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Abstract

Background
Mitochondria are essential for ovarian function, steroidogenesis, and oocyte development. However, the
role of mitochondrial biogenesis in estrous cyclicity and oocyte competence remains incompletely
understood. This study investigated the effects of SR-18292-mediated peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α) inhibition on reproductive outcomes and ovarian
transcriptomic profiles in female ICR mice.

Methods
Estrous cyclicity was monitored before, during, and after SR-18292 treatment. Oocyte yield,
degeneration, and fertilization outcomes were evaluated following gonadotropin-induced superovulation
and in vitro fertilization (IVF). Ovarian transcriptomes were analyzed by RNA sequencing at 48 h after
pregnant mare serum gonadotropin (PMSG) and 13 h after human chorionic gonadotropin (hCG)
administration, followed by differential gene expression and pathway enrichment analyses.

Results
SR-18292 treatment disrupted estrous cyclicity, with prolonged or stalled progression at metestrus and
diestrus. Treated mice yielded significantly more ovulated oocytes following superovulation, but these
oocytes exhibited a greater degeneration rate and almost no successful fertilization compared to the
control group. Transcriptomic changes were more pronounced 13 h after hCG than 48 h after PMSG
administration. Early transcriptomic responses were associated primarily with activated lipid
metabolism, adipocytokine signaling, and hormone-related processes. Moreover, later transcriptomic
responses included suppression of mitochondrial respiratory-chain and oxidative phosphorylation-
associated gene categories, alongside alterations in metabolic and signaling pathways.

Conclusions
SR-18292 treatment was associated with disrupted estrous cyclicity, increased ovulatory output, and
impaired oocyte competence. Transcriptomic analysis suggests that metabolic, hormone-responsive,
and energy-sensing pathways may sustain follicular development and ovulation despite pharmacological
modulation of PGC-1α, yet fail to preserve oocyte competence, revealing a potential uncoupling between
ovulatory output and oocyte developmental potential. These findings support further investigation into
the role of PGC-1α-associated mitochondrial regulation in female reproduction.

Introduction
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Follicular development and oocyte maturation are closely coordinated processes that determine female
reproductive competence. During folliculogenesis, granulosa and theca cells undergo dynamic changes
in response to gonadotropins and intraovarian signaling, supporting follicular growth, steroidogenesis,
and ovulation (1–4). Oocytes also depend on metabolic cooperation with surrounding granulosa and
cumulus cells, which provide essential substrates and signaling molecules through gap junctions and
transzonal projections (5–7). Oocyte development involves cytoplasmic remodeling, accumulation of
organelles and maternal RNAs, and acquisition of the molecular components required to support
fertilization, implantation, early embryogenesis, and subsequent pregnancy outcomes (8, 9). Among the
cellular components involved in this process, mitochondria play a particularly important role in
supporting oocyte development and maturation. Beyond ATP production through oxidative
phosphorylation (OXPHOS), mitochondria regulate calcium homeostasis, redox balance, and cellular
signaling, all of which contribute to oocyte quality and developmental potential (10–15). Mitochondrial
activity is closely associated with meiotic progression, chromosome segregation, and early embryonic
development, whereas excessive reactive oxygen species (ROS) and mitochondrial dysfunction can
compromise oocyte maturation and fertilization (14–16). These findings highlight the importance of
mitochondrial function in maintaining reproductive competence.

Mitochondrial function is maintained through coordinated regulation of mitochondrial biogenesis,
dynamics, and quality control. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1α) is a major transcriptional coactivator involved in mitochondrial biogenesis through the
regulation of nuclear respiratory factors and other transcriptional regulators of mitochondrial function
(17–19). Mitochondrial dynamics, including fusion and fission, further allow organelles to adapt their
morphology, distribution, and functional capacity to changing cellular demands (20, 21). These
processes are particularly relevant to ovarian physiology, in which metabolic requirements change
throughout follicular development, ovulation, luteinization, and corpus luteum formation (5, 22, 23).
Hormonal stimulation may therefore influence ovarian mitochondrial activity through changes in
mitochondrial regulatory pathways and broader metabolic transcriptional networks. Nevertheless, how
these regulatory processes contribute to ovarian cyclicity, ovulatory function, and oocyte developmental
competence remains incompletely understood.

