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ABSTRACT

Context: The decline in ovarian reserve is a major concern in female reproductive health, often associated
with oxidative stress and mitochondrial dysfunction. Although ginsenoside Rg1 is known to modulate
mitophagy, its effectiveness in mitigating ovarian reserve decline remains unclear.

Objective: To investigate the role of ginsenoside Rg1 in promoting mitophagy to preserve ovarian reserve.
Materials and methods: Ovarian reserve function, reproductive capacity, oxidative stress levels, and
mitochondrial function were compared between ginsenoside Rgl-treated and untreated naturally aged
female Drosophila using behavioral, histological, and molecular biological techniques. The protective effects
of ginsenoside Rg1 were analyzed in a Drosophila model of oxidative damage induced by tert-butyl
hydroperoxide. Protein expression levels in the PINK1/Parkin pathway were assessed, and molecular docking
and PINK1 mutant analyses were conducted to identify potential targets.

Results: Ginsenoside Rg1 significantly mitigated ovarian reserve decline, enhancing offspring quantity and
quality, increasing the levels of ecdysteroids, preventing ovarian atrophy, and elevating germline stem cell
numbers in aged Drosophila. Ginsenoside Rg1 improved superoxide dismutase, catalase activity, and gene
expression while reducing reactive oxygen species levels. Ginsenoside Rg1 activated the mitophagy
pathway by upregulating PINK1, Parkin, and Atg8a and downregulating Ref(2)P. Knockdown of PINK1 in the
ovary by RNAi attenuated the protective effects of ginsenoside Rgl1. Molecular docking analysis revealed
that the ginsenoside Rg1 could bind to the active site of the PINK1 kinase domain.

Discussion and conclusions: Ginsenoside Rg1 targets PINK1 to regulate mitophagy, preserving ovarian
reserve. These findings suggest the potential of ginsenoside Rgl as a therapeutic strategy to prevent
ovarian reserve decline.
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Introduction

As social and life pressures increase, more women are choosing
to postpone childbirth. Although this provides greater flexibility
in balancing personal and professional goals, it also increases the
risk of infertility due to a decline in ovarian reserve. Studies have
shown that ovarian reserve peaks at birth and progressively
declines with age, with a marked decrease after 35years (Jirge
2016; Li et al. 2019). Recent epidemiological data indicate that
approximately 10% of women experience decreased ovarian
reserve (DOR), and nearly 50% of these cases affect women
under 40years of age. The incidence of DOR has increased
annually, with a trend towards younger populations being
affected, attributed to factors such as environmental pollution,
psychological stress, immune disturbances, and gynecological
surgical procedures (Devine et al. 2015; Bjorvang et al. 2021;

Dogan et al. 2021; Luderer et al. 2022). To address the conflict
between reproductive aspirations and age-related ovarian decline,
many women have turned to exogenous estrogen therapy or
assisted reproductive technologies. However, these interventions
often carry risks, including hypertension and suboptimal ovarian
responses (Levi et al. 2001). Consequently, the need for effective
treatments and medications to restore ovarian function remains
a pressing issue.

As women age, their ovarian antioxidant defenses decline,
resulting in the excessive accumulation of reactive oxygen species
(ROS) and oxidative damage, which accelerates the deterioration
of ovarian reserve function (Lim and Luderer 2011; Song et al.
2016). ROS overproduction is associated with mitochondrial dys-
function, characterized by disrupted electron transport chain
activity, impaired ATP synthesis, and impaired mitochondrial
membrane potential (MMP), as mitochondria are the primary
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sites of ROS generation (Wang et al. 2018; Zhang et al. 2019).
Thus, maintaining mitochondrial function is a crucial target to
improve ovarian reserve.

Mitophagy, a protective mechanism that maintains mitochon-
drial health and function, involves the degradation of damaged
or dysfunctional mitochondria through lysosomal pathways
(Kim et al. 2023; Wang, Long, et al. 2023). Emerging evidence
indicates that certain natural products can regulate mitophagy in
various diseases (Li, Song, et al. 2023; Luo et al. 2023). For
example, resveratrol has been shown to delay oocyte aging in
mice by activating mitophagy and enhancing oocyte develop-
ment and ovarian reserve (Zhou et al. 2019). Additionally, Kim
et al. identified the growth arrest-specific gene 6 as a regulator
of mitophagy-related genes, protecting mitochondrial activity
and function in mouse oocytes (Kim KH et al. 2019). These
findings support the notion that mitophagy may play a role in
repairing ovarian reserve function. The PINK1/Parkin pathway
is the primary regulatory mechanism of mitophagy (Yu et al.
2021), with PINKI, a PTEN-induced putative kinase, acting as a
critical activator of mitophagy (Venkatachalam et al. 2020; Sonn
et al. 2022). This study aimed to investigate the role of
PINKI1-mediated mitophagy in preserving and protecting ovar-
ian reserve function.

