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Abstract

Backgrounds: Premature ovarian insufficiency (POI) is a clinical syndrome characterized by
premature ovarian dysfunction, amenorrhea, and infertility. Ferulic acid (FA) is a prominent
bioactive phenolic compound derived from traditional Chinese herbs Angelica sinensis (Oliv.)
Diels and Ligusticum chuanxiong Hort. These herbs are commonly used to treat gynecological
disorders including menstrual irregularities and infertility, and are known to modulate endo-
plasmic reticulum (ER) stress. However, the therapeutic potential and molecular mechanisms
of FA in the context of POI remain largely unexplored. This study aimed to investigate the pro-
tective effects of FA against POI and to elucidate the underlying pharmacological mechanisms.
Methods: In vivo, a mouse model of POI was established via a single intraperitoneal injection
of cyclophosphamide (CTX; 120 mg/kg), and using FA for 28 days of continuous gavage to
observe its therapeutic effect. Ovarian function and pathological changes were assessed by
hormone levels, follicle development and oxidative stress (OS) level. In vitro, the effects of FA
were examined using 4-hydroperoxy cyclophosphamide (4-OHCP)-treated KGN granulosa
cells. Transcriptome sequencing, molecular docking, and molecular dynamics simulations
were employed to identify potential targets of FA. Results: Our findings demonstrated that
FA administration helped preserve regular estrous cycles, promoted follicle development
and hormone secretion, and attenuated OS in both ovarian tissue and granulosa cells (GCs).
Transcriptomic profiling combined with molecular docking and molecular dynamics simula-
tions suggested that FA potentially targets key ER stress proteins, specifically Grp78 and Perk.
Further in vivo and in vitro experiments confirmed that FA alleviates ER stress by inhibiting
the overactivation of the Perk/eIF2α/ATF4/CHOP signaling pathway. Notably, the protective
effects of FA were comparable to those of the ER stress inhibitor 4-Phenylbutyric acid (4-PBA)
and were reversed by the ER stress activator tunicamycin (TM). Additionally, FA downregu-
lates ERO1α expression, further blocking secondary oxidative damage triggered by ER stress.
In KGN cells, FA significantly inhibits 4-OHCP-induced apoptosis and upregulates the anti-
apoptotic proteins BCL-2 and BCL-xL, exhibiting efficacy similar to 4-PBA. Conclusions: FA
improves ovarian function in CTX-induced POI by coordinately regulating OS and ER stress,
inhibiting the Perk/eIF2α/ATF4/CHOP pathway, and suppressing GC apoptosis. These
findings provide experimental evidence supporting FA as a potential therapeutic candidate
for POI.
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1. Introduction
Premature ovarian insufficiency (POI) is a clinical syndrome characterized by the loss

of ovarian function before the age of 40. It typically presents as menstrual disturbances
(such as amenorrhea or oligomenorrhea) along with elevated gonadotropin levels and
reduced estradiol levels [1–3]. Beyond infertility, POI significantly increases the risk of
cardiovascular disease, osteoporosis, and neuropsychological disorders secondary to es-
trogen deficiency [2]. Although hormone replacement therapy can alleviate symptoms, it
fails to restore ovarian function or fertility, and its long-term administration carries clear
risks [4–6]. Therefore, exploring therapeutic strategies that can improve ovarian function
while maintaining a favorable safety profile has become an urgent need in this field.

Cyclophosphamide (CTX) was the first chemotherapeutic agent demonstrated to be
associated with POI and ovarian dysfunction [7]. In animal studies, CTX is a classic drug
for inducing POI models [8] and causes ovarian oxidative stress (OS) [9]. OS is considered a
key pathological contributor of POI [10]. OS not only directly impairs ovarian function [11].
but also induces endoplasmic reticulum (ER) stress, leading to abnormal activation of the
unfolded protein response (UPR) [12–14]. Under sustained stress, the UPR can shift from
an adaptive response to pro-apoptotic signaling, thereby affecting follicle development and
granulosa cell survival [15]. Notably, ER stress is significantly upregulated in aging ovaries,
suggesting its potential role in the pathological progression of POI [16,17].

Glucose-regulated protein 78 (Grp78) is a crucial molecular chaperone in the ER.
Under homeostatic conditions, Grp78 binds to the UPR sensors, maintaining them in an
inactive state. During ER stress, Grp78 dissociates from these sensors, thereby activating
downstream signaling pathways. Consequently, the activation of Grp78 is widely regarded
as a hallmark of the ER stress response [15]. Studies have shown that during follicle atresia,
Grp78 expression is up-regulated and exceeds levels observed in healthy follicles [18].
This abnormal overexpression may be one of the important mechanisms leading to dimin-
ished ovarian reserve. When ER stress occurs, protein kinase R-like ER kinase (Perk) is
released from the inhibitory effect of Grp78 and subsequently phosphorylating eukaryotic
translation initiation factor 2α (eIF2α), thereby activating the Activating Transcription Fac-
tor 4 (ATF4)-C/EBP-Homologous Protein (CHOP) signaling axis and ultimately inducing
apoptosis [15,19]. In ovarian tissue, excessive activation of ER stress is considered one of the
critical factors contributing to ovarian damage [20]. This may be attributed to the increased
apoptosis of granulosa cells (GCs) following the activation of the Perk pathway, which
in turn affects normal follicle development and may even lead to follicle atresia [21,22].
Therefore, modulating dysregulated ER stress levels could serve as a potential therapeutic
strategy for protecting ovarian function and delaying ovarian decline.

Ferulic acid (FA) is a natural phenolic compound widely used in the food and pharma-
ceutical industries [23]. It possesses multiple beneficial properties, including antioxidant,
anti-inflammatory, and anti-platelet activities [24,25]. FA is also a major active component
of several traditional Chinese medicinal herbs, such as Angelica sinensis (Oliv.) Diels [26]
and Ligusticum chuanxiong Hort. [27]. Research indicates that FA is one of the primary com-
ponents responsible for the blood-nourishing, menstrual regulation [28] and antioxidant
effects [29] of these herbs. Notably, research indicates that Ligusticum chuanxiong Hort. can
suppress ER stress-dependent apoptotic signaling [30], suggesting that FA, as its primary
active component, may also possess ER stress-regulating potential. Furthermore, FA has
been found to improve hormone profiles in women with impaired follicle development [31]
and to promote bovine oocyte maturation and embryonic developmental potential [32].
These findings indicate that FA positively influences hormone balance, follicle development,
and oocyte quality, aligning closely with the therapeutic goals for POI.
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Unfortunately, direct evidence regarding the therapeutic efficacy of FA in POI remains
limited. It is still unknown whether FA can exert protective effects on the ovaries by
regulating ER stress. Notably, although FA exhibits clear antioxidant activity, whether it can
more effectively protect ovarian function through the synergistic regulation of OS and ER
stress is a scientific question that urgently requires in-depth exploration. Therefore, in this
study, we used a CTX-induced POI mouse model [33] to assess the protective effects of FA
on ovarian function. We also investigated the role of ER stress in FA’s mechanism of action,
with a focus on the Perk-eIF2α-ATF4-CHOP signaling pathway. Simultaneously, using a GC
damage model induced by 4-hydroperoxy cyclophosphamide (4-OHCP), the anti-apoptotic
and ER stress-modulating effects of FA are further validated. These studies not only provide
a new perspective for the clinical management of POI but also offer experimental evidence
for the development of POI treatment strategies based on natural compounds.

