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Abstract

The potential of low-intensity pulsed ultrasound (LIPUS) in regulating ovarian
function has been demonstrated; however, there is a lack of scientific evidence
regarding the long-term efficacy of LIPUS in treating ovarian injury and understand-
ing its regulatory mechanisms. In this study, 4-vinylcyclohexene diepoxide (VCD) was
used to induce ovarian injury in rats, and LIPUS was applied to target the damaged
ovarian tissues. The research aimed to investigate the long-term protective effect of
LIPUS against ovum toxicity induced by VCD and elucidate the associated molecular
mechanisms. During the experiment, HE staining was employed for observing the
morphology and structure of the ovary, while protein sequencing was utilized for
identifying and confirming the molecular mechanism through which LIPUS restores
the damaged ovarian structure. The long-term effectiveness of LIPUS in protecting
against ovarian injury was evaluated through ELISA, estrous cycle monitoring, fertility
testing, and behavioral analysis. The results indicated that LIPUS effectively restored
the structure of damaged ovaries. Both in vivo and in vitro studies revealed that this
protective effect may be attributed to LIPUS inhibiting apoptosis of ovarian granu-
losa cells (GCs) by regulating Daxx-mediated ASK1/JNK signaling pathway. Subse-
quent functional tests demonstrated significant improvements in sex hormone
secretion and regulation of estrous cycle within 6 cycles following LIPUS treatment.
Additionally, there was a notable increase in offspring numbers after mating. Behav-
ioral analysis revealed that LIPUS effectively alleviated menopausal symptoms result-
ing from ovarian injury including mood fluctuations, cognitive behavior changes, and
reduced muscle excitability levels. These findings suggest that beneficial effects of

LIPUS may help reduce VCD-induced ovarian damage with long-term efficacy.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; GCs, granulosa cells; HE staining, hematoxylin and eosin staining; IHC, immunohistochemistry; KGN, human ovarian granulosa cells;
LIPUS, low-intensity pulsed ultrasound; VCD, 4-Vinylcyclohexene diepoxide; WB, Western blot analysis.
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1 | INTRODUCTION

Ovarian dysfunction is a prevalent cause of female infertility and is
associated with genetic, autoimmune, and environmental factors.t
These factors can disrupt ovarian metabolism, menstrual cycle regu-
lation, follicle development, and have a significant detrimental
impact on female reproductive health.? Previous studies have dem-
onstrated that pathological examinations of persistent ovarian injury
caused by various reasons exhibit characteristics such as substantial
ovarian atrophy, abnormal follicle development, reduced number of
growing follicles, and a marked increase in atretic follicles.> The
underlying mechanisms behind these changes are intricate. Animal
studies have indicated that senescence and apoptosis of ovarian
granulosa cells (GCs) play crucial roles in the decline of ovarian
reserve.* Some researchers propose that increased apoptosis of
ovarian GCs may accelerate follicular atresia, leading to premature
depletion of the original follicle pool. Ultimately, this affects the
reproductive lifespan of women in their childbearing years.> Hor-
mone replacement therapy (HRT) has been utilized to compensate
for estrogen deficiency in women experiencing ovarian decline and
alleviate menopausal symptoms. However, HRT does not address
the most pressing need for patients: restoration of their diminished
ovarian reserve.® Therefore, it is imperative to pursue a comprehen-
sive solution aimed at alleviating ovarian dysfunction resulting from
ovary injury.

As a contemporary physiotherapy, low-intensity pulsed ultra-
sound (LIPUS) is a safe and effective non-invasive therapy that has
gradually gained recognition in clinical research.”® Currently, several
studies have demonstrated the significant potential of LIPUS in pre-
serving ovarian function.” *? In our previous research, we observed a
notable increase in the number of primordial and primary follicles in
the ovaries of middle-aged mice exposed to LIPUS water baths. After
underwater treatment with LIPUS, there was an improvement in the
ovarian structure of mice.® Furthermore, our research team utilized
LIPUS to irradiate VCD-induced ovarian injury in mouse models and
preliminarily observed that it could repair ovarian structure and regu-
late sex hormone secretion.'®* Additionally, there have been reports
on the combination of LIPUS with total flavonoids from semen cuscu-
tae alleviating premature ovarian failure by promoting autophagy and
inhibiting apoptosis.'?> With ongoing research progress on exploring
the regulation of ovarian function using LIPUS, it provides new possi-
bilities for clinically preventing and treating ovarian injury. However,
there is still a lack of studies investigating the long-term efficacy of
LIPUS in treating VCD-induced ovarian injury and its underlying regu-
latory mechanism.

