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Abstract  

Ovarian aging represents a complex biological process characterized by follicular depletion, hormonal 

dysregulation, and chronic inflammation. We investigated the therapeutic potential of the secretome derived from human 

umbilical cord mesenchymal stem cells (S-HUMCMSCs) in naturally aged female mice. Administration of S-

HUMCMSCs significantly reduced serum FSH levels (from 5.43 ± 1.59 to 3.07 ± 2.69 mIU/mL, p < 0.05), decreased 

senescent cell percentage (from 27.35 ± 0.82% to 8.37 ± 0.85%, p < 0.001), and modulated inflammatory markers with 

reduction in TNF-α (from 188.23 ± 83.31 to 4.55 ± 4.78 ng/mL, p < 0.001) and elevation in IL-10 (7.55 ± 7.77 ng/mL, p 

< 0.05). Additionally, S-HUMCMSCs treatment decreased p53 expression (179.17 ± 170.48 vs. 549.67 ± 243.62 in aged 

controls, p < 0.025) and preserved ovarian follicular architecture. A comparative analysis with 17β‑estradiol therapy 

demonstrated comparable efficacy in improving ovarian parameters. Although no formal toxicological or long‑term safety 

assessments were conducted, no adverse clinical signs or behavioral abnormalities were observed during the study period. 

These findings establish S-HUMCMSCs as a promising cell-free regenerative approach for managing age-related ovarian 

dysfunction by modulating multiple pathways involved in senescence, inflammation, and hormonal homeostasis. 
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Introduction 

Reproductive aging in females represents one of 

the earliest manifestations of systemic senescence, with 

ovarian function declining substantially before other 

organ systems show significant age-related deterioration 

[1]. This premature aging of the reproductive system 

manifests clinically as perimenopause and menopause, 

conditions affecting quality of life through vasomotor 

symptoms, metabolic dysregulation, and increased 

cardiovascular risk [2]. The global demographic shift 

toward aging populations necessitates innovative 

therapeutic strategies addressing reproductive 

senescence beyond conventional hormone replacement 

therapy (HRT), which carries well-documented long-
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term safety concerns including increased malignancy 

risk [3]. 

Ovarian aging is characterized by progressive 

follicular depletion, elevated follicle-stimulating 

hormone (FSH), and dysregulated inflammatory 

homeostasis [4]. At the cellular level, accumulation of 

senescent cells expressing senescence-associated β-

galactosidase (SA-β-gal) and secreting pro-

inflammatory senescence-associated secretory 

phenotype (SASP) factors drives tissue dysfunction 

[3,5]. The tumor suppressor p53 plays a pivotal role in 

orchestrating cellular senescence responses to 

accumulated DNA damage and oxidative stress [6,7]. 

Inflammatory dysregulation, characterized by elevated 

tumor necrosis factor-alpha (TNF-α) and decreased 

interleukin-10 (IL-10), further exacerbates the aging 

phenotype [8,9]. 

Mesenchymal stem cells (MSCs) have emerged as 

therapeutic candidates for regenerative medicine 

through their paracrine effects rather than direct 

differentiation [10-12]. Human umbilical cord-derived 

MSCs (HUMCMSCs) offer advantages over other MSC 

sources, including non-invasive procurement, higher 

proliferative capacity, and superior immunomodulatory 

properties [13-16]. Critically, the secretome of MSCs 

(S-MSCs), comprising growth factors, cytokines, 

extracellular vesicles, and microRNAs, replicates 

therapeutic effects while circumventing challenges 

associated with cellular therapies, including 

tumorigenicity, immune rejection, and regulatory 

complexity [17-19]. Previous investigations have 

demonstrated the efficacy of S-MSCs in various 

reproductive pathologies. Previous studies also reported 

the restoration of ovarian function in chemotherapy-

induced ovarian insufficiency following S-MSC 

administration [20,21]. However, these studies 

primarily focused on acute models of chemically 

induced ovarian injury, which differ mechanistically 

from the gradual, multifactorial deterioration observed 

in natural aging. To our knowledge, this is the first 

investigation to systematically evaluate the therapeutic 

potential of human umbilical cord MSC-derived 

secretome (S-HUMCMSCs) in a naturally aged ovary 

model, directly benchmarked against standard hormone 

replacement therapy. However, a systematic evaluation 

of S-HUMCMSCs’ effects on naturally aged ovaries, 

encompassing hormonal, inflammatory, senescence, 

and structural parameters, remains unexplored.  