2. Materials and Methods
2.1. Reagents

FA (Purity >99.5%) and sodium carboxymethyl cellulose (CMC-Na) were obtained
from MedChemExpress (Monmouth Junction, NJ, USA), Dehydroepiandrosterone (DHEA)
was sourced from APExBIO (Houston, TX, USA, B1375), and CTX was procured from
Sigma-Aldrich (St. Louis, MO, USA, C0768-1G). The following assay kits were used: mouse
follicle-stimulating hormone (FSH) ELISA kit (MU30265) and anti-Müllerian hormone
(AMH) ELISA kit (MU30399) from Bioswamp (Wuhan, China); QuicKey Pro mouse estra-
diol (E2) ELISA kit (E-OSEL-M0008) from Elabscience (Wuhan, China); Cell Counting Kit-8
(CCK-8, 40203ES) and dihydroethidium (DHE, 50102ES) from Yeasen (Shanghai, China);
ROS Fluorometric Assay Kit (Green, E-BC-K138-F) from Elabscience; Total Superoxide Dis-
mutase (T-SOD) Assay Kit with WST-8 (S0101S) and Lipid Peroxidation Malondialdehyde
(MDA) Assay Kit (S0131S) from Beyotime (Shanghai, China); and One-Step TUNEL In
Situ Apoptosis Kit (Green, FITC, E-CK-A320) from Elabscience. 4-OHCP was purchased
from Cayman (Ann Arbor, MI, USA, 19527), 4-Phenylbutyric acid (4-PBA) was obtained
from Selleck (Houston, TX, USA, S3592), and tunicamycin (TM) was obtained from Selleck
(S7894). Antibodies used in this experiment include: β-ACTIN (Proteintech, Wuhan, China,
20536-1-AP, 66009-1-Ig), AMH (Proteintech, 14461-1-AP), ATF4 (Proteintech, 60035-1-Ig),
BAX (Proteintech, 60267-1-Ig), BCL-2 (Abcam, Cambridge, UK, ab182858), BCL-xL (Protein-
tech, 10783-1-AP), BMP15 (Proteintech, 18982-1-AP), Caspase 3 (Proteintech, 19677-1-AP),
CHOP (Proteintech, 66741-1-Ig), eIF2α (Proteintech, 68479-1-Ig), GDF9 (Proteintech, 29309-
1-AP), Grp78 (Proteintech, 11587-1-AP), p-eIF2α (CST, Danvers, MA, USA, 3398), p-Perk
(Proteintech, 82534-1-RR), Perk (Proteintech, 68482-1-Ig), Biotin Conjugated AffiniPure
Goat Anti-Rabbit IgG(H + L) (Boster, Wuhan, China, BA1003), DyLight 594 Conjugated
AffiniPure Goat Anti-Rabbit IgG (H + L) (Boster, BA1142), Anti-rabbit IgG (H + L) (DyLight
800 4X PEG Conjugate) (CST, 5151), Anti-mouse IgG (H + L) (DyLight 680 Conjugate)
(CST, 5470).

2.2. Animals and Treatment

Female C57BL/6 mice (6–8 weeks old, 18–20 g) were purchased from Gempharmatech
Co., Ltd. (Nanjing, China), all mice are sexually mature and have no history of mating.
The mice are housed in a specific pathogen-free (SPF) barrier environment, with 12 h of
light/dark cycle, temperature 20~26 ◦C, humidity 40%~70%. The mice are provided with
unrestricted access to food and water. All animal experiments have been approved by
the Experimental Animal Center of Tongji Hospital Affiliated to Huazhong University of
Science and Technology (ethics approval number: TJH-202308002).
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Using a random number table method, mice were randomly assigned to five groups
(n = 40 per group): control group, model group, low dose FA (LFA) group, high dose FA
(HFA) group, and DHEA group. The LFA group and HFA group were given 40 mg/kg and
80 mg/kg of FA (referring to previous studies [34,35]), respectively, and the DHEA group
was given 11.25 mg/kg of DHEA (corresponding to 75 mg/d for a 60 kg adult female [36]).
All treatments were administered daily by oral gavage, starting on day 1 (D1). FA and
DHEA were dissolved in physiological saline containing 0.5% CMC-Na; the control and
model groups received the vehicle alone. Body weight was recorded daily throughout the
4-week gavage period. On D8, a single intraperitoneal injection of CTX (120 mg/kg) [33]
was administered to all groups except the control to induce the POI model; control mice
received an equivalent volume of physiological saline (10 mL/kg). Between D28 and D30,
mice in the diestrous phase were euthanized. Serum and ovarian tissues were collected,
and bilateral ovarian wet weights were measured. The ovary index was calculated as
follows: combined ovarian wet weight (g)/body weight before euthanasia (g) × 100%.

2.3. Estrous Cycle Monitoring

Throughout the study, vaginal cytology smears were performed every morning. The
stage of the estrous cycle was determined and recorded by an investigator blinded to the
group through examination under a light microscope. The normal estrous cycle of mice
consists of four distinct phases: diestrous, proestrous, estrous, and metestrous.

2.4. Ovarian Histology and Follicle Counting

Ovarian tissues were fixed in 4% paraformaldehyde for 24 h, dehydrated, and embed-
ded in paraffin. Serial sections were cut at 5 µm thickness and mounted on glass slides. For
histological evaluation, every fifth section was selected and stained with hematoxylin and
eosin (H&E). Follicles at different developmental stages—primordial, primary, secondary,
antral, and atretic—were identified and counted under an optical microscope. Counting
was performed independently by experienced observers using standardized criteria. To
ensure objectivity, only follicles containing a visible oocyte nucleus were included, and all
samples were evaluated in a blinded manner.

2.5. Elisa Assay for Serum Hormone

Mouse blood samples were collected and left at room temperature for 2 h, then cen-
trifuged at 3000 rpm for 15 min at 4 ◦C. Serum samples were stored at −80 ◦C pending
assay. Serum levels of FSH, E2 and AMH were measured according to the steps in the
Elisa kit instructions. Absorbance values at a wavelength of 450 nm were detected us-
ing microplate reader (Biotek, Winooski, VT, USA). The results were calculated using
Origin 9.1 software.

2.6. Immunohistochemistry

Mouse ovaries were fixed in 4% paraformaldehyde, then dehydrated and paraffin-
embedded. The embedded ovaries were sectioned at a thickness of 5 µm, and the sections
were attached to slides. Sections were deparaffinized and hydrated, antigen repair was
mediated by thermal repair method, and endogenous peroxidase activity was blocked by
3% H2O2. Subsequently, sections were blocked with 10% normal goat serum, followed
by incubation with specific primary antibodies at 4 ◦C overnight. Next, the sections
were incubated with goat anti-rabbit secondary antibody, DAB for color development, and
hematoxylin for restaining. Finally, the slices were sealed and observed under a microscope.
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2.7. Cell Culture

The granulosa cell line KGN cells were purchased from Cyagen Biosciences Inc.
(Guangzhou, China) Granulosa cells were cultured in DMEM/F12 medium supplemented
with 10% FBS and 100 U/mL penicillin and streptomycin at 37 ◦C in a 5% CO2 atmosphere.
After cells attached, the control and model group continued to be cultured with complete
medium, the treatment group was added with different concentrations of FA for 24 h, then
4-OHCP was added (except control). The ER stress inhibitor 4-PBA was added 2 h before
4-OHCP treatment, whereas the ER stress activator TM was administered 24 h prior to
4-OHCP exposure.

2.8. Cell Viability Assay

KGN cells (5 × 104/mL) were seeded into 96-well plates. After cells attached, they
were cultured with different concentrations of FA for 24 h, and then 4-OHCP was added
(except control). Cell viability was detected using CCK8 kit, and the absorbance value at a
wavelength of 450 nm was detected using microplate reader.

2.9. Oxidative Stress Detection

Fresh ovarian tissues were quick-frozen in liquid nitrogen, frozen sections were made,
and the sections were stained with DHE reagent for 30 min in the dark, then observed under
an inverted fluorescence microscope. Integrated fluorescence density was analyzed using
ImageJ2. In vitro, using the ROS kit, KGN cells were stained to assess ROS production.

Ovarian homogenates and cell samples were collected, and the OS level of tissues and
cells was detected using T-SOD and MDA kits according to the manufacturer’s instructions.
Briefly, after lysis and centrifugation, WST-8/enzyme working solution or MDA detection
working solution was added to the samples following the kit instructions. Following
incubation or heating treatment, the absorbance was measured, and T-SOD activity or
MDA content was calculated based on protein concentration.

2.10. Transcriptome Sequencing

Fresh mouse ovarian total RNA was extracted and quantified, and the quality of the
RNA samples was determined using the Agilent 2100 Bioanalyzer (Santa Clara, CA, USA).
The extracted RNA was used to construct transcriptome libraries with the Hieff NGS® Ultima
Dual-mode RNA Library Prep Kit (Yeasen), which were then sequenced on the DNBSEQ
platform. After sequencing, invalid reads were filtered out, and the resulting clean reads
were rapidly and accurately aligned to the reference genome using HISAT2 2.2.0. Differential
expression analysis was performed using the DESeq2 package in R 4.4.2 to identify differ-
entially expressed genes (DEGs, p value <0.05) between the two groups. The clusterProfiler
package was then used to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses on the DEG sets.

2.11. Molecular Docking

Obtain protein structures (ID: 8D1W, 4X7H) from the Protein Data Bank (PDB). Protein
preprocessing was performed using Pymol 1.4.1 and AutoDock Tools 1.5.6, and the docking
process between FA and the target protein was analyzed using AutoDock Tools 1.5.6. The
binding energy was recorded and the docking results were visualized using Pymol software.

