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Abstract

Background: Premature ovarian failure (POF) refers to the loss of ovarian function in women younger than 40 years of age. Its in-
cidence has increased annually, with a progressively younger age at onset. Women of reproductive age undergoing cancer treatments,
such as radiotherapy and chemotherapy, may experience ovarian damage, leading to POF. Cyclophosphamide (CTX), a widely used
chemotherapeutic agent, is a major cause of POF and severely compromises the reproductive health of female cancer survivors. How-
ever, the mechanism underlying CTX-induced ovarian damage remains not fully elucidated, and effective therapeutic strategies are
lacking. Methods: Oxidative stress and cholesterol metabolism in ovarian tissues and cells following CTX treatment were assessed
using enzyme-linked immunosorbent assay (ELISA), qRT-PCR, and Western blotting (WB). In vitro experiments were performed using
mouse primary ovarian theca cells and granulosa cells to evaluate the impacts of CTX on oxidative stress and cholesterol metabolism,
with the antioxidant lycopene (Lyc) administered as an interventional treatment. Additionally, in vivo therapeutic studies using Lyc were
conducted to evaluate its regulatory effects on oxidative stress and cholesterol metabolism. Results: CTX triggers oxidative stress by
enhancing reactive oxygen species (ROS) production and suppressing ROS clearance. CTX-induced ROS accumulation impairs choles-
terol uptake and metabolic pathways. Specifically, CTX significantly downregulates the protein expression of low-density lipoprotein
receptor (LDLR) and steroidogenic acute regulatory protein (StAR) in ovarian tissues and primary ovarian theca cells, leading to impair-
ments in cholesterol transport and metabolism. Findings from both in vitro and in vivo assays showed that Lyc intervention markedly
attenuates CTX-induced ROS accumulation, restores the expression of antioxidant enzymes and associated genes, and enhances the pro-
tein levels of LDLR and StAR in ovarian tissues and primary ovarian theca cells. Conclusions: CTX induces ovarian dysfunction by
triggering ROS-mediated cholesterol metabolism disorders. Lyc exerts a protective effect against CTX-induced ovarian injury through
its antioxidant activity, restoring cholesterol transport pathways and subsequent steroid hormone synthesis. Our findings provide a fresh
mechanistic basis and a promising therapeutic strategy for preventing and treating chemotherapy-induced POF.
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1. Introduction

Premature ovarian failure (POF), marked by loss of
ovarian function prior to the age of 40, is a devastating
reproductive disorder affecting 1–4% of women of repro-
ductive age [1]. Chemotherapeutic agents, particularly cy-
clophosphamide (CTX), are a leading cause of iatrogenic
POF. CTX is a widely utilized agent for the treatment of
multiple malignant tumors, among which are breast cancer,
leukemia and lymphoma [2]. Over 30% of women younger
than 35 years and 50% of women aged 35 to 40 years de-
velop POF following chemotherapy; this condition low-
ers the likelihood of pregnancy in female cancer survivors
by 40% compare with healthy counterparts [3]. CTX ex-
erts ovarian toxicity mainly through two toxic metabolites:
phosphoramidemustard and acrolein. Phosphoramidemus-
tard induces follicle depletion and irreversible gamete dam-
age, whereas acrolein impairs ovarian antioxidant defenses,

increases free radical generation, and promotes oxidative
stress, lipid peroxidation, and cellular injury [4]. However,
its non-specific cytotoxicity causes irreversible damage to
ovarian follicles and functional cells, leading to reduced
estrogen secretion, infertility, and long-term complications
such as osteoporosis [5]. Despite the clinical significance
of CTX-induced ovarian injury, the underlying molecular
mechanisms remain incompletely understood, and effective
preventive or therapeutic interventions are still lacking.

Our previous studies have confirmed that CTX im-
pairs ovarian cells by disrupting ovarian tissue inflamma-
tion, leading to dysregulated estrogen synthesis and ulti-
mately POF [6]. In addition, CTX metabolism in vivo gen-
erates reactive oxygen species (ROS) that exceed the ca-
pacity of the cellular antioxidant defense system. Con-
sequently, oxidative damage to lipids, proteins, and DNA
in ovarian cells occurs, thereby leading to ovarian damage
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[7]. However, themechanisms underlying ovarian dysfunc-
tion and physiological abnormalities mediated by oxidative
stress still require further investigation.

Cholesterol metabolism is essential for ovarian func-
tion, as cholesterol serves as a precursor for the biosynthesis
of steroid hormones, including progesterone and estrogen
[8]. The synthesis of steroid hormones in the ovary relies
on the “two-cell, two-gonadotropin” model. Theca cells
take up cholesterol from the circulation via the low-density
lipoprotein receptor (LDLR), transport it to the mitochon-
dria via steroidogenic acute regulatory protein (StAR), and
synthesize androgens. Granulosa cells then convert andro-
gens into estrogens through cytochrome P450 family 19
subfamily A member 1 (Cyp19a1) activity [9]. Disrup-
tion of any step in cholesterol metabolism can lead to in-
sufficient steroid hormone synthesis and ovarian dysfunc-
tion [10]. Emerging evidence suggests that oxidative stress
may interfere with cholesterolmetabolism in various tissues
[11], but whether this crosstalk contributes to CTX-induced
ovarian injury has not been investigated.