Ginsenoside Rgl, a tetracyclic triterpenoid saponin and the pri-
mary active component of Panax ginseng C. A. Meyer (Araliaceae)
has shown extensive pharmacological properties, including the reg-
ulation of autophagy and antioxidant effects (Zhang et al. 2021;
Zhu et al. 2022; Xie et al. 2023; Yang SJ et al. 2023). Previous
studies have shown that ginsenoside Rgl increases antioxidant
enzyme levels, such as SOD and CAT, to alleviate D-galactose-
induced ovarian aging in mice (Liu XH et al. 2022). Moreover,
ginsenoside Rgl has been reported to upregulate the expression of
follicle-stimulating ~ hormone  receptors and  downregulate
senescence-related proteins, improving fertility, ovarian morphol-
ogy, and hormone secretion in mice with premature ovarian fail-
ure (POF) through enhanced antioxidant capacity (He et al. 2017).
However, it remains unclear whether ginsenoside Rgl mitigates
ovarian reserve decline through the mediation of mitophagy.

This study investigated the effects of ginsenoside Rgl on the
ovarian reserve in naturally aged Drosophila and its influence on
the oxidative capacity in an oxidative damage model. Furthermore,
the study explored the role of ginsenoside Rgl in promoting
mitophagy using autophagy inhibitors and examined its specific
targeting of PINK1 through gene knockdown. The findings sug-
gest that ginsenoside Rgl may help mitigate ovarian reserve
decline and extend reproductive lifespan.

Materials and methods
Drosophila source and maintenance

The Drosophila were purchased from the Drosophila resource bank of
the Experimental Center of the Affiliated Hospital of the Changchun
University of Chinese Medicine (Changchun, China). The PINKI
mutant Drosophila (Qidong, China) was provided by Qidong Fungene
Biotechnology. The Drosophila were reared in a cornmeal-sugar-yeast
agar medium containing 8% sugar (Macklin, S818046, Shanghai,
China), 10.8% cornmeal (Yuanye BioTechnology Co., Ltd., S30818,
Shanghai, China), 2% agar (Biofroxx, 8211GR500, Marburg, Germany),
0.5% yeast extract powder (Oxoid, LP0021B, Huntingdon, UK), and
0.5% propionic acid (Merck, 8.00605, Darmstadt, DE). Eggs, larvae,
pupae, and adults from the original species Drosophila were cultured in
an incubator controlled in a temperature range of 15-18°C and a rela-
tive humidity level of 65%. The Drosophila was raised at a temperature

PHARMACEUTICAL BIOLOGY 69

of 24-26°C with constant humidity. All Drosophila were kept in a 12-h
light/12-h dark cycle.

Following the experimental diagram shown in Figure 1A, five
experimental groups were set up, including the young group, the
older group and three ginsenoside Rgl treatment groups. In the
ginsenoside Rgl treatment groups, ginsenoside Rgl (Yuanye
BioTechnology Co., Ltd., B21057, Shanghai, China, HPLC >
98%) was administered to cornmeal-sugar-yeast agar medium at
final concentrations of 0.25, 0.5, and 1 mg/mL and fed for 7 days.

TBHP (Tert-butyl hydrogen peroxide solution, Sigma-Aldrich,
St. Louis, 19997, MO, USA) was administered to Drosophila in
tubes containing food supplemented with 0.3% TBHP. For the
3MA (3-Methyladenine, MedChemExpress, HY-19312, NJ, USA)
treatment, tubes containing food supplemented with 50 uM 3MA
were used. In the ginsenoside Rgl treatment group, the culture
medium was supplemented with ginsenoside Rgl to 1mg/mL.
All Drosophila (including those in the control and treatment
groups) were exposed to TBHP, 3MA, and ginsenoside Rgl for
7days. For experiments involving multiple compounds, fresh
food containing the supplements was provided to Drosophila
every 2-3days.

Reproduction assays of Drosophila

Each group of Drosophila was placed in the respective drug
medium and fed for 7days. After this period, they were trans-
ferred to a new tube containing a basal medium to mate with
male Drosophila. After mating, 10 female Drosophila were trans-
ferred to a separate test tube, where they were allowed to lay
eggs for 48h. Each treatment group consisted of 40 such tubes.
The number of eggs and pupae in each tube was recorded, and
the pupation rate was calculated.