2.12. Molecular Dynamics Simulation

Molecular dynamics simulations were performed using Gromacs 2022. Force field
parameters were obtained using Gromacs’ pdb2gmx tool and the AutoFF website. During
simulations, the amber14sb force field was applied to the receptor protein’s molecular
parameters, while the GAFF2 force field was used for the ligand’s molecular parameters.
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A 1 nm TIP3P cubic water box was added around the system for solvent simulation.
Long-range electrostatic interactions were handled using the Particle Mesh Ewald (PME)
method with a cutoff distance of 1 nm. Prior to molecular dynamics simulations, the system
underwent energy optimization. The energy minimization process included 3000 steps of
steepest descent optimization followed by 2000 steps of conjugate gradient optimization.
Simulations were conducted under NPT conditions at 310 K and constant pressure, with a
total simulation time of 100 ns.

2.13. Immunofluorescence

Cell climbing pieces were prepared, fixed in 4% paraformaldehyde, and then perme-
abilized with 0.5% Triton X-100 for 20 min at room temperature. The pieces were blocked
with 10% normal goat serum, and then incubated with diluted primary antibody at 4 ◦C
overnight. Next, the cells were washed with PBS, and then incubated with the fluorescent
secondary antibody (594) at room temperature in the dark for 1 h. Finally, the nuclei were
stained with DAPI, sealed with an anti-fluorescence quencher, and observed under an
inverted fluorescence microscope (Olympus, Tokyo, Japan).

2.14. TUNEL

Cell climbing pieces were prepared, fixed in 4% paraformaldehyde, and then perme-
abilized with 0.5% Triton X-100 for 20 min at room temperature. Next, the pieces were
incubated with TdT Equilibration Buffer at 37 ◦C for 20 min, and then with the labeling
working solution at 37 ◦C for 60 min in the dark. Finally, the nuclei were stained with DAPI,
sealed with an anti-fluorescence quencher, and observed under an inverted fluorescence
microscope (Olympus, Tokyo, Japan).

2.15. Western Blot

Total protein from ovaries or GCs was extracted using RIPA lysis buffer containing
protease and phosphatase inhibitors. Protein concentration was determined using a BCA
protein assay kit. Proteins were separated by SDS-PAGE (8%, 10%) and then transferred
to 0.22 µm PVDF membranes (Millipore, Burlington, MA, USA). The membranes were
blocked with 5% skim milk or 3% BSA (bovine serum albumin, for phosphorylated proteins
blocking) at room temperature for 2 h, and then incubated with the primary antibody at
4 ◦C overnight. Next day, the membranes were washed 3 times with TBST and incubated
with the appropriate secondary antibody for 2 h, followed by three more washes with TBST.
Images were visualized using the Odyssey infrared imaging system (LI-COR, Lincoln, NE,
USA) and analyzed using ImageJ2.

2.16. Real-Time Quantitative PCR

Tissue and cell RNA was extracted using TRIZOL reagent (TaKaRa Bio, Shiga, Japan)
according to the protocol provided in the kit. Nano Drop software was used to determine
total RNA concentration. Reverse transcription was performed using the PrimeScript RT
reagent kit (TaKaRa Bio, Shiga, Japan) to obtain cDNA. Real-time qPCR was then performed
using the LightCycler® 96 system (Roche Diagnostics, Basel, Switzerland) according to
the instructions of SYBR Green Master Mix kit (TaKaRa Bio, Shiga, Japan). Relative gene
expression was calculated using the 2−∆∆Ct method. The animal and cellular primer
sequences used in the present study are shown in Tables 1 and 2, respectively.
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Table 1. The primers for real-time qPCR (mouse).

Gene Forward Primer (5′-3′) Reverse Primer (3′-5′)

β-actin CACTGTCGAGTCGCGTCC TCATCCATGGCGAACTGGTG
Amh TACTCGGGACACCCGCTATT CTCAGGGTGGCACCTTCTCT

Grp78 CGTGTGTGTGAGACCAGAAC CAGTCAGGCAGGAGTCTTAGG
Perk CAGTGGGATTTGGACGTGGG GAAGTTTTGTGGGTGCCCTCTG
eIF2α CACATCCACTTCAGAATGCCG CATAGGCCCCCATTTCAGCA
Atf4 CCTATAAAGGCTTGCGGCCA GATTTCGTGAAGAGCGCCAT
Chop CCCCAGGAAACGAAGAGGAAG ATGTGCGTGTGACCTCTGTT

Table 2. The primers for Real-time qPCR (human).

Gene Forward Primer (5′-3′) Reverse Primer (3′-5′)

β-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
Grp78 CATCACGCCGTCCTATGTCG CGTCAAAGACCGTGTTCTCG
Perk ACGATGAGACAGAGTTGCGAC ATCCAAGGCAGCAATTCTCCC
eIF2α TGGTGAATGTCAGATCCATTGC TAGAACGGATACGCCTTCTGG
Atf4 ATGACCGAAATGAGCTTCCTG GCTGGAGAACCCATGAGGT
Chop GGAAACAGAGTGGTCATTCCC CTGCTTGAGCCGTTCATTCTC

2.17. Data Analysis

All data in the present study are from at least three independent experiments. Graph-
Pad Prism software 8.0 was used for statistical analysis. One-way analysis of variance
(ANOVA) was used, followed by Tukey’s post hoc test, to compare the mean differences
between multiple groups. Where data violated the assumptions for parametric analysis, the
Kruskal–Wallis test was applied. All data are expressed as mean ± standard error (SEM),
and p < 0.05 was considered statistically significant.

3. Results
3.1. FA Maintains Normal Estrous Cycle, Restores Body Weight and Ovarian Index in POI Mice

A schematic diagram of the animal experimental protocol is summarized in Figure 1A.
DHEA, which is clinically used to improve ovarian reserve and responsiveness [37,38], was
included as a positive control. Figure 1B illustrates the dynamic changes in the estrous
cycle across groups. Within 3–4 days after CTX injection, the model group displayed
marked estrous cycle disruption, characterized by shortened or absent estrous phases and
prolonged diestrous. In contrast, mice in the LFA, HFA, and DHEA groups continued to
exhibit regular estrous phases, with the HFA group maintaining largely stable cyclicity. No
significant differences in body weight were observed among groups at day 1 (D1) or D8.
Following CTX administration, all non-control groups experienced a gradual decline in
body weight, reaching the lowest point at D13, followed by gradual recovery. The model
group showed the most pronounced weight loss at D13 and D28, which was significantly
attenuated in the HFA group (Figure 1C,D). Representative images of ovarian and uterine
morphology are presented in Figure 1E and Figure S1. Ovarian size was markedly reduced
in the model group, whereas FA treatment ameliorated this atrophy. DHEA also conferred
some improvement in ovarian morphology, although unilateral ovarian atrophy was noted
in some cases. Consistent with these observations, both ovarian wet weight and ovarian
index were significantly lower in the model group than in controls, but were restored by
FA or DHEA treatment (Figure 1F,G).
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Figure 1. FA improves the estrous cycle, ovary and body weights of POI mice. (A) Schematic diagram
of animal experiment processing. (B) Estrous cycle of each group. (C) Dynamic changes in body
weight of mice in each group over 28 days (n = 6). (D) Comparison of body weight in each group
on D1, D8, D13 and D28 (n = 6). (E) Representative images of the morphology of the ovaries and
uterus in each group. (F) Wet weight of ovaries in each group (n = 8). (G) Ovarian index in each
group (n = 8). ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. model group;
ns, no significant differences were observed among the groups. E, estrus; P, proestrus; M, metestrus;
D, diestrus.

3.2. FA Improves Sex Hormone Levels in POI Mice

AMH reflects ovarian reserve. The immunohistochemical staining results for AMH in
the ovaries of each group are shown in Figure 2A. AMH is mainly expressed in the preantral
follicles of the mice. Compared with the control group, AMH expression was significantly
reduced in the model group. Furthermore, serum AMH and ovarian Amh mRNA level was
also significantly reduced in the model group, while FA and DHEA treatment improved
these AMH levels (Figure 2A–C). In addition, the present study indicated higher serum
FSH levels and lower E2 levels in the model group (Figure 2D,E). Compared to the model
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group, FA and DHEA treatment significantly decreased FSH levels and increased E2 levels
(Figure 2D,E).