Lycopene (Lyc), a natural lipophilic carotenoid pri-
marily found in tomatoes and other red fruits, has gained
attention for its potent anti-carcinogenic, antioxidant, and
anti-inflammatory properties [12,13,14]. Previous studies
have documented the beneficial effects of Lyc in numerous
oxidative stress-related pathologies, including neurodegen-
erative diseases, cardiovascular diseases, and reproductive
system lesions [15,16,17]. However, the potential protec-
tive effects of Lyc against CTX-induced ovarian dysfunc-
tion and its underlying mechanism, particularly its impact
on cholesterol metabolism, remain unclear.

In the present study, we hypothesized that
CTX-induced ROS accumulation disrupts cholesterol
metabolism in ovarian cells, leading to insufficient steroid
hormone synthesis and ovarian dysfunction, and that
Lyc alleviates this injury by targeting ROS-mediated
cholesterol metabolism pathways. To test this hypothesis,
we established in vivo and in vitro models of CTX-induced
ovarian injury and investigated the effects of Lyc on
ROS levels, cholesterol metabolism-associated proteins,
and steroid hormone synthesis. Our results provide new
insights into the mechanisms underlying CTX-induced
ovarian damage and support the potential application of
Lyc as a promising intervention for chemotherapy-induced
POF.

2. Materials and Methods
2.1 Animals and Treatments

Female C57BL/6 mice (7 weeks old, 16–20 g) were
obtained from Shulaibao (Biotechnology Co., Ltd.; Wuhan,
Hubei, China). Mice were housed to acclimate to the new
environment for 1 week in a specific pathogen-free (SPF)
environment under a 12-h light/dark cycle, controlled tem-
perature (22 ± 2 °C) and humidity (50 ± 5%), with ad li-
bitum access to food and water. All animal experiments

were conducted in accordance with the National Institutes
of Health (NIH) Guide for the Care and Use of Labora-
tory Animals (NIH Publication No. 80-23; revised 1978)
and were approved by the Animal Experimental Ethical In-
spection Committee of Guizhou Medical University (No.
2403436).

Inclusion criteria: Only intact female C57BL/6 mice
aged 7 weeks with body weight ranging from 16 to 20 g,
free of skin lesions, trauma and spontaneous organ diseases,
were enrolled in this study. Exclusion criteria: Mice with
abnormal growth, obvious wounds, abnormal food/water
intake, or body weight fluctuation exceeding ±10% during
the 1-week acclimation period were excluded prior to ran-
dom grouping. Drug solvent and preparation conditions:
Normal saline was used as the aqueous solvent for CTX
and pentobarbital sodium; corn oil served as the lipid vehi-
cle for Lyc. All working solutions were freshly prepared on
the day of administration at room temperature under dim
light. CTX powder was fully dissolved in sterile normal
saline by gentle vortexing; Lyc powder was dissolved in
corn oil via mild sonication to achieve complete dissolution
without precipitation. All prepared drug solutions were dis-
carded after daily dosing and were not stored for repeated
use. In addition, all administrations used fixed dosing vol-
umes: 10 mL/kg body weight for intraperitoneal injection
and 5 mL/kg body weight for oral gavage.

After 1 week of acclimatization, mice were randomly
allocated into 3 groups (N = 10 per group):

1. Vehicle (Veh) group: Mice received a single in-
traperitoneal injection of normal saline, as well as daily gav-
age with corn oil (vehicle for Lyc) for 21 consecutive days.

2. CTX group: Mice received a single intraperitoneal
injection of CTX (100 mg/kg, Selleck, Cat. No. S1217,
Houston, TX, USA) dissolved in normal saline, followed
by daily gavage with corn oil for 21 consecutive days.

3. CTX + Lyc group: Mice received a single intraperi-
toneal injection of CTX (100 mg/kg), followed by daily
gavage with Lyc (50 mg/kg, Selleck, Cat. No. S3943,
Houston, TX, USA) dissolved in corn oil for 21 consecu-
tive days.

Mice were anesthetized by intraperitoneal injection
of 1% pentobarbital sodium (50 mg/kg). In accordance
with Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines and institutional animal care require-
ments, mice were euthanized by intraperitoneal adminis-
tration of an overdose of 1% pentobarbital sodium (150
mg/kg). Death was confirmed by cessation of respiration
and loss of the corneal reflex before tissue dissection.

2.2 Cell Culture
Primary mouse ovarian theca cells (Cat. No. CP-

M205) and primary mouse ovarian granulosa cells (Cat.
No. CP-M050)were obtained fromWuhan Procell Biotech-
nology Co., Ltd. (Wuhan, Hubei, China). Cells were
maintained in the manufacturer-provided, cell type-specific
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complete media (Cat. No. CM-M205 for theca cells; Cat.
No.: CM-M050 for granulosa cells). All primary cells
were validated for identity by surface marker analysis us-
ing quantitative real-time PCR PCR (qRT-PCR) and tested
negative for mycoplasma contamination. Cells were plated
into 96-well or 12-well plates and incubated at 37 °C in a
humidified atmosphere with 5% CO2. The culture medium
was changed every 48 h to maintain optimal cell growth
conditions.