Previous studies have provided evidence linking mitochondrial remodeling to ovarian reproductive
physiology. In our previous studies, we demonstrated stage-dependent changes in mitochondrial
morphology and distribution during goat corpus luteum development (23). We also showed that
treatment with the mitochondrial fusion promoter M1 disrupted estrous cycle dynamics and altered
mitochondrial respiratory complex expression in female mice (24). These findings suggest that
mitochondrial regulation is involved in ovarian function, but the consequences of manipulating
mitochondrial biogenesis-related pathways for ovulation and oocyte competence remain unclear. In
addition, the accompanying ovarian transcriptional responses, particularly those associated with
metabolic adaptation and mitochondrial function during gonadotropin-induced follicular development
and ovulation, have not been fully characterized.
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SR-18292 is a small molecule originally identified as an inhibitor of PGC-1α-dependent transcriptional
activity through increased PGC-1α acetylation (18). Although its direct molecular target has not been
fully established, SR-18292 provides a pharmacological approach to investigate the consequences of
reduced PGC-1α activity in vivo (18, 25). In the present study, we investigated the effects of SR-18292
treatment on estrous cycle progression, ovulatory output, and oocyte developmental competence in
female mice. We further characterized ovarian transcriptomic responses at two stages of gonadotropin
stimulation, following PMSG and hCG administration, to identify changes in metabolic pathways,
mitochondrial function, and associated biological processes. By integrating reproductive phenotypes
with transcriptomic analysis, this study aimed to provide insight into how PGC-1α-associated
mitochondrial regulation may influence ovarian function and the relationship between ovulatory activity
and oocyte developmental potential.

Materials and Methods

Animals
Female ICR mice aged 10 weeks or ~ 5 weeks and male ICR mice aged 10–12 weeks were obtained
from BioLASCO, Taiwan. All mice were maintained under controlled temperature and humidity conditions
with a 12-h light/dark cycle and had ad libitum access to food and water. Ten-week-old female mice were
used for estrous cycle monitoring and in vitro fertilization (IVF) experiments, whereas approximately 5-
week-old female mice were used for transcriptomic analysis. Male mice were housed in the same room
as the females to help maintain regular estrous cycles (26). All animal procedures were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health,
NIH Publication No. 80 − 23, revised 1978) and were approved by the National Taiwan University
Institutional Animal Care and Use Committee (NTU-108-EL-00112, NTU-113-EL-00154, and NTU-114-EL-
00166).

Cycle determination and SR-18292 treatment
Vaginal smears were collected daily from female mice by introducing and aspirating 100 µL of saline into
the vaginal canal until an opaque cell suspension was obtained. The suspension was spread onto glass
slides and dried on a heating plate. The smears were stained with 0.02% methylene blue, gently rinsed
with running water, and examined under a microscope. Estrous cycle stages were determined based on
the relative proportions of nucleated epithelial cells, leukocytes, and cornified epithelial cells (27, 28).

22.5 mg/kg BW of SR-18292 (Sml2146, Sigma-Aldrich) was prepared the same way as in previous
studies; it was diluted in 5%DMSO, 10% Tween 80, and 85% 1x PBS (18, 24). On the first morning of
treatment, vaginal smears were collected to confirm proestrus. SR-18292 (0.3 mL) was administered by
injection, followed by vaginal smear collection at noon to monitor estrous cycle changes. A second
injection (0.3 mL) was administered at 3:00 p.m. Treatments were continued for five consecutive days.

Page 4/27



Superovulation and In Vitro Fertilization (IVF)
For superovulation, female mice aged 10 weeks or ~ 5 weeks were primed intraperitoneally (IP) with 5IU
pregnant mare serum gonadotropin (PMSG) (PROSPEC #hor-272-a), with or without SR-18292, followed
by 10IU human chorionic gonadotropin (hCG) (Sigma #9002-61-3), with or without SR-18292 after 48 h.
Oocytes collected from 10-week-old mice were used for in vitro fertilization (IVF), whereas ovarian
tissues from ~ 5-week-old mice were preserved in RNAlater for transcriptomic sequencing. Following
treatment, mice were anesthetized via IP injection of 2.5% avertin (0.15 mL/10 g body weight) and
euthanized by cervical dislocation.

IVF was performed using a modified protocol described by Taft (2017b) (29). 13 h post- hCG
administration, female mice were euthanized, and the oviducts were collected. Cumulus–oocyte
complexes (COCs) were released from the ampullae and transferred into prewarmed modified
Dulbecco's phosphate-buffered saline (EmbryoMax®, #MR-006-C). Fertilization and sperm collection
dishes were prepared in advance using human tubal fluid (HTF; EmbryoMax®, #MR-070-D-1EA) covered
with mineral oil and equilibrated at 37°C under 5% CO₂. Cauda epididymides and vasa deferentia were
collected from male mice, and sperm were released from the cauda epididymides by making several
incisions with a 25-gauge needle. Sperm were incubated for 1 h to allow capacitation. COCs were then
transferred into 500-µL HTF drops, and sperm were added to achieve a final concentration of 1–2.5 × 10⁶
sperm/mL. Gametes were co-incubated for 4–6 h at 37°C under 5% CO₂. Following insemination,
oocytes were washed through sequential HTF drops to remove excess sperm and debris, then incubated
overnight. The following morning, oocytes and embryos were examined microscopically. The numbers of
ovulated oocytes and degenerated oocytes were recorded, and fertilization success was calculated as
the percentage of total oocytes that developed into two-cell embryos.

