control (19.80 + 3.90), Sham
(24.57 + 4.72), and DP-MSC (20.00 + 2.36) groups (p
= 0.0001; Table 3).

Evaluation of developing follicles showed that pri-
mary follicle numbers were significantly reduced in
the POF group (5.56 + 2.24) relative to the Sham
(9.43 £ 2.07) and DP-MSC (10.40 + 3.75) groups (p =
0.006). Secondary follicle counts were significantly
higher in the DP-MSC group (11.00 + 2.79) than in
the POF group (5.78 + 3.27; p = 0.013). Similarly,
tertiary (antral) follicle counts were significantly de-
pleted in the POF group (1.44 + 1.67) compared with
both the Control (6.20 + 1.92) and DP-MSC (6.60 +
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Table 2: Comparison of serum AMH, FSH, and LH levels in the experimental groups.

AMH (ng/ml) FSH (mIU/ml)  LH (mIU/ml)
AM. £S.D 4.17+0.6 4.68+1.16 4.13+0.48
Control Med (IQR)  4.23 (3.67-4.64) 5.02 (3.7-5.49) 4.15 (3.7-4.56)
min - max 3.23-4.83 2.69-5.49 3.5-4.79
AM. £S.D 4.12£0.51 4.94+0.33 4.04+0.86
Sham Med (IQR)  3.86 (3.71-4.59)  4.91(4.86-5.01)  4.34(3.42-4.81)
min - max 3.58-4.93 4.43-5.56 2.69-4.93
AM. £S.D 4.43+0.3 4.99+0.41 4.9+0.51 (a)
POF Med (IQR)  4.34(4.22-4.68)  5.19 (4.53-5.33) 4.86 (4.48-5.3)
min — max 3.98-4.97 4.41-5.46 4.11-5.76
AM. £S.D 4.3620.61 4.69+0.32 4.8+0.53
DP-MSC Med (IQR)  4.55(4.13-4.77)  4.72 (4.51-4.92) 4.97 (4.53-5.1)
min — max 2.81-4.86 4.01-5.19 3.67-5.57
Intergroup p-value p>0.05 p>0.05 p=0.017*

*p<0.05 A.M: Arithmetic mean, S.D: Standard deviation, Med (IQR): Median (25th-75th per-
centiles), min — max: Minimum and maximum values, F: One-Way Analysis of Variance, kw:

Kruskal-Wallis Analysis of Variance, a: Significant difference versus the Sham group.

3.57) groups (p = 0.001). The number of functional
corpora lutea was significantly increased in the DP-
MSC group (28.60 + 5.34) compared with the POF
group (20.11 + 7.41; p = 0.029).

Conversely, the POF group exhibited a marked in-
crease in degenerate structures, demonstrating sig-
nificantly higher numbers of atretic follicles (13.89 +
4.01 vs. 3.80 + 0.84 in Control, 2.71 + 1.38 in Sham,
and 5.50 = 1.43 in DP-MSC; p = 0.0001) and cystic
follicles (7.00 + 2.55 vs. 2.20 + 1.10 in Control, 2.29 +
0.95 in Sham, and 2.50 £ 1.18 in DP-MSC; p = 0.001;
Table 3).

Histopathological Findings

Histological evaluation of H&E-stained ovarian sec-
tions revealed distinct structural differences among
the experimental groups (Figure 2).

In the Control and Sham groups, normal ovarian
histoarchitecture was well preserved, featuring an
intact single layer of cuboidal surface germinal ep-
ithelium, a distinct tunica albuginea, and organized
cortical stroma. Follicles across various develop-
mental stages—including primordial, primary, sec-
ondary, and tertiary follicles—along with healthy
corpora lutea were regularly distributed throughout
the cortex.

In contrast, the POF group displayed marked
histopathological damage, characterized by severe
cortical thinning, interstitial stromal fibrosis, and
pronounced depletion of the primordial follicle pool.

The developing follicular cohorts were drastically
reduced, with a predominance of atretic follicles
exhibiting apoptotic granulosa cells, cell detach-
ment from the basement membrane, and distorted
oocytes.

In the DP-MSC-treated group, ovarian architec-
ture was notably preserved and restored. The sur-
face epithelium remained intact, the cortical stroma
was well organized, and an abundant population
of primordial follicles was present. Primary, sec-
ondary, and tertiary follicles showed normal mul-
tilayered granulosa organization and clear antral
spaces, alongside prominent corpora lutea and a
substantial reduction in atretic and cystic degener-
ations (Figure 2).