We hypothesized that S-HUMCMSCs would 

ameliorate multiple hallmarks of ovarian aging by 

coordinating the modulation of hormonal, 

inflammatory, and cellular senescence pathways. Using 

a validated murine natural aging model, we conducted a 

comprehensive assessment of the effects of S-

HUMCMSCs on FSH levels, senescent cell burden, 

inflammatory markers (TNF-α and IL-10), p53 

expression, and follicular morphology, comparing their 

efficacy with that of 17β-estradiol treatment. 

 

Materials and methods 

Animals 

To ensure transparency and compliance with 

ARRIVE guidelines, animal allocation and sample 

inclusion/exclusion were documented throughout the 

study. Female BALB/c mice were obtained from SCCR 

Indonesia Laboratory and maintained under standard 

conditions (22 ± 2 °C, 55 ± 5% humidity, 12-hour 

light/dark cycle) with ad libitum access to standard 

chow and water. The study employed two age groups: 

young adults (4 months old, n = 6) and naturally aged 

(12 months old, n = 30). Aged mice were screened for 

irregular estrous cycles via daily vaginal cytology for 5 

consecutive days. Only mice displaying prolonged or 

absent estrous cycles were included, confirming ovarian 

aging phenotype. Sample size calculation using 

Federerʼs formula [(n-1)(t-1) ≥ 15, where t = number of 

groups] yielded n = 9 per group. To accommodate 

possible attrition or exclusion during screening, one 

additional mouse per group was included (n = 10 each), 

totaling 30 aged mice. Aged mice were randomly 

assigned to: (1) Vehicle control (PBS, n = 10); (2) 17β-

estradiol (n = 10); (3) S-HUMCMSCs (n = 10). Young 

mice served as healthy controls (n = 6). Blinding was 

implemented at multiple levels: Investigators 

responsible for treatment administration were distinct 

from those conducting outcome assessments. Sample 

codes were anonymized during ELISA measurement, 

histological evaluation, and statistical analysis to ensure 

blinding to group identity. Data unblinding occurred 

only after all analyses were finalized. No animals were 

excluded after allocation due to death or handling issues. 

However, variability in endpoint detection led to 

differences in effective sample numbers for certain 
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assays. Specifically, P53 expression was quantifiable in 

only three young control ovaries (others were below the 

detection threshold), and TNF‑α levels were 

undetectable in several healthy control samples. These 

instances were documented as n < group total in figure 

legends. 

 

HUMCMSC isolation and culture 

Human umbilical cords from healthy full‑term 

deliveries were obtained following written informed 

consent from the mothers, in accordance with the 

Declaration of Helsinki and approved by the 

Institutional Ethics Committee of Faculty of Medicine 

Universitas Islam Sultan Agung, Semaramg (Approval 

No 116/IV/Komisi Bioetik/2025). Human umbilical 

cords from healthy full-term deliveries were obtained 

following informed consent. Cord tissue was washed 

extensively in PBS containing 1% penicillin-

streptomycin, then Whartonʼs jelly was mechanically 

dissected and enzymatically digested with 0.1% 

collagenase type I (Worthington) for 2 h at 37 °C. 

Released cells were collected by centrifugation (300 g, 

10 min), resuspended in complete medium (DMEM/F12 

supplemented with 10% FBS, 1% penicillin-

streptomycin), and plated in T75 flasks at 5×10³ 

cells/cm². Cultures were maintained at 37 °C, 5% CO₂, 

with medium changes every 3 days. Upon reaching 80% 

- 90% confluence, cells were passaged using TrypLE 

Express. Passage 3 - 5 HUMCMSCs were used for 

secretome production [11,22-24]. 