RNA extraction, quantification and qualification
RNA extraction and quantification for transcriptome sequencing were performed by Biotools (Taiwan). A
pair of ovaries was collected from each individual, then subjected to RNA extraction, and the extracts
were quantified and checked for purity using SimpliNano™ -Biochrom Spectrophotometers (Biochrom,
MA, USA), and Qsep 100 DNA/RNA Analyzer (BiOptic Inc., Taiwan).

Library preparation and transcriptome sequencing
RNA sequencing libraries were prepared using 1 µg of total RNA per sample and the KAPA mRNA
HyperPrep Kit (KAPA Biosystems, Roche, Basel, Switzerland), following the manufacturer's instructions.
Briefly, mRNA was enriched using magnetic oligo-dT beads, fragmented, and reverse-transcribed into
cDNA. Strand-specific libraries were generated through second-strand synthesis incorporating dUTP,
followed by adapter ligation and size selection targeting 300 ~ 400 bp fragments using KAPA Pure
Beads. Libraries were amplified using KAPA HiFi HotStart ReadyMix and purified with KAPA Pure Beads.
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Library quality and quantity were assessed using a Qsep 100 DNA/RNA Analyzer (BiOptic Inc., Taiwan),
Qubit 2.0 Fluorometer (Thermo Fisher Scientific), and Agilent Bioanalyzer 2100 system. Sequencing was
performed on an Illumina NovaSeq X platform, generating 150-bp paired-end reads.

Data analysis
Raw sequencing reads in FASTQ format were assessed using FastQC and MultiQC (30). Adapter
sequences and low-quality reads and bases were removed using Trimmomatic (v0.38) (31). The
resulting clean reads were aligned to the mouse reference genome (GRCm38) using HISAT2 (v2.1.0) (32,
33), and gene-level read counts were generated using featureCounts (v2.0.0). Differential gene
expression analysis and principal component analysis (PCA) comparing the SR-18292-treated and
control groups were performed using DESeq2 (v1.26.0) (34, 35). P-values were adjusted using the
Benjamini–Hochberg method to control the false discovery rate (FDR). Genes with an adjusted P-value < 
0.05 and a fold change > 1.5 were considered differentially expressed genes (DEGs). Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed
using clusterProfiler (v3.14.3) (36–38). Gene Set Enrichment Analysis (GSEA) was conducted with 1,000
permutations to identify enriched metabolic pathways using the Gene Set Knowledgebase (GSKB) (39).

Statistical Analysis
Data are presented as the mean ± standard deviation (SD) for IVF outcomes. Differences between
groups were analyzed using Student’s t-test or analysis of variance, as appropriate. A P-value < 0.05 was
considered statistically significant.

Results

SR-18292 disrupts the estrous cycle
We first investigated the effect of SR-18292, a pharmacological inhibitor of PGC-1α activity, on the
estrous cycle in 10-week-old ICR female mice. The mice were treated twice daily for five consecutive
days, while their estrous cycles were monitored by vaginal smears before, during, and after the treatment
period to assess recovery (Fig. 1A). The control group exhibited a normal sequential progression through
proestrus, estrus, metestrus, and diestrus. In contrast, the SR-18292-treated group showed disruption of
normal cycle progression, with cycles becoming prolonged or stalling at the metestrus and diestrus
stages (Fig. 1B).

Increased ovulation does not preserve oocyte competence
In vitro fertilization (IVF) was performed to evaluate the effects of SR-18292 treatment on oocyte quality
and fertilization success. Initially, two doses of SR-18292, 2.25 mg/kg body weight (data not shown as
there was no significant difference) and 22.5 mg/kg body weight (used throughout the study), were
tested to evaluate the treatment response. For each treatment and control group, three 10-week-old
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female ICR mice underwent superovulation induced by sequential administration of pregnant mare
serum gonadotropin (PMSG) and human chorionic gonadotropin (hCG) as shown in Fig. 2A. Following
ovulation, cumulus–oocyte complexes (COCs) were collected from the oviducts. The COCs were
subsequently inseminated with capacitated sperm in fertilization medium under sterile conditions to
initiate the fertilization process. Following IVF, the cumulus cells detached from the oocytes, allowing the
ovulated oocytes to be counted. Representative images of oocytes from the control group are shown in
Fig. 2B (upper panel). Post-fertilization, the extruded polar body was observed in the control oocytes
(Fig. 2B, upper left panel), and after overnight incubation, embryos at the 2-cell stage were observed
(Fig. 2B, upper right panel). A substantial proportion of the retrieved oocytes exhibited morphological
degeneration (Fig. 2B, lower left panel) and failed to undergo fertilization (Fig. 2B, lower right panel) from
the SR-18292-treated mice. The SR-18292-treated group yielded a significantly higher number of oocytes
compared with the control group (Fig. 2C). Although the SR-18292-treated group ovulated significantly
more oocytes than the control group, the quality of the retrieved oocytes was markedly reduced. This
reduction in oocyte quality was reflected in the fertilization rate, which was substantially lower in the SR-
18292-treated group than in the control group (Fig. 2D). Furthermore, the oocyte degeneration rate was
significantly higher following SR-18292 treatment compared with the control group (Fig. 2E). Collectively,
these findings demonstrate that SR-18292 treatment increased the number of ovulated oocytes but
substantially reduced their developmental competence, as evidenced by increased oocyte degeneration
and decreased fertilization success.