Immunofluorescence staining

The ovaries were dissected in 1x PBS and fixed in 4% PFA for
30min. The samples were washed three times with PBST
(Beyotime Biotechnology, P0226, Shanghai, China) for 10min
each. To minimize non-specific antibody binding, tissues were
pre-incubated in PBST supplemented with 10% goat serum for
2h. Following this blocking step, tissues were incubated with the
primary antibody overnight at 4°C. The tissues were washed
three times with PBST and re-incubated in PBST with 10% goat
serum (Beyotime Biotechnology, C0265, Shanghai, China) for
30min. Subsequently, they were incubated with secondary anti-
bodies in the dark for 2h. The ovaries were stained with DAPI
(10ug/mL, Solarbio, C0065, Beijing, China) for 10min. The
mature eggs and the thicker egg chambers were removed using
tweezers, leaving the remaining tissue containing oogonia. This
tissue was placed onto a glass slide, mounted with an anti-fade
mounting medium, and sealed to prevent photobleaching. The
images were captured using a Nikon C2 confocal microscope.
The following antibodies were used: mouse anti-a-Spectrin (DSHB,
3A9 (323 or M10-2), Mouse, P13395, AB_528473, 1:20, Iowa, USA)
and rabbit anti-Vasa (SCBT, sc-30210, Rabbit, P09052, AB_793874,
1:200, California, USA) (Tao et al. 2021; Weaver and
Drummond-Barbosa 2021). Secondary antibodies Alexa Fluor
488-conjugated goat anti-rabbit (Thermo Fisher Scientific, A-11034,
Rabbit, AB_2576217, 1:1000, Waltham, Massachusetts, USA) and
Alexa Fluor 647-conjugated goat anti-mouse (Thermo Fisher Scientific,
A-21235, Mouse, AB_2535804, 1:1000, Waltham, Massachusetts, USA)
were diluted 1:1000 in PBST containing 10% goat serum. A list of
Immunofluorescence antibodies is provided in Table SI.
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Figure 1. The effects of ginsenoside Rg1 on GSCs and ovarian reserve function in aged female Drosophila. (A) Schematic flow chart of the experiments. A: collecting
Drosophila. (B) GSCs were identified by Spec staining and are illustrated by the white arrows. Scale bar: 100 um. (C) Quantitative analysis of GSCs. (D) The number
of eggs laid by Drosophila. (E) The number of pupae laid by Drosophila. (F) The pupation rate laid by Drosophila. (G) 20E content in the ovary. (H) Ovary size, Scale
bar = 500um. (I) Length and diameter of ovary. Data are shown as the mean+SD. *p<0.001, ##p <0.0001 compared to the young group; *p<0.05, **p<0.01,

**%p <0.001, ****p<0.0001 compared to the older group.



Determination of steroid hormone content

Following carbon dioxide anesthesia, female Drosophila were dissected
to collect ovary samples. Using fine-tipped forceps, the ovaries were
removed from each Drosophila. A total of 50 ovary pairs from each
group were homogenized in 100 microliters of RIPA lysis buffer. The
Drosophila tissue was homogenized using a tissue lyser (Life Real,
BSH-CL2, Hangzhou, China) and centrifuged at 12000rpm for 10min.
The supernatant was collected to determine the 20-hydroxyecdysone
content with a Fruit fly 20-HYD ELISA KIT (Sino Best Biological
Technology Co., Ltd., YX-22706F, Shanghai, China).

Ovarian measurements

To investigate the effects of ginsenoside Rgl on ovarian mor-
phology, 10 female Drosophila in each group were selected.
The Drosophila were euthanized by anesthetization with carbon
dioxide, and their ovaries were carefully dissected at room
temperature using forceps. The length and diameter of the dis-
sected ovaries were measured in real-time using a stereomicro-
scope (Nikon SMZ1000 equipped with Digital Sight DS-U3,
Tokyo, Japan).

Oxidative stress status evaluation

Drosophila ovaries were homogenized in a 1:9 (w/v) dilution of
0.9% sodium chloride solution. The homogenate was centrifuged
at 12,000g for 10min, and the supernatant was collected. The
supernatant was incubated with the fluorescent probe DCFH-DA
from the reactive oxygen species assay kit (Beyotime
Biotechnology, S0033S, Shanghai, China) at room temperature
for 60min. Fluorescence values were measured using a multi-
functional enzyme reader (Tecan Infinite M200 Pro, Tecan,
Minnedorf, Switzerland) with an excitation wavelength of 488 nm
and an emission wavelength of 525nm. ROS levels were expressed
as fluorescence intensity per mg of protein.

Ovarian tissue homogenate was used to measure superoxide
dismutase (SOD, expressed as U/mg protein) and catalase (CAT,
expressed as U/mg protein) activities using assay kits from
Nanjing Institute of Jiancheng Bioengineering (A001-2-2 for SOD
and A007-1-1 for CAT, Nanjing, China). CAT activity was
assessed using the ammonium molybdate method, with absor-
bance recorded at 405nm, while SOD activity was determined
based on absorbance at 550 nm.

Mitochondrial function index detection

The concentration of ATP levels in the ovaries was measured
using an ATP Assay Kit (Beyotime Biotechnology, S0026,
Shanghai, China). Briefly, 20mg of ovarian tissue was lysed with
100 uL ATP lysate and homogenized in a lyser. It was centrifuged
at 12000g/min for 5min to collect the supernatant. Next, 100 puL
of the detection working solution and 20pL of the sample solu-
tion were mixed into a 96-well plate. The luminescence was mea-
sured immediately with a luminometer (Thermo Fisher Scientific,

Table 1. Primer sequences used for RT-qPCR.
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Fluoroskan Ascent™ FL, Waltham, Massachusetts, USA), and the
ATP level in the sample was calculated using a standard curve.

MMP was measured based on JC-1 staining (Beyotime
Biotechnology, C2006, Shanghai, China). The mitochondria in
the ovarian tissue were collected using a tissue mitochondrial
isolation kit and incubated with 10ug/mL JC-1 (Beyotime
Biotechnology, C3606, Shanghai, China). Next, they were ana-
lyzed using a luminometer. The excitation and emission wave-
length of the JC-1 monomer (green fluorescence) were 490 nm
and 530nm, respectively. The JC-1 polymer (red fluorescence)
exhibits an excitation wavelength of 525nm and an emission
wavelength of 590nm. The level of MMP was measured based
on the relative ratio of red and green fluorescence.

