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Abstract: Objective: To investigate the protective effects and molecular mechanisms of electro-acupuncture (EA) in a
cyclophosphamide (CTX)-induced rat model of premature ovarian insufficiency (POI), focusing on ovarian microRNA
(miRNA) regulation and TGFB/Smad pathway modulation. Methods: Twenty-four female Sprague-Dawley rats were
classified into four groups: Control, CTX, CTX + EA, and CTX + GnRHa (positive control). POl was induced by CTX injec-
tion. EA was applied at six acupoints for 15 min daily (days 10-25). Ovarian function was evaluated through estrous
cycle monitoring, histology, follicle counting, and serum hormone assays (FSH, E2, AMH). Serum ALT, AST, BUN, and
UA were measured to assess organ toxicity. Ovarian ultrastructure was analyzed by TEM. Differential miRNA expres-
sion was profiled by small RNA sequencing and validated by qRT-PCR. Pathway analysis (KEGG, GO) and TGF3/Smad
signaling evaluation (QRT-PCR, western blot) were performed. Results: EA significantly improved body weight and
ovarian index (P < 0.01 vs. CTX) and reduced CTX-induced hepatic and renal injury markers. Regular estrous cycles
were restored in 83% of EA-treated rats. EA normalized FSH, E2, and AMH levels (P < 0.01 vs. CTX), restored follicle
counts and ovarian morphology, and reversed subcellular damage observed under TEM. EA upregulated protec-
tive miRNAs (miR-145-3p, miR-25-3p) and inhibited aberrant TGFB/Smad activation, revealing a miRNA-mediated
mechanism underlying ovarian protection. Conclusion: EA confers significant protection against CTX-induced POI by
preserving ovarian structure, normalizing endocrine function, and regulating miRNA-TGFB/Smad signaling, support-
ing its potential as a non-pharmacological therapy for ovarian preservation and fertility maintenance.

Keywords: Electro-acupuncture, premature ovarian insufficiency, cyclophosphamide, microRNA, TGFB/Smad
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Introduction 1% of women under 40 globally, POl has pro-

found implications for reproductive health and
Premature ovarian insufficiency (POI) is a disor- overall well-being [2]. Beyond infertility, POI
der characterized by the loss of ovarian func- increases the risks of osteoporosis, cardiovas-
tion before the age of 40, leading to menstrual cular disease, neurocognitive impairment, and
irregularity, hypoestrogenism, and elevated psychological distress, including anxiety and
gonadotropin levels [1]. Affecting approximately depression [3, 4]. Given the long-term health
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risks and quality-of-life implications, POI repre-
sents a critical and growing concern in women’s
health.

The etiology of POl is complex and multifactori-
al. Genetic, autoimmune, iatrogenic (including
chemotherapy and radiotherapy), infectious,
and environmental factors have all been impli-
cated [5]. However, in up to 75% of cases, the
precise cause remains unidentified, underscor-
ing the need for further mechanistic studies [6].
Although genetic causes such as the FMR1 pre-
mutation, autoimmune oophoritis, and chromo-
somal aberrations are established contribu-
tors, environmental factors and cancer treat-
ments - particularly alkylating agents like cyclo-
phosphamide (CTX) - have emerged as major
risk factors in recent years [7, 8]. Advances in
cancer therapy have increased survival rates
among young women, yet the gonadotoxic side
effects of agents such as CTX have resulted in
a rising prevalence of iatrogenic POl among
cancer survivors [9]. The rising incidence of POI
in this population has driven urgent demand
for fertility-preserving and ovarian-protective
intervention.

Currently, hormone replacement therapy (HRT)
remains the mainstay for managing POl-related
hypoestrogenism and reducing the risk of
osteoporosis and cardiovascular disease [10].
However, HRT is not a curative approach, as it
cannot restore ovarian reserve or fertility, and
long-term use raises concerns about breast
cancer and thromboembolism [11]. Recent
years have seen increased interest in alterna-
tive and adjunctive therapies, including tradi-
tional Chinese medicine (TCM) and acupunc-
ture, for the management of POl and other
reproductive endocrine disorders [12].

Acupuncture has been practiced for millennia
within TCM to modulate physiologic functions
and treat gynecological conditions [13]. Recent
clinical trials and meta-analyses suggest that
acupuncture can improve symptoms related to
diminished ovarian reserve, modulate sex hor-
mone levels, and enhance overall reproductive
health in women with POl and perimenopausal
symptoms [14, 15]. Electro-acupuncture (EA),
an advanced form of acupuncture that com-
bines needle insertion with electrical stimula-
tion, has demonstrated potential advantages
in standardization, reproducibility, and efficacy
[16]. Preclinical studies indicate that EA may
restore ovarian function by modulating the
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hypothalamic-pituitary-ovarian (HPO) axis, im-
proving follicular development, and attenuating
gonadotoxicity induced by chemotherapeutic
agents [17]. For example, recent studies have
shown that EA promotes folliculogenesis, en-
hances ovarian reserve, and normalizes hor-
mone levels in CTX-induced POl rat models
[18].

Despite promising evidence, the molecular
mechanisms underlying the beneficial effects
of EA in POl are not fully elucidated. In particu-
lar, increasing attention has turned to the role
of non-coding RNAs, especially microRNAs (mi-
RNAs), in ovarian biology and disease. miRNAs
are small, non-coding RNAs that regulate gene
expression post-transcriptionally and play cru-
cial roles in folliculogenesis, oocyte maturation,
granulosa cell function, and ovarian aging [19].
Aberrant miRNA expression profiles have been
associated with POI pathogenesis in both hu-
man and animal models [20]. For instance,
dysregulation of miR-145, miR-17-5p, and miR-
23a have been linked to granulosa cell apopto-
sis and follicle depletion [21, 22]. Furthermore,
miRNA-mediated regulation of the transform-
ing growth factor-beta (TGF-B)/Smad signaling
pathway - a central pathway in ovarian develop-
ment and follicular recruitment - has been high-
lighted as a key mechanism in POl progression
[23].