RNA-sequencing reveals distinct ovarian transcriptomic
responses to SR-18292 exposure
Next-generation sequencing (NGS) was performed to characterize dynamic changes in gene expression
and biological pathways during superovulation, with and without SR-18292 treatment. The experimental
design is outlined in Fig. 3A. Ovarian samples were collected from ~ 5-week-old mice at two time points:
48 h after PMSG administration (TreatA and ControlA), representing the follicular development stage,
and 13 h after hCG administration (TreatB and ControlB), following the ovulatory event. Two-dimensional
principal component analysis (PCA) revealed distinct clustering among biological replicates within each
experimental group (ControlA, TreatA, ControlB, and TreatB), with relatively low variation among samples
collected at the same time point (Fig. 3B). These results indicate good consistency among biological
replicates and demonstrate separation between treatment and control groups. Based on the PCA
distribution, differentially expressed genes (DEGs) were identified using an adjusted P-value < 0.05 and a
fold change > 1.5 as the filtering criteria. Volcano plots were generated to visualize gene expression
changes between SR-18292-treated and control groups at each sampling time point. TreatA versus
ControlA showed fewer transcriptional changes, with 24 significantly upregulated genes and 10
significantly downregulated genes (Fig. 3C). In contrast, a greater number of transcriptional changes was
observed in TreatB versus ControlB, corresponding to the post-ovulatory sampling time point. In this
comparison, 225 genes were significantly downregulated, whereas 156 genes were significantly
upregulated (Fig. 3D). The differences in the number and direction of DEGs between the two time points
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may reflect differences in the ovarian physiological state associated with follicular development and the
post-ovulatory period, as well as the temporal effects of SR-18292 treatment. Collectively, these results
demonstrate that SR-18292 treatment was associated with more pronounced transcriptomic changes at
13 h after hCG administration than at 48 h after PMSG administration, suggesting that the ovarian
transcriptional response to SR-18292 treatment differed between the follicular development and post-
hCG stages.

Alternative metabolic and endocrine pathways may
support follicular development
We next performed gene set enrichment analysis (GSEA) of the TreatA and ControlA datasets to
characterize the functional categories further and signaling pathways associated with SR-18292
treatment. Following selection of the top 10 enriched pathways, several of the positively enriched
pathways were associated with lipid metabolism, whereas negatively enriched pathways included
sensory-related and G protein-coupled receptor signaling pathways (Fig. 4A). Figure 4B presents the top
10 positively enriched signaling pathways, including hormone-related signaling, AMPK, adipocytokine,
and glucagon signaling pathways. We subsequently examined heatmaps to identify individual genes
contributing to the enriched pathways and to compare their expression patterns between the SR-18292-
treated and control groups. In the hormone activity heatmap, TreatA mice exhibited higher expression of
several genes, including Adipoq, Lep, and Retn, compared with ControlA mice (Fig. 4C). The ovulation
cycle process heatmap showed increased expression of genes such as Lep and Lhcgr in TreatA mice
(Fig. 4D). Collectively, these findings provide an overall enrichment of pathways following early exposure
to SR-18292 was associated with changes in metabolic and hormone-related transcriptional programs,
and show limited suppressed pathways when filtered to show the top 10 enriched pathways.

Early SR-18292 exposure induces compensatory metabolic
and hormone-responsive transcriptional pathways
To characterize the functional categories represented by the differentially expressed genes, the top 15
Gene Ontology (GO) terms were analyzed using a fold-change threshold of > 1.5 and an adjusted P-value 
< 0.05. The majority of the enriched genes in TreatA were upregulated compared with ControlA, with
prominent GO categories including acylglycerol metabolic process, neutral lipid metabolic process, fatty
acid catabolic process, and cellular response to peptide, each involving approximately four to five genes
(Fig. 5A). In contrast, only a small number of genes were downregulated, ranging from zero to two genes
across the identified GO categories. Upregulation of genes involved in the cellular response to peptide
hormone stimulus was also observed, suggesting altered hormone- and peptide-responsive
transcriptional activity following SR-18292 treatment (Fig. 5B). Consistent with these findings, the
heatmap demonstrated an overall increase in genes associated with the positive regulation of lipid
localization in TreatA compared with ControlA (Fig. 5C). The AMPK signaling pathway was positively
enriched in the treated group, as indicated by the heatmap, with several genes showing increased
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expression (Fig. 5D). This pattern may reflect altered metabolic transcriptional programs that could
contribute to maintaining cellular energy homeostasis under conditions of altered mitochondrial
function.