 

HUMCMSC characterization 

Flow cytometry was performed on passage 3 

HUMCMSCs. Cells (2×10⁶/mL) were incubated with 

fluorochrome-conjugated antibodies (CD90-FITC, 

CD29-PE, CD45-APC, CD31-PE) for 30 min at 4 °C, 

then analyzed on a BD FACSCelesta (BD Biosciences) 

with FlowJo software. For adipogenic differentiation, 

confluent cultures were treated with adipogenic medium 

(DMEM supplemented with 10% FBS, 1 μM 

dexamethasone, 0.5 mM isobutylmethylxanthine, 10 

μg/mL insulin, 100 μM indomethacin) for 21 days. Lipid 

droplets were visualized with Oil Red O staining. 

Osteogenic differentiation employed osteogenic 

medium (DMEM supplemented with 10% FBS, 100 nM 

dexamethasone, 10 mM β-glycerophosphate, 50 μM 

ascorbic acid-2-phosphate) for 21 days. Calcium 

deposition was detected with Alizarin Red S staining 

[25,26]. 

 

Secretome production and processing 

Passage 3 - 5 HUMCMSCs at 80% confluence 

were washed three times with PBS and cultured in 

serum-free DMEM/F12 under hypoxic conditions (5% 

O₂, 5% CO₂, 37 °C) for 24 h using a hypoxia chamber 

(Stemcell Technologies). Conditioned medium was 

collected, centrifuged (300 g, 10 min; then 2,000 g, 20 

min) to remove cells and debris, and filtered through 

0.22 μm membranes. A concentrated secretome was 

prepared using tangential flow filtration (Millipore) with 

3 kDa molecular weight cutoff membranes, yielding 

proteins/factors with molecular weights between 3 and 

750 kDa. Protein concentration was quantified by BCA 

assay (Pierce) and aliquots were stored at ‒80 °C. 

Secretome batches were validated for consistency via 

protein profiling and bioactivity assays [26,27]. To 

evaluate the bioactive component content, cytokine and 

growth factor levels in the secretome were quantified 

using enzyme‑linked immunosorbent assay (ELISA) 

kits specific for interleukin‑10 (IL‑10), vascular 

endothelial growth factor (VEGF), and stromal 

cell‑derived factor‑1 (SDF‑1). Secretome batches were 

validated for consistency through protein profiling and 

bioactivity assays. 

 

Experimental design and treatment regimen 

Following baseline assessments (Day 1 - 7) and 

validation of aging phenotype (Day 8 - 13), mice 

received interventions on Days 14 and 16 via tail vein 

injection (200 μL volume): 

1) S-HUMCMSCs group: 250 μg total protein in 

PBS (125 μg per injection) 

2) 17β-estradiol group: 3 μg/kg (stock prepared as 

1 mg estradiol in 500 μL DMSO, diluted 1:100 in saline) 

3) Vehicle control: PBS 

4) Young control: No treatment 

Mice were euthanized on Day 21 (5 days post-

second injection) under isoflurane anesthesia followed 

by cervical dislocation. Blood was collected via cardiac 

puncture, allowed to clot (30 min, room temperature), 

and centrifuged (1,000 g, 15 min) to obtain serum. 

Ovaries were dissected; one ovary was immediately 

snap-frozen in liquid nitrogen for molecular analyses, 
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while the contralateral ovary was fixed in 4% 

paraformaldehyde for histology. 

 

Serum hormone and cytokine measurements 

FSH, TNF-α, IL-10, and p53 were quantified in 

serum using species-specific sandwich ELISA kits 

(Elabscience) per manufacturer protocols. Briefly, 

100μL serum samples or standards were incubated in 

antibody-coated microplates (1 h, room temperature), 

washed five times, incubated with HRP-conjugated 

detection antibody (1 h, 37 °C), washed again, 

developed with TMB substrate (10 min, 37 °C), stopped 

with sulfuric acid, and read at 450 nm (BioTek Synergy 

H1). Standard curves were generated using four-

parameter logistic fitting. All samples were analyzed in 

duplicate with intra-assay CV < 10%. 