Following the manufacturer’s instructions from the mitochon-
drial complex measurement kit (Suzhou Keming Biotechnology,
ml076306, ml076307, Suzhou, China), mitochondrial fractions
were isolated from the samples. The activities of mitochondrial
complex I and complex IIT were determined by measuring absor-
bance at 340nm and 550nm, respectively, using a microplate
reader. The results were expressed as nmol/min/mg protein.

Reverse transcription-quantitative PCR analysis (RT-qPCR)

Total RNA was extracted from ovarian tissue using TRIzol reagent
(Thermo Fisher Scientific, 15596026CN, Waltham, Massachusetts,
USA). RNA concentration was determined using Nanodrop 2000c
(Thermo  Fisher  Scientific, ~ Nanodrop2000C,  Waltham,
Massachusetts, USA). RNA was reverse transcribed to cDNA using
the script cDNA synthesis kit (Bio-Rad, 12012802, CA, USA). The
SYBR Premix Ex Taq Kit (Takara Biomedical Technology Co., Ltd,
DRR420A, Beijing, China) and the Bio-Rad CFX96 system
(Bio-Rad, 1855096, California, USA) were utilized for RT-qPCR
analysis, following the manufacturers recommended conditions
and protocols. Relative mRNA expression levels were calculated
using the P-actin-standardized 2722Ct formula method. A list of
PCR primer sequences is provided in Table 1.

Western blot analysis

Total protein was extracted from ovaries using a RIPA Lysis Buffer
containing a PMSF solution (Beyotime Biotechnology, P0013B,
ST507, Shanghai, China). The protein concentration was measured
using a bicinchoninic acid (BCA) protein assay reagent (Beyotime
Biotechnology, P0011, Shanghai, China). The loading control was
JLA20 (DSHB, jla20, Mouse, P68139, AB_528068, 1:2000, Iowa,
USA). Subsequently, 30 ug of total protein was mixed with 5xload-
ing buffer and heated at 100°C for 15min. The samples were sep-
arated on a 12% SDS-PAGE (Bio-Rad, 1610185, California, USA)
gel and transferred to a polyvinylidene difluoride membrane
(PVDE 0.22um, Sigma-Aldrich, 03010040001, Missouri, USA).
The membrane was first incubated with 5% skimmed milk in a
blocking buffer for 1h at room temperature to block non-specific
antibody binding. Subsequently, the membrane was incubated
with the primary antibody at 4°C overnight. The primary anti-
bodies used were: PINK1 (Novus, BC100-494, Rabbit, Q9BXM7,

Gene Forward (5'-3') Reverse (5'-3') Size (bp) Accession number
SOD-1 GGACCGCACTTCAATCCGTATGG GAGCGTAATCTTGGAGTCGGTGATG 106 NM_057387
SOD-2 CATCACCAGAAGCACCACCAGAC CCATTGAAACGCAGGGCAGGAG 128 NM_001299574
CAT GCGGATTCGACGGATCAGACTTG GGTGGTGGTGGTGTTGGTGTTG 89 NM_080483
B-actin TGGAGGAGGAGGAGGAGAAGTC TTCATCTTGTAGTTGGTGTTGTTGTTG 112 NM_001297986
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AB_10127658, 1:1000, Colorado, USA), Parkin (Affinity, AF0235,
Mouse, 060260, AB_2833410, 1:2000, Texas, USA), Atg8a (Merck,
ZRB1585, Rabbit, Q9W2S2, AB_3665022, 1:1000, Darmstadt, DE)
and Ref (2)P (Abcam, AB178440, Rabbit, P14199, AB_2938801,
1:1000, Cambridge, UK). The PVDF membrane was incubated
with the corresponding secondary antibody (ApexBio, HRP Goat
Anti-Mouse/Rabbit IgG (H+L) Antibody, Ki1221, K1223,
AB_3665023, AB_3665026, 1:5000, HOU, USA) at room tempera-
ture for 1h. Finally, the protein bands were visualized and ana-
lyzed using the enhanced chemiluminescence kit (Bio-Rad,
1705070, California, USA) and the fluorchem imaging system
(ProteinSimple, FluorChem E, California, USA) based on
chemiluminescence.

Molecular docking

De novo modeling of the active domain of PINK1 was performed
using AlphaFold2, a state-of-the-art protein structure prediction
tool. AlphaFold2 is known for its exceptional accuracy, predict-
ing the 3D coordinates of all heavy atoms in a protein using the
primary amino acid sequence and aligned homologous sequences
as input. This advanced prediction model leverages novel neural
network architectures and training strategies that integrate evolu-
tionary relationships, physical principles, and geometric con-
straints intrinsic to protein structures, significantly enhancing
prediction accuracy.

Molecular docking studies for small molecules were conducted
using MOE Dock with the modeled active domain of PINK1. The
2D structures of the small molecules were sourced from PubChem
and converted to 3D structures in MOE by energy minimization.
The active domain of PINKI served as the receptor in these sim-
ulations. Before docking, the AMBER10: the EHT force field and
the Reaction Field (R-field) implicit solvation model were selected.
The “induced fit” protocol was employed, allowing flexibility in
the receptor binding site. This protocol permits side chains within
the binding site to adjust their conformations for optimal ligand
accommodation while maintaining positional constraints. The side
chain tethering weight was set to 10.