Superovulation reveals altered ovarian transcriptional
pathways associated with mitochondrial function
We next investigated the effects of SR-18292 treatment following superovulation by comparing the
TreatB and ControlB groups. First, GO analysis was performed to characterize the functional categories
represented among the differentially expressed genes. Among the top 15 enriched GO terms,
downregulated genes were predominantly associated with calcium ion concentration and calcium
homeostasis, whereas upregulated genes were enriched in processes related to heart contraction and
peptide receptor activity (Fig. 6A). We subsequently performed GSEA to further characterize the
biological pathways affected after SR-18292 treatment. Several mitochondrial-related pathways were
negatively enriched in TreatB, including NADH dehydrogenase complex assembly, mitochondrial
respiratory complex, and mitochondrial membrane protein-related pathways (Fig. 6B).

In contrast, positively enriched pathways included the MAPK cascade, protein kinase activity, cell-surface
signaling, and cytokine production. Oxidative phosphorylation was also negatively enriched following SR-
18292 treatment, whereas steroid hormone biosynthesis, lipolysis in adipocytes, and adipocytokine
signaling were positively enriched (Fig. 6C). In the dot plots, dot color represents the adjusted P-value,
while dot size indicates the number of genes contributing to each pathway. The enrichment plots
provided further insight into the distribution of genes within selected pathways. The hormone-related
heatmap showed increased expression of several genes in the SR-18292-treated group, indicating
alterations in hormone-associated transcriptional responses (Supplementary Fig. 1B). The mitochondrial
respiratory chain complex and cytosolic large ribosomal subunit pathways showed enrichment patterns
concentrated toward the right side of the plots, indicating that a substantial proportion of genes within
these pathways were downregulated in the SR-18292-treated group and relatively enriched in the control
group (Fig. 6D and Supplementary Fig. 1A, respectively). Collectively, these transcriptomic findings
indicate that SR-18292 treatment following superovulation is associated with substantial alterations in
mitochondrial-related pathways, particularly those involved in mitochondrial respiratory complex
function and oxidative phosphorylation. These results provide molecular evidence supporting an
association between reduced PGC-1α-dependent transcriptional activity and altered ovarian
mitochondrial-related transcriptional responses following superovulation.

SR-18292 differentially regulates mitochondrial, ribosomal,
and steroidogenic gene expression following
superovulation
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Moreover, Fig. 7A and Fig. 7B custom heatmaps show representative downregulated TreatB genes
selected based on overall fold change in mitochondrial and ribosomal categories, respectively. Briefly,
GSEA data tables were used for the respective categories, and genes were sorted according to absolute
fold change from the most negative to closest to zero. Genes from the selected categories were plotted
in the heatmaps. Additionally, adipocytokine signaling (Fig. 7C) and steroid hormone biosynthesis
(Fig. 7D) were positively enriched in the SR-18292-treated groups, although some variation in gene
expression was observed among biological replicates within each group. Notably, Lep, Pck1, and Adipoq
were consistently upregulated in both TreatA and TreatB across the pathway analyses.

Collectively, these results suggest that SR-18292 treatment is associated with increased activity of lipid
metabolism, AMPK signaling, steroid hormone biosynthesis, and adipocytokine-related transcriptomic
responses. These transcriptional changes suggest that SR-18292 treatment was associated with
alterations in lipid metabolism, AMPK-associated signaling, steroid hormone biosynthesis, and
adipocytokine-related pathways, alongside suppression of mitochondrial respiratory chain and oxidative
phosphorylation-related genes. Whether these changes represent compensatory responses that help
maintain ovarian function under altered mitochondrial conditions remains to be determined. Further
functional studies will be required to determine whether these transcriptional changes directly contribute
to the maintenance of ovarian function under mitochondrial stress.

Discussion
The present study demonstrates that pharmacological modulation of PGC-1α activity by SR-18292
affects ovarian reproductive function at both the cyclic and superovulatory levels. SR-18292 treatment
disrupted estrous cycle progression and, unexpectedly, increased the number of oocytes retrieved
following gonadotropin-induced superovulation while markedly reducing their fertilization competence.
Transcriptomic analysis further revealed distinct ovarian responses at the PMSG and hCG stages, with
changes in metabolic and hormone-associated pathways at the earlier stage and more extensive
alterations in mitochondrial respiratory chain and oxidative phosphorylation-related gene sets at the later
stage. Together, these findings suggest that ovarian activity and oocyte developmental competence may
respond differently to perturbations in PGC-1α-associated regulation.