 

Senescence-associated β-Galactosidase staining 

Frozen ovarian tissue sections (10 μm) were fixed 

in 0.2% glutaraldehyde/2% formaldehyde (5 min, room 

temperature), washed with PBS, and incubated 

overnight (37 °C) in X-gal staining solution (1mg/mL 

X-gal, 5 mM potassium ferrocyanide, 5 mM potassium 

ferricyanide, 2 mM MgCl₂, 150 mM NaCl in citric 

acid/phosphate buffer pH 6.0). After washing, sections 

were counterstained with nuclear fast red, dehydrated, 

and mounted. SA-β-gal-positive cells (blue cytoplasmic 

staining) were quantified using ImageJ software. Five 

random fields per section (400× magnification) were 

captured, thresholded for blue chromogen, and analyzed 

using the “Analyze Particles” function. Results are 

expressed as percentage of positively stained cells 

relative to total cells (nuclear fast red-positive nuclei). 

 

Histological analysis 

Paraformaldehyde-fixed ovaries were paraffin-

embedded, sectioned (5 μm), and stained with 

hematoxylin and eosin following standard protocols. 

Every 9th section was analyzed to avoid counting the 

same follicle twice. Follicles were classified according 

to established criteria, primordial when the oocyte was 

surrounded by a single layer of flattened granulosa cells. 

The primary oocyte is surrounded by a single layer of 

cuboidal granulosa cells. Secondary is multiple layers (≥ 

2) of granulosa cells without a visible antrum, and antral 

is a fluid-filled antral space. Follicle counts were 

performed on five randomly selected sections per ovary 

by two independent blinded observers using a Nikon 

Eclipse Ni-U microscope (200× magnification). Only 

follicles with a visible oocyte nucleus were counted to 

prevent duplicate counting. Results represent the mean 

follicle number per section. 

 

Quantification and statistical analysis 

All data are presented as mean ± standard 

deviation (SD) unless otherwise noted. Sample sizes are 

indicated in figure legends. Statistical analyses were 

performed using SPSS Statistics version 26.0. Data 

distribution was assessed using the Shapiro-Wilk test. 

Homogeneity of variance was evaluated with Leveneʼs 

test. For normally distributed data with homogeneous 

variance, one-way ANOVA followed by the Tukey test 

was employed. Non-normally distributed data were 

analyzed using the Kruskal-Wallis test followed by the 

Mann-Whitney U test with Bonferroni correction for 

multiple comparisons. Pre-post comparisons within 

groups (FSH levels) utilized a paired t-test (normal 

distribution) or a Wilcoxon signed-rank test (non-

normal distribution). Statistical significance was defined 

as p < 0.05 (one-tailed). Specific statistical tests for each 

dataset are noted in the figure legends. No outliers were 

excluded. Investigators were blinded to treatment 

groups during data acquisition and analysis, where 

applicable (histology, senescence quantification). 

 

Ethical approval 

All experimental procedures were approved by the 

Ethics Committee of Sultan Agung Islamic University 

Faculty of Medicine (Protocol No.116/IV/Komisi 

Bioetik/2025) and conducted according to ARRIVE 

guidelines. 

