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Abstract
Purpose  To investigate how mitochondria and telomeres evolve during early follicle growth in human preantral follicles, 
and how these changes relate to reproductive age.
Methods  This prospective study included ovarian cortex and peripheral blood samples from 21 women, categorized into 
young (20–26, n = 7), mid (27–36, n = 6) and advanced (37–46, n = 8) reproductive age groups. Ovarian biopsies were pro-
cessed for (i) follicle isolation for mitochondrial marker assessment (MitoTracker Deep Red and MitoSOX live staining) 
and telomerase subunit expression (hTERT, hTERC) by droplet digital PCR; and (ii) histological evaluation of the ovarian 
follicle pool, mitochondrial mass (TOMM20) and telomere length in different ovarian compartments (oocytes, granulosa 
cells and stroma) by fluorescence in situ hybridization (FISH). Leukocyte telomere length was measured by flow-FISH.
Results  Mitochondrial mass (TOMM20) in the follicle pool was stable across age groups, but increased significantly during 
early follicle growth in younger patients (p < 0.01). Active mitochondria did not decline with age, but reactive oxygen species 
(ROS) generation showed complex age-related patterns, with younger subjects exhibiting lower ROS levels during follicle 
growth (p < 0.01) than other age groups. Telomere length was stable in granulosa cells and oocytes within primordial fol-
licles, but increased during growth in younger age groups. Telomerase subunit expression was detected in preantral follicles 
without any significant age or size differences.
Conclusions  These results point to greater mitochondrial mass, mitochondrial ability to limit ROS generation, and telomere 
dynamics changing with increasing age in early growing follicles, potentially guiding the development of strategies to enhance 
fertility outcomes during the early stages of folliculogenesis.
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Introduction

Infertility is emerging as one of the greatest challenges ever 
faced in human reproduction, affecting up to one in four 
couples around the world. A number of aspects have been 
instrumental in these over recent decades. One is maternal 

The authors Luciana Cacciottola and Manyu Zhang have contributed 
equally as first authors.

 *	 Marie‑Madeleine Dolmans 
	 marie-madeleine.dolmans@uclouvain.be

1	 Gynecology Research Unit, Institut de Recherche 
Expérimentale Et Clinique, Université Catholique de 
Louvain, Avenue Mounier 52, Bte. B1.52.02, Brussels 1200, 
Belgium

2	 2IP‑IREC Imaging Platform (RRID:SCR_023378), 
Institute of Experimental and Clinical Research, Université 
Catholique de Louvain, Brussels, Belgium

3	 Hematology Department of Laboratory Medicine, Cliniques 
Universitaires Saint-Luc, Brussels, Belgium

4	 Gynecology Department, Cliniques Universitaires Saint-Luc, 
Brussels, Belgium

5	 Society for Research Into Infertility, Brussels, Belgium
6	 Université Catholique de Louvain, Brussels, Belgium

http://orcid.org/0000-0001-6738-289X
http://orcid.org/0009-0002-9276-5600
http://orcid.org/0000-0003-0694-1947
http://orcid.org/0000-0001-7056-7123
http://orcid.org/0000-0002-3687-3001
http://orcid.org/0000-0003-2528-206X
http://orcid.org/0000-0002-6331-3026
http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-025-03721-0&domain=pdf


294	 Journal of Assisted Reproduction and Genetics (2025) 43:293–306

age, which is increasing due to women postponing child-
bearing until their later years on account of changes in their 
role and rights in modern society [1, 2]. Ovarian function 
and somatic aging appear to be closely connected, the age 
of menopause being an important indicator of quality of life 
and overall life expectancy in women [3]. However, aging 
at the cellular level cannot be generalized to all organs, and 
mechanisms responsible for ovarian cell senescence appear 
to have their own specific regulation, which also may differ 
between somatic and germ cells. Moreover, a number of 
external and individual factors, including metabolic status, 
endocrine and inflammatory conditions and lifestyle habits, 
can further modulate ovarian aging and influence mitochon-
drial and telomere dynamics [4, 5].

The ovarian reserve continues to decrease in size over the 
course of the reproductive lifespan, accompanied by a reduc-
tion in the quality of remaining oocytes, leading to impaired 
ovulation or embryo alterations, like a higher risk of ane-
uploidy [5]. Optimal oocyte maturation depends on intrinsic 
factors, namely fully functioning cell machinery, but also 
extrinsic factors, such as granulosa cells (GCs) providing 
a nutrient supply, sustaining steroidogenesis and scaveng-
ing discarded products [6, 7]. One of the most commonly 
described age-related impairments in oocytes involves 
molecular mechanisms ensuring genomic stability, including 
telomere shortening, reduced expression of cohesin complex 
proteins responsible for accurate chromosome segregation, 
altered DNA repair pathways and epigenetic modifications, 
such as histone deacetylation and aberrant DNA methyla-
tion [4]. Some of these mechanisms are also shared with 
surrounding somatic cells, particularly GCs, which undergo 
specific epigenetic regulation. Cumulus GCs obtained during 
oocyte retrieval for assisted reproductive techniques (ART) 
show specific epigenetic regulation, like decreased methyla-
tion [8] and longer telomeres than peripheral leukocytes [9, 
10]. Indeed, they correlate poorly with chronological age 
when tested against various epigenetic clocks [4]. Neverthe-
less, major changes in these parameters, like critically short 
telomeres that fail to maintain chromosomal endprotection, 
as well as accumulation of telomere-associated DNA dam-
age foci, have been linked to increased senescence, reduced 
proliferative capacity and altered steroidogenic function in 
GCs [11, 12]. These telomeric alterations are associated with 
a diminished ovarian reserve and poor fertility outcomes [4, 
8–12].