2.3 Validation of CTX Stimulation and Lyc Treatment
Concentrations

Primary mouse ovarian theca cells were seeded into
96-well plates at a density of 3000–5000 cells/well and
stimulated with CTX at gradient concentrations of 0.1 μM,
0.15 μM, 0.2 μM, 0.25 μM, and 0.5 μM, followed by incu-
bation for 24 h. After treatment, cell viability was assessed
using a Cell Counting Kit-8 (CCK-8) assay kit (Cat. No.
BS350B, Biosharp, Beijing, China) according to the man-
ufacturer’s instructions. Similarly, primary mouse ovar-
ian theca cells were seeded in 96-well plates, stimulated
with hydrogen peroxide (H2O2, 100 μM, CAS: 7722-84-
1, Merck, Germany) as an oxidative stress positive control,
and concurrently treated with Lyc at different concentra-
tions (1 μM, 5 μM, 10 μM, 20 μM, 40 μM, and 100 μM).
After 24 h of incubation, cell viability was measured using
the CCK-8 assay kit to evaluate the cytoprotective effect
of Lyc against oxidative stress-mediated cellular damage.
In the present study, 0.2 μM CTX and 40 μM Lyc were fi-
nally selected as the optimal concentrations for subsequent
in vitro cell treatment.

2.4 ROS Detection by Dihydroethidium (DHE) Staining

ROS levels in primary ovarian cells were assessed us-
ing DHE (Cat. No. 309800, Sigma-Aldrich, Darmstadt,
Germany) staining. Briefly, cells were cultured on glass
coverslips in 24-well plates and treated with 0.2 μM CTX
and 100 μM H2O2. After the designated treatments, cells
were cultured with 10 μM DHE at 37 °C for 30 min un-
der light-protected conditions. The cells were then washed
three times with phosphate-buffered saline (PBS), and nu-
clei were counterstained with DAPI (Cat. No, P0131, Bey-
otime, Shanghai, China) using anti-fade mounting medium.
Coverslips were mounted onto glass slides, and images
were acquired using a fluorescence microscope (Olympus,
Tokyo, Japan). DHE fluorescence intensity was quantified
using ImageJ software (1.54g version, National Institutes of
Health, Bethesda, MD, USA).

2.5 Measurement of ROS Levels in Tissue and Cell
Homogenates

ROS levels in mouse ovarian tissues and primary
mouse ovarian theca cells were measured using a Tissue
ROS Assay Kit (Cat. No. HR8821, BaiAoLaiBo, Bei-
jing, China) according to the manufacturer’s instructions.

Briefly, PBS-washed ovarian tissues or scraped cells were
collected into the homogenate buffer supplied with the kit
and fully homogenized using a glass homogenizer. The ho-
mogenate was centrifuged at 100 ×g for 3 min at 4 °C, and
the supernatant was collected. The ROS probe was then
added, and samples were incubated at 37 °C for 15–30 min
in the dark. Fluorescence intensity at 488 nmwas measured
using a microplate reader (MultiSkan, Thermo Fisher Sci-
entific, Waltham, MA, USA).

2.6 Western Blot (WB) Analysis

WB was performed as previously described [18].
Total protein was extracted from ovarian tissues or pri-
mary ovarian cells using radioimmunoprecipitation assay
(RIPA) lysis buffer (Cat. No. P0013D, Beyotime, Shang-
hai, China) supplemented with 1% phenylmethylsulfonyl
fluoride (PMSF, Cat No. ST505, Beyotime, Shanghai,
China) and 1% phosphatase inhibitor cocktail (Cat. No.
P1081, Beyotime, Shanghai, China). Equal amounts of
protein were resolved by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). Membranes were blocked
with 5% non-fat milk dissolved in tris-buffered saline with
tween-20 (TBST) at room temperature for 2 h, and then in-
cubated with primary antibodies overnight at 4 °C. The pri-
mary antibodies used were as follows: anti-LDLR (1:2000,
Cat. No. 66414-1-Ig, Proteintech, Wuhan, Hubei, China),
anti-StAR (1:2000, Cat. No. 12225-1-AP, Proteintech,
Wuhan, Hubei, China), and anti-α-tubulin (1:1000, Cat.
No. 80762-1-RR, Proteintech, Wuhan, Hubei, China).
Membranes were washed three times with TBST, fol-
lowed by incubation with horseradish peroxidase (HRP)-
conjugated secondary antibodies at room temperature for 2
h. Protein bands were visualized using an enhanced chemi-
luminescence (ECL) detection kit (Cat. No. P0018S, Bey-
otime, Shanghai, China), and images were captured using a
gel imaging system (Bio-Rad, Hercules, CA, USA). Rela-
tive protein expression levels were quantified using ImageJ
software, with α-tubulin as the internal reference.

2.7 RNA Extraction and qRT-PCR

The protocol was performed as previously described
[19]. Total RNA was extracted from ovarian tissues and
primary ovarian cells using TRIzol® reagent (Cat. No.
R0016, Beyotime, Shanghai, China). RNA purity and con-
centration were determined using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). First-strand complementary DNA (cDNA) was syn-
thesized using a HiScript II 1st Strand cDNA Synthesis Kit
(+gDNA wiper) (Cat. No. R212-01, Vazyme, Nanjing,
Jiangsu, China) according to the manufacturer’s instruc-
tions. Quantitative RT-PCR (qRT-PCR) was conducted us-
ing the ChamQ™ SYBR® qPCR Master Mix (Cat. No.
Q511-02, Vazyme, Nanjing, Jiangsu, China) on a StepOne-
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Table 1. Primer sequences of genes.
Gene Forward primer Reverse primer