Docked poses were ranked using the London dG scoring
function, followed by force field refinement of the top 90 poses.
These refined poses were rescored using the GBVI/WSA dG
scoring function. The conformation with the lowest binding free
energy was identified as the most probable binding mode. Finally,
the binding mode was visualized using PyMOL.

Statistical analysis

Data were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test, conducted with
GraphPad Prism 10 software. The results are presented as
mean + standard error. Statistical significance was set at p<0.05.
All experiments were performed in triplicate or more.

Results

Ginsenoside Rg1 alleviated ovarian reserve decline in aged
Drosophila

Maintaining a healthy ovarian reserve depends on an adequate
supply of germline stem cells (GSCs) (Ata et al. 2019; Zhou et al.
2021). In this experiment, 7-day-old young female Drosophila
served as the control group, while 35-day-old naturally aged
female Drosophila was used as the model group. Aged females

were treated with ginsenoside Rgl at 0.25mg/mL, 0.5mg/mL,
and 1mg/mL. Our study revealed a significant decrease in GSC
numbers in older female Drosophila, averaging only 0.78 com-
pared to 2.56 in younger females. Treatment with ginsenoside
Rgl significantly increased the average number of GSCs in aged
female Drosophila, increasing it to 1.89 (Figures 1B,C).

The number of eggs, pupae, and the pupation rate of the aged
female Drosophila were significantly lower than those of the young
females. However, this decrease was alleviated concentration-
dependent after ginsenoside Rgl treatment. The highest concentra-
tion (1mg/mL) had the most pronounced effect, leading to a 49.63%
increase in egg production, a 75.21% increase in pupae formation,
and a 17.72% increase in pupation rate (Figures 1D-F). Furthermore,
ginsenoside Rgl effectively counteracted aging by reversing the
decrease in the quantity and quality of progeny. Impaired ovarian
reserve, which manifests as reduced estrogen production and ovar-
ian atrophy, is a key indicator of aging.

The steroid hormone 20-hydroxyecdysone (20E, ecdysone)
regulates the main developmental transitions in Drosophila
(Denton et al. 2019). Ginsenoside Rgl dose-dependently elevated
ecdysone levels in aged female Drosophila (Figure 1G). Treatment
with 1mg/mL ginsenoside Rgl significantly increased the length
and diameter of ovaries in aged females, thereby mitigating ovar-
ian atrophy (Figures 1H,I).

Ginsenoside Rg1 improved aging ovarian reserve by
enhancing antioxidant capacity

According to the free radical theory of aging (FRTA), excessive
levels of ROS contribute significantly to the aging process
(Harman 1956). ROS levels were markedly elevated in the aging
ovaries, but treatment with ginsenoside Rgl reduced these levels
dose-dependently, alleviating oxidative damage (Figure 2A). The
observed decline in SOD and CAT activity in aging ovaries indi-
cates a compromised antioxidant defense system. However, gin-
senoside Rgl treatment restored the activity of both enzymes
(Figures 2B,C). Additionally, the gene expression levels of the
cytoplasmic antioxidant SODI1, the mitochondrial antioxidant
SOD2, and CAT were significantly lower in the ovaries of older
Drosophila compared to those of young females (Figures 2D-F).
Ginsenoside Rgl treatment significantly upregulated the expres-
sion of these antioxidant enzyme genes.

To confirm that ginsenoside Rgl improves ovarian reserve
function in aged Drosophila by mitigating oxidative damage, we
established an oxidative damage model using TBHP (Figure 2G).
Exposure to oxidative stress led to significantly impaired reproduc-
tive capacity, decreased ecdysone levels in ovarian tissue, excessive
ROS production, and diminished antioxidant enzyme activity.
Remarkably, ginsenoside Rgl treatment enhanced SOD and CAT
enzyme activity and gene expression, effectively scavenging excess
ROS. This treatment also improved reproductive impairment and
restored steroid hormone levels (Figures 2H-Q). In conclusions,
ginsenoside Rgl reduces ovarian oxidative stress in aged Drosophila.