The disruption of estrous cycle progression following SR-18292 treatment suggests that PGC-1α-
associated pathways contribute to the maintenance of normal ovarian cyclicity. The prolonged or stalled
progression observed predominantly at metestrus and diestrus indicates that the effects of treatment
may extend beyond a transient disturbance of a single cycle. Normal ovarian cyclicity requires
coordinated changes in follicular development, steroidogenesis, ovulation, and corpus luteum function,
all of which involve substantial metabolic and mitochondrial regulation (13, 40). PGC-1α has also been
implicated in ovarian steroidogenic activity through interactions with transcriptional regulators such as
steroidogenic factor-1 and liver receptor homolog-1, which are involved in the regulation of steroidogenic
genes and progesterone production in granulosa cells (41). Thus, altered PGC-1α activity may influence
estrous cycle progression through changes in ovarian metabolism and endocrine function. Nevertheless,
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SR-18292 was originally characterized as a pharmacological inhibitor of PGC-1α-dependent transcription
through increased PGC-1α acetylation and altered interaction with GCN5 (18, 25). Its effects should
therefore not be attributed exclusively to mitochondrial biogenesis. The present findings are consistent
with a role for PGC-1α-associated regulation in ovarian cyclicity, although further studies using genetic or
complementary pharmacological approaches are needed to establish the specific mechanisms involved.

One of the most notable findings was the apparent dissociation between ovulatory output and oocyte
competence. Despite the disruption of estrous cyclicity, SR-18292-treated mice yielded significantly
more oocytes following superovulation than control mice. However, these oocytes exhibited increased
degeneration and substantially reduced fertilization success. This result indicates that a greater number
of recovered oocytes does not necessarily reflect improved reproductive function. Mitochondria are
essential for oocyte maturation and early embryonic development because of their roles in ATP
production, calcium regulation, and redox homeostasis (13, 40, 42, 43). Mitochondrial number,
distribution, and activity also undergo dynamic changes during oocyte growth and maturation, and
mitochondrial abnormalities have been associated with reduced developmental competence (44, 45).
Consequently, ovarian processes sufficient to support follicular development and ovulation may not
necessarily provide the metabolic and cellular conditions required for successful oocyte maturation and
fertilization. This distinction may be particularly important during gonadotropin-induced superovulation,
in which follicular recruitment and ovulatory responses are strongly stimulated. The increased oocyte
yield observed in the present study may therefore represent preserved or enhanced ovulatory
responsiveness despite compromised oocyte quality. Previous studies have linked mitochondrial
dysfunction to impaired oocyte development through changes in ATP availability, oxidative stress,
calcium homeostasis, membrane potential, and mitochondrial quality control (46, 47). Although the
present study did not directly measure these parameters in individual oocytes, the increased
degeneration and reduced fertilization rate provide functional evidence of impaired oocyte competence
following SR-18292 treatment. The precise mitochondrial mechanisms underlying this phenotype remain
to be determined.

The ovarian transcriptomic responses differed between the two sampling stages. At 48 h after PMSG
administration, relatively few differentially expressed genes were identified, and the enriched pathways
were predominantly associated with lipid metabolism, adipocytokine signaling, AMPK-associated
processes, and hormone-related responses. These findings suggest that the ovarian response during
follicular development involved changes in metabolic and endocrine-associated transcriptional
programs rather than widespread suppression of mitochondrial-related gene expression. Lipid
metabolism is particularly relevant to ovarian function because lipids provide substrates for energy
metabolism and precursors for steroid hormone synthesis, in addition to participating in cellular
signaling (48, 49). The enrichment of AMPK-associated pathways is also noteworthy, given the
established role of AMPK in cellular energy homeostasis and its involvement in follicular development,
oocyte maturation, and ovarian steroidogenesis (50, 51). AMPK-related signaling has further been
associated with steroidogenic regulation in granulosa cells (52, 53). These transcriptional changes may
reflect an ovarian response to altered metabolic conditions following SR-18292 treatment. However,
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pathway enrichment does not establish increased AMPK activity or demonstrate that these responses
functionally compensate for mitochondrial perturbation.

Among the genes repeatedly identified in the metabolic and adipocytokine-related analyses, Lep was
particularly notable, appearing in multiple pathway-associated heatmaps across the two sampling
stages. The expression patterns of Adipoq, Retn, and Pck1 further suggest that adipokine-related and
metabolic transcriptional responses were affected by SR-18292 treatment. This observation is of
potential reproductive relevance because leptin links metabolic status to the hypothalamic–pituitary–
gonadal axis and may also influence ovarian function (54, 55). Previous studies have demonstrated the
expression of leptin and its receptors in granulosa and cumulus cells and have reported direct effects of
leptin on ovarian steroidogenesis (56–58). In particular, the repeated appearance of Lep suggests that
leptin-associated signaling may be a relevant candidate for further investigation at the interface between
ovarian metabolism and reproductive function. Nevertheless, the present whole-ovary transcriptomic
analysis cannot identify the cellular sources of these transcripts or establish changes in leptin
production, circulating leptin concentrations, or downstream signaling activity. Therefore, the
contribution of leptin-associated regulation to the observed reproductive phenotype remains an open
question.