Another key cell function involved in ovarian aging is 
the actual mitochondrial machinery that sustains meta-
bolic activity in oocytes and their surrounding GCs [13]. 
Mitochondrial biogenesis starting with mitochondrial DNA 
expansion is crucial for oocyte maturation, fertilization and 
embryo development [14]. Impaired mitochondrial func-
tion and biogenesis were observed in women with advanced 
reproductive age or a diminished ovarian reserve [15, 16]. 

Such impairment limits the energy supply available for folli-
cle growth and maturation, while increasing oxidative stress 
and cell damage due to imbalanced reactive oxygen species 
(ROS) production [5, 6, 17].

Almost all our knowledge of these cell function regu-
lations in humans comes from ART studies analyzing 
oocytes and cumulus GCs at ovulation, namely at the end 
of their maturation path. However, these investigations are 
typically conducted in the specific context of infertility and 
ovarian stimulation, which may offer only a partial view of 
the physiological behavior of these markers. Much less is 
known about how these age-related cell functions behave 
in the preantral follicle pool during primordial follicle (PF) 
activation and initial growth. According to the mitochondrial 
bottleneck theory reported by several authors [13], PFs in 
mammals preserve a minimal, mutation-free mitochondrial 
pool that expands upon activation [13, 18]. In mouse models, 
mitochondrial biogenesis has been observed at early follicle 
stages, with transmission electron microscopy (TEM) reveal-
ing reduced mitochondrial coverage, and mtDNA quantifica-
tion indicating decreased biogenesis in the preantral follicle 
pool with increasing age [19]. In humans, isolated preantral 
follicles from the ovarian cortex of prepubertal subjects were 
shown to have more mitochondria in a less active state than 
adult subjects. Moreover, their morphology and distribution 
in oocytes, assessed by TEM, were also found to vary before 
and after puberty [20].

Altered mitochondrial function disrupts chromosome seg-
regation and may contribute to genetic instability. Mitochon-
dria and telomeres are interconnected through a bidirectional 
regulatory axis, wherein mitochondrial dysfunction can trig-
ger oxidative stress that accelerates telomere attrition, while 
telomere damage can in turn provoke p53-dependent repres-
sion of mitochondrial biogenesis promoter PGC-1α. This 
impairs mitochondrial biogenesis and function [21–23]. Tel-
omere dynamics, however, remain largely unexplored in the 
distinct cellular compartments of the human ovarian cortex. 
Since PFs remain quiescent for decades in ovarian tissue, 
understanding how early biological processes are regulated 
during initial follicle growth is key to identifying the earliest 
cellular signs of ovarian aging. Mitochondrial integrity and 
telomere stability are two critical markers known to influ-
ence oocyte quality and are often compromised with advanc-
ing reproductive age. This study was designed to investigate 
whether these cellular features show age-related alterations 
in the quiescent follicle pool and whether they are further 
affected during early follicle growth. Samples from a repre-
sentative cohort of women with an age range covering the 
entire reproductive lifespan were used.
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Materials and methods

Experimental design

Use of human ovarian tissue and blood samples was 
approved by the Institutional Review Board of the Uni-
versité Catholique de Louvain (2012/23MAR/12500). 
Samples (ovarian tissue biopsies and peripheral blood 
samples) were obtained after obtaining written informed 
consent from 21 women (20–46 years) after surgery for 
benign gynecological conditions. Seven patients had endo-
metriosis (either infiltrating deep into the recto-vaginal 
space or peritoneal), four were undergoing tubal surgery 
(salpingectomy or salpingoneostomy), and 9 presented 
with uterine indications like fibroids and/or heavy men-
strual bleeding (Supplementary Information 1). Women 
with ovarian pathologies like ovarian endometriosis and/
or a history of infertility were excluded. The rationale 
for patient selection was to avoid including subjects who 
may have shown pre-existing alterations in the biologi-
cal parameters under investigation. Blood samples were 
acquired for flow fluorescence in situ hybridization (flow-
FISH) on the same day as surgery to investigate telomere 
length in leukocytes. Patients were stratified into three 
reproductive age groups based on changes in the preantral 
follicle cohort: young (20–26 years), mid (27–36 years) 
and advanced (37–46 years).

Ovarian cortical strips were kept on ice in minimal 
essential medium (MEM) plus Glutamax (Gibco, Invit-
rogen, Belgium) until they reached the laboratory. One 
fragment of around 4 × 3 × 2 mm was used for histologi-
cal analyses to assess mitochondrial mass (TOMM20 by 
immunohistochemistry [IHC]) and telomere length by 
FISH. Another fragment, ranging from 5 × 5 × 2 mm to 
5 × 10 × 2 mm in size depending on tissue availability, was 
further processed for follicle isolation to assess mitochon-
drial markers using two fluorogenic dyes (MitoTracker 
Deep Red and MitoSOX) for live cell staining. When 
available, the remaining ovarian tissue was cryopreserved 
by slow freezing for further analysis to evaluate the 
expression of hTERT and hTERC telomerase subunits by 
droplet digital PCR (ddPCR). Patient characteristics and 
numbers of isolated follicles allocated to different analyses 
are shown in Supplementary Information 1.