Research has demonstrated that interventions
such as EA and stem cell therapy may exert
ovarian-protective effects by modulating miRNA
expression and related signaling pathways [24,
25]. Notably, small RNA sequencing technology
has enabled the profiling of miRNA expression
changes in response to interventions such as
EA, offering novel insights into molecular mech-
anisms of ovarian protection [26]. However, few
studies have systematically investigated how
EA influences the miRNA landscape and associ-
ated pathways in chemotherapy-induced POI
models.

Given this context, there remains a significant
knowledge gap regarding the precise molecular
and epigenetic mechanisms by which EA ame-
liorates POI, especially in the context of CTX-
induced ovarian injury. In particular, the inter-
play between EA, miRNA regulation, and the
TGF-B/Smad pathway remains uncertain.

While several animal studies have shown that
EA can alleviate CTX-induced ovarian damage
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sity and acclimatized for one
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tions, including a 12-hour
light/dark cycle, temperature
/ of 22 + 2°C, and relative

Figure 1. Experimental workflow chart.

by modulating endocrine and histologic out-
comes, the molecular mechanisms driving
these protective effects are poorly defined.
Previous work largely assessed hormone levels
or follicular morphology without systematically
mapping MiRNA expression networks or their
downstream targets. In contrast, the present
study combines small-RNA sequencing and
validation of TGFB/Smad pathway signaling to
elucidate how EA regulates post-transcriptional
gene control during ovarian recovery.

Therefore, the aim of the present study was to
investigate the therapeutic effects and underly-
ing molecular mechanisms of electro-acupunc-
ture in a cyclophosphamide-induced rat model
of POI. Specifically, we sought to evaluate how
EA treatment influences ovarian function, hor-
monal profiles, and ovarian morphology, as well
as to elucidate its regulatory effects on miRNA
expression patterns and the TGF-B/Smad sig-
naling pathway using small RNA sequencing. By
addressing these questions, our findings may
provide a scientific basis for the clinical applica-
tion of EA in POl and contribute to the develop-
ment of novel therapeutic strategies for ovarian
protection and fertility preservation.
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humidity of 50-60%, with
unrestricted access to food
and water. All animals were
female Sprague-Dawley rats
aged nine weeks, obtained from the same bree-
ding colony to ensure genetic and physiological
uniformity. Prior to group classifications, all rats
underwent a one-week acclimatization period
under identical housing conditions. Baseline
measurements confirmed no significant differ-
ences in age, body weight, or reproductive sta-
tus among animals (P > 0.05).

Sample size estimation followed the standard
formula for comparing two means:

2X(Zyo + 25) X 0
n= AQ

Where: (1) n = sample size per group; (2) ZW2 =
standard normal variate for type | error (for
o =0.05, ZW2 = 1.96); (3) ZB = standard normal
variate for power (for 80% power, ZB =0.84); (4)
0 = estimated standard deviation (from pre-
experiments, ~15% for key hormonal outcome
measures); (5) A = expected mean difference
(based on pilot data, ~20% difference in hor-
mone levels). Based on this calculation, six ani-
mals per group were used.
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_|2x(196 +0.84) x(0.15)
(0.20)7

n

Thus, 6 animals per group were used.

Induction of premature ovarian insufficiency
and treatments

POl was induced in the CTX, CTX + EA, and CTX
+ GnRHa groups by a single intraperitoneal
injection of cyclophosphamide (50 mg/kg).
Control animals received an equal volume of
sterile saline. Electro-acupuncture was initiat-
ed on day 10 after CTX injection and adminis-
tered once daily for 15 consecutive days (days
10-25). Six acupoints - Tai Xi (KI3), Shen Shu
(BL23), Sanyinjiao (SP6), Guanyuan (CV4), Zu-
sanli (§T36), and Baihui (DU20) - were select-
ed according to anatomical landmarks des-
cribed in validated acupuncture atlases. Sterile
disposable needles (0.19x10 mm, Hua Tuo)
were inserted to a depth of 3 mm at each acu-
point, connected to a G6805-2 electro-acu-
puncture stimulator (Suzhou Medical Equip-
ment Co., China), and stimulated at 1-3 Hz and
0.1-1 mAfor 15 minutes daily. The CTX + GnRHa
group received subcutaneous injections of go-
nadotropin-releasing hormone agonist (GnR-
Ha; 0.1 mg/kg) on days 1 and 5 after CTX expo-
sure. All interventions and assessments were
conducted at consistent times to minimize cir-
cadian variability.

Monitoring, sample collection, and general
assessment

Estrous cycles were monitored by daily vaginal
smears from day 10 to 25, with smears stained
by hematoxylin-eosin and evaluated under light
microscopy to distinguish the stages of proes-
trus, estrus, metestrus, and diestrus. Body
weights were measured at baseline (day 0),
after CTX administration (day 10), and at the
end of the experimental period (day 25). On day
26, all rats were euthanized under deep pento-
barbital anesthesia (40 mg/kg, intraperitone-
al). Blood was collected from the abdominal
aorta, and serum was separated for biochemi-
cal and hormonal assays. Ovaries were dissect-
ed, weighed, and prepared for subsequent his-
tological, ultrastructural, and molecular ana-
lyses. The ovarian index was calculated as ovar-
ian weight divided by body weight (mg/g).
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Serum markers of liver and renal function,
including alanine aminotransferase (ALT), as-
partate aminotransferase (AST), blood urea
nitrogen (BUN), and uric acid (UA), were quanti-
fied using standard commercial kits (JEB,
Shanghai, China) and automated biochemical
analyzers. Hormone levels of follicle-stimulat-
ing hormone (FSH), estradiol (E2), and anti-Mul-
lerian hormone (AMH) were measured using
ELISA kits (JEB, Shanghai, China), with all sam-
ples run in duplicate and intra- and inter-assay
coefficients of variation below 8%.