Figure 2. Effect of FA on ovarian morphology, follicle number, and serum hormone levels in POI mice.
(A) Representative ovarian AMH immunohistochemical images for each group, scale bar = 100 µm.
(B) Relative expression of Amh mRNA in the ovaries of each group (n = 6). (C–E) Serum AMH, FSH,
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and E2 levels, respectively (n = 6–8). (F) Representative images of ovarian sections stained with HE,
with yellow arrows indicating primordial follicles, scale bar = 100 µm. (G–L) Statistical results for the
number of total follicles (excluding atretic follicles), primordial follicles, primary follicles, secondary
follicles, antral follicles, and atretic follicles (n = 7–9). ## p < 0.01, ### p < 0.001 vs. control group;
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. model group.

3.3. FA Restores Ovarian Morphology and Follicle Development in POI Mice

Figure 2F shows whole ovarian sections and localized magnified views of each group.
In the model group, a significant reduction in ovarian size and presence of damaged follicles
were observed, as indicated by abnormal follicle morphology, loose arrangement of GCs,
and a decrease in growing follicles at all stages, which were replaced by severe fibrosis of
the ovarian stroma. As shown in Figure 2G, the total number of follicles (excluding atretic
follicles) in the model group was significantly lower than in the other groups, indicating
severe follicle loss in the model group. Compared with the control group, the number
of primordial follicles was significantly reduced in the model group, whereas FA and
DHEA pretreatment maintained ovarian reserve, especially in the HFA group (Figure 2H).
Significant differences were also observed in the number of primary, secondary, and antral
follicles between the model and control group. FA treatment reversed this damage in a
dose-dependent manner (Figure 2I–K). While the number of growing follicles increased in
the DHEA group, but only secondary follicles showed a statistically significant difference
(Figure 2I–K). In addition, the number of atretic follicles was significantly increased in the
model group compared with the control group, and treatment with FA or DHEA reduced
this count (Figure 2L).

Ovarian follicle development is regulated by complex factors, among which growth
differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) of the TGF-
β family have been shown to be essential. As shown in Figure 3A,D, GDF9 is mainly
expressed in oocytes, while BMP15 is positively stained in both oocytes and GCs. Compared
with the control group, the expression of GDF9 and BMP15 was significantly reduced in the
model group, which was consistent with the Western blot results (Figure 3B,C,E,F). HFA
treatment substantially restored the expression of both factors (Figure 3B,C,E,F), with a
particularly pronounced effect on GDF9. In the DHEA group, a significant increase was
observed in BMP15 expression, whereas the change in GDF9 was not statistically significant.
Although LFA treatment led to upward trends in both GDF9 and BMP15, the differences
did not reach statistical significance.

Taken together, the results of serum hormone, follicle counts and follicle development
factors indicate that HFA treatment has a positive effect on maintaining ovarian reserve
and improving follicle development.

3.4. FA Reduces Oxidative Stress in POI Mouse Ovaries

The ROS levels in mouse ovaries were assessed by DHE staining. As shown in
Figure 4A,B, the ovarian ROS levels in the model group were significantly higher than
those in the control group. Positive staining was observed in ovarian GCs and ovarian
stroma. FA and DHEA treatment significantly reduced ROS levels in the ovaries, with the
most significant improvement observed in the HFA group. In addition, the ovarian MDA
(a biomarker of lipid or protein peroxidation) level of the model group was significantly
higher, while T-SOD (an antioxidant enzyme) level was significantly lower (Figure 4C,D).
In contrast to the model group, FA and DHEA treatment caused a significant decrease in
MDA level and a significant increase in T-SOD level (Figure 4C,D), indicating that FA and
DHEA help to reduce the oxidative level in the ovaries of POI mice.
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Figure 3. Effect of FA on the expression of follicle development-related factors in POI mice. Represen-
tative immunohistochemical images of GDF9 (A) and BMP15 (D) of each group, scale bar = 100 µm.
Representative images of GDF9 (B) and BMP15 (E) protein bands in the ovaries of each group. Statis-
tical analysis of GDF9 (C) and BMP15 (F) protein expression in each group (n = 5–7). # p < 0.05 vs.
control group; * p < 0.05, ** p < 0.01 vs. model group.
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Figure 4. Effect of FA on oxidative stress levels in the ovaries of POI mice. (A,B) Representative
images of ovarian frozen sections stained with DHE for each group, scale bar = 100 µm. (B) Statistical
analysis of DHE (n = 3). (C) Statistical analysis of T-SOD activity (n = 6). (D) Statistical analysis of
MDA (n = 6). ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. model group.

3.5. Screening for FA-Regulated Targets in POI Mouse Ovaries Using Transcriptome Sequencing

To identify the precise biological mechanisms by which FA regulates and enhances
ovarian function in POI mice, ovarian samples were subjected to transcriptome sequenc-
ing. The HFA group was selected to represent the FA treatment group for this analysis.
As illustrated in Figure 5A, a total of 3109 differentially expressed genes (DEGs) were
identified in the model group compared to the control group (Supplementary Table S1),
while 1887 DEGs were identified in the FA group compared to the model group
(Supplementary Table S2). Among the three groups, 598 common DEGs were identified.
The DEG heatmaps comparing the control versus model groups and the model versus FA
groups are shown in Figures 5B and 5C, respectively, with green indicating downregula-
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tion and red indicating upregulation. Functional enrichment analysis of the 598 common
DEGs among the three groups revealed that the groups primarily differed in the following
biological processes: progesterone-mediated oocyte maturation, oocyte meiosis, ovarian
steroidogenesis, intracellular homeostasis, and unfolding protein binding (Figure 5D,E).

Figure 5. Screening of FA-regulated sites in POI mouse ovaries using transcriptome sequencing.
(A) Venn diagram of DEGs between the model group and the control group, and between the FA
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group and the model group. (B) Heat map of DEGs between the model group and the control group.
Red indicates upregulation, green indicates downregulation (n = 4). (C) Heat map of DEGs between
the FA group and the model group. Red indicates upregulation, green indicates downregulation
(n = 4). (D) GO enrichment analysis for Model vs. Control and FA vs. Model. The height of the
bar indicates the size of the difference, and the number represents the number of DEGs. (E) KEGG
enrichment pathway analysis for Model vs. Control and FA vs. Model. Dot color indicates the
significance of the difference, and dot size represents the number of DEGs. (F) Volcano plot of genes
in the FA group vs. the model group. Red indicates upregulation, green indicates downregulation,
and gray indicates no difference. (G) KEGG enriched pathways of up- and downregulated genes in
the FA group vs. the model group, with the top 10 shown for each. Red indicates upregulation, green
indicates downregulation, and darker colors indicate more significant differences. The size of the
dots represents the number of DEGs. (H) GO enrichment analysis of downregulated genes in the
FA group vs. the model group. Dot color indicates the significance of the difference, and dot size
represents the number of DEGs. (I) GO enrichment analysis of upregulated genes in the FA group vs.
the model group. Dot color indicates the significance of the difference, and dot size represents the
number of DEGs.

To further elucidate the molecular targets of FA on POI, we analyzed differential
gene expression between FA-treated and model groups. The volcano plot identified 1033
up-regulated and 854 down-regulated genes in the FA group (Figure 5F and Supplementary
Table S2). Notably, FA significantly increased the expression of key folliculogenesis genes
(Gdf9, Bmp15) and the steroidogenic gene Cyp19a1 (Figure 5F), consistent with the observed
improvements in follicle development and hormone levels in FA-treated mice. KEGG
pathway analysis demonstrated that FA treatment downregulated protein processing in the
ER and upregulated the ovarian steroidogenesis pathway (Figure 5G and Supplementary
Table S3). GO analysis further indicated downregulation of protein folding, unfolded pro-
tein binding, and ER-related cellular components (Figure 5H and Supplementary Table S4),
along with upregulation of growth factor activity in FA-treated ovaries (Figure 5I and
Supplementary Table S5). Collectively, these findings suggest that POI mice may exhibit
disrupted ER homeostasis and a state of cellular stress. FA treatment appears to alleviate
ER stress while concurrently promoting follicle development and steroidogenic pathways,
thereby cooperatively improving ovarian function. This transcriptomic evidence supports a
mechanism by which FA protects ovarian function through modulation of ER homeostasis
and the follicle microenvironment.

3.6. Molecular Docking and Dynamics Simulations of FA with Grp78 and Perk

Based on the transcriptomic analysis results, we further evaluated the interaction
between FA and the ER stress-related proteins Grp78 and Perk using molecular docking.
The results showed that FA exhibits strong binding to both targets, with calculated binding
energies of −5.44 kcal/mol for Grp78 and −6.69 kcal/mol for Perk (Figure 6A).