 

Results and discussion 

Our investigation provides comprehensive 

evidence that the administration of S-HUMCMSCs 

ameliorates multiple dimensions of ovarian aging 

through coordinated effects on hormonal regulation, 

inflammatory homeostasis, cellular senescence, and 

tissue architecture. These findings advance 

understanding of MSC secretome mechanisms while 

establishing practical therapeutic potential. The 

observed TNF-α reduction (a 97.6% decrease from the 

aged baseline) and IL-10 elevation following S-

HUMCMSCs treatment demonstrate a potent 

immunomodulatory capacity. This anti-inflammatory 
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effect likely stems from multiple secretome 

components, including IL-10 itself, transforming 

growth factor-β (TGF-β), and prostaglandin E2, which 

collectively polarize macrophages from M1 (pro-

inflammatory) toward M2 (anti-inflammatory) 

phenotypes [20]. Additionally, growth factors such as 

hepatocyte growth factor (HGF) and vascular 

endothelial growth factor (VEGF) within S-

HUMCMSCs activate the PI3K/AKT and MAPK/ERK 

pathways, suppressing NF-κB-mediated transcription of 

pro-inflammatory cytokines [28,29]. 

The FSH reduction following S-HUMCMSCs 

treatment suggests restored hypothalamic-pituitary-

ovarian axis function. This may result from improved 

ovarian follicular competence, thereby strengthening 

negative feedback through estradiol and inhibin 

secretion. Alternatively, S-HUMCMSCs-derived 

microRNAs (miR-21, miR-146a) may directly modulate 

the expression of steroidogenic enzymes, particularly 

aromatase (CYP19A1), thereby enhancing local 

estrogen production [30]. The insulin-like growth 

factor-1 (IGF-1) in S-HUMCMSCs may increase 

granulosa cell FSH sensitivity via PI3K/AKT activation, 

thereby reducing the required circulating FSH levels 

[31]. 

 

S-HUMCMSCs characterization and 

validation 

Isolated HUMCMSCs exhibited characteristic 

spindle-like morphology and plastic adherence (Figure 

1(A)). Tri-lineage differentiation capacity was 

demonstrated through Oil Red O-positive adipogenic 

differentiation (Figure 1(B)) and Alizarin Red S-

positive osteogenic differentiation (Figure 1(C)), 

fulfilling International Society for Cellular Therapy 

criteria. Flow cytometry confirmed MSC identity: CD90 

(97.60%), CD29 (97.70%), with minimal CD45 (1.50%) 

and CD31 (3.20%) expression (Figure 1(D)). 

Secretome profiling revealed the presence of key 

cytokines and growth factors, including interleukin‑10 

(IL‑10), vascular endothelial growth factor (VEGF), and 

stromal cell‑derived factor‑1 (SDF‑1). The average 

concentrations (mean ± SD, pg/mL) from three 

secretome batches were 21.21 ± 9.45 for IL‑10, 

408.93 ± 22.82 for VEGF, and 569.18 ± 77.29 for 

SDF‑1 (Figure 1(E)), indicating stable cytokine and 

growth factor production across preparations. 

 

 

 

Figure 1 Characterization of Human Umbilical Cord-Derived Mesenchymal Stem Cells (A) Phase-contrast microscopy 

showing characteristic spindle-like morphology of cultured HUMCMSCs (passage 3). Scale bar: 100 μm. (B) Oil Red O 

staining demonstrates adipogenic differentiation capacity with accumulated lipid droplets. Scale bar: 50 μm. (C) Alizarin 

Red S staining showing calcium deposition, indicating osteogenic differentiation capacity. Scale bar: 50 μm. (D) Flow 

cytometry analysis showing expression of positive MSC markers (CD90: 97.60%, CD29: 97.70%) and absence of 

hematopoietic/endothelial markers (CD45: 1.50%, CD31: 3.20%). (E) Cytokine and growth factor concentration on 

secretome analyses under ELISA assay, n = 3.  
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Validation of the ovarian aging model 

To establish a physiologically relevant model, we 

employed naturally aged 12-month-old female BALB/c 

mice. Histological examination revealed significant 

follicular depletion across developmental stages. 

Secondary follicle counts decreased from 1.8 ± 0.2 in 

young (4-month) controls to 0.2 ± 0.1 in aged mice (p < 

0.05). Primary follicles similarly declined from 1.8 ± 0.2 

to 0.1 ± 0.05 (p < 0.05) (Figures 2(A) - 2(E)). Antral 

and primordial follicles showed numerical but non-

significant reductions. Critically, serum FSH levels 

increased 2.5-fold in aged mice (5.5 ± 0.4 vs 2.2 ± 0.1 

mIU/mL, p < 0.001) (Figure 2(F)), confirming 

disrupted hypothalamic-pituitary-ovarian axis function 

characteristic of reproductive aging.