Histology, ultrastructure, and follicle assess-
ment

Ovarian tissues destined for histology were
fixed in 4% paraformaldehyde, embedded in
paraffin, and cut into 5 ym sections. Hema-
toxylin and eosin-stained sections were evalu-
ated for cortical structure, follicle development,
atresia, and stromal fibrosis. Quantitative folli-
cle counts were performed on every fifth sec-
tion, with adjustment for section number, and
follicles were classified as primordial, primary,
secondary, or atretic.

For ultrastructural analysis, small fragments of
ovarian cortex were fixed in 2.5% glutaralde-
hyde, post-fixed in 1% osmium tetroxide, dehy-
drated, and embedded in EMBed 812 resin.
Ultrathin sections (60-80 nm) were stained
with uranyl acetate and lead citrate and exam-
ined using a HITACHI HT7800 transmission
electron microscope, focusing on nuclear integ-
rity, mitochondrial morphology, and chromatin
condensation.

Molecular analysis

Total RNA was extracted from ovarian tissue
using TRIzol reagent (Invitrogen), and RNA
quality and concentration were verified using
Nanodrop spectrophotometry and agarose gel
electrophoresis. Small RNA libraries were
constructed and sequenced on the BGI-SEQ
platform (BGI, Shenzhen, China). Differentially
expressed miRNAs were identified using a cut-
off of |log2 fold change| > 1 and adjusted
p-value < 0.05, followed by pathway analysis
with GO and KEGG databases. For qRT-PCR
validation, reverse transcription was perform-
ed using PrimeScript RT reagent (Takara), and
quantitative PCR was conducted using SYBR
Green (Thermo, #K0223) on an ABI-7300 sys-
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Table 1. Animal group assignment and experimental treatments

Group n CTX (50 mg/kg, i.p.) Electro-Acupuncture (EA) GnRHa (0.1 mg/kg, s.c.)  Treatment Days
Control 6 No No No -
CTX 6 Yes No No D10-D25 (CTX i.p.)
CTX + EA 6 Yes Yes No EA D10-D25
CTX+ GnRHa 6 Yes No Yes GnRHa D1 & D5
Table 2. Baseline characteristics of rats lowed by HRP-conjugated secondary antibod-
Group Age Weight at Baseline ies. Signals were_qletected by chemilumines-
(weeks) (¢ Mean + SD) cence and quantified by Imagel) (NIH, USA),
Control 9 242+ 8 normalized to GAPDH.
CTX ° 240+ 10 Statistical analysis
CTX + EA 9 241 +9
CTX + GnRHa 9 241 + 11 All statistical analyses were performed using
No significant differences at baseline among groups (P SPSS version 26.0 (IBM Corp., USA) and
> 0.09). GraphPad Prism 9.0 (GraphPad Software, USA).
Data are presented as mean # standard devia-
Baihui (DU 20) tion (SD). For comparisons among more than
two groups (Control, CTX, CTX + EA, CTX +
Guanyuan (CV4) GnRHa), one-way analysis of variance (ANOVA)
' was used when data met the assumptions of
normality and homogeneity, followed by Tukey’s
Shen Shu (BL23)

Guanyuan (CV4)

Sanyinjao (SP6)

Figure 2. Anatomic locations of the six acupoints
used for electro-acupuncture (EA) in the rat model: 1.
Tai Xi (KI3): Posterior to the medial malleolus, at the
junction of the Achilles tendon and the calcaneus.
2. Shen Shu (BL23): Lateral to the lower border of
the spinous process of the second lumbar vertebra
(L2). 3. Sanyinjiao (SP6): 10 mm above the tip of the
medial malleolus, at the posterior border of the tibia.
4. Guanyuan (CV4): On the ventral midline, 10 mm
caudal to the umbilicus. 5. Zusanli (ST36): 5 mm
lateral to the anterior tubercle of the tibia, and 10
mm below the knee joint. 6. Baihui (DU20): At the
intersection of the midline of the head and the line
connecting the ears (the highest point on the skull).

tem, with GAPDH as the reference for mRNA
and U6 for miRNA.

Western blotting was performed on ovarian
protein extracts in RIPA buffer, quantified by
BCA assay (Thermo). Proteins were separated
by 10% SDS-PAGE, transferred to PVDF mem-
branes, and incubated with primary antibodi-
es against TGFB1, TGFBR1, TGFBR2, Smad2,
p-Smad2, Smad6, Smad7, and GAPDH, fol-
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post hoc multiple comparison test to deter-
mine intergroup differences. The Kruskal-Wallis
nonparametric test was applied, followed by
Dunn’s multiple comparison test for pairwise
contrasts. For pairwise comparisons (e.g., be-
tween CTX and CTX + EA), the independent-
samples Student’s t-test was used for normally
distributed data. Categorical data (e.g., propor-
tion of rats with regular estrous cycles) were
analyzed using the Chi-square test. Correlation
analyses between serum hormone levels and
miRNA expression (e.g., FSH vs. miR-145-3p)
were performed using Pearson’s correlation
coefficient for normally distributed variables
or Spearman’s rank correlation for non-normal
data. For all analyses, a two-tailed P < 0.05 was
considered significant.