To evaluate the stability of these complexes, molecular dynamics simulations were
conducted. The root mean square deviation (RMSD) was used to monitor conformational
stability of proteins and ligands. As shown in Figure 6B, the Grp78 and Grp78-FA systems
reached equilibrium after 80 ns, stabilizing around 2.3 Å and 1.7 Å, respectively. The Perk-
FA complex exhibited slight fluctuations during motion, oscillating around 3 Å overall
(Figure 6C). Together, these data indicate stable binding of FA to both Grp78 and Perk.
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Figure 6. Molecular docking and molecular dynamics simulation of FA with Grp78 and Perk.
(A) Molecular docking results of FA with Grp78 and Perk. (B,C) RMSD values for Grp78-FA and Perk-
FA complexes over time. (D) Rg values for Grp78-FA and Perk-FA complexes over time. (E) SASA
values for Grp78-FA and Perk-FA complexes over time. (F,G) HBonds values for Grp78-FA and
Perk-FA complexes over time. (H,I) RMSF values for Grp78-FA and Perk-FA complexes. (J,K) Free
energy landscape plots.

https://doi.org/10.3390/biomedicines14030714

https://doi.org/10.3390/biomedicines14030714


Biomedicines 2026, 14, 714 16 of 28

The radius of gyration (Rg) characterizes overall structural changes and reflects the
compactness of protein structures. The Grp78-FA complex exhibited stable Rg fluctua-
tions, while the Perk-FA complex system showed minor fluctuations during simulation
(Figure 6D). Solvent-accessible surface area (SASA) measures the proportion of a protein
surface exposed to water, aiding in predicting conformational changes during interactions.
Throughout the simulation, both Grp78-FA and Perk-FA complexes exhibited slight fluctu-
ations in SASA (Figure 6E), suggesting that FA binding may influence the protein’s binding
microenvironment and induce some degree of SASA variation.

Hydrogen bonds play a crucial role in ligand-protein interactions. The number of
hydrogen bonds between Grp78 and FA ranged from 0 to 8, with approximately 4 hydrogen
bonds present in most cases (Figure 6F). The number of hydrogen bonds between Perk
and FA ranged from 0 to 4, with approximately 2 hydrogen bonds present in most cases
(Figure 6G). This indicates that both Grp78-FA and Perk-FA complexes exhibit robust
hydrogen bonding interactions.

Root mean square fluctuation (RMSF) reflects the flexibility of amino acid residues
within proteins. As shown in Figure 6H,I, the Grp78-FA complex exhibits relatively low
RMSF values (mostly below 2.4 Å), while the Perk-FA complex also shows relatively low
RMSF values (mostly below 3 Å). Consequently, both complexes demonstrate low flexibility
and high stability.

The Free Energy Landscape (FEL) depicts the free energy distribution calculated from
RMSD and Rg during protein-ligand molecular dynamics simulations. Figure 6J,K illustrate
the simulated dynamic processes of the Grp78-FA and Perk-FA complexes, respectively.
A color gradient represents free energy levels, decreasing from red (high energy) to blue
(low energy).

Collectively, these computational results demonstrate that the Grp78-FA and Perk-FA
complex systems exhibit stable binding with well-defined hydrogen bonding interactions.
This indicates that FA can potentially interact with the target proteins Grp78 and Perk,
providing a structural basis for the potential ability of FA to modulate the ER stress pathway.

3.7. FA Inhibits Perk/eIF2α/ATF4/CHOP Pathway in POI Mouse Ovaries

The activation of Grp78 serves as a marker of the ER stress response. Immunohisto-
chemical analysis detected Grp78 expression in the ovarian tissues of all groups (Figure 7A),
primarily localized to the GCs. Ovaries from the control group showed low Grp78 ex-
pression, whereas the model group exhibited a marked increase. This elevated expression
was attenuated in both FA and DHEA treated groups. Meanwhile, the Grp78 protein
and mRNA levels were significantly higher in the model group than in the control group,
and both LFA and HFA treatments significantly reduced Grp78 at both the protein and
transcript levels (Figure 7B–D). In the DHEA group, a significant decrease was observed
only in Grp78 mRNA (Figure 7B–D).

Furthermore, the model group showed significant upregulation of key ER stress-
related proteins, including the p-Perk/Perk and p-eIF2α/eIF2α ratios, as well as ATF4, and
CHOP expression, compared with the control group. FA treatment, particularly at the high
dose (HFA), effectively reversed these elevations (Figure 7E–I). DHEA significantly sup-
pressed ATF4 protein expression. However, it did not significantly affect the p-Perk/Perk
and p-eIF2α/eIF2α ratios or CHOP protein levels. A similar trend was observed at the
transcript level, with mRNA expression of Perk, eIF2a, Atf4 and Chop being significantly
increased in the model group. HFA significantly reduced Perk, eIF2a and Atf4 mRNA
levels. Although Chop expression also decreased, the change was not statistically significant
(Figure 7J–M). It is noteworthy that, compared to the model group, the DHEA group exhib-
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ited significant decreases only in the mRNA levels of Perk and Atf4 (Figure 7J,L), suggesting
that the effect of DHEA on this pathway may be limited.

Figure 7. Effect of FA on Grp78 expression and on the Perk/eIF2α/ATF4/CHOP pathway in POI
mice. (A) Representative immunohistochemical images of Grp78 of each group, scale bar = 100 µm.

https://doi.org/10.3390/biomedicines14030714

https://doi.org/10.3390/biomedicines14030714


Biomedicines 2026, 14, 714 18 of 28

(B) Representative images of Grp78 protein bands in the ovaries of each group. (C) Statistical analysis
of Grp78 protein expression in each group (n = 5–6). (D) Relative expression of Grp78 mRNA in
ovaries of each group (n = 6). (E) Representative images of ovarian p-Perk, Perk, p-eIF2α, eIF2α, ATF4,
and CHOP protein bands in each group. (F–I) Statistical analysis of p-Perk/Perk, p-eIF2α/eIF2α,
ATF4, and CHOP expression in each group (n = 5–8). (J–M) Relative expression of Perk, eIF2α, Atf4,
and Chop mRNA in the ovaries of each group (n = 6). (N) Representative images of ovarian ERO1α
protein bands in each group. (O) Statistical analysis of ERO1α expression in each group (n = 3).
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. model group.

ER oxidoreductase 1α (ERO1α), a key downstream target of ATF4, is a crucial regulator
of intracellular OS. In this study, we further found that ERO1α expression was significantly
elevated in the ovaries of POI model mice, while both FA and DHEA treatments effectively
reduced its expression (Figure 7N,O). This suggests that FA may suppress the ATF4-ERO1α
axis, thereby blocking the further increase in intracellular oxidative pressure caused by
excessive ERO1α activity and consequently alleviating the oxidative damage state in
POI ovaries.

3.8. FA Reduces 4-OHCP-Induced KGN Cell Damage and Oxidative Stress

To determine the appropriate drug concentration, KGN cells were first treated with
varying concentrations of FA. As shown in Figure 8A, FA concentrations ranging from
6.25 to 200 µmol/L had no significant effect on cell viability, whereas FA at 400 µmol/L
caused a significant inhibition of KGN proliferation. Since 4-OHCP is the active metabolite
of cyclophosphamide in vivo, it was used for the in vitro injury model. Cells were treated
with different concentrations of 4-OHCP for various durations; the condition resulting in
approximately 50% cell viability (25 µmol/L for 6 h; Figure 8B) was selected for subsequent
experiments. Following FA pretreatment and subsequent 4-OHCP exposure, cell viability of
the model group (0 µmol/L FA) was significantly reduced compared with the control group,
while 100 µmol/L FA most effectively maintain cell viability (Figure 8C). Consequently,
50 and 100 µmol/L FA were selected as the LFA and HFA concentrations, respectively, for
further studies.

As shown in Figure 8D,E, the ROS levels in the model group were significantly higher
than those in the control group, whereas LFA and HFA pretreatment significantly reduced
ROS production. In addition, compared with the control group, model cells exhibited
significantly increased MDA and decreased T-SOD levels (Figure 8F,G). Both LFA and HFA
restored the balance between these two markers in KGN cells (Figure 8F,G).