The present study aimed to investigate the long-term protective
effect of LIPUS against VCD-induced ovarian injury and elucidate its
potential regulatory mechanisms. LIPUS was employed for the

treatment of VCD-induced ovarian injury in rats. First, we observed
the restoration of ovarian structure by LIPUS and proposed that this
mechanism may involve the inhibition of ovarian granulosa cell apo-
ptosis through regulation of the Daxx-mediated ASK1/JNK signaling
pathway. Furthermore, this trial continuously monitored and
reported on the long-term effects of LIPUS on ovarioid-damaged
rats over 6 estrous cycles (each rat estrous cycle lasting 4-5 days,
equivalent to a human female menstrual cycle occurring every
28-30 days).

2 | MATERIALS AND METHODS
21 | |Invivo test
211 | Animals

A total of 135 SPF-grade female SD rats, aged 6-8 weeks and
weighing 200 + 10 g, were procured from the Laboratory Animal
Center of Chongging Medical University. The SD rats were housed in
a controlled environment with a temperature of 23 + 5°C, relative
humidity of 45% + 5%, and a light-dark cycle of 12 h each. They were
provided with standard food diet and ad libitum access to drinking
water. All animal experiments conducted in this study received
approval from the Ethics Committee of Chongging Medical University
(Approval number: SCXK 2018-0003). Following 1 week of acclimati-
zation period, the SD rats were utilized for subsequent animal experi-
ments and assigned randomly to different groups using a simple
randomization procedure in accordance with the Animal Research:

Reporting of In Vivo Experiments (ARRIVE) guidelines version 2.0.

2.1.2 | Modeling and LIPUS treatment
After 1 week of adaptive feeding, the 135 rats were randomly divided
into three groups: the Control group (n = 45), Model group (n = 45),
and LIPUS group (n =45). Rats in the Model and LIPUS groups
received intraperitoneal injections of VCD (Shanghai Aladdin Bio-
chemical Technology Co. LTD, Shanghai, China; 160 mg/kg/day)
every day for 15 consecutive days to induce ovarian injury. The
estrous cycle was monitored via vaginal smear during the modeling
period, and successful model establishment was determined by dis-
rupted cycles. Rats in the Control group received intraperitoneal injec-
tions of an equivalent volume of normal saline at consistent times
each day.

The LIPUS equipment (Figure S3) utilized in this study was
provided by Chongging Ronghai Engineering Research Center of
Ultrasound Medicine Co., Ltd. located in Chongging, China.
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Following the successful establishment of the model, depilation was
performed on the lower abdomen of the rats and an appropriate
amount of ultrasonic coupling agent was applied for LIPUS
irradiation. The rats in the LIPUS group received daily ultrasound
irradiation for 20 min over a period of 15 days (with an acoustic
intensity of 200 mW cm™?2, focal plane distance set at 10.0 mm
which corresponds to a positive acoustic pressure of 0.30 MPa, neg-
ative acoustic pressure of —0.31 MPa, and peak-to-peak acoustic
pressure of 0.61 MPa (The hydrophone detection diagram is shown
in Figure S4); frequency set at 0.36 MHz; repetition frequency at
1 kHz; duty cycle at 20%; utilizing a single-element piezoelectric pla-
nar transducer with a diameter measuring 25 mm). Additionally, the
Model group underwent sham treatment simultaneously (using an

ultrasonic probe without energy output).

2.1.3 | Estrous cycle detection

The estrous cycle of the rats was monitored by continuously collect-
ing vaginal smears throughout the experiment to assess ovarian func-
tion. Exfoliated vaginal cells were gently collected using cotton swabs
and evenly spread onto slides. Subsequently, the slides were fixed
with a 95% ethanol solution (Chongging Chuandong Chemical Co.,
Ltd., Chongging China) and stained with 0.23% alkaline methylene
blue (Beijing Solar Biotechnology Co., Ltd., Beijing China). Finally, an
optical microscope (BX51, Olympus, Tokyo, Japan) was employed to
observe and record the estrous cycle of the rats. Disturbances in the
estrous cycle serve as indicators of impaired ovarian function and

reduced reproductive capacity.*®

214 | Histopathological examination (H&E)

After LIPUS treatment, rats from each group were euthanized, and
their ovaries, hearts, livers, spleens, lungs, and kidneys were excised
and fixed in 4% paraformaldehyde for 48 h. The tissues were subse-
quently embedded in paraffin, sectioned, stained with H&E dye, and
examined under an optical microscope. Morphological and structural
changes of various organs were assessed along with the quantification
of primordial follicles, primary follicles, secondary follicles, mature fol-
licles, and atretic follicles in the ovarian tissue. Statistical analysis was

performed.*+1>

215 |
(ELISA)

Enzyme-linked immunosorbent assay

After LIPUS treatment, serum samples were collected from rats in
each group. The levels of sex hormones (FSH, LH, E2, and AMH) in rat
serum were quantified using an ELISA kit (Jiangsu Jingmei Biological
Technology Co., Ltd., Jiangsu, China) that had been pre-coated with
specific antibodies. The entire experimental procedure was conducted

strictly following the manufacturer's instructions.