Telomere length assessment in peripheral 
leukocytes

Telomere length in leukocytes was measured by flow-
FISH at Cliniques Universitaires Saint Luc, as previ-
ously established [24]. Briefly, after red blood cell lysis 

with ammonium chloride, white blood cells were frozen 
at − 80 °C until analysis. Bovine thymocytes were mixed 
with each sample as internal control cells. A fluorescein 
isothiocyanate (FITC)-labeled peptide nucleic acid (PNA) 
probe was added to stain telomeres, before calculating 
the fluorescent signal using a Navios EX flow cytometer 
(Beckman Coulter).

Follicle isolation

Ovarian cortex was mechanically minced into fragments 
with a tissue chopper (McIlwain Tissue Chopper, Mickle 
Laboratory, Guildford, UK) and incubated in 10 mL Dul-
becco’s phosphate-buffered saline (PBS) with Ca2 + and 
Mg2 + (Gibco, Thermo Fisher Scientific, Ghent, Belgium). 
This was done in the presence of 0.28 Wünsch units/mL 
Liberase DH (Roche Diagnostics) and 8 Kunitz units/mL 
DNase I (Roche Diagnostics, Brussels, Belgium) in a water 
bath (37 °C) for 30 min with gentle shaking and pipetting 
every 15 min. After 30 min, the suspension was filtered 
through a 100-μm cell strainer (Imtec, Germany), then a 
30-μm strainer (Imtec, Germany), after being inactivated 
with the same volume of PBS plus 10% heat-inactivated fetal 
bovine serum (HIFBS). The enzymatic digestion step was 
repeated with ovarian tissue fragments collected from the 
100-μm cell strainer, while isolated follicles from the 30-μm 
filter were recovered by washing the nylon mesh in 3 mL 
PBS + 10% HIFBS. Undigested fragments were subjected 
to the same procedure twice more (at 60 and 90 min) until 
complete tissue digestion [25]. Fully isolated follicles were 
retrieved with the help of a stereomicroscope and a 130-μm 
micropipette by two operators and placed in PBS plus 10% 
HIFBS medium at 4 °C.

Histological ovarian reserve evaluation

Cortical fragments were fixed in 4% formaldehyde, embed-
ded in paraffin and cut into 5-µm sections. Hematoxylin 
and eosin (H&E) were used to stain every sixth slide to 
determine follicle count and classification, while sections 
in between were prepared for IHC and FISH. Six random 
H&E-stained sections per sample were digitized using 
the Pannoramic P250 Flash III slide scanner (3DHistech, 
Hungary), then closely examined using CaseViewer (v2.3). 
Follicles with a visible oocyte were counted and classified 
according to developmental stage into PFs (including both 
primordial and transitory follicles) and growing follicles 
(GFs) (including primary and secondary follicles). Atretic 
follicles were evaluated in line with specific morphological 
criteria, including (i) ooplasm eosinophilia, (ii) GC pyknosis 
or (iii) cytoplasmic contraction [26]. Follicle density was 
expressed as the number of follicles per mm3.
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Ovarian tissue freezing and thawing

Surplus cortical strips from six subjects were cryopre-
served by a slow-freezing protocol and thawed following 
established procedures [27]. Briefly, cortical fragments were 
immersed in freezing medium composed of 10% dimethyl 
sulfoxide (DMSO) (Sigma, Belgium), placed in a program-
mable freezer (Kryo 10, Series III, Planer, UK) and then 
stored in liquid nitrogen. For thawing, they were kept at 
room temperature for 2 min, immersed in a water bath at 
37 °C for another 2 min, then washed 3 times in fresh MEM 
plus Glutamax (Gibco, Invitrogen, Belgium).

Mitochondrial evaluation

1.	 Mitochondria and mitochondrial ROS labeling in iso-
lated follicles

Mitochondrial parameters in isolated follicles were inves-
tigated using 2 fluorescent probes: MitoTracker Deep Red 
(Invitrogen M46753, Belgium) and MitoSOX Red (Invitro-
gen M36008, Belgium). The first enables active mitochon-
dria visualization, while the second targets anion superoxide 
of mitochondrial origin in live cells.

Isolated follicles were incubated in 10 µM MitoSOX 
(stock solution: 5 mM in DMSO), 1 µM MitoTracker Deep 
Red (stock solution: 1 mM in DMSO) and 6 nM Hoechst 
33,342 (Thermo Fisher R37605, USA) in MEM plus Glu-
tamax (Gibco, Invitrogen, Belgium) enriched with 10% 
HIFBS (Thermo Fisher Scientific, USA) for 30 min at 37 °C. 
They were then fixed in 4% formaldehyde for 20 min at 4 °C. 
Fixed follicles were collected in channels of a µ-slide VI flat 
(Ibidi 80,626, Wisconsin, USA), filled with 30 µl PBS and 
kept in the dark at 4 °C until evaluation.