 

 

Figure 2 Validation of Natural Ovarian Aging Model (A - D) Representative histological images (H&E staining) of 

ovarian sections from young (4-month) and aged (12-month) mice showing follicles at different developmental stages. 

Yellow arrows indicate primordial, primary, secondary, and antral follicles. Scale bar: 100 μm. (E) Quantification of 

follicle numbers across developmental stages. Data shown as mean ± SEM (n = 3 per group). *p < 0.05 vs. young controls 

(Studentʼs t-test). (F) Serum FSH levels in young and aged mice are significantly elevated with aging. Data shown as 

mean ± SEM (n = 6 per group). **p < 0.001 vs. young controls (Studentʼs t-test). 
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S-HUMCMSCs reduce systemic inflammatory 

burden 

Aged control mice exhibited profound 

inflammatory activation with TNF-α levels reaching 

188.23 ± 83.31 ng/mL compared to 1.26 ± 1.45 ng/mL 

in young controls (p < 0.001). S‑HUMCMSC treatment 

dramatically reduced TNF‑α levels to 

4.55 ± 4.78 ng/mL, comparable to the 17β‑estradiol 

group (8.24 ± 11.36 ng/mL) and not significantly 

different from young controls (p = 0.942) (Figure 3(A)). 

Post-hoc analysis confirmed S-HUMCMSCs and 

estradiol treatments did not differ significantly (p > 

0.05), while both differed markedly from aged controls 

(p < 0.001). 

The anti-inflammatory capacity was assessed by 

quantifying IL-10. Aged controls showed reduced IL-10 

(1.73 ± 1.22 ng/mL) relative to baseline. S-

HUMCMSCs administration elevated IL-10 to 7.55 ± 

7.77 ng/mL, significantly exceeding young controls 

(1.06 ± 1.17 ng/mL, p = 0.019) and aged controls (p = 

0.033) (Figure 3(B)). This response exceeded that of 

17β-estradiol treatment (5.85 ± 5.58 ng/mL), although 

the differences were not statistically significant (p = 

0.515). 

 

 

 

Figure 3 S-HUMCMSCs Reduce Systemic Inflammation (A) Serum TNF-α concentrations across experimental groups. 

Data shown as mean ± SD (n = 5 - 6 per group). ****p < 0.0001 vs. indicated groups (one-way ANOVA with Turkey’s 

test). (B) Serum IL-10 concentrations across experimental groups. Data shown as mean ± SD (n = 6 per group). *p < 0.05 

vs. indicated groups (one-way ANOVA with Turkey’s test).  

 

 

Hormonal axis restoration 

FSH elevation represents a cardinal biomarker of 

reproductive aging. Aged controls demonstrated 

sustained FSH elevation (5.43 ± 1.59 mIU/mL) 

compared to young mice (1.10 ± 0.03 mIU/mL, p = 

0.017). S-HUMCMSCs reduced FSH to 3.07 ± 2.69 

mIU/mL, not significantly different from young controls 

(p = 0.878) or 17β-estradiol treatment (4.01 ± 1.50 

mIU/mL, p = 1.000) (Figure 4). These data indicate 

partial restoration of hypothalamic-pituitary sensitivity 

and/or improved ovarian follicular function. 
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Figure 4 S-HUMCMSCs restore Hormonal Homeostasis. Serum FSH levels across experimental groups. Pre-treatment 

values are shown for young and aged mice. Post-treatment values are shown for all groups following a 21-day intervention 

period. Data shown as mean ± SD (n = 6 per group). *p < 0.05 vs. indicated groups (one-way ANOVA with Turkey’s 

test). 