216 |
(TUNEL)

TdT-mediated dUTP nick end labeling

The paraffin sections of ovarian tissue were dewaxed in xylene, dehy-
drated in graded alcohol, and subsequently washed with PBS. Follow-
ing this, the sections were incubated with protease K at room
temperature for a duration of 20 min. Subsequently, the TUNEL kit
(Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai, China) was
employed to detect apoptosis of ovarian granulosa cells (GCs), follow-
ing the manufacturer's instructions. The staining results were
observed using a laser scanning confocal microscope (LEICA TCS SPS8,
Germany), with apoptotic cells in the ovary appearing green.

217 |
analysis

iTRAQ data analysis and bioinformatic

The rat ovary tissue in each group was subjected to protein TMT
quantification by Wuhan Huada Medical Inspection Co., Ltd. using
IQuant software. Following protein extraction and identification, TMT
quantitative analysis was performed, with proteins exhibiting signifi-
cant differences in expression selected under the condition of Fold-
change >1.2 and Q-value <0.05. Finally, cluster analysis and KEGG
enrichment analysis were utilized to identify key pathways involved in
LIPUS treatment of POI.

2.1.8 | Immunohistochemistry (IHC)

The ovarian tissues of rats in each group were subjected to dewaxing
and antigen retrieval. Subsequently, the sections were incubated with
primary antibodies (Fas, Daxx, ASK1, JNK, Bcl-2, Bax, Cytc, Apaf-1,
Caspase 3, Caspase 9, and PARP) (Affinity Biosciences LTD., OH, USA) at
37°C for 1 h. Following that, the biotinylated secondary antibody anti-
rabbit 1gG (Fuzhou Maixin Biotechnology Development Co. LTD.,
Fuzhou, China) was added and incubated for 20 min at room tempera-
ture.X® Finally, DAB and hematoxylin staining was performed on each
section and five different areas were randomly selected for image cap-
ture under an optical microscope. All images were quantitatively analyzed
for protein expression using ImageJ software (NIH, Bethesda, MD, USA).

219 | Western blot

The ovarian tissue was subjected to protein extraction using RIPA
buffer, and the protein concentration was determined utilizing a BCA
protein detection kit (Beyotime, Beijing, China). Subsequently, the pro-
tein samples were separated on SDS-PAGE, transferred onto a PVDF
membrane, and blocked with 5% nonfat milk. Following this step, the
membrane was incubated overnight at 4°C with primary antibodies spe-
cifically targeting Fas, Daxx, ASK1, JNK, Bcl-2, Bax, Cytc, Apaf-1,
Caspase 3, Caspase 9, PARP, and B-actin (Affinity Biosciences Ltd., OH,
USA). Afterward, the membrane underwent incubation with the
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secondary antibody at room temperature for 1 h. Finally, the Western
blot results were evaluated using the GenGnome imaging system
(Syngene, Cambridge, UK), and quantitative analysis of different pro-

teins' expression levels was performed using ImageJ software.

2.1.10 | Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from ovarian tissue using an RNA rapid
extraction kit (Nanjing Vazyme Biology Co., Ltd., Nanjing, China). The
concentration of RNA was determined using an enzyme labeling
instrument. Reverse transcription of the extracted RNA was per-
formed according to the instructions of the PrimeScript™ RT reagent
Kit (TaKaRa, Tokyo, Japan) to obtain 20 uL cDNA. gPCR analysis was
conducted on a Real-time fluorescence quantitative PCR instrument
(Bio-Rad, USA) using ChamQ Universal SYBR qPCR Master Mix
(Nanjing Vazyme Biology Co., Ltd., Nanjing, China) and specific
primers (Shanghai Shenggong Biological Engineering Co., Ltd., Shang-
hai, China) for Fas, Daxx, ASK1, JNK, Bcl-2, Bax, Cytc, Apaf-1, Cas-
pase 3, Caspase 9, and PARP mRNA expression. The specific primers
used are listed in Table S1.

2.1.11 | Open field test

The rats were placed in a square open field box measuring
100 cm x 100 cm x 40 cm, and their activity was recorded for a
duration of 5 min using a camera. The data collected from each group
of rats were analyzed utilizing SMART 25.21 software. The central
area was defined as the region occupying the middle quarter of the
bottom surface of the open field box, while the remaining portion was
considered as the peripheral area. Parameters such as total distance
covered during activity, total distance covered within the central area,
total time spent in the central area, and average speed were measured

and recorded for each group of rats.