Each follicle was imaged using a Zeiss LSM 800 con-
focal microscope at its largest diameter with a 40 × Plan-
Apochromat oil immersion objective. Acquisition param-
eters were kept constant for all experiments. MitoTracker 
Deep Red, MitoSOX and Hoechst 33,342 were respectively 
excited with 640-, 561- and 405-nm lasers. For quantitative 
evaluation, image analysis was performed using ImageJ soft-
ware. A detection threshold was determined for each marker. 
Cytoplasmic areas (obtained after nuclei exclusion) stained 
with each dye were quantified out of total follicle area and 
expressed as a percentage.

2.	 Mitochondrial mass evaluation in histological sections

Three non-consecutive sections from each sample were 
used for immunolabeling of TOMM20, a peptide receptor 
located on the surface of the outer mitochondrial membrane, 
as previously reported in the literature [20]. Briefly, after 
deparaffinization and rehydration, sections were treated to 

block endogenous peroxidase activity by incubation in 3% 
hydrogen peroxide (in water) for 30 min and to bind non-
specific antibodies by incubation in goat serum for another 
30 min. This was followed by overnight incubation at 4 °C 
with primary antibody (rabbit anti-human TOMM20 (dilu-
tion 1:500, PAS-52843, Invitrogen)) and, after subsequent 
washing, a further 60 min at room temperature with EnVi-
sion anti-rabbit secondary antibody (Dako K4003, North 
Carolina, USA). Diaminobenzidine (DAB Cector 4100, 
Dako, NC, USA) was used as a chromogenic peroxide sub-
strate and nuclei were counterstained with hematoxylin. 
Slides were mounted using a Sakura TissueTek coverslipper. 
Negative controls were in line with current guidelines, using 
rabbit-specific polyclonal antibody FLEX (ready to use, 
IS600, Dako, NC, USA) to substitute the primary antibody.

Stained slides were digitized using the Pannoramic P250 
Flash III scanner (3DHISTECH, Hungary) at 40 × magni-
fication and visualized with Caseviewer software (v2.3). 
Images of ovarian tissue areas containing follicles (oocytes, 
GC layer or entire follicles) were captured with CaseViewer 
at 40 × magnification and analyzed by Fiji v1.52 (NIH, USA) 
as previously described [27]. Briefly, PFs were digitally iso-
lated from adjacent stroma by selecting a region of interest 
(ROI). After determining a threshold for TOMM20 staining, 
immunolabeled areas and total follicle area were calculated 
in square micrometers and expressed as a percentage of 
TOMM20-stained area out of total area per ROI.

Telomere length assessment in ovarian tissue

Formalin-fixed paraffin-embedded 5-µm-thick sections 
of ovarian tissue were placed on SuperFrost white slides 
(Fisher Scientific, France) and used to detect telomeres fol-
lowing an established protocol [28]. They were deparaffi-
nized using three consecutive baths in Histosafe for 10 min 
each, rehydrated through a graded ethanol series at 100%, 
95%, 70% and 30% for 3 min each, before being washed in 
PBS and heated in a microwave at 450 watts for 10 min in 
citrate buffer (10 mM sodium citrate, 0.1% Tween-20, pH 
6). The slides were then cooled down, washed in PBS again 
and incubated in permeabilization buffer (20 mM Tris–HCl 
pH8, 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose, 0.5% 
triton x-100) for 1 h at 37 °C. They were treated with 100 µg/
ml RNase A (Qiagen, Germany) diluted in 10% UltraPure 
20 × SSC (Thermo Fisher, USA) for 1 h at 37 °C, seri-
ally hydrated through a graded ethanol series at 70%, 85% 
and 100% for 2 min each, then air-dried and overlaid with 
hybridization solution containing a 160 nM G-richtelomeric 
LNA probe (Qiagen, Germany), 50% deionized formamide, 
UltraPure 2 × SSC (Thermo Fisher, USA) and 1 × blocking 
reagent (Roche Custom Biotech, Germany). The slides were 
subsequently incubated at 83 °C for 3 min with a coverslip. 
After 2 h of incubation at room temperature in the dark, the 
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unbound probe was washed off as follows: twice for 15 min 
in 50% deionized formamide, UltraPure 2 × SSC (Thermo 
Fisher, USA), 20 mM Tris–HCl pH 7.4, and twice for 10 min 
in 150 mM NaCl, 0.05% Tween-20 and 50 mM Tris–HCl 
pH 7.4. The slides were serially dehydrated again and fixed 
in 4% formol for 10 min. Nuclei were then stained with 
Hoechst 33,342 (1:500, Thermo Fisher, USA) and mounted 
using aqueous mounting medium (Enzo, NY, USA).

Images were acquired with the Zeiss LSM 800 at 
63 × objective in oil immersion as a Z-stack, with micro-
scope adjustments kept constant for all experiments. The 
LNA G-rich probe for telomeres was detected at a wave-
length of 568 nm, while Hoechst 33,342 was detected at 
405 nm. Quantitative analysis was conducted using ImageJ 
software. Mean intensity staining of telomere dyes was 
quantified in each of the following compartments: GCs in 
PFs, oocytes in PFs, GCs in GFs, oocytes in GFs and stro-
mal cells selected from cortical areas surrounding analyzed 
follicles.