3.9. FA Alleviates ER Stress in KGN Cells by Modulating the Perk/eIF2α/ATF4/CHOP Pathway

To investigate the regulatory effect of FA on ER stress in KGN cells, we examined the
expression of key ER stress markers, using the ER stress inhibitor 4-PBA (1 mM [39]) as
a positive control. As shown in Figure 9A, cells of the model group showed a significant
increase in Grp78, Perk, eIF2α, Atf4 and Chop mRNA compared with the control group,
while FA and 4-PBA treatment reversed this abnormal increase. Consistent with the mRNA
findings, Grp78 protein expression was also markedly elevated in the model group and
subsequently attenuated by FA or 4-PBA administration (Figure 9B,D). Furthermore, the
model group showed increased p-Perk/Perk and p-eIF2α/eIF2α ratios, along with upregu-
lation of ATF4 and CHOP proteins (Figure 9E–I). While both 4-PBA and HFA treatment
significantly suppressed the activation of these proteins, LFA treatment significantly re-
duced p-Perk/Perk, p-eIF2α/eIF2α, and ATF4 levels but did not significantly affect CHOP
expression (Figure 9E–I).
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Figure 8. Effect of FA on the viability and oxidative stress of 4-OHCP-damaged KGN cells. (A) Cell
viability after 24 h of treatment with different concentrations of FA (n = 3). (B) Cell viability after
treatment with different concentrations of 4-OHCP for different durations (n = 3). (C) Cell viability
after pretreatment with different concentrations of FA for 24 h, followed by treatment with 25 µM
4-OHCP for 6 h (n = 3). (D,E) Representative fluorescence images and statistical analysis of ROS in
each group, scale bar = 50 µm. (F) Statistical analysis of T-SOD activity in cells (n = 5). (G) Statistical
analysis of MDA in cells (n = 4–5). ### p < 0.001 vs. control group; ** p < 0.01, *** p < 0.001 vs.
model group.
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Figure 9. Effect of FA on Grp78 and the Perk/eIF2α/ATF4/CHOP pathway in 4-OHCP-damaged
KGN cells. (A) Relative expression of Grp78, Perk, eIF2α, Atf4, and Chop mRNA in cells of each group
(n = 5–7). (B) Representative immunofluorescence images of Grp78 of each group, scale bar = 50 µm.
(C) Representative images of Grp78 protein bands of each group. (D) Statistical analysis of Grp78
protein expression of each group (n = 5). (E) Representative images of p-Perk/Perk, p-eIF2α/eIF2α,
ATF4, and CHOP protein bands in the indicated groups. (F–I) Statistical analysis of the protein levels
shown in (E) (n = 5–8). (J) Representative images of Grp78, p-Perk/Perk, p-eIF2α/eIF2α, ATF4,
and CHOP protein bands in KGN cells treated with or without TM. (K–O) Statistical analysis of the
protein levels shown in (J) (n = 3–5). # p < 0.05, ## p < 0.01, ### p < 0.001 vs. control group; * p < 0.05,
** p < 0.01, *** p < 0.001 vs. model group; † p < 0.05, †† p < 0.01, ††† p < 0.001 vs. FA group.

To further validate these findings, cells were treated with the ER stress activator TM
(1 µM [40]). As shown in Figure 9J–O, the FA + TM and TM groups displayed significantly
elevated levels of Grp78, ATF4, and CHOP, as well as increased p-Perk/Perk and p-
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eIF2α/eIF2α ratios compared to the FA group. This reversal suggests that the inhibitory
effects of FA on the ER stress pathway were counteracted by TM.

3.10. FA Inhibits 4-OHCP-Induced Apoptosis in KGN Cells

As shown in Figure 10A, minimal apoptosis was observed in control KGN cells under
normal culture conditions. In contrast, 4-OHCP exposure markedly increased apoptotic
cell numbers. This effect was significantly ameliorated by both LFA and HFA treatment,
as well as by the ER stress inhibitor 4-PBA, with HFA exhibiting the most pronounced
protective effect. Further analysis of apoptosis-related proteins revealed that the model
group exhibited a significant increase in the cleaved Caspase 3/Caspase 3 ratio and a
decrease in the anti-apoptotic proteins BCL-2 and BCL-xL (Figure 10B,C,E,F). These changes
were reversed by HFA, and 4-PBA treatments, which significantly reduced Caspase 3
activation and increased BCL-2 and BCL-xL expression. However, BAX protein expression
did not differ significantly among groups (Figure 10D). LFA treatment also significantly
decreased the cleaved Caspase 3/Caspase 3 ratio and raised BCL-xL levels, although its
effect on BCL-2 was not statistically significant. Above all, the results demonstrate that FA
may effectively suppress 4-OHCP-induced apoptosis in KGN cells.

Figure 10. Effect of FA on apoptosis of 4-OHCP-damaged KGN cells. (A) Representative immunoflu-
orescence images of TUNEL in each group, scale bar = 50 µm. (B) Representative images of BCL-2,
BAX, cleaved Caspase3, Caspase3 and BCL-xL protein bands of each group. (C–F) Statistical analysis
of BCL-2, BAX, cleaved Caspase3/Caspase3 and BCL-xL protein expression in cells of each group
(n = 3–5). # p < 0.05, ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01 vs. model group.
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4. Discussion
This study systematically investigated the protective effects of FA on a CTX-induced

POI model and elucidated its underlying mechanisms. Our results demonstrated that FA
not only significantly improved ovarian function indices, restored endocrine balance, and
promoted follicle development in POI mice but also effectively alleviated OS, reduced Grp78
expression, and inhibited the activation of the Perk/eIF2α/ATF4/CHOP pathway. These
findings provide important experimental evidence supporting the potential therapeutic
use of FA for POI and reveal that its protective effects are likely achieved through the
coordinated regulation of OS and ER stress.

POI is characterized by accelerated primordial follicle depletion leading to ovarian
dysfunction [41]. In this study, CTX—a non-cell-cycle-specific agent known to induce dose-
dependent ovarian damage [42,43]—was used to establish a POI mouse model. CTX not
only damages quiescent follicles but also severely impairs growing follicles. The model mice
exhibited marked ovarian atrophy, reduced primordial and developing follicles, increased
follicle atresia, and interstitial fibrosis, confirming severe ovarian reserve impairment. FA
treatment effectively counteracted these changes, preserving primordial follicles, reducing
atresia and fibrosis, and attenuating the progression of POI.

FSH promotes preantral follicle development and estrogen synthesis [44,45], while AMH
reflects the growing follicle pool and inhibits primordial follicle recruitment [46]. AMH not
only reflects the dynamic ovarian reserve but also influences the innate pool of follicles, making
it a widely used marker for assessing remaining ovarian reserve [46–48]. In this study, POI
mice showed elevated FSH and decreased E2 and AMH levels. FA treatment reversed these
hormonal imbalances, significantly increasing serum AMH, indicating improved ovarian
reserve. As both E2 and AMH are primarily produced by granulosa cells of developing
follicles [46,49], the rise in developing follicles following FA treatment further explains the
restoration of these hormone levels.

Interestingly, mice in the model group showed significant weight loss after CTX injec-
tion, likely attributable to drug-induced systemic toxicity. CTX is known to cause ovarian
damage and disrupt sex hormone levels [7], which may influence eating behavior [50]. Ad-
ditionally, it can induce intestinal inflammation and cachexia [51], collectively contributing
to marked weight reduction. Although body weight partially recovered as inflammation
subsided, ovarian reserve impairment and hormonal dysregulation persisted, likely restrict-
ing full weight restoration. Weight loss was also observed in FA-treated mice. However, FA
administration helped preserve ovarian reserve, maintained near-normal levels of FSH, E2,
and AMH, and conferred anti-inflammatory benefits [24]. These effects likely contributed
to improved systemic conditions, as reflected by greater physical activity, attenuated weight
loss, and a return to near-normal body weight by day 28 in FA-treated animals.

Notably, FA treatment significantly increased the ovarian expression of GDF9 and
BMP15 in POI mice, with a particularly pronounced effect on GDF9. Both GDF9 [52]
and BMP15 [53] jointly regulate follicle development and oocyte function. Mutations in
these genes are associated with POI pathogenesis and impaired folliculogenesis [54,55].
Clinically, their reduced expression correlates with poor oocyte quality and unfavorable IVF
outcomes [56]. In this study, the expression of both factors was significantly downregulated
in POI model mice, while HFA treatment effectively restored their levels. These findings
suggest that FA promotes follicle development and likely improves oocyte quality by
upregulating these key folliculogenic growth factors.