Ginsenoside Rg1 improved ovarian mitochondrial
dysfunction through mitophagy

Mitochondrial dysfunction produces excessive ROS production
and subsequent oxidative tissue damage (Kim et al. 2019; Yang
et al. 2022). To evaluate mitochondrial function, we measured
MMP and ATP levels (Li et al. 2018). In older female Drosophila,
ovarian ATP levels and MMP were significantly reduced. Notably,
treatment with ginsenoside Rgl restored MMP and ATP
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Figure 2. The impact of ginsenoside Rg1 on ovarian oxidative stress injury. (A) ROS levels in aging ovaries. (B and C) SOD (B), and CAT (C) enzyme activity in aging
ovaries. (D-F) SOD-1 (D), SOD-2 (E), and CAT (F) of gene expression levels in aging ovaries. (G) The schematic flow chart of experiments. A: collecting Drosophila.
(H) The number of eggs laid by Drosophila. () The number of pupae laid by Drosophila. (J) The pupation rate laid by Drosophila. (K) 20E content in the ovary. (L)
ROS levels in oxidatively damaged ovaries. (M and N) SOD (M), and CAT (N) enzyme activities in oxidatively damaged ovaries. (0-Q) SOD-1 (0), SOD-2 (P), and CAT
(Q) of gene expression levels in oxidatively damaged ovaries. Data are presented as mean=+SD. *#p<0.01 #¥p<0.001, ##p<0.0001 compared to the young or control
group; *p <0.05, **p<0.01, ***p<0.001, ****p <0.0001 compared to the older or TBHP-treated group.
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synthesis (Figures 3A,B). ROS is predominantly generated within
mitochondria through the mitochondrial respiratory chain and
associated substrate dehydrogenases, with complexes I and III
serving as primary production sites (An et al. 2022; Hoehne
et al. 2022). The activities of mitochondrial complexes I and III
were severely reduced in the aging ovaries, but ginsenoside Rgl
treatment enhanced their function (Figures 3C,D). These find-
ings indicate that ginsenoside Rgl effectively ameliorates mito-
chondrial dysfunction.

Atg8a (the Drosophila homolog of mammalian LC3) and Ref
(2)P (the Drosophila equivalent of mammalian p62) are estab-
lished biomarkers of autophagy (Nezis et al. 2008; Dombi et al.
2018). In the aged group, the Atg8a-II/Atg8a-I ratio and Ref (2)
P levels were elevated compared to the young group. The accu-
mulation of Ref (2)P suggested that the lysosomal capacity was
insufficient to handle the increased number of damaged mito-
chondria. Ginsenoside Rgl treatment significantly improved the
conversion of Atg8a-I to Atg8a-II and facilitated Ref (2)P degra-
dation (Figures 3E-I). This indicates that ginsenoside Rgl may
mitigate mitochondrial dysfunction in aging ovaries by inducing
mitophagy. Furthermore, the PINK1/Parkin signaling pathway,
which is essential for initiating mitophagy (Cho et al. 2021), was

significantly upregulated by ginsenoside Rgl treatment, as
evidenced by increased levels of PINK1 and Parkin proteins in
aging ovaries compared to the control group.

Ginsenoside Rg1 promoted mitophagy

To explore the effect of ginsenoside Rgl on preserving ovarian
reserve through the regulation of mitophagy, the autophagy
inhibitor 3-methyladenine (3MA) was used (Figure 4A).
Treatment with 3MA reduced the average number of GSCs to
1.00, indicating that inhibiting mitophagy accelerates GSC loss.
However, ginsenoside Rgl treatment restored the average number
of GSCs to 2.00 (Figures 4B,C). Egg production, number of
pupae, and pupation rate in Drosophila treated with 3MA were
significantly reduced, along with a decrease in ecdysone levels.
Ginsenoside Rgl reversed these declines, restoring both repro-
ductive capacity and ecdysone content compromised by mitoph-
agy inhibition (Figures 4D-G). Additionally, 3MA treatment
induced morphological atrophy of the ovaries, but ginsenoside
Rgl effectively restored them to normal size (Figures 4H,I).
These findings suggest that the ginsenoside Rgl promotes mito-
phagy and helps to maintain ovarian reserve function.

Figure 3. Ginsenoside Rg1 restores ovarian mitochondrial dysfunction by promoting mitophagy. (A-D) ATP (A), MMP (B), mitochondrial complex | (C), and mitochon-
drial complex Ill (D) levels in aging ovaries. (E) The effect of ginsenoside Rg1 for 7 days in aged female Drosophila on protein levels of PINK1, Parkin, Atg8a-Il/l, and
Ref (2)P in ovarian tissue as determined by Western blot. (F) The relative expression level of PINK1. (G) The relative expression level of Parkin. (H) Relative expression
level of Atg8a-Il/I. (I) Relative expression level of Ref (2)P. Data are shown as the mean+SD. #p<0.05, #p<0.01 ##p<0.001, ##p <0.0001 compared to the young
group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to the older group.
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Figure 4. The autophagy inhibitor 3MA abolishes the effect of ginsenoside Rg1 on ovarian reserve damage. (A) Schematic illustration of the flow diagram of the
experiments. A: collecting Drosophila. (B) GSCs were identified by Spec staining and are illustrated by white arrows. Scale bar: 100 um. (C) Quantitative analysis of
GSCs. (D) The number of eggs laid by Drosophila. (E) The number of pupae laid by Drosophila. (F) The pupation rate laid by Drosophila. (G) 20E content in thein
the ovary. (H) Ovary size, Scale bar = 500pum. (I) Length and diameter of the ovary. Data are shown as mean+SD. #p<0.01, ##p <0.0001 compared to the control
group; *p<0.05, *p<0.01, ***p<0.001, compared to the 3MA group.