Telomerase expression by ddPCR

Preantral follicles were isolated from frozen-thawed ovarian 
cortical strips by mechanical and enzymatic digestion, as 
described above, before being sorted into two populations 
according to size (under and over 50 µm) for each patient. 
Pools of isolated follicles were then stored in RLT lysis 
buffer at − 80 °C until use. Total ribonucleic acid (RNA) 
was obtained by RNA extraction with the RNeasy Plus 
micro kit (Qiagen, Germany) according to the manufac-
turer’s instructions. RNA purity and quantity were assured 
using the NanoDrop 2000c spectrophotometer (Thermo 
Scientific). All RNA samples were reverse-transcribed at 
the same time using the SuperScript IV VILO Master Mix 
(Invitrogen), while complementary DNA (cDNA) was stored 
at − 80 °C. FAM-labeled commercial assays were carried out 
for hTERT (Taqman, HS00972650-m1), a catalytic subunit 
of telomerase, whose expression is restricted to some cells, 
and hTERC (Taqman, Hs03454202_s1), the constitutively 
expressed RNA subunit of the enzyme.

The QX200 Droplet Digital PCR System (Bio-Rad Lab-
oratories Inc., CA, USA) was used. The reaction mixture 
contained 11 µl ddPCR™ Supermix for probes (no dUTP), 
1-µl assays for the gene of interest or the reference gene, 
7 ng cDNA and Tris–EDTA buffer. Twenty-two microliters 
of this mixture was used and a previously established proto-
col for ddPCR was applied [27, 29]. Each reaction was run 
in technical duplicate, with absolute quantification, as this 
method is preferred for low-input samples where reference 
gene expression may be variable or unreliable.

The experiment included negative (primary HFF2 fore-
skin fibroblasts) and positive (U2OS sarcoma cells ectopi-
cally overexpressing hTERT and hTERC) control samples, 

and no template controls. Droplets were deemed positive 
or negative by thresholding based on their fluorescence 
amplitudes. Results were analyzed when reliable amplifica-
tion was obtained, gene expression levels were consistent 
between runs in control samples and the number of tested 
droplets per well was > 10,000.

Results

Ovarian reserve and primordial follicle pool

Follicle density and age showed a negative correlation, 
as expected (Fig. 1A). Looking at different age groups, 
mean follicle density was 965.85 (range 49.9–2010.03) 
in the young-age group (20–26, n = 7), 154.56 (range 
57.49–546.37) in the mid-age group (27–36, n = 6) and 
59.83 (range 26.66–178.85) in the advanced-age group 
(37–46, n = 8) (p < 0.01) (Fig. 1B). Proportions of PFs out 
of total follicles also correlated negatively with increasing 
age, yielding 87.93 ± 12.57 (mean %, ± SD) in the young-age 
group, 70.5 ± 16.99 in the mid-age group and 59.92 ± 11.55 
in the advanced-age group (p < 0.01) (Fig. 1C). Atretic 
follicle rates were not linked to age and showed values 
of 21.85 ± 9.86 (mean %, ± SD) in the young-age group, 
18.66 ± 15.89 in the mid-age group and 19.48 ± 10.83 in the 
advanced-age group (Fig. 1D).

Mitochondrial mass, function and oxidative stress

Mitochondrial mass marker TOMM20 was stable with 
increasing age, as similar mean levels were detected between 
different age groups in analyzed preantral follicle pools, 
specifically 26.51 ± 11.37 (mean %, ± SD) in the young-age 
group, 27.12 ± 12.1 in the mid-age group and 26.36 ± 12.13 
in the advanced-age group (Fig. 2A–B). When observing 
TOMM20 expression in follicle compartments, the GC 
layer was found to have increased the signal significantly 
more than oocytes with follicle growth (GCs: 16.66 ± 9 
vs. 30.19 ± 14.5; oocytes: 23.42 ± 10.23 vs. 27.15 ± 13.5) 
(Fig. 3C). When considering TOMM20 expression in PFs 
compared to GFs (Fig. 2D) in all age groups, a significant 
upturn was detected in mitochondrial mass along with GF 
stage in young patients (24.94 ± 10.27 vs. 30.37 ± 13.69, 
p < 0.01). An upward trend was also noted in the mid-age 
group (25.06 ± 11.77 vs. 33.16 ± 18.87), while similar levels 
were encountered in advanced-age patients (26.21 ± 11.47 
vs. 29.55 ± 12.83) (Fig. 2E–F).

Among mitochondrial markers, namely MitoTracker 
Deep Red and MitoSOX for active mitochondria and ROS 
generation respectively (Fig. 3A), there were no changes 
between the different age groups. Active mitochondria num-
bered 18.49 ± 8.08 (mean %, ± SD) in the young-age group, 
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14.49 ± 8.52 in the mid-age group and 18.70 ± 9.38 in the 
advanced-age group (Fig. 3B), while ROS generation was 
respectively 11.85 ± 6.71, 16.1 ± 6.44 and 10.46 ± 4.53 
(Fig. 3F). When comparing expression in PFs and GFs for 
each age group, no differences were observed in active mito-
chondria stained with MitoTracker Deep Red, numbering 
20.37 ± 9.82 in PFs and 17.27 ± 8.76 in GFs in the young-age 
group, 13.47 ± 12.27 in PFs and 14.54 ± 1.5 in GFs in the mid-
age group and 19.24 ± 7.91 in PFs and 21.83 ± 15.88 in GFs in 
the advanced-age group (Fig. 3C–E). On the other hand, ROS 
generation detected by MitoSOX dropped significantly with 
follicle growth in the young-age group (14.74 ± 7.84 in PFs 
versus 9.14 ± 5.45 in GFs, p < 0.01), rose with follicle growth 

in the mid-age group (13.14 ± 6.06 in PFs versus 23.67 ± 7.54 
in GFs, p < 0.05) and showed inconsistent variations in the 
advanced-age group (9.66 ± 5.38 in PFs versus 10.53 ± 7.7 in 
GFs) (Fig. 3G–I). As a marker of functional mitochondria, 
MitoTracker Deep Red signal quantification did not correlate 
with age nor TOMM20 levels in isolated follicles (Supplemen-
tary Information 2).