 

 
 

Attenuation of cellular senescence 

Senescent cell accumulation, quantified via SA-β-

gal activity, increased dramatically with aging (27.35 ± 

0.82% in aged controls vs 6.95 ± 0.49% in young mice, 

p < 0.001). S-HUMCMSCs treatment reduced senescent 

cell burden to 8.37 ± 0.85%, significantly lower than 

17β-estradiol treatment (18.75 ± 0.76%, p < 0.001) and 

approaching young control levels (p = 0.004) (Figures 

5(A) – (B)). This superior efficacy suggests S-

HUMCMSCs engage senescence-attenuating or 

senostatic mechanisms beyond hormonal modulation. 
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Figure 5 S-HUMCMSCs Attenuates Cellular Senescence (A) Representative images of SA-β-gal staining (blue) in 

ovarian tissue sections from each experimental group. Blue cytoplasmic staining indicates senescent cells. Scale bar: 50 

μm. (B) Quantification of senescent cell percentage across groups. Data shown as mean ± SD (n = 6 per group). ****p < 

0.0001 vs. indicated groups (one-way ANOVA with Turkey’s test). Five random fields per section were analyzed. 

 

 
 

Molecular assessment of senescence pathways 

revealed p53 protein elevation in aged controls (549.67 

± 243.62 arbitrary units) versus young mice (34.80 ± 

16.88, p = 0.007). S-HUMCMSCs decreased p53 

expression to 179.17 ± 170.48, significantly lower than 

aged controls (p = 0.025) and not different from young 

mice (p = 0.426) (Figure 6). In contrast, 17β-estradiol 

treatment yielded intermediate p53 levels (401.43 ± 

288.64), differing from young controls (p = 0.040) but 

not from aged controls (p = 0.284) or S-HUMCMSCs (p 

= 0.157). 
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Figure 6 S-HUMCMSCs Reduce p53 Expression. Serum p53 protein levels were measured by ELISA across 

experimental groups. Data shown as mean ± SD (n = 3 - 6 per group). *p < 0.05, **p < 0.01 vs. indicated groups (one-

way ANOVA with Turkey’s test). 

 

 

Preservation of follicular architecture 

Histomorphometric analysis revealed differential 

effects across follicular stages, with follicle counts per 

ovary determined by systematic sampling of serial 

sections (Figures 7(A) - (D)). Primordial follicles 

showed non‑significant trends across groups, whereas 

antral, primary, and secondary follicles exhibited 

patterns consistent with partial preservation of the 

growing follicle pool in treated mice, although the study 

was not specifically powered to detect small differences 

in follicle number between groups. 

S‑HUMCMSC‑treated ovaries maintained follicular 

counts comparable to young controls, but these 

differences did not reach statistical significance in this 

cohort (Figures 7(A) - (D)). Atretic follicles were 

defined as those showing disrupted or collapsed 

granulosa cell layers, detachment from the basement 

membrane, oocyte degeneration or nuclear pyknosis, 

and/or multiple pyknotic granulosa nuclei within the 

largest follicle cross‑section.  
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Figure 7 Effects of S-HUMCMSCs on Ovarian Follicular Architecture (A - D) Quantification of follicle numbers at 

different developmental stages: Antral (A), primordial (B), primary (C), and secondary (D) follicles. Data shown as mean 

± SD (n = 6 per group). Statistical analysis performed using one-way ANOVA; specific p-values are indicated where 

significant differences were observed. 

