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Echinacoside alleviates asthenozoospermia by upregulating
SoxS-mediated transcriptional activation of the CatSper gene
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Abstract. Asthenozoospermia (AZS) is one of the most
common causes of male infertility, and the decreased expres-
sion and function of cation channel of sperm (CatSper) in the
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sperm contributes to the pathology of AZS. Phenylethanoid
glycosides, such as echinacoside (ECH), a compound derived
from Cistanche tubulosa, exhibit therapeutic potential for
AZS. However, the underlying mechanisms of ECH treatment
on AZS remain to be fully elucidated. The ornidazole-induced
AZS model rats (AZS rats) were treated with ECH in vivo and
human sperm were exposed to ECH in vitro. Computer-assisted
semen analysis was used to assess sperm motility. The func-
tional characteristics of epididymal sperm were evaluated by
analyzing hyperactivation and acrosome reaction. Reverse
transcription-quantitative polymerase chain reaction (RT-qPCR),
western blotting and calcium imaging analyses were used to
analyze the expression and function of CatSper channels. In
addition, RT-gPCR, western blotting and chromatin immunopre-
cipitation-qPCR were used to investigate the Sex-determining
region Y-related high-mobility-group box family, member 5
(Sox5)-mediated transcriptional activation of the CatSper gene.
It was found that ECH treatment enhanced sperm motility,
hyperactivation and acrosome reaction in AZS rats. In addition,
ECH upregulated the expression and function of the four a
subunits of CatSper channel, CatSperl to CatSper4, in model rats.
Furthermore, ECH treatment increased the protein expression of
Sox5 and its binding to the CatSperl gene promoter region in the
testes of AZS rats. In vitro results further suggested that ECH
treatment improved sperm motility and CatSper function in the
sperm samples from both healthy subjects and patients with
idiopathic AZS (1AZS). The present findings suggest that ECH
treatment exerts certain therapeutic effects on iAZS through
the functional upregulation of CatSper channels in the sperm.
These findings position ECH as a promising complementary and
alternative medicine therapeutic for enhancing sperm function
and managing iAZS in clinical practice.

Introduction

Infertility is a prevalent global reproductive health problem,
affecting ~15% of couples of reproductive ages, with ~50%
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of these cases attributed to male factors (1). Idiopathic asthe-
nozoospermia (iAZS) represents a primary cause of male
infertility, yet no optimal therapeutic strategies for iAZS have
been established. Currently, the non-invasive management of
male infertility, including 1AZS, primarily involves changes
in lifestyle, oxidative stress therapy, prebiotic and probiotic
supplements, hormone therapy and enhancement of male
gonadal function; however, the efficiency of these approaches
remains unsatisfactory (2-4). Furthermore, ideal treatment
methods (high efficacy with a favorable safety profile) for
asthenozoospermia (AZS) have not been established. Thus,
investigating novel therapeutic methods for male reproductive
disorders is required. The application of traditional Chinese
herbal medicine in reproductive health has garnered notable
attention (5,6). Echinacoside (ECH), a naturally occurring
compound with potentially beneficial biological activity,
has been increasingly recognized for its role in improving
sperm quality (5).

ECH, the most active component extracted from Cistanche
tubulosa (Schrenk) Wight which belongs to the Asteraceae
family, has exhibited extensive biological activities, such as
anti-inflammatory, antioxidant and antitumor effects (6,7).
Notably, ECH positively influences male reproductive health
by enhancing glutathione peroxidase (GSH-PX) levels and the
antioxidant capacity of testicular tissue, thereby mitigating
reproductive toxicity induced by bisphenol A or lead acetate
in male rats (5,8,9). However, the molecular mechanisms
underlying ECH-induced improvements in sperm quality,
particularly sperm motility, remain poorly understood.

The cation channel of sperm (CatSper), which comprises a
minimum of 11 subunits, including four a subunits that form
the pore region, is specifically expressed in the testis and
localized in the principal section of sperm flagellum (10,11).
This channel mediates Ca*" influx into the sperm, thereby
promoting capacitation, hyperactivation and participation
in sperm chemotaxis, making CatSper important for male
fertility and human fertilization (12-14). In human sperm, the
expression and function of CatSper channels are closely linked
to progressive motility and may contribute to the pathogenesis
of AZS (15,16). An association has been observed between
single nucleotide polymorphisms in CatSperl and iAZS, as
well as between CatSperl protein expression and progressive,
total and hyperactivated sperm motility (17,18). Similarly,
CatSperl and CatSper3 mRNA expression levels are also
reduced in sperm from asthenoteratozoospermic males (19). In
a previous study, we demonstrated that decreased expression
and function of CatSper resulted in decreased sperm motility,
while transcutaneous electrical acupoint stimulation and
electroacupuncture (EA) at a frequency of 2 Hz exerted thera-
peutic effects on iAZS by inducing the functional upregulation
of CatSper channels in sperm (16). However, the roles and
mechanisms of CatSper channels in the therapeutic effects of
ECH on iAZS remain unclear.