ER serves as a central site for protein biosynthesis, folding, and post-translational mod-
ifications, and the maintenance of redox homeostasis within ER is essential for its normal
function [57]. It has been established that OS, a key pathological contributor to POI [9,10],
can disrupt ER redox equilibrium, promote protein misfolding, and thereby trigger ER
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stress. Conversely, persistent ER stress can further increase ROS generation through futile
disulfide-bond cycling and mitochondrial calcium overload, establishing a detrimental
“OS-ER stress” vicious cycle that collectively exacerbates ovarian damage [57,58]. In this
study, ovarian tissues and KGN cells from the model group exhibited significantly elevated
levels of ROS and MDA, accompanied by decreased T-SOD activity, indicating a severe
disruption of the oxidative-antioxidative balance. As a natural phenolic antioxidant, FA
effectively reduced ROS and MDA levels, enhanced T-SOD activity, and restored cellular
redox homeostasis. Notably, ERO1α, a downstream target gene of ATF4, is transcriptionally
induced during ER stress; however, its catalytic activity is coupled with H2O2 produc-
tion [59], which may aggravate OS. Our results showed that FA treatment significantly
decreased ERO1α protein expression in the ovaries of model mice, suggesting that FA may
suppress the ATF4-ERO1α axis, thereby alleviating ER stress while concurrently blocking
the secondary OS triggered by ERO1α activity. This coordinated action indicates that the
protective effect of FA involves multi-level modulation of the OS-ER stress interplay.

Molecular docking and dynamics simulations revealed favorable binding properties
of FA to both Grp78 and Perk proteins, providing a structural basis for the potential direct
interaction between FA and ER stress-related proteins. Grp78 serves as a key regulatory
protein and marker of the ER stress response. In the ovary, Grp78 expression fluctuates
with physiological and pathological changes. A certain level of Grp78 supports primordial
follicle activation, GC proliferation, follicle development, and embryogenesis [60–62],
whereas Grp78 deficiency causes embryonic lethality [60]. Lin et al. [18] observed higher
Grp78 levels in atretic goat follicles than healthy follicles, suggesting that severe ER stress
may overwhelm adaptive UPR signaling and promote apoptosis, ultimately resulting in
follicle atresia. In line with previous studies [63,64], our results showed that CTX treatment
markedly upregulated Grp78 expression and induced ER stress in both mouse ovarian
tissues and KGN cells. In contrast, FA administration significantly reduced Grp78 levels,
reflecting a decreased burden of unfolded proteins within the ER. Consistent with the effect
of the chemical chaperone 4-PBA, the downregulation of Grp78 following FA treatment
likely indicates alleviation of the stress state, thereby corroborating the efficacy of FA in
restoring ER homeostasis of POI models.

Furthermore, FA markedly inhibited the aberrant activation of the Perk/eIF2α/ATF4/CHOP
pathway, showing a trend similar to that of 4-PBA. FA not only reduced the protein levels of
p-Perk, p-eIF2α, ATF4, and CHOP but also downregulated the mRNA expression of Perk
and eIF2α. Although Perk pathway activation primarily relies on post-translational modifi-
cations, the downregulation of relevant gene transcription further supports the sustained
alleviation of ER stress. The introduction of the ER stress activator TM further validated
that FA exerts its protective effects by regulating the ER stress pathway. Collectively, these
results demonstrate that FA effectively intervenes in the excessive activation of ER stress
signaling in POI models, blocking the transmission of downstream apoptotic signals.

ER stress-induced GCs apoptosis is a contributing factor to ovarian damage and
follicle atresia [18,20,65]. The BCL-2 protein family, comprising anti-apoptotic members
such as BCL-2 and BCL-xL and pro-apoptotic proteins like BAX, plays a central role in
regulating apoptosis [66]. Activated Caspase 3 executes the final stages of cell death
through cleavage of hundreds of key cellular substrates [67]. In this study, 4-OHCP
exposure significantly compromised KGN cell viability and promoted apoptosis, reflected
by elevated cleaved Caspase 3/Caspase 3 ratios, reduced levels of BCL-2 and BCL-xL
proteins, and increased TUNEL-positive cells. Both LFA and HFA treatments effectively
counteracted these changes. HFA markedly reduced apoptosis, and increased BCL-2 and
BCL-xL expression. LFA also decreased apoptosis and increased BCL-xL, though its effect
on BCL-2 was not statistically significant. Notably, total BAX protein levels remained
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unchanged across groups, likely because FA effectively blocked BAX activation without
significantly altering its total expression. Moreover, FA exhibited anti-apoptotic efficacy
comparable to the ER stress inhibitor 4-PBA. These results support that FA protects ovarian
function in POI, at least in part, by suppressing ER stress-induced GC apoptosis.

DHEA is a pivotal precursor of androgens and estrogens. Since Casson et al. [68] first
reported in 2000 that DHEA could enhance ovarian response in women with diminished
ovarian reserve, it has been widely used as a supplementary treatment for women with
POI undergoing assisted reproduction. In this study, DHEA was employed as a positive
control. The results confirmed that DHEA alleviates follicle loss and hormonal imbalances,
while also demonstrating antioxidant activity. Notably, DHEA was observed in this study
to modulate ATF4, potentially influencing the redox homeostasis of ovarian cells through
the ATF4-ERO1α axis. However, DHEA did not show significant regulatory effects on key
molecules of the Perk pathway, including p-Perk and CHOP, at either the protein or gene
level. This suggests that the protective effects of DHEA in POI may be mediated through
other intricate cellular processes.

However, the present has several limitations. First, ovarian function was assessed
by measuring follicle development-related factors, without evaluating follicle maturation,
ovulation, or subsequent pregnancy outcomes. Second, as the experiments were conducted
in a mouse model, the clinical relevance remains limited, and the mechanisms identified
may not fully translate to humans. Future studies should further investigate FA’s regu-
latory effects on key ER stress proteins and its potential interactions with other signaling
pathways. In addition, research on the influence of FA on long-term reproductive outcomes
is warranted to facilitate its clinical translation.

In summary, this study systematically elucidates the protective effects of FA on a
CTX-induced POI model and its underlying mechanisms. The results demonstrate that
FA not only significantly improves ovarian morphology and functional indices, restores
sex hormone balance, and promotes follicle development but also effectively alleviates
OS, suppresses Grp78 expression, and inhibits the aberrant activation of the key ER stress
pathway Perk/eIF2α/ATF4/CHOP, thereby reducing granulosa cell apoptosis. Notably,
by downregulating ERO1α expression, FA effectively suppresses the increase in cellular
oxidative pressure and mitigates oxidative damage, suggesting that FA may exert a syn-
ergistic protective effect through the simultaneous regulation of OS and ER stress. This
study provides experimental evidence supporting FA as a potential therapeutic candidate
for POI and lays a theoretical foundation for the further development of ovarian protection
strategies based on the modulation of ER homeostasis.

5. Conclusions
In conclusion, the present study reveals that FA significantly alleviates CTX-induced

POI in mice. FA treatment preserves ovarian reserve, restores hormone balance, enhances
folliculogenesis, and attenuates OS. Mechanistically, FA suppresses Grp78 levels and
inhibits the overactivation of the Perk/eIF2α/ATF4/CHOP signaling pathway, thereby
attenuating ER stress and suppressing GC apoptosis. Additionally, FA decreases ERO1α
expression, interrupting the OS-ER stress vicious cycle. Collectively, these results identify
FA as a promising natural agent for ameliorating ovarian dysfunction in POI, chiefly
through the coordinated regulation of oxidative and ER stress pathways. The present
work offers substantive experimental support for the potential therapeutic use of FA in
POI treatment.
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BCL-2 B-cell lymphoma-2
BMP15 Bone Morphogenetic Protein 15
CHOP C/EBP-Homologous Protein
CMC-Na Sodium Carboxymethyl Cellulose
CTX Cyclophosphamide
DHE Dihydroethidium
DHEA Dehydroepiandrosterone
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E2 Estradiol
eIF2α Eukaryotic Translation Initiation Factor 2α
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FSH Follicle-Stimulating Hormone
GCs Granulosa Cells
GDF9 Growth Differentiation Factor 9
Grp78 Glucose-Regulated Protein-78
HE Hematoxylin-Eosin
HRT Hormone Replacement Therapy
HSP70 Heat Shock Protein 70
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IVF in vitro Fertilization
MDA Malondialdehyde
OS Oxidative Stress
Perk Protein Kinase R-like ER Kinase
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POI Premature Ovarian Insufficiency
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UPR Unfolded Protein Response
WB Western Blotting

References
1. Webber, L.; Davies, M.; Anderson, R.; Bartlett, J.; Braat, D.; Cartwright, B.; Cifkova, R.; de Muinck Keizer-Schrama, S.; Hogervorst,

E.; Janse, F.; et al. ESHRE Guideline: Management of women with premature ovarian insufficiency. Hum. Reprod. 2016, 31,
926–937. [CrossRef]

2. Jankowska, K. Premature ovarian failure. Prz. Menopauzalny 2017, 16, 51–56. [CrossRef]
3. Chon, S.J.; Umair, Z.; Yoon, M.S. Premature Ovarian Insufficiency: Past, Present, and Future. Front. Cell Dev. Biol. 2021, 9, 672890.