Telomere length in peripheral lymphocytes 
and in ovarian tissue

Telomere length in peripheral lymphocytes of these 20 
women ranged between the  1 st and 97.5th percentiles of 

Fig. 1   A Linear regression between age and follicle density (p < 0.01, 
R2 = 0.37). B Ovarian follicle pool residing in the cortex expressed as 
total follicle density (#/mm3) in the three age groups. C Proportions 

of primordial follicles (PFs) in the three age groups. D Proportions of 
atretic follicles in the three age groups
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a reference cohort from Cliniques Universitaires Saint Luc, 
indicating no bias in the cohort (Fig. 4A), and showed a 
tendency to decrease with increasing age (Fig. 4B). Aver-
age telomere length was evaluated in each compartment of 
ovarian tissue, namely the stroma, GCs and oocytes from 
PFs and GFs, collected from a total of 20 subjects (Fig. 4C).

Comparison of telomere length between age groups 
did not evidence any significant variation in this param-
eter with increasing age. In the young-age group, tel-
omere length was 26.64 ± 11.35 in GCs and 27.98 ± 12.69 
in oocytes of PFs, 28.57 ± 11.32 in stromal cells and 
31.1 ± 11.61 in GC layers of GFs. In the mid-age group, 

Fig. 2   A Representative images of TOMM20 staining in primor-
dial follicles  (PFs) (red arrows) and growing follicles (GFs) (green 
arrows) in human ovarian tissue of three patients aged 26, 31 and 
41 years respectively. Scale bar: 50 µm. B Proportions of TOMM20-
stained area in the preantral follicle pool as a marker of mitochondrial 

mass in the three age groups. Each dot represents the mean value 
obtained for follicles detected on 6 sections per sample. C Propor-
tions of TOMM20-stained area in oocytes and granulosa cell (GC) 
layer. D, E, F Paired t-test for TOMM20 + area in PFs and GFs in the 
three age groups. *p < 0.05; **p < 0.001
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values were 23.27 ± 8.85 and 21.11 ± 11.1 in GCs and 
oocytes of PFs, 24.81 in stromal cells and 27.76 ± 9.6 
in GC layers of GFs. In the advanced-age group, tel-
omere length was 33.5 ± 20.01 and 37.04 ± 23.66 in GCs 

and oocytes of PFs, 36.77 ± 18.19 in stromal cells and 
40.84 ± 14.30 in GC layers of GFs (Fig. 4D).

Analysis of telomere dynamics in different tissue com-
partments for each patient group was also conducted. Similar 

Fig. 3   A Representative images of isolated primordial follicles 
(PFs) and growing follicles (GFs) stained live with MitoSOX and 
MitoTracker Deep Red, then fixed and analyzed by confocal micros-
copy (40 ×). Images were captured in the central plane of the Z-stack 
acquired for each 3D-stained follicle. For each follicle, the panel 
shows (from left to right) the merged image, followed by individual 
channels for MitoSOX (red), MitoTracker Deep Red (yellow) and 
Hoechst 33,342 (blue). Scale bar: 10  µm. B Proportions of average 

MitoTracker Deep Red-stained area in isolated preantral follicles as 
a marker of mitochondrial activity in the three age groups. C, D, E 
Paired t-test for MitoTracker Deep Red-stained area in PFs and GFs 
in the three age groups. F Proportions of average MitoSOX-posi-
tive area in isolated preantral follicles as a marker of mitochondrial 
ROS generation in the three age groups. G, H, I Paired t-test for 
MitoSOX + area in PFs and GFs in the three age groups. *p < 0.05; 
**p < 0.001
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telomere length was detected between GCs and oocytes 
in PFs in all age range groups (Fig. 4E–G). Comparisons 
between GCs and oocytes in GFs were not made, as numbers 
of oocytes visible by immunofluorescence-FISH for this fol-
licle stage were not sufficient. Significantly longer telomeres 
were spotted in GCs of GFs than in PFs at all ages (young: 
p < 0.01; mid: p < 0.05; advanced: p < 0.05) (Fig. 4H–J). Sig-
nificantly longer telomeres were found in stromal cells com-
pared to GCs of PFs in younger patients (p < 0.05), while in 
the mid-age and advanced-age groups, this difference was 
not significant (Fig. 4K–M). No correlation was established 
between these parameters and age, follicle density or tel-
omere length within ovarian tissue (Supplementary Table 2).

Telomerase expression

Expression of hTERC was detected in both positive and 
negative controls, while hTERT expression was evidenced 
only in positive controls (Fig. 5A). In PFs and GFs, hTERC 
and hTERT were not always identified, and no significant 
difference was observed between them (Fig. 5B).