Idh1 AGTCCAGAGTGAAGAGGGTTATT ATGGTAGCACACTTGACGCC
Sod1 CACTTCGAGCAGAAGGCAAG CCCCATACTGATGGACGTGG
Sod2 AGGAGAGTTGCTGGAGGCTA AGCGGAATAAGGCCTGTTGTT
Pex1 CACCTGCTGCAGAATCAAGC ATCTGCTGAGAGAGGCTCCA
Ldlr CCAATCGACTCACGGGTTCA TCACACCAGTTCACCCCTCT
Star GGAGCTCTCTGCTTGGTTCTC CTTAGCACTTCGTCCCCGTT
Cyp17a1 GAGTTTGCCATCCCGAAGGA TCTAAGAAGCGCTCAGGCAT
Cyp19a1 TCCACACTGTTGTGGGTGAC AGGGAAGTACTCGAGCCTGT
Actin TATAAAACCCGGCGGCGCA TCATCCATGGCGAACTGGTG

Plus™ Real-Time PCR System (Applied Biosystems, Fos-
ter City, CA, USA). The relative expression levels of target
genes were calculated using the 2⁻ΔΔCt method, with Actin
serving as the internal control to normalize gene expression
across samples.

Primer sequences are listed in Table 1.

2.8 Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway Analysis of Differentially Expressed Genes
(DEGs)

RNA sequencing data from ovarian tissues in mouse
models of CTX-induced POF were obtained from the Gene
Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov
/gds/) under the accession ID GSE128240. For pathway
enrichment analysis, the Database for Annotation, Visu-
alization, and Integrated Discovery (DAVID, https://davi
dbioinformatics.nih.gov/) was utilized to conduct KEGG
(https://www.genome.jp/kegg/) functional enrichment as-
says.

2.9 Histological Analysis of Ovarian Tissues

Ovarian samples were fixed with 4% paraformalde-
hyde for 24 h, dehydrated through graded ethanol solu-
tions, embedded in paraffin, and sectioned at 5 μm thick-
ness. Sections were deparaffinized, rehydrated, and stained
with hematoxylin and eosin (H&E) for histological analy-
sis. Images of ovarian sections were acquired using a light
microscope (Olympus), and the ovarian structure was eval-
uated. Whole-section images and magnified views (100×
and 200×) were used to evaluate the morphological changes
in ovarian tissues.

2.10 Enzyme-Linked Immunosorbent Assay (ELISA)
Analysis

ELISA kits were used tomeasure the concentrations of
target analytes in ovarian tissue homogenates, serum sam-
ples, and cell supernatants, including superoxide dismutase
(SOD, Cat. No. BC0170, Solarbio, Beijing, China), re-
duced glutathione (GSH, Cat. No. BC1175, Solarbio, Bei-
jing, China), total cholesterol (TC, Cat. No. 60723ES60,
Yeasen, Shanghai, China), low-density lipoprotein choles-
terol (LDL-C, Cat. No. 60736ES59, Yeasen, Shanghai,

China), progesterone (PRGE, Cat. No. EU0380, FineTest,
Wuhan, Hubei, China), estradiol (E2; Solarbio Life Sci-
ences, Cat. No. SEKM-0286, Beijing, China), ROS
(ROS, Cat. No. HR8821, BaiAoLaiBo, Beijing, China),
follicle-stimulating hormone (FSH; JONLNBIO, Cat. No.
JL10239, Shanghai, China).

2.11 Statistical Analysis
All data are expressed as the mean ± standard er-

ror of the mean (SEM). Every N value shown throughout
the manuscript corresponds to biological replicates for all
experimental systems (including animal, cell and molecu-
lar experiments). Statistical analyses were conducted us-
ing GraphPad Prism 8.0 software (GraphPad Software, San
Diego, CA, USA). For comparisons between two groups,
differences were analyzed by an unpaired two-tailed Stu-
dent’s t-test. For comparisons among three or more groups,
one-way or two-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison test was applied, as
appropriate based on the number of independent variables.
p < 0.05 was considered statistically significant.

3. Results
3.1 CTX Induces Oxidative Stress in Ovarian Tissue by
Activating ROS Production and Inhibiting ROS Clearance

Our prior research revealed that CTX activates p-NF-
κB/NLRP3/Caspase-1 signaling pathway, triggering aber-
rant inflammatory responses in ovarian tissues and identify-
ing irisolidone as a potential therapeutic agent [6]. In addi-
tion to inducing inflammatory dysregulation, CTX also dis-
rupts oxidative stress homeostasis in ovarian tissue. Thus,
we aimed to further investigate the specific mechanisms
by which CTX-induced oxidative stress modulates ovarian
physiological functions, as well as to explore the potential
of combination therapy with irisolidone and novel pharma-
cological agents for ovarian protection. To assess the over-
all impact of CTX on ROS levels in ovarian tissues, ovarian
tissues were first homogenized, followed by ROS detection
using a commercial assay kit. Findings demonstrated that
ROS accumulation in ovarian samples from CTX-treated
mice was significantly higher than that in the normal con-
trol group (Fig. 1A). Meanwhile, the activities of the ROS-
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Fig. 1. CTX induces ROS production and inhibits ROS-scavenging capacity in ovarian tissues. (A) ROS levels in ovarian tissue
homogenates were detected using a ROS assay kit (N = 6 per group). (B,C) The levels of antioxidant enzymes SOD (B) and GSH
(C) in ovarian tissue homogenates were measured using ELISA kits (N = 6 per group). (D–G) The transcriptional expression levels of
peroxisome-related genes in ovarian tissues, including Idh1 (D), Sod1 (E), Sod2 (F), and Pex1 (G), were assessed (N = 4 per group). Data
are presented as mean ± SEM. Statistical analysis was performed using an unpaired Student’s t-test. p < 0.05 was considered statistically
significant, *p < 0.05 vs. the vehicle group. CTX, cyclophosphamide; ROS, reactive oxygen species; SOD, superoxide dismutase;
GSH, glutathione; ELISA, enzyme-linked immunosorbent assay; Idh1, isocitrate dehydrogenase 1; Sod1, superoxide dismutase 1; Sod2,
superoxide dismutase 2; Pex1, peroxisomal biogenesis factor 1; SEM, standard error of the mean.