2.1.12 | Grip test

The front paws of the rats in each group were positioned on the grip
tester, and a gentle traction was applied to the tail of the experimental
rats until they reached their maximum grip strength. The highest value
achieved was recorded. This measurement process was repeated five
times for each rat to obtain an average value, which serves as an indi-

cator of the muscle strength exhibited by the experimental rat.

2.1.13 | Pregnancy rate detection
The female rats from each group were paired with sexually mature
male rats at a 1:1 ratio, and the fertility was continuously observed

and documented.

2.2 | |Invitro test
221 | KGN cell culture, modeling, and LIPUS
treatment

In vitro experiments were performed using KGN cells (Shanghai
Fuheng Biotechnology Co., Ltd., China), which were cultured in
DMEM medium (Thermo, USA) supplemented with 10% fetal
bovine serum (Gibco, USA) and 1% penicillin-streptomycin at 37°C
with 5% CO, in a humidified environment. The cells were seeded at
a density of 5 x 10° cells/well in a 6-well plate and incubated
for 24 hours before exposure to varying concentrations of VCD
(0-4 mmol/L) for different time periods. Cell viability was measured
by absorbance values (OD) at 490 nm using an enzyme marker, and
the experiment was repeated three times. After selecting the con-
centration closest to IC50, the experiment was divided into four
groups: Control group, Model group, LIPUS group, and Ac-
DEVD-CHO group. The LIPUS equipment (Figure S5) utilized in this
study was provided by Chongging Ronghai Engineering Research
Center of Ultrasound Medicine Co., Ltd., located in Chongging,
China. Following successful modeling, the LIPUS group received
LIPUS treatment for 3 days with acoustic intensity of 30 mW cm 2,
focal plane distance of 1.0 mm corresponding to positive acoustic
pressure of 0.20 MPa and negative acoustic pressure of —0.25 MPa
resulting in peak-to-peak acoustic pressure of 0.45 MPa (The
hydrophone detection diagram is shown in Figure Sé); frequency
was set at 0.36 MHz; single-element piezoelectric planar transducer
had diameter of 25 mm; repetition frequency was set at 1 kHz and
duty cycle was 20%. The KGN cells in Ac-DEVD-CHO group were
treated with Caspase3 inhibition.

2.2.2 | CCK-8 cell viability assay

The cell proliferation of KGN was assessed using the CCK8 kit (Beijing
Solaibao Biotechnology Co., LTD). Cells were seeded at a density of
5 x 10° cells per well in a 96-well plate and incubated for 24 h. On
the subsequent day, each well received 10 pL of CCK8 solution and
was further incubated for 3 h. Absorbance at 450 nm was measured
using an enzyme marker, and the resulting value was calculated and

analyzed following the manufacturer's instructions.

223 | TUNEL

The KGN cells were subjected to a single wash with PBS buffer, fol-
lowed by fixation in 4% paraformaldehyde for 30 min. Subsequently,
they were incubated in PBST (PBS containing 0.3% Triton X-100) at
room temperature for 5 min. Detection of apoptosis in ovarian granu-
losa cells was performed using the TUNEL kit according to the pro-
vided instructions. Finally, the cells were visualized under a

fluorescence confocal microscope.
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224 | Flow cytometry analysis

The floating cells in the medium were collected and transferred into
centrifuge tubes, while the adherent KGN cells in 6-well plates were
dissociated into single cells using 0.25% trypsin (Hyclone, USA). Sub-
sequently, the cells were pelleted by centrifugation at 1000 rpm for
5 min with PBS buffer (Hyclone, USA), and the supernatant was dis-
carded. This process was repeated twice. Finally, a suspension of
1 x 10° cells in 500 pL PBS was prepared and transferred to 1.5 mL

EP tubes for machine detection.

2.2.5 | Assay of mitochondrial membrane potential
The working solution for TMRE staining was prepared according to
the instructions provided by Shanghai Biyuntian Biotechnology Co.,
LTD, which is a mitochondrial membrane potential detection kit. One
milliliter of TMRE was added to each well and incubated at 37°C for
30 min. The cells were then washed twice with PBS and subsequently
incubated with DAPI staining solution at room temperature for
15 min. Finally, the samples were observed under a fluorescence con-
focal microscope, where the intensity of red fluorescence indicated
the level of mitochondrial membrane potential. Additionally, quantita-
tive analysis was also conducted using flow cytometry.

2.2.6 | Western blot

The KGN cells were subjected to protein extraction using a RIPA
buffer solution, followed by determination of protein concentration
using a BCA protein detection kit. All subsequent procedures were

performed in accordance with in vivo experiments.