Results

Experimental design, group assignment, and
baseline characteristics

A total of 24 female Sprague-Dawley rats were
successfully classified into four groups: Control,
CTX, CTX + EA, and CTX + GnRHa (Table 1).
Baseline age (mean = 9 weeks) and body wei-
ght (mean = 241.0 + 9.5 g) were comparable
across all groups, with no significant differenc-
es (P > 0.05; Table 2). All rats were nulliparous
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Table 3. Body weight and ovarian index at key time points

Group Body Weight Day O (g) Body Weight Day 10 (g) Body Weight Day 25 (g) Ovarian Index (mg/g)
Control 242 + 8 254 +7 264 +7 0.73 + 0.06
CTX 240 + 10 250+ 9 224 + 12** 0.41 + 0.05**
CTX + EA 241 +9 252 +8 250 + 10## 0.64 + 0.05##
CTX + GnRHa 241 +11 251 + 10 248 + 11## 0.62 + 0.04##
**P < 0.01 vs. Control; ##P < 0.01 vs. CTX group.
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Figure 3. The effects of EA on the liver and renal function of POI rats. A. Experimental schema. Normal group: no in-
tervention. Model group: D10-D25 cyclophosphamide, i.p. EA group: the method was the same as that of the model
group, but EA therapy was added at the same time. GnRHa group: D1 and D5 GnRHa, the rest part was the same as
the model group. D26, sacrifice and analysis. B. The six acupuncture point areas covered in this article. C. Electro-
acupuncture has no adverse effects on the liver and kidney function of model rats. D. The levels of ALT, AST, BUN,
and UA among the different groups as indicated above. N = 6 for each group. *P < 0.05 vs. CTX, **P < 0.01 vs. CTX.

and exhibited normal estrous cycles before
treatment, confirming equivalent fertility status
at baseline (Figure 2).

EA preserves body weight and ovarian index

Following CTX administration, rats displayed a
significant decrease in body weight and ovarian
index compared to controls. By day 25, CTX rats
exhibited a mean body weight reduction of
15.2% (224.0 + 12.0 g) compared to control
(264.0 + 7.0 g, P < 0.01; Table 3; Figure 3A).
Ovarian index was also markedly reduced by
43.8% in CTX rats (0.41 + 0.05 mg/g vs. 0.73 £
0.06 mg/g in controls, P < 0.01). Notably, EA
significantly reversed this trend, with the CTX +
EA group maintaining both higher final body
weight (250.0 £ 10.0 g, P < 0.01 vs. CTX) and
ovarian index (0.64 + 0.05 mg/g, P < 0.01 vs.
CTX), comparable to the GnRHa group (Table 3;
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Figure 3B). Serum biochemical analysis show-
ed that CTX significantly increased ALT, AST,
BUN, and UA levels, indicating hepatic and
renal injury, whereas electro-acupuncture mar-
kedly reduced these parameters without caus-
ing additional organ toxicity (Figure 3C, 3D).

EA restores estrous cycling and normalizes
hormone profiles

Heatmap analysis of daily estrous cycle stages
revealed that while all control rats exhibited
regular 4-5 day cycles, 100% of CTX rats expe-
rienced persistent diestrus or metestrus, with a
dramatic loss of cyclicity (Figure 4). CTX admin-
istration resulted in a significant reduction in
body weight and ovarian index compared with
controls, while electro-acupuncture significant-
ly restored both parameters to near-normal lev-
els (Figure 5A, 5B). EA intervention restored
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Figure 4. Heatmap showing daily estrous cycle stages (proestrus, estrus, metestrus, diestrus) for each animal in all

experimental groups from day 10 to 25.

regular cycling in 83% of rats, evidenced by the
reappearance of all four estrous stages, where-
as only 17% of CTX rats showed any cycling
activity (P < 0.01; Figure 5C). Serum biochemis-
try analysis demonstrated that CTX induced
substantial elevations in ALT, AST, BUN, and UA
(Table 4).

Endocrine hormone analysis confirmed the pro-
tective effect of EA (Table 5). CTX exposure
elevated FSH by 119% (15.8 + 1.4 mIU/mL vs.
7.2 + 0.6 mlU/mL, P < 0.01) and reduced E2
and AMH by 63% and 62%, respectively (E2:
22.4 + 2.2 pg/mL vs. 60.5 £ 6.8 pg/mL; AMH:
1.7 £ 0.2 ng/mL vs. 4.5 + 0.5 ng/mL; both P <
0.01). EA significantly normalized these hor-
mones (FSH: 8.8 £ 0.7 mlU/mL; E2: 51.0 + 5.6
pg/mL; AMH: 3.8 + 0.4 ng/mL; all P < 0.01 vs.
CTX; Table 5).

EA mitigates CTX-induced hepatorenal injury
Serum biochemistry analysis demonstrated

that CTX induced substantial elevations in ALT,
AST, BUN, and UA (Table 4; Figure 6). ALT and
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AST increased by 116% and 58% in the CTX
group (ALT: 78.3 + 7.2 U/L; AST: 182.3 + 15.5
U/L) relative to controls (ALT: 36.2 + 4.0 U/L;
AST: 115.5 £ 11.0 U/L; both P < 0.01). Renal
markers were similarly elevated (BUN: 13.4 +
1.3 mmol/L; UA: 107.2 + 9.1 umol/L, P < 0.01).
EA treatment significantly reduced all four
markers, restoring their levels to near those of
the control group (ALT: 41.5 + 3.8 U/L; AST:
121.3 £+ 12.3 U/L; BUN: 7.4 £ 0.8 mmol/L; UA:
59.8 + 7.2 uymol/L; all P < 0.01 vs. CTX), restor-
ing levels nearly to those of controls.