Immunohistochemical Localization of
Wnt-1, Wnt-4, and 3-Catenin
Immunohistochemical staining was performed to

evaluate the spatial expression and localization of
Wnt-1, Wnt-4, and B-catenin in the ovary:

« Wnt-1: Strong Wnt-1 immunoreactivity was
localized in primordial follicles of the Control,
Sham, and DP-MSC groups, whereas stain-
ing intensity was noticeably reduced (weak-
to-moderate) in primordial follicles of the POF
group (Figure 3). Developing follicles (pri-

mary, secondary, and tertiary) and corpora

lutea displayed positive Wnt-1 staining across
all groups, with highest intensity in the cor-

pora lutea of the Control group (Figure 3).
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Table 3: Comparison of primordial, primary, secondary, tertiary, atretic, corpus luteum, and cystic follicle numbers in the experimental groups.

Primordial follicle ~ Primary follicle  Secondary follicle  Tertiary follicle Atretic follicle Corpus Luteum Cystic Follicle
AM.£SD 19.8 + 3.9 82+ 192 7443 6.2 + 1.92 (b) 3.8 +0.84 (b) 26+ 4 2.2+ 1.1(b)
Control Med (IQR) 20 (16.5 - 23) 8 (6.5 - 10) 7 (3.5 - 10.5) 6 (4.5 - 8) 4(3-45) 25 (23 - 29.5) 3(1-3)
min — max 16 - 26 6-11 3-14 4-9 3-5 21-32 1-3
AM.+SD 24.57 + 4.72 (b) 9.43 +2.07 (b) 7.29 %34 4183 2.71+ 1.38 (b) 22.86 + 5.67 229 + 0.95 (b)
Sham Med (IQR) 24 (22 - 28) 9(9-10) 7(5-9) 4(3-5) 3(1-4) 23 (17 - 29) 3(1-3)
min — max 16 - 30 6-13 4-14 1-7 1-4 15 -30 1-3
AM.£SD 10.67 + 2.18 (a,c) 5.56 + 2.24 (a,C) 5.78 + 3.27 (a) 144 £ 167 (a,d)  13.89 + 4.01 (a,c,d) 20.11 £ 7.41 (a) 7 + 2,55 (a,c,d)
POF Med (IQR) 11(8-13) 6(4-7.5) 5(3-8.5) 1(0-25) 13 (10.5 - 17.5) 18 (15.5 - 27) 7 (4.5 -9.5)
min — max 8-13 1-8 2-12 0-5 10 - 21 9-32 3-10
AM.£SD 20 + 2.36 (b) 10.4 + 3.75 (b) 11+ 2.79 (b) 6.6 + 3.57 (b) 5.5 + 1.43 (b) 28.6 £ 5.34 (b) 25+ 1.18 (b)
DP-MSC Med (IQR) 19 (18 - 22.25) 10.5 (7.5 - 12.25) 11 (8.75 - 12.25) 6(4-9.5) 6 (4 -6.25) 29 (23.5 - 33.5) 2(2-3.25)
min — max 17 - 24 5-18 7-17 1-13 4-8 22-37 1-5

Intergroup p-value

*p<0.05 A.M: Arithmetic mean, S.D: Standard deviation, Med (IQR): Median (25th-75th percentiles), min — max: Minimum and maximum values, F: One-Way Analysis of Variance, kw: Kruskal-
Wallis Analysis of Variance, a: Significant difference versus the DP-MSC group; b: Significant difference versus the POF group; c: Significant difference versus the Sham group; d: Significant
difference versus the Control Group.

0.0001* (kw=21.203)

0.006* (F=5.232)

0.013* (F=4.305)

+ Wnt-4: Wnt-4 immunoreactivity showed striking group- and stage-dependent

0.001* (F=7.574)

0.0001* (kw=24.314)

0.029* (F=3.511)

0.001* (kw=16.363)

POF group (Figure 4), confirming that DP-MSC therapy restored Wnt-4 expres-

6L68-5968:(80)€T 9707 AdeIay ], pue yoreasay [edrpaworg

differences (Figure 4). In primary follicles, strong Wnt-4 staining was detected
in the Control, Sham, and DP-MSC groups, but was markedly diminished or ab-
sent in the POF group. In secondary follicles, positive staining was maintained
across groups, although the POF group showed a distinct linear perioocytic pat-
tern. In tertiary antral follicles, strong cytoplasmic staining was retained across
all groups. Furthermore, corpora lutea exhibited strong Wnt-4 expression in the
Control, Sham, and DP-MSC groups, compared to only moderate staining in the

sion.