scavenging enzymes SOD and GSH were significantly in-
hibited by CTX (Fig. 1B,C). Additionally, the transcrip-
tional expression of peroxisome-related genes, including
isocitrate dehydrogenase 1 (Idh1), superoxide dismutase 1
(Sod1), superoxide dismutase 2 (Sod2), and peroxisomal
biogenesis factor 1 (Pex1), was markedly downregulated
in ovarian tissues following CTX treatment (Fig. 1D–G).
Collectively, these findings indicate that CTX exposure in-
creases ROS levels in vivo and impairs ROS-scavenging ca-
pacity, ultimately leading to ROS accumulation in ovarian
tissues.

3.2 CTX Disrupts Cholesterol Metabolism Pathways in
Ovarian Tissues

To investigate the biological processes affected by
CTX in ovarian tissue, KEGG pathway enrichment analy-
sis was performed on differentially expressed genes (DEGs)
from CTX-induced ovarian tissue using the GSE128240
dataset. KEGG analysis of upregulated DEGs revealed
that CTX affected the “hormone signaling” and “ovar-
ian steroidogenesis” pathways (Fig. 2A). KEGG analysis
of downregulated DEGs showed that CTX affected the
“steroid biosynthesis”, “fatty acid metabolism”, and “cor-
tisol synthesis and secretion” pathways in ovarian tissues
(Fig. 2B). We hypothesized that CTX disrupts hormone
synthesis processes in ovarian tissues.

Subsequently, we measured the concentration of TC
and LDL-C in ovarian tissues, revealing a significant reduc-
tion in both parameters (Fig. 2C,D). In contrast, quantifica-
tion of TC and LDL-C in serum demonstrated that CTX
did not alter their circulating levels. This indicated that
CTX impairs the ability of ovarian tissues to uptake free
cholesterol and LDL-C (Fig. 2E,F). Therefore, we next ex-
amined the expression of LDLR, a key molecule for the
uptake of circulating free cholesterol. The data demon-
strated that CTX significantly suppressed LDLR expression
(Fig. 2G,H).

3.3 CTX Inhibits Steroid Hormone Synthesis by Reducing
Androgen Substrate Supply

After uptake of free cholesterol by ovarian theca cells,
it is transported to the mitochondrial membrane to syn-
thesize progesterone and androgens, which serve as di-
rect substrates for estrogen synthesis in granulosa cells.
We measured the concentrations of progesterone in ovar-
ian tissues, and observed that CTX significantly reduced
its level (Fig. 3A). We further examined the expression
of StAR, a core protein responsible for transporting cy-
toplasmic cholesterol to the mitochondrial membrane, at
both the transcriptional and protein levels. CTX stimula-
tion caused a marked decrease in StAR expression in ovar-
ian tissues (Fig. 3B,C). Previous studies have demonstrated
that CTX remarkably inhibits the level of E2 [6]. To fur-
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Fig. 2. CTX impairs cholesterol metabolism in ovarian tissues. (A,B) Gene expression profiles of ovarian tissues following CTX
treatment were analyzed using the GSE128240. KEGG pathway analysis was performed on upregulated DEGs (A) and downregulated
DEGs (B). (C,D) Levels of TC (C) and LDL-C (D) in ovarian tissue homogenates were measured by ELISA (N = 6 per group). (E,F)
Levels of TC (E) and LDL-C (F) in serum were detected by ELISA (N = 6 per group). (G,H) The expression of LDLR in ovarian tissues
was determined at the transcriptional level (G) and protein level (H) (N = 4 per group). Data are presented as mean ± SEM. Statistical
analysis was performed using the unpaired Student’s t-test. p < 0.05 was considered statistically significant, *p < 0.05 vs. the vehicle
group, n.s. means no significant compared with vehicle group. KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially
expressed genes; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; LDLR, low-density lipoprotein receptor.

ther determine whether defects occur in the synthetic path-
way from progesterone to estrogen, we assessed the expres-
sion of cytochrome p450 family 17 subfamily A member
1 (CYP17A1) and cytochrome p450 family 19 subfamily
A member 1 (CYP19A1), key genes that regulate the con-
version of progesterone to androgens and androgens to E2,
respectively. CTX stimulation significantly upregulated
the transcriptional expression of CYP17A1 and CYP19A1
(Fig. 3D,E). We hypothesize that CTX does not impair the
downstream enzymatic conversion of progesterone to an-
drogens and estrogens; rather, it primarily disrupts choles-
terol uptake and metabolism in ovarian tissues.