EA alleviates ovarian follicle loss and improves
morphology

Histologic examination revealed marked ovari-
an atrophy, cortical thickening, and loss of
healthy follicles in CTX rats (Figure 7). Quan-
titative counts showed that primordial, primary,
and secondary follicles were reduced by 63%,
52%, and 59% respectively in CTX rats com-
pared to controls (all P < 0.01), while atretic
follicles increased nearly fivefold (Table 6). EA
treatment significantly restored follicle num-
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Table 4. Serum biochemistry values (Day 25, Mean + SD)

Group ALT (U/L) AST (U/L) BUN (mmol/L) UA (umol/L)
Control 36.2+4.0 115.5 + 11.0 6.8+0.6 55.1 + 6.0
CTX 78.3 + 7.2%* 182.3 + 15.5%* 13.4 + 1.3*%* 107.2 £ 9.1%*
CTX + EA 41.5 + 3.8## 121.3 + 12.3## 7.4 + 0.8## 59.8 + 7.2##
CTX + GnRHa 79.1 + 8.0%* 177.6 + 13.9%* 13.0 + 1.2%* 104.9 + 8.5**

**P < 0.01 vs. Control; ##P < 0.01 vs. CTX group.

Table 5. Serum hormone levels (Mean + SD) reduced atresia by 61% (at-
Group FSH (miU/mL) E2 (pg/mL)  AMH (ng/mL) retic: 4.1 £ 1.0, P < 0.01 vs.
Control 7.2+ 0.6 60.5+6.8 45+0.5 CTX).

CTX 15.8 + 1.4%* 22.4 +2.2%% 1.7 £ 0.2%* EA improves ovarian ultra-
CTX + EA 8.8 + 0.7## 51.0 + 5.6## 3.8+ 0.4## structure

CTX + GnRHa 9.2 + 0.8## 50.3+5.1## 3.7 + 0.3##

**P < 0.01 vs. Control; ##P < 0.01 vs. CTX group. TEM images confirmed exten-

sive subcellular damage in
CTX-treated ovaries, including
bers (primordial: 15.4 + 2.2; primary: 9.9 + 1.3; disrupted membranes, swollen mitochondria,
secondary: 6.6 + 1.0; all P < 0.01 vs. CTX) and and chromatin condensation (Figure 8). In the
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Serum Biochemistry Markers Across Experimental Groups
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Figure 6. Multipanel bar graph displays serum ALT, AST, BUN, and UA levels (mean + SD) in each group. Each panel
represents one biochemical marker: (A) ALT, (B) AST, (C) BUN, and (D) UA. Significant elevations in the CTX group
were attenuated by electro-acupuncture treatment.

EA group, most oocytes and granulosa cells EA upregulates protective miRNAs and alters
displayed restored nuclear and mitochondrial key signaling pathways

morphology (Table 7).
Small RNA sequencing identified five miRNAs

Transmission electron microscopy (TEM) re- significantly downregulated in CTX ovaries (in-
vealed representative ultrastructural altera- cluding miR-145-3p, miR-25-3p, miR-29b-3p),
tions in ovarian granulosa and oocyte cells all of which were restored by EA (Table 8;
(Figure 8). Images were captured at 10,000- Figures 9-11). EA increased miR-145-3p ex-
25,000x magnification using a HITACHI HT- pression by 2.2-fold (P = 0.001), and gRT-PCR
7800 system, and at least five nonoverlapp- confirmed similar patterns for miR-25-3p (1.9-

fold increase, P = 0.008; Figure 12). KEGG
and GO enrichment analysis revealed that the
TGFB/Smad, apoptosis, and PI3K-Akt pathways
were among the most affected by EA (Figure

ing fields per specimen were examined by
two blinded observers. Observations were
summarized semi-quantitatively in Table 7.
While this qualitative assessment effectively

identified key subcellular changes, such as 13).

membrane integrity, mitochondrial morphology, EA suppresses TGFB/Smad pathway activation
and chromatin condensation. Future studies and restores endocrine function

incorporating quantitative morphometric an-

alysis (e.g., mitochondrial area fraction, cristae Molecular analysis showed that CTX upregulat-
density, or chromatin compaction index) are ed TGFB1, TGFBR1/2, Smad2, and p-Smad2,
warranted to confirm these ultrastructural while suppressing Smad6/7 (all P < 0.01 vs.
trends. control). EA reversed these changes, support-

891 Am J Transl Res 2026;18(2):883-901



Electro-acupuncture for cyclophosphamide-induced premature ovarian insufficiency

P

¥

| 1 | |
3 5 4 2

(NI )HS4

100

%

400
200

1
<
o
©

800

(UBUHNY

¢o..@
<
% ulT g 4,
H ¥,
x b ‘00 A@
* n H Hl xbz-v M
E:; o 3t
“T—!‘.A B \0
e,
T T T T T 00 I
n < 2] o~ - [=] m
juno) 3|a1jjo4 Aepuadag
J >
»> _v B \00
%,
<
* 2
* ALLA .ﬁ\au %00
* x *
* . @ *
[ ] _-._ln_- - .n\
- &)
#| # 5
[ ] )
I T T T T (] T
e ® © < N ©°o o
- o~
unog ejoljjod4 Aewud
>
» —
HH %
%
| e T %)
O, o X
x 78 ¥
* . | | L JV
: H % "
. eslde
. \o,eo
(o)
T T T T (v} T
o 0 = 0 © ®
o~ - -

unog 8ja|jo4 [etpiowig

g

1 1 1
72 =] w
- -

junod ejaljjo4 dlselyy

15—
a
5

Juneg a|aljjo4 amnjep

Am J Transl Res 2026;18(2):883-901

892



Electro-acupuncture for cyclophosphamide-induced premature ovarian insufficiency

Figure 7. EA treatment attenuated the morphologic damage caused by CTX in the ovaries. A. Serum levels of AMH,
serum E2 and FSH. B. Ovarian tissues were stained with H&E. In this case, primordial follicles are indicated by red

arrows and primary follicles are indicated by blue arrows. Secondary follicles are indicated by yellow triangles. C.
Follicle count.