B-Catenin: -Catenin staining was consistently positive across all experimental
groups (Figure 5). Strong immunoreactivity was observed in oocytes as well as
in the cytoplasm and nuclei of granulosa cells within primary, secondary, and
tertiary follicles. Robust B-catenin expression was also observed throughout the

corpora lutea in all groups (Figure 5).
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Sham

Figure 2: Histopathological evaluation of ovarian tissue architecture stained with hematoxylin and eosin
(H&E) across experimental groups. Representative photomicrographs of ovarian tissue sections from the Con-
trol, Sham, POF (cyclophosphamide-induced), and DP-MSC-treated groups at 400x (40X objective; scale bar = 50
pum) and 100x (10x objective; scale bar = 200 um) magnification. Control and Sham groups: Display normal
ovarian histoarchitecture, characterized by an intact, single cuboidal surface germinal epithelium, well-organized
cortical stroma, healthy developing follicles at various stages (arrows), and vascularized corpora lutea (CL). POF
group: Exhibits profound chemotherapy-induced histological deterioration, including marked cortical thinning,
stromal vacuolization and fibrosis, loss of primordial follicles, and a high frequency of atretic follicles (arrows) char-
acterized by apoptotic granulosa cell detachment and oocyte degeneration. DP-MSC group: Demonstrates re-
markable structural restoration following local intraovarian cell transplantation, with preserved surface epithe-
lium, dense cortical stroma, an abundant population of primordial follicles, structurally intact growing follicles
(arrows), and healthy corpora lutea (CL), alongside a marked decrease in atretic and cystic degenerations. Abbre-
viations: CL, corpus luteum; DP-MSC, dental pulp-derived mesenchymal stem cell; H&E, hematoxylin and eosin;
POF, premature ovarian failure.
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DISCUSSION

This study demonstrates that local intraovarian
transplantation of human DP-MSCs exerts po-
tent therapeutic and protective effects on ovar-
ian structural architecture and follicular reserve
in a cyclophosphamide-induced POF rat model.
Chemotherapy with CTX induced severe follicular
depletion across all developmental stages, accom-
panied by extensive stromal fibrosis, increased fol-
licular atresia, and dysregulated serum LH hyper-
secretion, confirming the successful establishment
of ovarian failure. Transplantation of DP-MSCs sig-
nificantly mitigated these cytotoxic injuries, as evi-
denced by the restoration of growing follicle cohorts,
preservation of the primordial follicle reserve, reduc-
tion of atresia and cystic degeneration, and promo-
tion of functional corpus luteum formation. At the
molecular level, DP-MSC therapy preserved Wnt-1
expression in primordial follicles and rescued Wnt-
4 expression in developing follicles and luteal tis-
sue, while maintaining stable B-catenin localization.
Collectively, these findings indicate that DP-MSCs
promote ovarian functional and morphological re-
covery, at least in part, through modulation of the
canonical Wnt/B-catenin signaling cascade.
Previous studies have reported that administration
of bone marrow—-derived MSCs (BM-MSCs) signif-
icantly increases body and ovarian weights in ex-
perimental POF models'3. Similarly, human em-
bryonic stem cell-derived MSCs (hESC-MSCs) have
been shown to restore body weight and ovarian
dimensions following cisplatin-induced gonadotox-
icity, thereby improving reproductive outcomes in
mice . In contrast, in the present study, while fi-
nal body weights and net weight gain in the DP-
MSC group remained lower than those in non-
chemotherapy controls, the animals tolerated local
cell delivery well. These findings suggest that, under
the current experimental conditions, local intraovar-
ian administration of DP-MSCs primarily exerts lo-
calized cytoprotective and reparative actions within
the ovarian microenvironment rather than inducing
widespread systemic metabolic changes. This local-
ized action is consistent with the well-established
paracrine secretome mechanism of MSCs, wherein
locally delivered stem cells secrete bioactive cy-
tokines, growth factors, and extracellular vesicles
that directly target damaged granulosa cells and
resident ovarian stroma, facilitating tissue repair
and signaling modulation independently of sys-
temic weight alteration.