2.2.7 | Statistical analysis

The experimental data were analyzed using GraphPad Prism Version
8 (GraphPad Software Inc., San Diego, CA). The results are presented
as mean * SD, and differences between groups were assessed using
one-way analysis of variance. Statistical significance was defined
as p < 0.05.

3 | RESULTS

3.1 | The LIPUS treatment effectively restored the
morphological structure of the ovary and facilitated
the normal development of follicles

The morphology of reproductive organs was significantly restored
after treatment with LIPUS, as depicted in Figure 1a,b. Pathological
sections of ovarian tissue revealed a significant restoration of the

ovarian structure in rats treated with LIPUS (Figure 1c-f). On day

0 following LIPUS treatment, there was a significant increase in the
number of primordial follicles, primary follicles, and secondary follicles
in the Model group, accompanied by a notable decrease in atretic folli-
cles (p < 0.05). However, no significant difference was observed in
the number of mature follicles (p > 0.05). Nevertheless, on the 15th
and 30th days, pathological sections demonstrated a significant
decrease in the number of mature follicles within the Model group
(p < 0.05) (Figure 1g). These findings suggest that LIPUS has repara-
tive effects on chemically damaged ovarian structures and promotes

normal follicle development.

3.2 | The administration of LIPUS effectively
suppressed the apoptosis of ovarian granulosa cells in
rats with VCD-induced ovarian injury

To investigate the impact of LIPUS on ovarian granulosa cells (GCs),
we initially conducted a TUNEL assay. The findings demonstrated a
reduction in apoptosis of ovarian GCs in rats subjected to LIPUS treat-
ment (Figure 2a). Subsequently, proteomic analysis was employed to
elucidate the underlying mechanism. Utilizing iTRAQ quantitative pro-
teomics, we identified 72,210 peptides and 8707 proteins at a false
discovery rate (FDR) filtering standard of 1%. The volcano plot
unveiled 1141 differentially expressed proteins between the Model
group and the LIPUS group, with 678 proteins up-regulated and
463 proteins down-regulated (Figure 2b).

To refine the target range and enhance specificity, we conducted
KEGG functional annotation analysis on the differential proteins asso-
ciated with cell growth and death (42 in total), as depicted in
Figure 2c. The differential cluster heat map revealed that expression
trends of these proteins were opposite between the Model group and
LIPUS group, while they remained consistent between the LIPUS
group and Control group (Figure 2d). Notably, KEGG analysis indi-
cated significant enrichment of these differential proteins on the apo-
ptosis signaling pathway, including a total of 11 closely related
proteins (Figure 2e). These findings suggest that LIPUS can effectively

suppress ovarian GC apoptosis in model rats.

3.3 | The Daxx-mediated ASK1/JNK signaling
pathway was significantly inhibited by LIPUS

The proteomic analysis revealed a prominent enrichment of the apo-
ptotic signaling pathway among the differentially expressed proteins
between pre- and post-LIPUS treatment. Notably, Daxx exhibited the
most significant difference in expression. This finding prompted fur-
ther investigation into the role of Daxx in mediating the ASK1/JNK
signaling pathway. Protein and mRNA expression levels of these
apoptosis-related factors were quantitatively assessed using immuno-
histochemical staining, Western blot, and gPCR (Figures S1 and S8,
3a-c). The results demonstrated that compared to the Model group,
ovarian tissue in the LIPUS group showed significantly decreased

expressions of Fas, Daxx, ASK1, JNK, Bax, Cytc, Caspase?, Caspase3,
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FIGURE 2 The administration of LIPUS effectively suppressed the apoptosis of ovarian granulosa cells (GCs) in rats with VCD-induced
ovarian injury. (a) TUNEL staining was performed to observe the apoptosis of ovarian GCs in each group, where blue represents the nucleus of
GCs and green fluorescence indicates apoptotic cells (400x magnification). (b) Volcano plot illustrating changes in differential proteins within the
ovarian tissue of rats induced by LIPUS treatment. (c) Functional annotation through KEGG enrichment analysis for differential protein
identification. (d) Cluster heatmaps displaying 44 distinct proteins associated with cell growth and death. (e) Bubble map depicting 44 different

proteins related to cell growth and death after KEGG enrichment analysis.

PARP, and other pro-apoptotic factors. Conversely, the anti-apoptosis
factor Bcl-2 was significantly increased (p < 0.05). These findings sug-
gest that LIPUS may mitigate ovarian damage by inhibiting the Daxx-
mediated ASK1/JNK signaling pathways.

3.4 | The administration of LIPUS effectively
suppressed VCD-induced mitochondrial damage and
attenuated apoptosis in KGN cells

To further validate the results of the animal experiments, we

conducted in vitro experiments. Figure 4a illustrates the

proliferation of KGN cells following exposure to varying concentra-
tions of VCD (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 mmol/L). After care-
ful calculation and considering IC50 values as a reference point, a
reaction time of 24 hours and a concentration of approximately
IC50 (1.5 mmol/L) were selected as optimal conditions for subse-
quent experiments.