Table 6. Quantitative follicle count (Mean + SD, per Ovary)

Group Primordial Primary Secondary Atretic
Control 19.3+2.1 12.2+1.8 75+1.2 23+0.6
CTX 71+ 1.6%* 58+ 1.1*%* 3.1+0.8%* 10.5 + 1.4**
CTX + EA 15.4 + 2.2## 9.9 + 1.3## 6.6 + 1.0## 4.1 + 1.0##
CTX + GnRHa 14.7 + 1.9## 9.1 + 1.4## 6.4 + 1.2## 4.7 + 1.1##

**P < 0.01 vs. Control; ##P < 0.01 vs. CTX group.

Control CTX EA+ CTX GnRHa + CTX

Figure 8. EA treatment improves CTX-induced disorder in the intracellular structure of the ovaries.

Table 7. Summary of ultrastructural changes (TEM findings)

Membrane Mitochondrial Chromatin

Group Integrity Swelling State Cytoplasm Notes

Control Intact None Uniform, euchromatin Normal Normal cell organelles

CTX Damaged Severe Condensed, irregular Edematous, sparse Vacuolization, swollen organelles
CTX + EA Mostly intact Mild Partially uniform Mild edema Restored structure, moderate vacuoles
CTX + GnRHa Mostly intact Mild Slightly irregular Mild edema Similar to EA group

Table 8. Differentially expressed miRNAs in ovarian tissue

. Fold Change Fold Change p-value
MIRNA (CTX vs. Ctrl) (EA vs. CTX) (EA vs. CTX) Target Pathway
miR-145-3p 1(0.43) 1(2.16) 0.001 TGFB/Smad, GC apoptosis
miR-25-3p 1(0.49) 1(1.90) 0.008 Apoptosis regulation
miR-122-5p 1 (0.60) 1(1.50) 0.011 Fatty acid metabolism
miR-29b-3p 1 (0.54) 1 (1.65) 0.015 ECM, fibrosis
miR-23b-3p 1 (0.59) 1(1.44) 0.018 Follicle development

Fold change values shown as ratios; arrows indicate up or down compared to preceding group.

ing pathway inhibition (Figure 210). Notably, gative association between serum FSH and
correlation analysis revealed a significant ne- miR-145-3p expression (r = -0.77, P < 0.001;
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Figure 9. Small RNA sequencing indicated the microRNA expression profile in POl with or without the treatment of EA. A. The GO analyses between control and
model rat. B. The GO analyses between Model and EA-treated group. C. The KEGG analyses between control and model rat. D. The KEGG analyses between Model
and EA-treated group. E. Five microRNA were downregulated in POI rats, including, including miR-25-3p, miR-122-5p, miR-29b-3p, miR-23b-3p and miR-145-3p. F.
EA treatment contributed to the expression of miR-145-3p in POl model group.
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Volcano Plot of Differential miRNA Expression (EA vs. CTX)
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the TGFB/Smad pathway.

Discussion
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fits of electro-acupuncture (EA)
in a cyclophosphamide (CTX)-
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Figure 11. Volcano plot of differential miRNA expression (EA vs. CTX). This
volcano plot highlights the distribution of miRNAs according to log, (fold
change) and statistical significance between electro-acupuncture and CTX-
treated groups. Red and blue dots denote significantly upregulated and
downregulated miRNAs, respectively, following EA intervention.

Figure 14), implicating miR-145-3p in hormonal
regulation.

All primer sequences and antibodies used in
these molecular assays are provided in Tables
9 and 10 for reproducibility.
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and provides the first integrat-
ed miRNA-sequencing-based
evidence linking EA to modula-
tion of the TGF3/Smad signal-
ing cascade. This mechanistic
insight distinguishes our work
from earlier EA-POIl studies
that focused primarily on hor-
monal or morphological outcomes. Specifically,
EA restored regular estrous cycling, improved
ovarian morphology and follicle counts, normal-
ized key hormonal levels, mitigated hepatore-
nal toxicity, and reversed CTX-induced dysregu-
lation of critical microRNAs (miRNAs) and the
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Figure 12. qRT-PCR Validation of Key miRNAs. Scatterplots illustrate the
relative expression levels of representative miRNAs (miR-145-3p and miR-
25-3p) across all experimental groups, as measured by qRT-PCR. Electro-
acupuncture significantly reversed CTX-induced downregulation of these
miRNAs.
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Figure 13. Top enriched KEGG/GO pathways affected by EA treatment. Bub-
ble plot displays the most significantly enriched KEGG/GO pathways, based
on the differentially expressed miRNAs following EA treatment in the POI
model. Bubble size represents gene count and color intensity reflects path-
way significance.

TGFB/Smad signaling pathway. Our compre-
hensive approach, which combined traditional
histology with advanced molecular analyses,
provides new insights into the mechanisms
underlying EA-mediated ovarian protection and
suggests practical implications for the manage-
ment of POl in clinical practice.