 
 

 

 

 

 

 

 

 

 

 

S-HUMCMSCs demonstrated superior efficacy 

over 17β-estradiol in reducing senescent cell burden 

(69% vs 31% reduction). This advantage likely reflects 

multi-factorial mechanisms absent from pure hormonal 

intervention. S-HUMCMSCs deliver antioxidant 

enzymes, including superoxide dismutase, catalase, and 

glutathione peroxidase, that neutralize reactive oxygen 

species, driving DNA damage and p53 activation 

[32,33]. Growth factors (PDGF, FGF) activate survival 

pathways (PI3K/AKT/mTOR) that antagonize p53-

mediated pro-apoptotic signaling [34,35]. Exosomal 

cargo, including anti-senescence microRNAs (miR-34a, 

miR-146a), directly modulates p53/p21 signaling 

cascades [36,37]. The reduction in p53 observed with S-
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HUMCMSCs treatment (a 67% decrease) provides 

molecular evidence for attenuated DNA damage 

responses and cell cycle arrest. While 17β-estradiol also 

reduced p53, the effect was less pronounced (27%), 

suggesting that hormonal effects primarily address 

downstream consequences rather than the root causes of 

cellular stress. 

Conventional 17β-estradiol therapy operates 

through estrogen receptor (ER) activation, 

predominantly ERα in the hypothalamus/pituitary and 

reproductive tissues. This induces transcriptional 

programs that support proliferation, vasodilation, and 

lipid metabolism, while suppressing certain 

inflammatory pathways through ER-NF-κB interactions 

[38,39]. However, sustained ERα activation carries 

oncogenic risks through hyperproliferation and 

genotoxic metabolite (4-hydroxyestradiol) generation 

[40,41]. In contrast, the observed benefits of 

S‑HUMCMSCs appear to arise through 

hormone‑independent mechanisms, such as paracrine 

immunomodulation, antioxidant delivery, 

pro‑regenerative signaling, and microRNA‑mediated 

regulation, which may theoretically reduce such 

estrogen receptor-related risks. Nevertheless, dedicated 

toxicological and long‑term safety evaluations are 

required before establishing any comparative safety 

advantage. This cell-free approach avoids 

tumorigenicity concerns associated with cellular 

therapies while maintaining biological complexity 

absent from single-molecule pharmaceuticals. The 

comparable efficacy to estradiol in reducing FSH, 

combined with superior senescence control and 

inflammation resolution, positions S-HUMCMSCs as a 

potentially safer long-term intervention. 

This study presents certain limitations that warrant 

consideration. The assessment at a single post‑treatment 

time point (21 days) limits conclusions about the 

durability of the observed effects; thus, longitudinal 

evaluations are required to determine the persistence of 

benefits and optimal retreatment intervals. Although 

multiple outcome parameters were analyzed, the 

underlying mechanisms remain to be elucidated through 

targeted gain- and loss-of-function approaches that 

address specific components of the secretome. 

Moreover, despite its physiological relevance, the 

murine natural aging model does not fully recapitulate 

the temporal progression and hormonal dynamics of 

human perimenopause, highlighting the need for 

validation in non‑human primate models. The absence 

of a comprehensive toxicological assessment also limits 

immediate translational applicability. Finally, the 

relatively modest sample size in follicular morphometry 

analyses may have reduced the statistical power to 

detect subtle preservation effects. 

 

Conclusions 

In conclusion, S‑HUMCMSCs showed 

amelioration of multiple hallmarks of ovarian aging in 

naturally aged mice, including normalization of FSH 

levels, marked attenuation of systemic inflammation 

(TNF‑α/IL‑10), reduction of senescent cell burden and 

p53 expression, and qualitative preservation of follicular 

architecture relative to aged controls and 17β‑estradiol. 

These findings support a hormone‑independent, 

paracrine mechanism by which the secretome modulates 

hypothalamic-pituitary-ovarian axis function, 

inflammatory homeostasis, and cellular senescence 

pathways in the context of reproductive aging. In 

addition, interpretation of these results is constrained by 

the single 21‑day observation time point, modest sample 

sizes, particularly for follicular morphometry, and the 

absence of comprehensive toxicological and 

mechanistic (gain‑/loss‑of‑function) studies. Future 

investigations should therefore incorporate longitudinal 

designs to define the durability and optimal scheduling 

of S‑HUMCMSC administration, systematically dissect 

the contribution of specific secretome components and 

perform detailed safety and efficacy assessments in 

higher‑order preclinical models that more closely 

recapitulate human perimenopausal physiology. 
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