We initially assessed cell proliferation in each group after 3 days
of LIPUS treatment and observed significantly higher rates in both
the LIPUS and Ac-DEVD-CHO groups compared to the Model group
(Figure 4b). Subsequently, we compared KGN activity among these
treated groups (Figure 4c). The results demonstrated that LIPUS
treatment led to a significant increase in KGN activity (p < 0.05),
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FIGURE 3 The LIPUS treatment exerts an inhibitory effect on apoptosis of GCs by modulating the Daxx-mediated ASK1/JNK
signaling pathway. (a, b) Representative Western blot image depicting the proteins involved in the Daxx-mediated ASK1/JNK

signaling pathway, along with quantitative analysis of these proteins. (c) mRNA expression levels of relevant proteins were

assessed. *p < 0.05.
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FIGURE 4 LIPUS effectively suppressed
VCD-induced apoptosis of KGN cells. (a) The
proliferation of KGN cells was assessed under
various concentrations of VCD and different
treatment durations. (b) Cell growth in each
group was evaluated after 3 days of LIPUS
intervention. (c) CCK8 assay was performed to
determine the cellular activity in each group.
(d) TMRE staining revealed the mitochondrial
membrane potential levels, which were
quantitatively analyzed using flow cytometry at
a magnification of 1200x. (e) TUNEL staining
was used to observe apoptosis, and quantitative
analysis was conducted by flow cytometry at a
magnification of 1200x. (f) Western blotting
detected the expression levels of Daxx, ASK1,
Bax, Cytc, and Caspase 3 in cells from each
group. (g) Quantitative analysis demonstrated
the changes in Daxx, ASK1, Bax, Cytc, and
Caspase 3 expression levels among

groups. *p < 0.05.
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with levels comparable to those observed in the Ac-DEVD-CHO
group. Conversely, the Model group exhibited significantly reduced
cell activity when compared to the Control group (p < 0.05). These
findings suggest that LIPUS has potential for enhancing KGN
activity.

As depicted in Figure 4d, the level of mitochondrial membrane
potential was assessed in each group through TMRE staining. The
results revealed a significant increase in red fluorescence intensity
within the mitochondria of KGN cells treated with LIPUS and Ac-
DEVD-CHO, while the red fluorescence almost disappeared in the
Model group. Furthermore, flow cytometry was employed to quan-
titatively analyze the mitochondrial membrane potential of KGN
cells across all groups. The findings demonstrated a significant ele-
vation in mitochondrial membrane potential levels in the LIPUS
group compared to the Model group (p < 0.05). Conversely, the
Model group exhibited a substantial reduction in membrane poten-
tial when compared to the Control group (p < 0.05). Then, we
observed the apoptosis of KGN in each group by TUNEL staining
and flow cytometry (Figure 4e). The results of TUNEL staining
showed that the green fluorescence of KGN in the LIPUS group and
Ac-DEVD-CHO group was significantly lower than that in the
Model group. The results of flow cytometry showed that the apo-
ptosis of KGN treated with LIPUS and Ac-DEVD-CHO decreased
significantly (p < 0.05), while that of the Model group increased sig-
nificantly compared with the Control group (p < 0.05). These results
confirm that the effect of LIPUS is comparable to that of Ac-DEVD-
CHO, significantly inhibiting KGN apoptosis. Additionally, Western
blotting was performed to detect the expression of related proteins
in the Daxx-mediated ASK1/JNK apoptosis signaling pathway
(Figures 4f,g and S8). The findings revealed a significant decrease in
the expression of pro-apoptotic factors including Daxx, ASK1, Bax,
Cytc, Caspase 3, and PARP in both the LIPUS group and Ac-
DEVD-CHO group (p < 0.05), while an increase in anti-apoptotic
factor Bcl-2 was observed. Conversely, compared to the Control
group (p < 0.05), these pro-apoptotic factors were significantly
increased and anti-apoptotic factors were significantly decreased in
the Model group.

These findings suggest that LIPUS can mitigate the loss of
mitochondrial membrane potential and suppress KGN apoptosis by
modulating the Daxx-mediated ASK1/JNK mitochondrial apoptosis
signaling pathway, with a similar effect to Ac-DEVD-CHO.