Previous research had established CTX as a
reliable model for chemotherapy-induced POI,
mimicking the ovarian toxicity and hormonal
disruptions seen in female cancer survivors [6,
8, 9]. In line with these studies, our model dis-
played marked body weight loss, ovarian atro-
phy, hormonal derangement, and disruption of
estrous cyclicity. Consistent with previous find-

ings, CTX also caused signifi-
cant elevations in hepatic and
renal injury markers, highlight-
ing the model’s relevance for
studying both systemic and
reproductive toxicity [8, 27,
28].

Electro-acupuncture has long
been used in traditional Chi-
nese medicine for gynecologi-
cal disorders, but only recently
have animal and clinical stud-
ies begun to clarify its ovarian
protective effects [12, 13, 16,
17, 29]. In our study, EA near-
ly completely restored estrous
cycles in over 80% of animals
and normalized FSH, E2, and
AMH levels, outcomes consis-
tent with previous reports th-
at acupuncture modulates the
hypothalamic-pituitary-ovari-
an (HPO) axis and improves
ovarian reserve [14, 15, 30].
Importantly, we confirmed the
normalization of multiple re-
productive and metabolic fun-
ctions through robust quanti-
tative data and direct molecu-
lar assays.

Our findings also align with
recent work showing that acu-
puncture can protect ovarian
follicles and restore ovarian
structure by reducing apopto-
sis and fibrosis [17, 31]. The
preservation of primordial, pri-

mary, and secondary follicle counts following
EA is particularly noteworthy, as primordial fol-
licle pool depletion is the primary event under-
lying POI [2, 5, 32]. These data suggest that EA
not only ameliorates functional deficits but also
may delay or reverse the progression of ovarian
aging induced by chemotherapy.

A major strength of this study is the mechanis-
tic analysis linking EA with the regulation of
miRNAs and the TGFB/Smad signaling path-
way. Our small RNA sequencing and qRT-PCR
validation identified several miRNAs (especially
miR-145-3p and miR-25-3p) that were down-
regulated by CTX and significantly restored by
EA intervention. These miRNAs have been pre-
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Figure 14. Correlation between serum FSH levels and miR-145-3p expres-
sion with regression line. A scatterplot displays the relationship between se-
rum FSH concentration and miR-145-3p expression in ovarian tissue across
all experimental groups. The regression line and confidence interval high-
light a significant negative correlation, suggesting that reduced miR-145-3p
is associated with elevated FSH in the POl model.

Table 9. Primer sequences for gRT-PCR

Target Forward Primer (5°-3") Reverse Primer (5°-3’)

TGFB1 CAGCAACAATTCCTGGCGATA  AGACAGCCACTCAGGCGTAT
TGFBR1 GGGAAGAACATCACCAGCAC CCTCTGTGGTGTTGGTGACA
TGFBR2 CGCATTGCCTCAGAAACTG AGGCATTTCTGTCAGGGTCC
Smad?2 ATGTGGACCGACATGTTTGG GGAGTTGTGCTGGGACTGTT
Smad6 CTTCAAGGTTGGGGAATGGA TGCCCTTTGGTCCTTCAGT
Smad7 AGGAATGCAGGTGGAGAAGA  GGTGGTGGGAGTCGTAGTAG
miR-145-3p CGTCCAGTTTTCCCAGGAAT TTGCTTCGGCAGCCTTAA

GAPDH AGACAGCCACTCAGGCGTAT  TTGAAGTCGCAGGAGACAAC

Table 10. Antibodies used for western blot

Target Protein  Antibody Source (Company) Dilution  Catalog Number
TGFB1 Affinity Biosciences 1:1000 AF1027
TGFBR1 Affinity Biosciences 1:1000 DF6131
TGFBR2 Affinity Biosciences 1:1000 DF6433
Smad2 Affinity Biosciences 1:1000 DF6282
p-Smad?2 Cell Signaling Technology ~ 1:1000 #3108
Smad6 Proteintech 1:500 14043-1-AP
Smad7 Proteintech 1:500 13203-1-AP
GAPDH Affinity Biosciences 1:2000 AF7021

viously implicated in granulosa cell prolifera-
tion, follicular development, and apoptosis [19,
20-22, 33]. Notably, miR-145-3p targets genes
involved in cell cycle regulation and TGFB3/Smad
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signaling, and its downregula-
tion has been associated with
increased granulosa cell apo-
ptosis and ovarian dysfunc-
tion [22, 34].

Pathway enrichment analysis
highlighted the TGFB/Smad
pathway as a major target of
EA-responsive  miRNAs. Our
data show that CTX-induced
overactivation of TGFB1, TGF[3-
R1/2, Smad2, and p-Smad2
was effectively suppressed by
EA, while the expression of
inhibitory Smad6/7 was res-
tored. These findings are con-
sitent with the role of TGF(/
Smad signaling in regulating
ovarian follicle fate and cellu-
lar apoptosis [23, 35]. Recent
reports suggest that exces-
sive activation of this pathway
in granulosa cells leads to
fibrotic changes and prema-
ture follicle depletion, key fea-
tures of POI [36-42].

Moreover, the significant neg-
ative correlation between FSH
and miR-145-3p expression
observed in our study sug-
gests that miR-145-3p may
function as a molecular bridge
linking EA, HPO axis regula-
tion, and follicular survival.
These results expand upon
previous work showing that
EA and other interventions
can regulate endocrine func-
tion through miRNA signaling
[24, 25, 38].