In contrast to the relatively limited transcriptional changes observed at the PMSG stage, the comparison
at 13 h after hCG administration revealed more extensive alterations, particularly the downregulation of
gene sets associated with mitochondrial respiratory complexes and oxidative phosphorylation. These
findings are consistent with the role of PGC-1α as a major regulator of mitochondrial metabolism and
provide evidence that mitochondrial-associated transcriptional programs are affected following SR-
18292 treatment during the hCG-induced ovulatory stage. The enrichment of calcium-related gene
categories also suggests that calcium-associated processes may be altered. Mitochondria contribute to
intracellular calcium buffering and homeostasis (59), while calcium signaling is essential for oocyte
maturation, fertilization, and early embryonic development (60, 61). However, because calcium dynamics
were not directly assessed in this study, the relationship between the observed transcriptional changes
and calcium regulation remains speculative. In addition to mitochondrial-related pathways, the
downregulation of genes associated with the cytosolic large ribosomal subunit suggests that protein
synthesis-related transcriptional programs may also be affected at this stage. Given the close
relationship between cellular energy availability and protein synthesis, this finding may indicate broader
changes in cellular metabolic regulation following SR-18292 treatment. However, altered ribosomal gene
expression does not necessarily indicate reduced protein synthesis, and further functional analysis
would be required to establish its significance.

Taken together, the transcriptomic findings suggest that the ovarian response to SR-18292 differs
between follicular development and the hCG-induced ovulatory stage. Changes in lipid metabolism,
AMPK-associated signaling, and adipokine-related pathways were already evident at the earlier stage,
whereas suppression of mitochondrial respiratory chain and oxidative phosphorylation-related gene sets
became more prominent at the later stage. One possible interpretation is that ovarian tissue retains
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some capacity to adjust its metabolic and hormone-associated transcriptional programs under altered
PGC-1α activity, while mitochondrial-associated processes become more extensively affected during the
later phase of gonadotropin stimulation. Such responses may help explain why increased oocyte
recovery can occur despite reduced oocyte competence. However, whether the observed metabolic
changes represent functional compensation, and whether they directly contribute to the preservation of
follicular development or ovulation, remains to be established. More broadly, these findings emphasize
that ovulatory output and oocyte developmental potential are distinct reproductive outcomes and should
not be considered interchangeable measures of ovarian function. This distinction may also be relevant
to assisted reproductive technologies, in which successful oocyte recovery must ultimately be evaluated
in relation to fertilization and subsequent developmental competence (62).

Limitations
Several limitations should be considered when interpreting the present findings. First, SR-18292 is a
pharmacological modulator of PGC-1α-dependent transcription, and its effects may extend beyond
mitochondrial biogenesis. Further studies using genetic approaches or complementary pharmacological
strategies are required to establish the specific contribution of PGC-1α-associated regulation. Second,
transcriptomic sequencing was performed using whole ovarian tissue, which contains multiple cell
populations whose relative abundance and transcriptional states change during follicular development
and ovulation. Cell-type-specific or single-cell approaches would help identify the cellular origins of the
observed transcriptional responses. Third, mitochondrial function was not directly assessed in individual
oocytes. Measurements of ATP production, reactive oxygen species, mitochondrial membrane potential,
and mitochondrial DNA integrity would help clarify the relationship between altered mitochondrial
regulation and impaired oocyte competence. Finally, the functional significance of the enriched
metabolic and hormone-associated pathways remains uncertain because AMPK activity, steroid
hormone production, adipokine levels, and protein synthesis were not directly measured. These
limitations should be addressed in future studies to determine whether the transcriptional changes
identified here represent functional adaptations to altered mitochondrial regulation.

Conclusions
In conclusion, SR-18292 treatment disrupted estrous cycle progression and increased oocyte recovery
following superovulation, but this increase was accompanied by greater oocyte degeneration and
reduced fertilization success. Ovarian transcriptomic analysis revealed stage-dependent changes in
metabolic, hormone-associated, mitochondrial, and ribosomal gene expression. These findings suggest
that increased ovulatory output can coexist with impaired oocyte developmental competence following
pharmacological modulation of PGC-1α-associated pathways. The results highlight the importance of
evaluating oocyte quality in addition to ovulatory output when assessing the reproductive consequences
of altered ovarian mitochondrial regulation.
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Figure 1

Cycle monitoring during SR-18292 treatment. (A) The experimental design and procedure of the study.
(B) Daily vaginal smears were collected from control and SR-18292-treated mice before, during, and after
the 5-day treatment period (red vertical dotted lines) to monitor estrous cyclicity. Each data point
represents one vaginal smear collection. n=3/group. ±: with or without SR-18292. D: day, N: night, D:
diestrus, P: proestrus, E: estrus, and M: metestrus
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Figure 2