3.5 | The application of LIPUS has demonstrated
significant efficacy in restoring ovarian function in rats
with VCD-induced ovarian injury, and this therapeutic
effect can be sustained for up to 6 estrous cycles

The LIPUS-treated rats demonstrated a tendency toward restoration
of normal sex hormone production within 30 days, as depicted in
Figure 5a,b, without any observed rebound effect (Figure 5c). More-
over, we conducted dynamic monitoring of the estrus cycle in

30-day-old rats and found that the intersection between the estrus

cycles of rats in the LIPUS group and those in the Model group
occurred within 30 days, indicating a significantly higher level of
normalization (Figure 5d,e). In terms of mating experiments, it was
observed that the number of pups significantly increased in the
LIPUS group compared to the Control group (p < 0.05), while there
was a significant decrease in pup numbers in the Model group
(p < 0.05). Additionally, we performed a safety evaluation on LIPUS
and found no significant injuries to surrounding organs (Figure S2).
These results further confirm that LIPUS can effectively restore

ovarian function impaired by VCD.

3.6 | The symptoms of menopause caused by
ovarian decline can be alleviated by LIPUS

The motion heat map and motion track map of each group of rats in
the open field test are depicted in Figure 6a. Statistical analysis of
the experimental data revealed that the LIPUS group exhibited sig-
nificantly higher total exercise distance, stay time in the central area,
total exercise distance in the central area, and average speed com-
pared to the Model group (p < 0.05). Conversely, these indices were
significantly decreased in the Model group when compared to the
Control group (p < 0.05) (Figure 6b). The grip test results demon-
strated a significant increase in maximum grip strength among rats in
the LIPUS group as opposed to those in the Model group, while it
was significantly lower for rats in the Model group than for those in
the Control group (p < 0.05) (Figure 6c). These findings suggest that
LIPUS may alleviate menopausal symptoms such as depression,
behavioral cognitive impairment, and reduced muscle excitability

caused by ovarian injury.

4 | DISCUSSION

The ovary, as the central reproductive organ in women, plays a crucial
role in maintaining normal reproductive function and endocrine sys-
tem stability. Any form of ovarian damage can have a significant
impact on a woman's life.!” Although numerous treatments for disor-
ders associated with ovarian dysfunction have been proposed, none
of them are universally regarded as the most effective in simulta-
neously restoring damaged ovarian function and being universally
applicable.*®* Fortunately, progressive non-invasive physical thera-
pies like LIPUS are gaining attention from clinical researchers. Previ-
ous studies have demonstrated the potential of LIPUS in regulating
ovarian function.’®"*? This study further validates the protective
effect of LIPUS on VCD-induced structural damage to the ovaries and
elucidates that its potential mechanism involves reducing mitochon-
drial damage through regulation of the Daxx-mediated ASK1/JNK sig-
naling pathway, thereby inhibiting apoptosis in ovarian granulosa cells
(GCs). Additionally, this study observes long-term efficacy of LIPUS by
effectively restoring ovarian reserve function and alleviating meno-
pausal symptoms resulting from ovarian injury; this beneficial effect

lasts for at least 6 estrous cycles.
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FIGURE 5 The therapeutic effects of LIPUS on
VCD-induced ovarian injury in rats were observed for
up to 6 estrous cycles, as evidenced by the restoration
and maintenance of ovarian function. (a) Serum levels
of E2, FSH, AMH, and LH were measured at 5, 10,

15, 20, 25, and 30 days post LIPUS treatment in each
group. (b) Morphological images of vaginal exfoliation
cells during proestrus, estrus, metestrus, and diestrus
stages were examined in rats. (c) The dynamic changes
in the estrous cycle within a period of 30 days after
LIPUS treatment were monitored in all groups. (d) The
number of offspring resulting from mating was
assessed for each group of rats. *p < 0.05.
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The VCD compound is a novel substance with ovarian toxicity
that specifically targets small ovarian follicles for degradation, result-
ing in a reduction of the ovarian reserve.?° In this study, we utilized
VCD induction to establish a rat model of chemically induced ovarian
injury and observed that exposure to VCD enhanced apoptosis in
developing follicles and granulosa cells, leading to damage in the
female rats' reproductive system. These findings are consistent with
previously reported results.2*~2% Furthermore, targeted LIPUS irradia-
tion was applied to the damaged sites within the ovaries of rats and
changes in their morphology and structure were monitored. This ini-
tially confirmed the protective effect of LIPUS on VCD-induced ovar-
ian injury in the rat model as it restored their morphology and
promoted normal development of ovarian follicles. This protective
effect aligns with most relevant studies.?*?°