3.4 CTX Impairs Cholesterol Metabolism in Primary
Ovarian Theca Cells

Primary mouse ovarian theca cells were treated with
0.2 μMCTX to establish an in vitroCTX stimulation model
(Fig. 4A). Following CTX stimulation, cholesterol uptake
and its subsequent conversion to progesterone were signifi-
cantly impaired in ovarian theca cells (Fig. 4B,C). Further-
more, we investigated the effect of CTX stimulation on es-
trogen synthesis in granulosa cells cultured under androgen-
free or androgen-supplemented conditions. Results demon-
strated that, under normal conditions, estrogen synthesis
in granulosa cells was markedly suppressed when cells
were cultured in an androgen-free medium. In contrast,
CTX stimulation did not inhibit estrogen synthesis in gran-
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Fig. 3. CTX impairs the cholesterol metabolism processes in ovarian tissues. (A) The concentration of progesterone (a cholesterol
metabolite) in ovarian tissue homogenates was detected by ELISA (N = 6 per group). (B,C) The expression of StAR, which mediates the
transport of cytoplasmic cholesterol to mitochondria for metabolism, in ovarian tissues was detected at the transcriptional level (B) and
protein level (C) (N = 4 per group). (D) The transcriptional expression of Cyp17A1 in ovarian tissues was determined (N = 4 per group).
(E) The transcriptional expression of Cyp19A1 in ovarian tissues was determined (N = 4 per group). Values are expressed as mean ±
SEM. Statistical comparisons were conducted via an unpaired Student’s t-test. A p-value < 0.05 was considered statistically significant,
*p < 0.05 vs. the vehicle group. StAR, steroidogenic acute regulatory protein; Cyp17A1, Cytochrome P450 family 17 subfamily A
member 1; Cyp19A1, Cytochrome P450 family 19 subfamily A member 1.

Fig. 4. CTX impairs cholesterol metabolism processes in mouse primary ovarian theca cells. (A) Cell viability following treatment
with different concentrations of CTX in primary ovarian theca cells was performed using the CCK-8 assay (N = 8 per group). (B) Total
cholesterol levels in ovarian theca cells were detected by ELISA (N = 6 per group). (C) progesterone levels in ovarian theca cells were
detected by ELISA (N = 6 per group). (D) Primary granulosa cells were maintained in androgen-supplemented and androgen-free media,
stimulated with CTX, and E2 levels were determined by ELISA (N = 6 per group). Data are presented as mean ± SEM. Unpaired Student’s
t-test for two groups; one-way ANOVA with Tukey’s post hoc test for multiple groups (one independent variable); two-way ANOVA
with Tukey’s post hoc test for multiple groups (two independent variables). p < 0.05 was considered statistically significant, *p < 0.05
vs. the corresponding control or vehicle group; # p < 0.05 vs. the CTX-Obtain androgen group. CCK8, cell counting kit-8; E2, estradiol;
ANOVA, analysis of variance.
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Fig. 5. Lyc attenuates CTX-induced ROS accumulation. Mouse primary ovarian theca cells were stimulated with CTX and H2O2 for
24 h. (A) ROS levels in theca cells after CTX and H2O2 stimulation were detected by DHE staining (N = 4 per group, scale bar = 50
μm). (B) progesterone levels in theca cells after CTX and H2O2 stimulation were measured by ELISA (N = 4 per group). (C) Chemical
structure of Lyc. (D) Theca cells were stimulated with H2O2 followed by treatment with different concentrations of Lyc, and ROS levels
were detected (N = 6 per group). (E,F) Theca cells were stimulated with CTX and then treated with Lyc; the enzymatic activities of SOD
(E) and GSH (F) were detected by ELISA (N = 6 per group). (G) Theca cells were stimulated with CTX and then treated with Lyc; the
transcriptional expression levels of Sod1 and Sod2 were detected (N = 4 per group). Values are expressed as mean ± SEM. One-way
ANOVAwith Tukey’s post hoc test for multiple groups (one independent variable). p < 0.05 was considered statistically significant, *p <
0.05 vs. the vehicle group; # p < 0.05 vs. the CTX group; n.s. means no significant compared with vehicle group. DHE, dihydroethidium;
SOD, superoxide dismutase; Lyc, lycopene.

ulosa cells cultured in an androgen-supplemented medium
(Fig. 4D). Collectively, these findings indicate that CTX
impairs cholesterol uptake and metabolic processes in ovar-
ian theca cells but does not compromise the ability of gran-
ulosa cells to utilize androgens as substrates for estrogen
synthesis.

3.5 Lyc Inhibits CTX-Induced ROS Accumulation and
Restores Antioxidant Enzyme Activity

Whether the inhibitory effect of CTX on cholesterol
uptake andmetabolism in ovarian theca cells is mediated by
CTX-induced ROS remains to be further investigated. ROS
staining of primary ovarian theca cells showed that CTX-
induced ROS levels were comparable to those observed
following direct stimulation with H2O2 (Fig. 5A). Both
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Fig. 6. Lyc ameliorates CTX-induced cholesterol metabolism disorder. (A–C) Primary ovarian theca cells were stimulated with CTX
and then treated with Lyc; LDLR and StAR expression was assessed at the protein level (A) and transcriptional level (B,C) (N = 4 per
group). (D) Primary ovarian theca cells were stimulated with CTX and then treated with Lyc; progesterone levels were measured by
ELISA (N = 6 per group). Data are presented as mean ± SEM. One-way ANOVA with Tukey’s post hoc test for multiple groups (one
independent variable). p < 0.05 was considered statistically significant, *p < 0.05 vs. the vehicle group; # p < 0.05 vs. the CTX group.