Effects of SR-18292 Treatment on In Vitro Fertilization Outcomes in Mice. (A) Schematic of mouse
superovulation procedure and experimental groups. (B) The representative images show the embryos
after IVF. (C) The number of oocytes retrieved after superovulation. (D) The fertilization rate of oocytes
after SR-18292 treatment. (E) The rate of oocyte degeneration after 6 hours of IVF. The data are
presented as Mean ± SD, * indicating a significant difference (compared to the control group, Student’s t-
test, p<0.05). The mouse illustration was created with ChatGPT (OpenAI).
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Figure 3

RNA-sequencing design and DEG analysis. (A) Experimental layout showing treatment and sampling
time points on ~ 5-week-old mice. Sampling points represent retrieval of blood and ovarian tissue from
mice. The schematic illustration was created with assistance from ChatGPT(OpenAI). (B) Principal
component analysis (PCA) plot showing the distribution pattern of samples in the control and treatment
groups. Each group has its own representative color code and shape. (C, D) Volcano plot indicating RNA-
seq comparison between treatment and control groups. Blue dots represent down-regulated
differentially expressed genes (DEGs) in treated mice; red dots represent upregulated genes in treated
mice; black dots represent non-significantly regulated genes. (C) TreatA compared to ControlA; (D)
TreatB compared to ControlB. DEG analysis filter parameters: p-adjust, fold change >1.5. ±: indicating
with or without SR-18292; PMSG: pregnant mare serum gonadotropin; hCG: human chorionic
gonadotropin. n= 3mice/group
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Figure 4

Early SR-18292 exposure alters ovarian pathways associated with hormonal activity and ovulation in
mice. (A, B) Gene set enrichment analysis (GSEA) dot plots showing the top 10 enriched pathways in
approximately 5-week-old SR-18292-treated mice (TreatA) relative to controls (ControlA), categorized as
activated or suppressed. Dot color represents the adjusted P-value, and dot size indicates the number of
genes associated with each pathway. (C, D) Heatmaps of GSEA-associated gene expression patterns in
TreatA and ControlA mice for (C) hormone activity and (D) ovulation cycle processes. Heatmap colors
range from blue to red, representing lower to higher gene expression, respectively. n = 3 mice per group.
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Figure 5

Compensatory transcriptional pathways associated with the maintenance of ovarian function following
SR-18292 exposure. (A) GO enrichment analysis showing the top 15 upregulated and downregulated
biological processes (BP) in TreatA mice relative to ControlA mice. Bars represent the number of
differentially expressed genes (DEGs) associated with each term. Differential expression was defined
using an adjusted P-value threshold and a fold change greater than 1.5. (B–D) Heatmaps showing gene
expression patterns associated with selected GSEA pathways in TreatA and ControlA mice. Orange and
blue indicate TreatA and ControlA groups, respectively. (B) Cellular response to peptide hormone
stimulus; (C) positive regulation of lipid localization; and (D) AMPK signaling pathway. The blue-to-red
color gradient represents low-to-high gene expression levels, respectively. n= 3 mice per group.
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Figure 6

SR-18292 alters ovarian transcriptional pathways following superovulation. (A) GO enrichment analysis
showing the top 15 upregulated and downregulated terms within the molecular function (MF) and
biological process (BP) categories in TreatB mice relative to ControlB mice. Bars represent the number
of differentially expressed genes (DEGs) associated with each GO term. The selection criteria included
an adjusted P-value threshold and a fold-change cutoff of 1.5. (B, C) GSEA dot plots showing the top 10
positively and negatively enriched pathways in TreatB mice compared with ControlB mice. Dot color
represents the adjusted P-value, and dot size indicates the number of genes associated with each
pathway. (B) GO pathway analysis; (C) KEGG pathway analysis. (D) GSEA enrichment plot showing
negative enrichment of the mitochondrial respiratory chain complex assembly gene set in TreatB mice
relative to ControlB mice, with the enrichment signal concentrated toward the right side of the ranked
gene list.
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Figure 7

Differential expression of mitochondrial, ribosomal, and compensatory pathway-associated genes
following SR-18292 treatment.Custom heatmaps showing representative downregulated genes
associated with (A) mitochondrial function and (B) ribosomal function in TreatB mice compared with
ControlB mice. (C, D) GSEA heatmaps showing positively enriched gene sets associated with (C)
adipocytokine signaling and (D) steroid hormone biosynthesis in TreatB mice relative to ControlB mice.
The blue-to-red color gradient represents low-to-high gene expression levels, respectively. Green
indicates genes upregulated in TreatB mice relative to ControlB mice.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SR18292Supplementarydata.docx

Page 27/27

https://assets-eu.researchsquare.com/files/rs-11710370/v1/05eefde456ce2eabbdd27abc.docx