Ginsenoside Rg1 dependent PINK1 activation of mitophagy (RNAI) to knock down PINKI1 expression in the ovaries, generating
improves ovarian reserve function decline PINK1 mutant Drosophila (Figures 5A,B). The mean number of

GSCs in control Drosophila was 2.56, while PINKI mutant
PINK1 is a “switching factor” that triggers mitophagy (Vazquez-Martin  Drosophila showed a drastic reduction to only 0.67 GSCs (Figures
et al. 2016). To investigate its role, we used RNA interference 5C,D). PINK1 mutants exhibited significantly lower egg and pupae
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Figure 5. The effect of ginsenoside Rgl on the mitophagy pathway in PINK1 mutant Drosophila. (A) Construction diagram of the PINK1 mutant Drosophila. (B)
Schematic flow chart of experiments. A: collecting Drosophila. (C) GSCs were stained with Spec and are identified by the white arrows. Scale bar: 100 um. (D)
Quantitative analysis of GSCs. (E) The PINK1 mutant Drosophila was treated with ginsenoside Rg1 for 7 days, and the protein levels of PINK1, Parkin, Atg8a-Il/I, and
Ref (2)P in ovarian tissue were analyzed via Western blot. (F) Relative expression of PINK1. (G) Relative expression of Parkin. (H) Relative expression of Atg8a-II/I. (I)
Relative expression of Ref (2)P. The data presented are the mean=+SD. #p<0.01 #¥p <0.001, ##p<0.0001 compared to the control group; abbreviation: ns: no sig-
nificance (compared to the PINK17 group).
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Figure 6. The binding model of the ginsenoside Rg1 and the active domain of PINK1. (A) The 2D binding model of ginsenoside Rg1 and the active domain of PINK1.
(B) The surface binding model of ginsenoside Rg1 and the active domain of PINK1. (C) The 3D binding model of ginsenoside Rg1 and the active domain of PINKT.
Ginsenoside Rg1 is indicated by the cyan color. The backbone of the receptor is depicted as a rainbow cartoon. The hydrogen bonds are illustrated by red-dashed

lines.

numbers than controls, along with ovarian tissue atrophy and
reduced ecdysone levels (Figures SIA-F). Ovarian mitochondrial
function was severely impaired after PINK1 gene knockdown
(Figures S1G-]). However, ginsenoside Rgl treatment did not alle-
viate these deficiencies in the PINK1 mutant Drosophila.
Furthermore, the expression levels of key mitophagy regulators,
including PINK1, Parkin, and Atg8a, remained unaltered in the
PINK1 mutants following ginsenoside Rgl treatment, while Ref (2)
P levels accumulated (Figures 5E-I). These findings indicate that the
ginsenoside Rgl activates the mitophagy pathway in a
PINK1-dependent manner.

Identification of PINK1 as the main target of
ginsenoside Rg1

Molecular docking analysis is widely used to uncover interactions
between compounds and proteins (Cao et al. 2022; Habib et al.
2022; Mansour et al. 2022). We conducted a molecular docking sim-
ulation to explore the potential interaction between the ginsenoside
Rgl and PINKI. The results revealed a favorable fit of ginsenoside
Rgl within the PINKI1 binding pocket, indicating a potential molec-
ular interaction. Hydrogen bonds were identified between PINKI1
and ginsenoside Rgl. Specifically, the oxygen atoms in the hydroxyl
groups of ginsenoside Rgl, acting as hydrogen bond donors, formed
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Figure 7. Schematic diagram showing the molecular mechanism by which mitophagy protects the ovarian reserve function in older Drosophila.

hydrogen bonds with the oxygen atoms in the side chains of Asp372
and Glu375 in the active domain of PINK1. Additionally, the oxygen
atom in another hydroxyl group of the ginsenoside Rgl, which
serves as a hydrogen bond acceptor, formed a hydrogen bond with
the nitrogen atom in the side chain of Asn347 in the active domain
of PINKI1. Van der Waals (VDW) interactions between PINKI1 and
ginsenoside Rgl also contributed to the binding. These interactions
accounted for the binding energy of -7.1643kcal/mol between
PINK1 and ginsenoside Rgl (Figures 6A-C). These findings suggest
that the ginsenoside Rgl can bind to PINKI, potentially enhancing
mitophagy and improving ovarian reserve.

Discussion

The decrease in ovarian reserve is a common cause of infertility
in women, particularly among those of advanced reproductive
age. Increasing evidence has shown that ginsenoside Rgl, a
non-hormonal natural compound, exhibits a broad spectrum of
pharmacological effects, including benefits for cardiovascular dis-
ease, cancer, diabetes, and related complications (Chen et al.
2022; Cui et al. 2023; Lei et al. 2023; Liu H et al. 2024; Zhen
et al. 2024). Ginsenoside Rgl has shown promise in protecting
ovarian reserve capacity under various conditions, such as dimin-
ished ovarian reserve and premature ovarian failure (Xu et al.
2021; Fu et al. 2022). In this study, ginsenoside Rgl treatment
preserved ovarian morphology, maintained hormone secretion,
and restored reproductive capacity in naturally aging female
Drosophila. It also reversed the depletion of GSCs, thereby pre-
serving the ovarian reserve capacity in aging ovaries.