The status of granulosa cells (GCs) plays a crucial role in follicular
development, and the main mechanisms for restoring ovarian function
involve regulating GC apoptosis and repairing primordial follicular
reserve.?® Proteomic analysis in this study revealed that treatment in
the LIPUS group significantly enriched 42 proteins related to cell
growth and death in the apoptotic signaling pathway. Apoptosis is a
physiological programmed cell death mechanism involving various sig-
nals and regulatory pathways.?” However, most studies on apoptosis
have focused on the Bcl-2 and Bax families. Daxx, as a multifunctional
protein, has been reported to act as a transcriptional co-repressor in
the nuclear compartment with HDAC1, DNA methyltransferase
1 (DMNT1), and a-thalassemia/mental retardation syndrome X-linked
(ATRX).2® Besides its nuclear role, studies have found that Daxx is
involved in the caspase-independent pathway of apoptosis by activat-
ing apoptosis signal-regulated kinase 1 and c-JunNH2 terminal kinase
4 in the cytoplasm.??° Nevertheless, there are limited studies on
Daxx's involvement in GCs. The expression of Daxx was found to be
significantly upregulated in human ovarian cancer tissues, while
weakly expressed in normal ovarian tissues.2® Surprisingly, our study
revealed a significant difference in the expression of Daxx between
the ovarian tissues of rats in the LIPUS group and Model group. Previ-
ous studies by Liu et al. have demonstrated that Daxx can induce cell
apoptosis through activation of the ASK1/JNK signaling pathway,
resulting in cytc release®® Consistent with these findings, we
observed a significant increase in the expression levels of pro-
apoptotic factors associated with this pathway both in vitro and
in vivo trials conducted on the Model group, accompanied by a
decrease in anti-apoptotic factors. However, treatment with LIPUS
reversed the expression levels of these factors within ovarian tissue.
Based on our findings, we propose that targeting Daxx could be a
potential approach for LIPUS-mediated regulation of apoptosis in

ovarian granulosa cells (GCs) following VCD-induced ovarian injury.

We further assessed the mitochondrial membrane potential of
KGN cells in each experimental group through TMRE staining in an
in vitro study. Mitochondria are highly abundant in GCs and play a
critical role in cell proliferation, energy generation, and apoptosis reg-
ulation. Previous studies have indicated that during ovarian function
decline, mitochondrial function becomes compromised, resulting in
inadequate energy supply, increased free radical production, dimin-
ished mitochondrial membrane potential, and release of intracellular
calcium ions that activate the intracellular apoptosis pathway leading
to GC apoptosis.>232 Our findings align with this concept as apoptotic
KGN cells induced by VCD exhibited nearly abolished mitochondrial
membrane potential while treatment with LIPUS significantly elevated
the level of mitochondrial membrane potential in KGN cells. Based on
these collective observations, we propose that LIPUS can mitigate
excessive mitochondrial damage by modulating the Daxx-mediated
ASK1/JNK signaling pathway. This intervention may contribute to
preserving normal levels of mitochondrial membrane potential, inhibit-
ing Cytc release, and ultimately reducing GC apoptosis.

A common limitation of our previous studies and other related
research is the absence of long-term efficacy observation.>* Unlike
the oophorectomy (OVX) model, which exhibits sudden loss of ovar-
ian function, the VCD-induced ovarian injury model simulates human
ovarian decline in a progressive manner, consistent with clinical
characteristics of POI patients.>> This unique advantage necessitates
an extended observation period to further investigate the effective-
ness of LIPUS. Building upon our understanding of LIPUS's
effectiveness and regulatory mechanism in restoring ovarian struc-
ture in rats with ovarian injury, this study extends its focus to
observe the long-term effects on regulating ovarian reserve func-
tion. The results demonstrate that hormone secretion levels, estrous
cycle patterns, and fertility in rats were significantly restored within
6 estrous cycles following LIPUS treatment. Furthermore, meno-
pausal symptoms resulting from declining ovarian function were
notably alleviated. This long-term observation addresses limitations
present in previous studies while acknowledging certain limitations
within this study itself. Additionally, it highlights the need for future
research to explore potential effects of variations in LIPUS parame-
ters on ovarian regulation.

In conclusion, this study presents novel evidence suggesting that
LIPUS exerts a prolonged protective effect against VCD-induced ovar-
ian injury by modulating the Daxx-mediated ASK1/JNK signaling
pathway, suppressing mitochondrial damage, enhancing the growth
and metabolic activity of ovarian GCs, thereby facilitating the restora-
tion of ovary structure and function in rats. The identification of its
sustained efficacy and regulatory mechanism offers a promising ave-

nue for clinical management of female ovarian injury.

FIGURE 6 The use of LIPUS has been shown to alleviate menopausal symptoms resulting from ovarian decline. (a) An activity heat map and
activity track were generated for each group of rats during the open field test. (b) Measurements such as total moving distance, residence time,
total moving distance, and average velocity were taken to assess the levels of activity, behavioral cognition, and depression in rats during the
open field test. (c) Representative images and quantitative analysis were conducted to evaluate the gripping power of rats in each

group. *p < 0.05.
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