The pathogenesis of chemotherapy-induced POF is
primarily driven by a dual destructive mechanism:

the direct induction of apoptotic cell death in ac-
tively proliferating granulosa cells and the accel-
erated, pathological recruitment of dormant pri-
mordial follicles—frequently conceptualized as the
“burn-out” phenomenon '°. Alkylating antineoplas-
tic agents, such as CTX and its active metabolite
phosphoramide mustard, trigger abnormal hyper-
activation of dormant primordial follicles via the
PTEN/PI3K/Akt pathway, causing their mass en-
try into the growing pool and subsequent rapid
apoptotic exhaustion'®'7. In concordance with this
mechanism, previous investigations utilizing CTX
or pelvic irradiation reported profound reductions
in total follicle counts and extensive follicular atre-
sia'>13. Consistent with these reports, our histolog-
ical data demonstrated extensive depletion across
primordial, primary, secondary, and tertiary follicle
pools, accompanied by interstitial fibrosis and ele-
vated follicular atresia, confirming the multifaceted
ovarian parenchymal damage inflicted by the CTX
regimen.

The severity and spatial pattern of ovarian dam-
age are closely governed by the specific chemother-
apy administration protocol. For instance, Song
et al.’ reported that repeated low-dose CTX ad-
ministration primarily depleted secondary follicles
with relatively modest effects on other follicular
stages. In contrast, the combined regimen utilized
in our study—comprising an initial loading dose
of 200 mg/kg followed by daily maintenance doses
of 8 mg/kg for 14 consecutive days—induced pan-
follicular depletion across all developmental stages,
accompanied by marked stromal atrophy. This com-
prehensive ablation of the ovarian reserve estab-
lishes a robust, highly reproducible pre-clinical plat-
form to rigorously evaluate stem cell-based regener-
ative therapies.

Folliculogenesis and ovarian endocrine homeosta-
sis are tightly orchestrated by the hypothalamic—
pituitary—gonadal axis, wherein FSH drives gran-
ulosa cell proliferation and antral development?’,
while AMH, produced by pre-antral and small antral
follicles, serves as a surrogate clinical marker of the

ovarian primordial reserve?!.

In our study, serum
LH concentrations were significantly elevated in
the untreated POF group compared with the Sham
group, reflecting the loss of negative steroid feed-
back from depleted follicles. Although DP-MSC ad-
ministration exhibited a clear trend toward normal-
izing LH levels, statistically significant differences
in serum FSH and AMH were not yet detectable

at the 10-day post-transplantation endpoint. This
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Primordial F

Primary F

Secondary F

Corpus Luteum

Figure 3: Immunohistochemical localization and expression of Wnt-1 across ovarian follicular compart-
ments and corpora lutea in experimental groups. Representative photomicrographs demonstrating Wnt-1im-
munoreactivity in primordial follicles (Primordial F), primary follicles (Primary F), secondary follicles (Secondary F),
tertiary antral follicles (Tertiary F), and corpora lutea across the Control, Sham, POF, and DP-MSC groups. Immuno-
histochemical staining was visualized using 3,3X-diaminobenzidine (DAB) chromogen (brown precipitate) with
Mayer’s hematoxylin counterstaining (blue nuclei). Primordial follicles in the Control, Sham, and DP-MSC groups
demonstrate strong positive Wnt-1 immunoreactivity, whereas primordial follicles in the POF group show notice-
ably attenuated, weak-to-moderate staining. Developing follicles (primary, secondary, and tertiary) and luteal
cells of the corpus luteum display positive immunoreactivity across all groups, with the highest staining inten-
sity observed in the corpora lutea of the Control group. Images were captured using a light microscope at 400x
magnification (40x objective); scale bar = 50 um. Abbreviations: DAB (3,3X-diaminobenzidine); DP-MSC, dental
pulp-derived mesenchymal stem cell; F, follicle; POF, premature ovarian failure; Wnt-1, Wingless-type MMTV in-
tegration site family member 1.

observation suggests that functional endocrine re-
covery may lag behind early histological and mor-
phological reconstitution. Re-establishment of co-
ordinated steroidogenic enzyme expression and sys-
temic feedback loops typically requires a longer
post-transplantation maturation window, even after
cellular architecture and follicular structures have
been substantially restored.

The therapeutic efficacy of diverse MSC popula-
tions in animal models of ovarian insufficiency
is well established. BM-MSCs have been shown
to enhance follicular survival and normalize en-
docrine parameters '3, whereas human embryonic
stem cell-derived and amnion-derived MSCs at-

tenuate apoptotic cascades and enhance granulosa
cell viability via paracrine pathways 22, Similarly,
umbilical cord-derived MSCs restore folliculogen-

esis and ovarian vascularization '°.