Discussion

Age-related decline in female fertility leads to a reduced 
probability of conception every month and increased risk 
of implantation failure or early fetal loss. Infertility rates, 
defined as a delay in conception after more than 1 year of 
attempts, range from 6% in young women (15–24 years) to 
over 30% in women of late reproductive age (35–44 years) 
[29]. This age-associated decline in fertility over time is 
characterized by quantitative and qualitative alterations to 
the ovarian reserve.

In terms of quantitative modifications, studies based on 
large numbers of histological samples have shown that the 
ovarian follicle pool diminishes with age, resulting in a loss 
of about 85% of follicles over a woman’s lifespan [30, 31]. 
Our findings are fully in line with the literature, confirming 
a drop in the ovarian follicle pool by the age of 37–38 years. 
Regarding qualitative alterations, the literature focuses on a 
number of key cell functions at later stages of folliculogen-
esis, including energy supply and genetic stability, involved 
in the decline of oocyte fertilization, embryo development 
and further implantation [32–34].

Our investigations revealed that mitochondrial mass, 
assessed by TOMM20 expression, remains relatively 
stable across age groups in PFs, with no significant age-
related downturn. However, there was a notable increase 
in mitochondrial mass, especially in the GC layer, prob-
ably due to mitochondrial biogenesis during initial fol-
licle growth in younger patients, a trend that was less 
pronounced or absent in older subjects. These findings 

suggest that mitochondrial biogenesis dynamics change 
with age during early folliculogenesis, in line with the 
mitochondrial bottleneck theory, whereby PFs maintain a 
minimal and relatively mutation-free mitochondrial pool 
that must expand upon activation and growth [13, 19]. 
Our experimental model does not allow us to determine 
whether this age-related difference reflects enhanced bio-
genesis in younger individuals or impaired capacity in 
older ones. However, the known decline in mtDNA copy 
number and stability with advancing age, also key param-
eters of mitochondrial function and biogenesis may sup-
port the hypothesis of reduced mitochondrial biogenesis 
in the aging ovary [35].

Active mitochondria, as detected by MitoTracker Deep 
Red, did not reveal any significant age-dependent variations, 
nor was there any correlation with TOMM20 levels. This 
may seem to contradict previous studies showing impaired 
mitochondrial function in oocytes from women of late repro-
ductive age [15, 16]. It is possible that the mitochondrial 
impairment described in the recent literature as occurring at 
later stages of oocyte maturation is not yet apparent at earlier 
stages of folliculogenesis, which were the main focus of our 
study. Nevertheless, ROS generation marked by MitoSOX 
and representing one of the signs of mitochondrial dysfunc-
tion in cells [36] exhibited complex patterns, with a sig-
nificant drop in ROS values during follicle growth in young 
patients, but increased levels with follicle growth in the mid-
age group. In our study, mitochondria from younger sub-
jects appeared to function more effectively, as indicated by 
reduced production of ROS as byproducts of the respiratory 
chain. While this suggests possible age-related impairment 
of mitochondria, we acknowledge that ROS measurements 
alone are not sufficient to draw conclusions about oxidative 
damage or antioxidant capacity, which were not assessed in 
the present study. Whether or not this increase in ROS in 
older subjects is counterbalanced by a complementary rise 
in antioxidant defenses, it may still reflect an underlying 
vulnerability in mitochondrial function. Notably, this altera-
tion arises at a critical stage when mitochondrial biogenesis 
and activity should intensify to support early follicle growth, 
potentially contributing to impaired follicle and oocyte mat-
uration with advancing age [37].

Genetic stability, particularly telomere length regula-
tion, is essential for safe DNA replication in somatic cells. 
While telomere length is typically linked to aging [8], we 
did not find it useful among reproductive-age subjects 
(20–46 years). We observed no correlation between tel-
omere length in peripheral leukocytes and ovarian compart-
ments. This may be due to wide interindividual variability 
in leukocyte telomere length during the reproductive years, 
which could hide weak correlations unless studied in large 
cohorts. Alternatively, telomere dynamics may be regulated 
by tissue-specific mechanisms, limiting the usefulness of 
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leukocyte telomere length as a surrogate marker of ovarian 
aging [7, 8, 38].

When analyzing telomere length in ovarian tissue across 
different cell types, namely GCs, oocytes and stromal cells, 
we made several important observations. In all age groups, 
GCs from GFs exhibited significantly longer telomeres than 
those in PFs, suggesting that the intrinsic ability to maintain 
or elongate telomeres during early follicle growth is pre-
served throughout the reproductive lifespan. This telomere 
elongation in GCs is likely essential to sustain their prolif-
erative capacity during maturation [39, 40]. By contrast, tel-
omere dynamics in surrounding stromal cells appeared to be 
age-dependent, showing possible loss of regulatory capacity 
with increasing age. This could reflect extrinsic changes in 
the ovarian microenvironment rather than intrinsic deficits 
within follicular cells themselves. Indeed, it is well estab-
lished that the ovarian stroma undergoes structural and func-
tional remodeling with advancing age, including altered col-
lagen deposition, immune dysregulation and a shift toward 
a more inflammatory and pro-oxidative milieu [41]. Telom-
eres, being guanosine-rich, are particularly susceptible to 
oxidative stress. As ROS accumulate with age, they may 
exacerbate telomere attrition in stromal cells, potentially 
contributing to premature cell cycle arrest and impaired sup-
port of follicle development [42, 43]. These findings suggest 
that telomere regulation within follicles is largely preserved, 
while age-related changes in the surrounding stroma may 
impair overall follicle function. This remodeling may rep-
resent a physiological process that becomes disrupted in 
women with a diminished ovarian reserve. Previous studies 
have indeed shown that telomeres are shorter and richer in 
DNA aberrations in cumulus GCs in women with poor fertil-
ity due to advanced age or a decreased ovarian stockpile [8, 
11, 12]. Like other epigenetic markers, such as DNA meth-
ylation, telomere length in cumulus GCs correlates with a 
‘younger’ biological age when analyzed through epigenetic 
clocks [7, 38]. Telomere remodeling, particularly elongation, 