CTX and H2O2 inhibited progesterone synthesis (Fig. 5B).
Therefore, we hypothesized that CTX-induced ROS dis-
rupts cholesterol metabolism in ovarian theca cells. Based
on the concept of homologous medicine and food, we se-
lected Lyc to ameliorate CTX-induced damage in ovarian
theca cells (Fig. 5C). Under H2O2 stimulation, 40 μM Lyc
significantly scavenged H2O2-induced ROS accumulation
(Fig. 5D). We further examined the ability of Lyc to restore
antioxidant enzyme function and found that Lyc markedly
reversed the CTX-induced decline in SOD and GSH en-
zymatic activities (Fig. 5E,F). Lyc also significantly up-
regulated the transcriptional expression of Sod1 and Sod2
(Fig. 5G). In conclusion, Lyc inhibits ROS accumulation
and restores the activity and expression of antioxidant en-
zymes.

3.6 Lyc Restores CTX-Suppressed Cholesterol Uptake and
Metabolism in Primary Ovarian Theca Cells

Although Lyc inhibits ROS accumulation, whether it
can restore cholesterol uptake in ovarian theca cells re-
mains to be investigated. We evaluated the effects of Lyc
on LDLR and StAR expression in primary ovarian theca
cells, and the findings demonstrated that Lyc notably re-
versed CTX-induced downregulation of LDLR and StAR
at both transcriptional and protein levels (Fig. 6A–C). Ad-

ditionally, the changes in progesterone levels demonstrated
that Lyc treatment significantly restored progesterone syn-
thesis compared with the CTX group (Fig. 6D).

3.7 Lyc Ameliorates CTX-Induced Ovarian Tissue Damage
To further verify whether Lyc ameliorates CTX-

induced ovarian tissue damage in vivo, 8-week-old female
mice were used. Mice received a single intraperitoneal in-
jection of CTX (100 mg/kg). Based on previous literature,
Lyc was administered by oral gavage at 50 mg/kg/day for 3
consecutive weeks (Fig. 7A) [20,21]. Relative to the con-
trol group, the CTX-stimulated mice showed a significant
decrease in both body weight and ovarian weight; however,
mice receiving Lyc displayed a notable recovery in ovar-
ian weight and a marked rise in the ovarian index (ovar-
ian weight/body weight ratio) (Fig. 7B–D). Morphologi-
cal staining revealed that the Lyc treatment group exhib-
ited a significant increase in the number of ovarian func-
tional cells, including primordial follicle, primary follicle,
secondary follicle, and antral follicle (Fig. 7E–I). In addi-
tion, the number of atretic follicles was significantly re-
duced (Fig. 7J). Collectively, these findings indicate that
Lyc exerts a protective role against CTX-triggered injury in
ovarian tissues.
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Fig. 7. Lyc ameliorates CTX-induced ovarian cell damage. (A) 8-week-old female mice were intraperitoneally injected with CTX
(100 mg/kg) as a single dose, followed by intragastric administration of Lyc (50 mg/kg) daily for 3 consecutive weeks. (B) Body weights
of mice in each group (N = 10 per group). (C) Ovarian weights of mice in each group (N = 10 per group).(D) Ovarian index of mice in
each group (N = 10 per group). (E) H&E staining images of ovarian tissues in each group; the upper panels show the overview images
(scale bar = 200 μm), and the lower panels show the magnified images of the black-boxed areas (scale bar = 100 μm; N = 4 per group).
(F–J) Quantification of different ovarian cell types in ovarian tissues of each group, including primordial follicle (F), primary follicle
(G), secondary follicle (H), antral follicle (I), and atretic follicle (J) (N = 4 per group). Data are presented as mean ± SEM. One-way
ANOVA with Tukey’s post hoc test for multiple groups (one independent variable). p < 0.05 was considered statistically significant, *p
< 0.05 vs. the vehicle group; # p < 0.05 vs. the CTX group. H&E, hematoxylin and eosin.

3.8 Lyc Inhibits ROS Accumulation and Restores Estrogen
Synthesis

Whether the therapeutic effect of Lyc is attributable
to its potent antioxidant activity remains to be elucidated.
ROS levels in mouse ovarian tissue homogenates were as-
sessed, and the results showed that Lyc significantly inhib-
ited CTX-induced ROS accumulation (Fig. 8A). Addition-
ally, the concentrations of antioxidant enzymes (SOD and
GSH) and the transcriptional levels of antioxidant genes
(Sod1 and Sod2) were assessed. Compared with the CTX-

treated group, the Lyc-treated groupmarkedly rescued SOD
and GSH levels, and also significantly restored the tran-
scriptional levels of Sod1 and Sod2 (Fig. 8B–E). We then
explored whether the suppression of ROS by Lyc could re-
store cholesterol uptake and metabolism processes. Both
the transcriptional and protein levels of LDLR and StAR
were evaluated. Our findings revealed that Lyc treatment
significantly restored the CTX-downregulated expression
of LDLR and StAR at both examined levels (Fig. 8F–H).
Impaired cholesterol uptake is known to disrupt estrogen
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Fig. 8. Lyc inhibits CTX-induced ROS accumulation and restores cholesterol metabolism in ovarian tissues. (A) ROS levels in
ovarian tissue homogenates of each group were detected using an ROS assay kit (N = 6 each group). (B,C) The enzymatic activities of
SOD (B) and GSH (C) in ovarian tissue homogenates were measured by ELISA (N = 6 each group). (D,E) Transcriptional expression
levels of Sod1 (D) and Sod2 (E) in ovarian tissues of each group were detected (N = 4 each group). (F,G) The transcriptional expression
levels of Ldlr (F) and Star (G) in ovarian tissues of each group were detected (N = 4 each group). (H) Protein expression levels of LDLR
and StAR in ovarian tissues of each group were detected (N = 4 each group). (I) Levels of E2 and FSH in the serum of mice in each
group were detected by ELISA (N = 6 each group). Data are presented as mean ± SEM. One-way ANOVA with Tukey’s post hoc test
for multiple groups (one independent variable). p < 0.05 was considered statistically significant, *p < 0.05 vs. the vehicle group; # p <
0.05 vs. the CTX group. FSH, follicle-stimulating hormone.