In alignment
with these reports, our findings demonstrated that
human DP-MSC transplantation significantly im-
proved ovarian histoarchitecture, increased devel-
oping follicle numbers, and suppressed follicular
atresia. Importantly, the significantly higher pri-
mordial follicle count in the DP-MSC-treated group
should not be construed as de novo neo-oogenesis.
Because CTX administration was completed prior
to cell transplantation, DP-MSCs likely rescued the

residual quiescent primordial follicle pool from sec-
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Figure 4: Imnmunohistochemical localization and rescue of Wnt-4 expression following DP-MSC transplan-
tation in cyclophosphamide-induced POF rats. Representative photomicrographs showing Wnt-4 immunore-
activity across sequential follicular developmental stages (primordial, primary, secondary, and tertiary follicles)
and corpora lutea in the Control, Sham, POF, and DP-MSC groups. Specific brown immunoreactivity was devel-
oped using DAB substrate counterstained with hematoxylin. Primary follicles in the Control, Sham, and DP-MSC
groups show intense Wnt-4 staining, whereas primary follicles in the POF group exhibit markedly depleted or
absent staining. Secondary follicles maintain positive expression across all groups, with the POF group show-
ing a distinct linear perioocytic pattern. In tertiary antral follicles, strong cytoplasmic Wnt-4 staining is preserved
across all groups. Corpora lutea display moderate staining in the POF group and intense staining in the Control,
Sham, and DP-MSC groups, demonstrating that DP-MSC transplantation effectively restores Wnt-4 expression in
damaged ovarian parenchyma. Images were acquired at 400x magnification (40x objective); scale bar = 50 um.
Abbreviations: DAB (3,3X-diaminobenzidine); DP-MSC, dental pulp—derived mesenchymal stem cell; F, follicle;
POF, premature ovarian failure; Wnt-4, Wingless-type MMTV integration site family member 4.

ondary, post-chemotherapy apoptotic waves, oxida-
tive stress, and progressive stromal fibrosis. Thus,
DP-MSCs act primarily as a cytoprotective and anti-
atretic rescue agent, offering an accessible, non-
controversial, and highly proliferative alternative
cell source for ovarian regenerative medicine.

The canonical Wnt/B-catenin signaling cascade
plays an indispensable role in ovarian steroidogen-
esis, granulosa cell proliferation, and early follicu-
logenesis in coordination with gonadotropin signal-
ing 1023,
central transcriptional co-activator of this pathway,

Intracellular B-catenin functions as the

promoting granulosa cell survival and inhibiting
apoptosis. In the present study, B-catenin expres-

sion was detected in oocytes and granulosa cells
across all experimental groups, including the POF
group. While previous studies have reported de-
creased B-catenin levels in chemotherapy-damaged

ovaries '8

or marked upregulation following BM-
MSC therapy '3, our immunohistochemical findings
revealed a relatively stable baseline distribution.
This persistence suggests that B-catenin expression
alone is insufficient to maintain follicular integrity
in the absence of upstream ligands, and that its ac-
tivation state and subcellular localization are tightly
regulated in a context-dependent manner during

ovarian injury and repair.
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Figure 5: Immunohistochemical localization of B-catenin across ovarian follicular stages and corpora lutea
in experimental groups. Representative photomicrographs showing -catenin immunoreactivity in primordial,
primary, secondary, and tertiary follicles, as well as corpora lutea, across the Control, Sham, POF, and DP-MSC
groups. Brown DAB precipitate indicates specific $-catenin localization counterstained with hematoxylin. Strong
[3-catenin expression is consistently observed across all experimental groups, localized within oocytes as well as
the cytoplasm and nuclei of granulosa cells in primary, secondary, and tertiary follicles. Robust luteal parenchymal
staining is also maintained in the corpora lutea of all groups, reflecting active and stable baseline expression of the
canonical Wnt transcriptional co-activator. Images were acquired at 400x magnification (40x objective); scale bar
=50 um. Abbreviations: DAB (3,3X-diaminobenzidine); DP-MSC, dental pulp-derived mesenchymal stem cell; F,
follicle; POF, premature ovarian failure; B-catenin, beta-catenin.