[CrossRef]
4. Lobo, R.A. Hormone-replacement therapy: Current thinking. Nat. Rev. Endocrinol. 2017, 13, 220–231. [CrossRef]
5. Eisenberger, A.; Westhoff, C. Hormone replacement therapy and venous thromboembolism. J. Steroid Biochem. Mol. Biol. 2014,

142, 76–82. [CrossRef]
6. Pal, L.; Santoro, N. Premature ovarian failure (POF): Discordance between somatic and reproductive aging. Ageing Res. Rev. 2002,

1, 413–423. [CrossRef] [PubMed]
7. Spears, N.; Lopes, F.; Stefansdottir, A.; Rossi, V.; De Felici, M.; Anderson, R.A.; Klinger, F.G. Ovarian damage from chemotherapy

and current approaches to its protection. Hum. Reprod. Update 2019, 25, 673–693. [CrossRef]
8. Dai, F.; Wang, R.; Deng, Z.; Yang, D.; Wang, L.; Wu, M.; Hu, W.; Cheng, Y. Comparison of the different animal modeling and

therapy methods of premature ovarian failure in animal model. Stem Cell Res. Ther. 2023, 14, 135. [CrossRef] [PubMed]
9. Khedr, N.F. Protective effect of mirtazapine and hesperidin on cyclophosphamide-induced oxidative damage and infertility in rat

ovaries. Exp. Biol. Med. 2015, 240, 1682–1689. [CrossRef] [PubMed]
10. Chen, L.; Mo, Q.; Wu, Y.; Chen, W.; Deng, K.; Xiao, Y. Ameliorative effect of salidroside on the cyclophosphamide-induced

premature ovarian failure in a rat model. Free Radic. Res. 2024, 58, 107–116. [CrossRef]
11. Yan, F.; Zhao, Q.; Li, Y.; Zheng, Z.; Kong, X.; Shu, C.; Liu, Y.; Shi, Y. The role of oxidative stress in ovarian aging: A review. J.

Ovarian Res. 2022, 15, 100. [CrossRef]
12. Wu, Z.; Wang, H.; Fang, S.; Xu, C. Roles of endoplasmic reticulum stress and autophagy on H2O2-induced oxidative stress injury

in HepG2 cells. Mol. Med. Rep. 2018, 18, 4163–4174. [CrossRef] [PubMed]
13. Liu, H.; Wang, L.; Weng, X.; Chen, H.; Du, Y.; Diao, C.; Chen, Z.; Liu, X. Inhibition of Brd4 alleviates renal ischemia/reperfusion

injury-induced apoptosis and endoplasmic reticulum stress by blocking FoxO4-mediated oxidative stress. Redox Biol. 2019,
24, 101195. [CrossRef] [PubMed]

14. Oakes, S.A.; Papa, F.R. The role of endoplasmic reticulum stress in human pathology. Annu. Rev. Pathol. 2015, 10, 173–194.
[CrossRef] [PubMed]

15. Huang, N.; Yu, Y.; Qiao, J. Dual role for the unfolded protein response in the ovary: Adaption and apoptosis. Protein Cell 2017, 8,
14–24. [CrossRef]

16. Liang, X.; Yan, Z.; Ma, W.; Qian, Y.; Zou, X.; Cui, Y.; Liu, J.; Meng, Y. Peroxiredoxin 4 protects against ovarian ageing by
ameliorating D-galactose-induced oxidative damage in mice. Cell Death Dis. 2020, 11, 1053. [CrossRef]

17. Zhu, H.; Li, X.; Qiao, M.; Sun, X.; Li, G. Resveratrol Alleviates Inflammation and ER Stress Through SIRT1/NRF2 to Delay
Ovarian Aging in a Short-Lived Fish. J. Gerontol. A Biol. Sci. Med. Sci. 2023, 78, 596–602. [CrossRef]

18. Lin, P.; Yang, Y.; Li, X.; Chen, F.; Cui, C.; Hu, L.; Li, Q.; Liu, W.; Jin, Y. Endoplasmic reticulum stress is involved in granulosa cell
apoptosis during follicular atresia in goat ovaries. Mol. Reprod. Dev. 2012, 79, 423–432. [CrossRef]

19. Harada, M.; Takahashi, N.; Azhary, J.M.; Kunitomi, C.; Fujii, T.; Osuga, Y. Endoplasmic reticulum stress: A key regulator of the
follicular microenvironment in the ovary. Mol. Hum. Reprod. 2021, 27, GAAA088. [CrossRef]

20. Wu, Y.; Ma, C.; Zhao, H.; Zhou, Y.; Chen, Z.; Wang, L. Alleviation of endoplasmic reticulum stress protects against cisplatin-
induced ovarian damage. Reprod. Biol. Endocrinol. 2018, 16, 85. [CrossRef]

21. Ling, L.; Feng, X.; Wei, T.; Wang, Y.; Wang, Y.; Wang, Z.; Tang, D.; Luo, Y.; Xiong, Z. Human amnion-derived mesenchymal stem
cell (hAD-MSC) transplantation improves ovarian function in rats with premature ovarian insufficiency (POI) at least partly
through a paracrine mechanism. Stem Cell Res. Ther. 2019, 10, 46. [CrossRef]

22. Wang, X.; Wang, L.; Xiang, W. Mechanisms of ovarian aging in women: A review. J. Ovarian Res. 2023, 16, 67. [CrossRef]

https://doi.org/10.3390/biomedicines14030714

https://doi.org/10.18370/2309-4117.2017.37.41-48
https://doi.org/10.5114/pm.2017.68592
https://doi.org/10.3389/fcell.2021.672890
https://doi.org/10.1038/nrendo.2016.164
https://doi.org/10.1016/j.jsbmb.2013.08.016
https://doi.org/10.1016/S1568-1637(02)00009-0
https://www.ncbi.nlm.nih.gov/pubmed/12067595
https://doi.org/10.1093/humupd/dmz027
https://doi.org/10.1186/s13287-023-03333-4
https://www.ncbi.nlm.nih.gov/pubmed/37202808
https://doi.org/10.1177/1535370215576304
https://www.ncbi.nlm.nih.gov/pubmed/25787947
https://doi.org/10.1080/10715762.2024.2320383
https://doi.org/10.1186/s13048-022-01032-x
https://doi.org/10.3892/mmr.2018.9443
https://www.ncbi.nlm.nih.gov/pubmed/30221706
https://doi.org/10.1016/j.redox.2019.101195
https://www.ncbi.nlm.nih.gov/pubmed/31004990
https://doi.org/10.1146/annurev-pathol-012513-104649
https://www.ncbi.nlm.nih.gov/pubmed/25387057
https://doi.org/10.1007/s13238-016-0312-3
https://doi.org/10.1038/s41419-020-03253-8
https://doi.org/10.1093/gerona/glad009
https://doi.org/10.1002/mrd.22045
https://doi.org/10.1093/molehr/gaaa088
https://doi.org/10.1186/s12958-018-0404-4
https://doi.org/10.1186/s13287-019-1136-x
https://doi.org/10.1186/s13048-023-01151-z
https://doi.org/10.3390/biomedicines14030714


Biomedicines 2026, 14, 714 27 of 28

23. Kumar, M.; Kaushik, D.; Shubham, S.; Kumar, A.; Kumar, V.; Oz, E.; Brennan, C.; Zeng, M.; Proestos, C.; Çadırcı, K.; et al. Ferulic
acid: Extraction, estimation, bioactivity and applications for human health and food. J. Sci. Food Agric. 2025, 105, 4168–4177.
[CrossRef]

24. Li, D.; Rui, Y.X.; Guo, S.D.; Luan, F.; Liu, R.; Zeng, N. Ferulic acid: A review of its pharmacology, pharmacokinetics and derivatives.
Life Sci. 2021, 284, 119921. [CrossRef] [PubMed]
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