synthesis. Thus, we further determined the levels of estro-
gen and FSH in serum. The data indicated that, compared
with the CTX-treated group, Lyc treatment notably restored
estrogen levels and reduced FSH levels (Fig. 8I). In con-
clusion, Lyc inhibits CTX-induced ROS accumulation, re-
stores cholesterol uptake and metabolism in ovarian cells,
and ultimately rescues estrogen synthesis.

4. Discussion
In the present study, we demonstrated that CTX in-

duces ovarian dysfunction by triggering ROS-mediated dis-
ruption of cholesterol metabolism, and that Lyc exerts a
protective effect by targeting this pathway. These findings
provide new insights into the mechanism underlying CTX-
induced ovarian injury and highlight the potential of Lyc as
a therapeutic agent for chemotherapy-induced POF.

Consistent with previous studies, our findings demon-
strated that CTX administration significantly increased
ROS accumulation in primary ovarian cells [22]. No-
tably, CTX not only promoted ROS production but also re-
duced the expression of ROS-scavenging enzymes, SOD
and GSH, leading to a self-amplifying cycle of oxidative
stress. This dual effect of CTX on ROS homeostasis may
explain its potent cytotoxicity in ovarian cells, which are
highly sensitive to oxidative damage.

Cholesterol metabolism is critical to the synthesis of
ovarian steroid hormones, and disruption of this process
may lead to ovarian dysfunction [23]. KEGGpathway anal-
ysis indicated that DEGs affected by CTX were enriched in
the cholesterol metabolism pathway. Further experiments
confirmed that CTX downregulated two key proteins en-
gaged in cholesterol uptake and mitochondrial transport,
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namely LDLR and StAR. The CTX-induced downregula-
tion of LDLR and StAR results in an insufficient supply of
cholesterol required for steroid hormone synthesis, thereby
impairing androgen and estrogen production. Furthermore,
androgen supplementation partially restored estrogen syn-
thesis in CTX-treated granulosa cells, which confirms that
CTX-induced cholesterol metabolism disorder leads to an-
drogen substrate deficiency and consequent reduced estro-
gen production.

Lyc is a natural antioxidant with multiple biological
activities [24]. We found that Lyc suppresses CTX-induced
ROS accumulation and upregulates the expression of Sod1
and Sod2. This indicates that Lyc alleviates CTX-induced
oxidative stress by enhancing the ROS scavenging sys-
tem. Additionally, Lyc restored the expression of LDLR
and StAR in CTX-treated ovarian cells, thereby reversing
cholesterol metabolism disruption. Further animal exper-
iments confirmed that Lyc attenuated CTX-induced mor-
phological damage of ovarian tissues, supporting its pro-
tective effect on ovarian function.

Limitations
Several limitations of the present study should be ac-

knowledged. First, this study examined the effects of Lyc
on CTX-induced ovarian injury in mouse models only, sug-
gesting that these findings may not be directly translat-
able to humans. Future studies should validate the pro-
tective effects of Lyc in human ovarian cells or in clini-
cal trials. Second, the present work focused on the role of
ROS-mediated disruption of cholesterol metabolism; how-
ever, additional mechanisms, such as apoptosis, may also
contribute to CTX-induced ovarian injury, and the effects
of Lyc on these mechanisms require further investigation.
Third, a single dose of CTX (100 mg/kg) was adminis-
tered to establish POF in mice, and the effects of Lyc on
ovarian damage triggered by various CTX doses still re-
quire further investigation. Fourth, CTX did not affect es-
trogen synthesis in granulosa cells in vitro and increased
the transcriptional expression of CYP17A1 and CYP19A1
in granulosa cells, suggesting that CTX does not impair
granulosa cell function. However, H&E staining showed
a significant reduction and structural disruption of granu-
losa cells. Therefore, the effects of CTX on granulosa cells
require further experimental validation. Fifth, variations in
estrous cycle stages among mice may influence their sus-
ceptibility to ovarian injury and compromise the assessment
of hormone levels, as hormone concentrations inherently
fluctuate across different estrous phases. Sixth, a variety of
chemotherapeutic drugs are used clinically, not only CTX
(an alkylating agent), and whether Lyc can protect the ovary
from damage induced by other chemotherapeutic drugs re-
mains to be further investigated.

5. Conclusions
In conclusion, this study demonstrates that CTX in-

duces ovarian dysfunction by triggering ROS-mediated dis-
ruption of cholesterol metabolism, and that Lyc exerts a
protective effect by scavenging ROS, restoring the antioxi-
dant defense system, and reversing cholesterol metabolism
and steroid hormone synthesis. These findings provide a
novel theoretical basis for the prevention and treatment of
chemotherapy-induced POF and highlight the potential of
Lyc as a safe and effective therapeutic agent for this condi-
tion.
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