primarily occurs via telomerase, an enzyme highly con-
served across species [44]. Telomerase activity has been 
detected in GCs of antral and cumulus layers in pigs [45, 
46] and bovines [47, 48], yielding longer telomeres, but not 
in PFs [47]. The present study is the first to show telomerase 
expression in human PFs and early GFs. We were not able 
to determine whether telomerase activity occurred in GCs, 
oocytes or both. Given the oocyte/GC ratio, approximately 
1:100 in PFs and up to 1:1000 in secondary follicles, we 
can infer that telomerase gene expression originated from 
GCs, which may well need telomerase activation for safe 
DNA replication during their further proliferation [49]. It is 
known that adult germ cells lack telomerase activity, unlike 
fetal germ cells [50], which might explain why oocytes do 
not have longer telomeres than their surrounding GCs. This 
suggests that human oocytes do not maintain telomere length 
for long-term survival and proper meiosis, contributing to 
their diminishing quality with age [40].

Strengths and limitations

One of the strengths of this study is the use of human ovar-
ian tissue samples across a broad age range, allowing for 
a comprehensive analysis of mitochondrial and telomere 
dynamics at early follicle stages. One of its drawbacks is 
the application of strict selection criteria for women with no 
history of infertility, which could have led to potential bias 
in older patients, having recruited women of proven and/or 
high fertility compared to other age ranges.

This study was exploratory in nature and not based on 
prior power analysis. Its primary objective was to character-
ize the behavior of mitochondrial and telomeric markers dur-
ing early follicle growth in an underexplored, non-stimulated 
human ovarian context. The histological techniques and 
live-cell dyes used, while appropriate for spatially resolv-
ing mitochondrial markers within each follicle stage, provide 
only indirect proof of mitochondrial dynamics and lack the 
capacity to capture functional processes like ATP produc-
tion and oxygen consumption. Despite these limitations, 
several significant trends were observed that may inform 
new hypotheses and future targeted studies. More specifi-
cally, mitochondria and telomere regulation were found to 
occur differently in younger subjects than in other subjects. 
This means that follicle growth disruption due to age-related 
events like lower energy supply, oxidative stress and unsafe 
DNA replication could occur already at preantral follicle 
stages in women with age-related reproductive issues. Future 
challenges in reproductive medicine will involve the devel-
opment of therapeutic strategies to address cell dysfunction 
like ROS accumulation during early follicle growth, which 
lasts 4–6 months before the FSH-dependent phase and for 
which there is no available treatment as yet.

Fig. 4   A Distribution of telomere length in the 20 subjects included 
in the study compared to a reference population at Cliniques Univer-
sitaires Saint Luc. B Correlation between telomere length in lym-
phocytes and age. C Representative image of FISH analysis showing 
telomeres in a primordial follicle (PF) and a growing follicle (GF). 
FISH was performed on tissue sections, and telomere signals were 
evaluated in different cell compartments, including granulosa cells 
(GCs) from both PFs and GFs, as shown in the examples. Images 
were acquired by confocal microscopy at 63 ×. In the lower panel, 
individual fluorescence channels are shown for each follicle: red for 
the telomere-specific LNA probe (Cy5) and blue for Hoechst 33,342. 
Scale bar: 10  µm. D Mean telomere length in GCs and oocytes of 
PFs, stromal cells and GCs of GFs in the three age groups. E, F, G 
Paired t-test of mean telomere length in GCs and oocytes of PFs in 
the three age groups. H, I, J Paired t-test of mean telomere length in 
GCs of PFs and GCs of GFs in the three age groups. K, L, M Paired 
t-test of mean telomere length in GCs of PFs and stromal cells in the 
three age groups. *p < 0.05; **p < 0.001

◂
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Conclusions

This study provides new insights into mitochondrial and 
telomere dynamics during early folliculogenesis in human 
ovarian tissue across the reproductive age range. Specifi-
cally, we observed an age-dependent increase in mitochon-
drial mass accompanied by lower levels of ROS generation 
in younger individuals, while telomere lengthening during 
early follicle growth occurred consistently across all age 
groups. By contrast, telomere regulation in stromal cells 
appeared to be increasingly altered with age. By capturing 
these changes at defined early stages of folliculogenesis, the 
study helps pinpoint when age-related alterations begin to 
emerge in the timeline of follicle development. These find-
ings enhance our understanding of the cellular mechanisms 
involved in ovarian aging, and may inform future studies 
investigating how their disruption is linked to a diminished 
ovarian reserve and impaired oocyte quality.
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