Limitations

Despite the strengths of this
study, several limitations mu-
st be acknowledged. First, the
use of a single cyclophos-
phamide (CTX)-induced model
may restrict the generalizabili-
ty of the findings to the broad-

er clinical spectrum of premature ovarian in-
sufficiency (POI). Although the CTX model ac-
curately mimics the iatrogenic ovarian injury
observed in female cancer survivors and pro-

Am J Transl Res 2026;18(2):883-901
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vides a controlled platform to investigate
gonadotoxic mechanisms, it does not capture
the multifactorial etiologies of POI, such as
autoimmune, genetic, or idiopathic forms. Fu-
ture research should therefore employ diverse
animal and clinical models, including autoim-
mune- or gene-deficient POl models and pa-
tient-derived samples, to confirm whether the
MiRNA-TGFB/Smad regulatory effects of elec-
tro-acupuncture (EA) are conserved across dif-
ferent pathogenic contexts.

Second, while the validation of miRNA expres-
sion was confirmed through gRT-PCR and path-
way analysis, functional verification of specific
miRNA-target interactions was not performed.
The absence of direct target gene assays (such
as 3’UTR luciferase reporter analysis or miRNA
mimic/inhibitor interference experiments) lim-
its the causal interpretation of the identified
mMiRNA-TGFB/Smad relationships. Future work
incorporating in vitro gain- and loss-of-function
approaches or dual-luciferase validation will be
essential to confirm the downstream targets
and mechanistic pathways involved.

Third, although we focused on the TGFf/Smad
pathway, other signaling cascades including
PI3K/Akt, MAPK, and mitochondrial apoptosis
may also contribute to the protective effects of
EA and should be explored in future investiga-
tions. Finally, while histologic and endocrine
results indicate significant ovarian protection,
long-term fertility outcomes (e.g., oocyte quali-
ty, pregnancy rates, and offspring health) were
not assessed here and will be critical for evalu-
ating clinical translatability.

Another limitation of this study was the absence
of a nonspecific or sham acupuncture control
group, which limits the ability to distinguish
acupuncture-specific effects from nonspecific
mechanical or stress-related influences. While
the inclusion of a GnRHa-treated group provid-
ed a pharmacological benchmark for ovarian
protection, a sham acupuncture group using
either non-acupoint stimulation or deactivated
electrodes would provide stronger evidence for
the specificity of EA effects. Future studies
should therefore incorporate sham or acu-
point-mismatch controls to validate whether
the observed molecular and functional improve-
ments are exclusively attributable to targeted
EA stimulation.
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Although TEM images provided clear visualiza-
tion of subcellular restoration following EA
treatment, image resolution and quantitative
morphometric data were limited. Future work
employing higher-magnification or automated
image analysis techniques will enable objective
quantification of ultrastructural findings to com-
plement qualitative observations.

Although the CTX-induced model effectively
simulates chemotherapy-related ovarian dam-
age, it does not encompass the broader spec-
trum of idiopathic, autoimmune, or genetic POI
seen in clinical settings. Future studies incorpo-
rating multifactorial or patient-derived models
are warranted to validate the translational
potential of EA.

Clinical implications

The growing incidence of POI, particularly as a
late effect of chemotherapy in young female
cancer survivors, has generated a pressing
need for safe and effective ovarian-protective
therapies. Currently, hormone replacement the-
rapy (HRT) is the mainstay of symptom man-
agement but does not restore ovarian function
or fertility potential and carries risks with long-
term use. Our data suggest that EA may serve
as a promising adjunct or alternative for pre-
serving ovarian health, not only by improving
endocrine function but also by protecting folli-
cle numbers and mitigating systemic toxicity.

The findings also have broader implications for
the integration of traditional medicine tech-
niques into modern clinical practice. Acupun-
cture is widely accessible, low-cost, and has a
favorable safety profile, making it an attractive
option for women who cannot or choose not to
use HRT or GnRHa. Furthermore, the identifica-
tion of specific molecular pathways and miR-
NAs modulated by EA opens the door to the
development of targeted therapeutics and pre-
cision medicine approaches.

Future research

Several avenues for future investigation emerge
from this study. First, longitudinal studies are
needed to assess whether EA can preserve or
restore fertility over the long term, including
oocyte yield, fertilization rates, and offspring
health [43]. Second, comparative studies in dif-
ferent POl models (e.g., genetic, autoimmune,
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iatrogenic) and in non-rodent species would
help validate the generalizability of these find-
ings. Third, mechanistic studies employing
miRNA inhibitors or mimics could clarify the
causal role of specific miRNAs, particularly
miR-145-3p, in mediating EA’s effects [44].
Additionally, integration of omics approaches
(e.g., proteomics, metabolomics) could uncover
further pathways and targets involved in POI
and EA-mediated protection [45]. Clinical trials
are urgently needed to translate these findings
into practice, with robust designs including
placebo, sham acupuncture, and standard-of-
care comparators, as well as the evaluation of
patient-reported outcomes and safety profiles
[46, 47]. Finally, studies should also explore the
potential synergy between EA and other inter-
ventions, such as stem cell therapy, exosome
delivery, or pharmacologic agents targeting
ovarian reserve [24, 48].

Conclusion

This study provides compelling evidence that
electro-acupuncture exerts protective effects
against CTX-induced premature ovarian insuffi-
ciency in rats by preserving ovarian structure,
normalizing endocrine function, and regulating
key miRNAs and TGF[3/Smad signaling. These
findings not only deepen our understanding of
the mechanisms underlying POl and its treat-
ment but also support the potential role of EA
as a clinically relevant, non-pharmacological
strategy for ovarian protection. Continued re-
search, including well-designed clinical trials, is
warranted to establish the efficacy, safety, and
molecular mechanisms of EA in women at risk
for or suffering from POI.
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