According to the free radical theory of aging, ROS-induced
oxidative stress impairs the activation and development of pri-
mordial follicles, leading to the depletion of ovarian reserve (Sun
et al. 2018; Asadi et al. 2022). SOD and CAT are crucial antiox-
idant enzymes that reflect the body’s ability to neutralize free

radicals (Mei et al. 2019). Our research demonstrated a signifi-
cant increase in ROS levels and a corresponding decrease in
SOD and CAT activity in aging ovaries compared to those of
young females, indicating redox imbalances. To further investi-
gate the mechanisms underlying age-related ovarian reserve
decline, we induced oxidative damage in Drosophila using TBHP,
which resulted in decreased steroid hormone levels and reduced
egg and pupae numbers, mimicking impaired ovarian reserve
function.

Ginsenoside Rgl treatment significantly enhanced antioxidant
enzyme levels and mitigated ROS damage in naturally aged
Drosophila. Additionally, ginsenoside Rgl protected the repro-
ductive capacity and oxidative stress in the TBHP-induced oxida-
tive damage model. These findings suggest that ginsenoside Rgl
may alleviate age-related ovarian reserve decline by reducing oxi-
dative damage.

ROS overproduction is often mediated by mitochondrial dys-
function (Takahashi et al. 2021; Jiang et al. 2022; Gao Y et al.
2023). Our study indicates that aging ovaries experience disrup-
tions in mitochondrial complexes I and III, which are crucial
regulators of ROS production. Additionally, we observed a
decrease in MMP and impaired ATP synthesis, contributing to
increased ROS leakage and exacerbated oxidative damage within
the ovaries. Notably, ginsenoside Rgl treatment significantly
improved mitochondrial function.

A critical process for removing damaged and dysfunctional
mitochondria is vital in regulating quality control and maintain-
ing mitochondrial homeostasis (Liang et al. 2023; Mishra and
Thakur 2023; Tang et al. 2023). Traditional Chinese medicines
have been shown to influence mitophagy (Feng et al. 2023; Li, Jia,
et al. 2023; Li, Xu, et al. 2023; Wang, Tang, et al. 2023). Autophagy
is a fundamental cellular process involved in development, aging,
and immunity under physiological conditions (Gao W et al. 2022;
Ji et al. 2022; Shu et al. 2023). Numerous studies have shown that



natural products and traditional Chinese medicines can regulate
autophagy in various diseases (Jiao et al. 2022; Mao et al. 2022;
Qin et al. 2023; Shao et al. 2023; Yang N et al. 2024).

We found that aging-induced ovarian oxidative stress-activated
mitophagy, as evidenced by elevated protein levels of PINKI,
Parkin, and Atg8a in aging Drosophila ovaries. However, the Ref
(2)P protein accumulation suggested that mitophagy was inhib-
ited. Interestingly, treatment with ginsenoside Rgl reversed this
inhibition, further increasing the levels of PINKI1, Parkin, and
Atg8a proteins while reducing Ref (2)P levels. This suggests that
ginsenoside Rgl promotes mitophagy in aging ovaries, facilitat-
ing the degradation of impaired mitochondria and reducing oxi-
dative damage.

Moreover, the application of the autophagy inhibitor 3MA sig-
nificantly impaired ovarian reserve function. In contrast, ginseno-
side Rgl treatment activated autophagy, mitigating this impairment.
These findings demonstrate that ginsenoside Rgl protects ovarian
reserve function by activating the mitophagy pathway.

PINKI is a mitochondrial serine/threonine kinase that regu-
lates mitophagy (Meng et al. 2022; Huang et al. 2023). Several
studies have indicated that traditional Chinese medicines can
enhance PINKI-associated mitophagy in various diseases (Mei
et al. 2022; Zhang et al. 2023; Zhou et al. 2023). Our findings
show that ginsenoside Rgl significantly upregulated the expres-
sion of PINK1 and Parkin proteins. Molecular docking analysis
using AutoDock Vina demonstrated a high binding affinity
between the ginsenoside Rgl and the active domain of PINKI,
with hydrogen bonds forming between them. These results sug-
gest that PINK1 may be an effective target for ginsenoside Rgl
to induce mitophagy.

To further investigate the relationship between PINK1 and
ovarian reserve function, we used RNAi to knock down PINK1
expression in Drosophila ovaries. The results revealed that the
PINK1 mutant Drosophila experienced a depletion of GSCs,
ovarian atrophy, disrupted hormone secretion, and decreased
reproductive capacity. Importantly, treatment with ginsenoside
Rgl did not restore the impaired ovarian reserve function in
PINK1 mutant Drosophila nor improved the signal intensity of
PINKI, Parkin, Atg8a, or Ref (2)P.

Our study demonstrates that ginsenoside Rgl alleviates oxida-
tive stress and supports ovarian reserve function by promoting
mitophagy by targeting PINK1, ultimately prolonging reproduc-
tive lifespan (Figure 7).

Conclusions

Oxidative stress resistance is a primary strategy for delaying aging
and preventing the functional exhaustion of individual organs.
Ginsenoside Rgl protects ovarian reserve by enhancing mitophagy
and reducing oxidative stress. PINKI1 is identified as a critical tar-
get for improving ovarian reserve, with ginsenoside Rgl exerting
its beneficial effects through interaction with PINK1. Ginsenoside
Rgl represents a promising intervention to mitigate the decline in
ovarian reserve function and extend reproductive lifespan.
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