A pivotal finding of the present investigation was
the dynamic modulation of Wnt-4 expression. Wnt-
4 is a critical morphogen required for female sexual
differentiation, pre-antral and antral follicle growth,

steroidogenesis, and luteal function?*25,

Targeted
deletion of Wnt-4 severely compromises follicular
maturation and leads to female infertility®. Al-
though Wnt-4 is expressed dynamically across fol-
licular stages in rodents, its detection in human
granulosa cells varies, reflecting potential species-

specific regulatory mechanisms?26-28

. In our study,
CTX-induced ovarian failure was accompanied by
a marked loss of Wnt-4 immunoreactivity in pri-
mary follicles and corpora lutea, whereas DP-MSC
transplantation robustly restored Wnt-4 expression

in developing follicles and luteal tissue. Concur-

rently, Wnt-1 expression in primordial follicles was
preserved following DP-MSC treatment. Together
with the stable baseline of f-catenin, these findings
suggest that DP-MSCs promote follicular rescue
and development by reactivating upstream canon-
ical and potentially non-canonical Wnt ligands.

The biological consequences of Wnt signaling ac-
tivation are inherently context-dependent, balanc-
ing tissue regeneration against pathological fibrosis.
Aberrant, uncontrolled hyperactivation of canoni-
cal Wnt/B-catenin signaling has been implicated in
pathological myofibroblast differentiation and or-
gan fibrosis?°. Furthermore, environmental toxicant
exposure, such as microplastic ingestion, has been
shown to overactivate Wnt/B-catenin signaling, trig-
gering granulosa cell apoptosis, oxidative stress,
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and ovarian fibrosis3°

. In this context, the persis-
tent basal B-catenin expression observed in the POF
group may reflect a dual biological phenomenon: a
compensatory mechanism to support residual follic-
ular survival alongside concurrent pathological stro-
mal remodeling.

Several limitations of this study should be ac-
knowledged. First, although DP-MSC transplanta-
tion demonstrated clear histological and morpho-
logical benefits, long-term functional reproductive
outcomes—including estrous cyclicity, mating suc-
cess, ovulation rates, and live birth rates—were
not evaluated. Second, while immunohistochem-
ical assessments demonstrated spatial localization
and intensity alterations of Wnt-1, Wnt-4, and
B-catenin, quantitative molecular methodologies,
such as quantitative real-time PCR (RT-qPCR) and
Western blotting, are needed to elucidate down-
stream transcriptional targets. Third, immunohis-
tochemical evaluation relied on semi-quantitative
grading rather than automated digital image mor-
phometry. Future investigations incorporating dig-
ital image analysis and molecular pathway inhibi-
tion will be instrumental in fully elucidating the
paracrine mechanisms and clinical translational po-

tential of DP-MSCs in ovarian rejuvenation.

CONCLUSION

In conclusion, local intraovarian transplantation of
human DP-MSCs effectively preserves the follicu-
lar reserve and restores ovarian histological archi-
tecture in a rat model of cyclophosphamide-induced
premature ovarian failure. These therapeutic effects
are mediated, at least in part, through modulation
of the canonical Wnt/B-catenin signaling cascade,
specifically via the preservation of Wnt-1 and the
reactivation of Wnt-4 expression in follicular and
luteal compartments. These findings position DP-
MSCs as a promising, readily accessible, and bio-
logically potent cell-based therapeutic candidate for
counteracting chemotherapy-induced gonadotoxic-

ity and promoting ovarian tissue regeneration.

ABBREVIATIONS

AMH: Anti-Miillerian hormone; ANOVA: Analy-
sis of variance; BM-MSCs: Bone marrow-derived
mesenchymal stem cells; CTX: Cyclophosphamide;
DAB: 3,3’-Diaminobenzidine; DMEM: Dulbecco’s
Modified Eagle Medium; DP-MSCs: Dental pulp-
derived mesenchymal stem cells; ELISA: Enzyme-
linked immunosorbent assay; FBS: Fetal bovine
serum; FSH: Follicle-stimulating hormone; H&E:

Hematoxylin and eosin; hESC-MSCs: Human em-
bryonic stem cell-derived mesenchymal stem cells;
HRP: Horseradish peroxidase; IQR: Interquartile
range; LH: Luteinizing hormone; MSCs: Mesenchy-
mal stem cells; PBS: Phosphate-buffered saline;
POF: Premature ovarian failure; POI: Primary ovar-
ian insufficiency; RT-qPCR: Quantitative real-time
polymerase chain reaction; SD: Standard deviation;
Whnt: Wingless-related integration site.
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