The sex-determining region Y (Sry)-related high-mobility-
group (HMG)-box (Sox) family comprises a group of
transcription factors that are intricately involved in sex deter-
mination and embryonic development (20). Specifically, Sox4,
8,9 and 12 are highly expressed in Sertoli cells, whereas Sox5,
6 and 30 are predominantly expressed in spermatocytes and
spermatozoa. These transcription factors serve notable roles

at distinct stages of male reproductive development (21). Sox5,
6, 13, 30 and 32 coordinate the regulation of gene expres-
sion within the testes, thereby promoting spermatogenesis
in adult males (22-25). Sox5 is an important transcription
factor implicated in spermatogenesis and maturation (24).
The mutation or aberrant expression of Sox5 can result in
spermatogenic dysfunction, ultimately contributing to male
infertility, and Sox5 has been identified as a susceptibility
gene for non-obstructive azoospermia (26-29). In addition,
the CatSperl promoter contains four transcriptional start sites
(TSSs) and three functional Sox-binding sites (20). In vivo
studies have demonstrated that Sox5 can enhance the trans-
activation of the CatSperl promoter, suggesting that CatSperl
may serve as a target gene of Sox5 (30).

The present study aimed to investigate whether ECH treat-
ment exerted its effects on AZS rats and patients with i1AZS
through CatSper channels, as well as whether ECH treatment
upregulated CatSperl protein expression through the activation
of Sox5.

Materials and methods

Chemicals, reagents and antibodies. All chemicals, reagents
and antibodies used are listed in Table SI.

High-performance liquid chromatography (HPLC) analysis.
The HPLC was performed using an Agilent 1260 Infinity
IT system (Agilent Technologies). Separation was achieved
on a Phenomenex Luna 5 ym CI8(A) (250.0x4.6 mm,
5 pm) maintained at 30°C. A sample volume of 10 ul was
injected into the system. The mobile phase consisted of two
solvents: solvent A (0.1% formic acid in water) and solvent B
(acetonitrile). A gradient elution program was applied with a
flow rate of 1.0 ml/min: solvent B was increased from 10 to
20% over 14 min.

Nuclear magnetic resonance (NMR) spectroscopic analyses.
NMR spectra were measured on a Varian INOVA-500 NMR
spectrometer (Varian Medical Systems Inc., USA), using
methanol-d, as solvent, and the chemical shifts were referenced
to the solvent residual peak.

Animals. Sexually mature male Sprague-Dawley rats
(age, 8 weeks; initial body weight, 200-230 g) were obtained
from the Department of Experimental Animal Sciences at
Peking University Health Science Center (Beijing, China).
The rats were individually kept in a climate-controlled envi-
ronment at a temperature of 22+2°C and a relative humidity
of 50+10%, with a 12-h light/dark cycle and free access to
food and water. The health and behavior of rats were moni-
tored every day. A total of 59 rats were used in the present
study. The duration of the experiment was 30 days. Humane
endpoints were as follows: Complete anorexia or signs of
depression accompanied by hypothermia, observable as a body
temperature <37°C, without anesthesia or sedation. The rats
were euthanized by intraperitoneal injection of an overdose
of 1% pentobarbital sodium (300 mg/kg). Animal death was
confirmed by respiratory and cardiac arrest and pupil dilation
was observed for =10 min. There were no rats that reached the
humane endpoints of the study. All experimental procedures



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

involving animals were approved by the Animal Care and Use
Committee of Peking University (Beijing, China) prior to the
initiation of the study (approval no. J2024179).

Animal model of AZS. A rat model of AZS was established
through intragastric administration of ornidazole (ORN) to
rats, as previously described with specific modifications (16).
In brief, ORN was administered intragastrically at a dose
of 320 mg/kg body weight once daily for 30 consecutive
days. Control rats received an equivalent volume of 0.2%
carboxymethylcellulose sodium solution, the vehicle of ORN,
throughout the experimental period. On day 32, eight rats
were euthanized by intraperitoneal injection of an overdose of
1% pentobarbital sodium (300 mg/kg), before their testes and
epididymides were immediately excised for further examina-
tion. The development of the AZS rat model was confirmed by
evaluating epididymal sperm motility and count (16).

ECH treatment for animals. ECH (provided by Professor
Yong Jiang) was stored at room temperature prior to use (6,7).
The AZS model rats (n=35) were intragastrically administered
low-dose ECH (L-ECH; 6 mg/kg/day, 5 rats), middle-dose
ECH (M-ECH; 18 mg/kg/day, 4 rats), high-dose ECH
(H-ECH; 54 mg/kg/day, 13 rats) or equal amounts of normal
saline (NS; vehicle of ECH, 13 rats) once a day on days 11-31.
Meanwhile, both ECH- and NS-treated AZS model rats were
intragastrically administered ORN (320 mg/kg/d) once a day
to maintain the pathological state of iAZS. On day 32, the rats
were euthanized by intraperitoneal injection of an overdose of
1% pentobarbital sodium (300 mg/kg).

Sperm motility and count. Cauda epididymal sperm were
collected and processed as previously described (31). In
brief, both caudal epididymides were excised and placed in
a modified N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES)-buffered medium with the following composi-
tion: 120 mM NaCl, 2 mM KCl, 1.2 mM MgSO,, 0.36 mM
NaH,PO,, 25 mM NaHCO;, 10 mM HEPES, 5.6 mM glucose
and 1.1 mM sodium pyruvate. The medium was supplemented
with 100 IU/ml penicillin and 100 xg/ml streptomycin, and the
pH was adjusted to 7.4 using NaOH. Each cauda epididymis
was carefully dissected into three segments and incubated at
37°C for 10 min in a humidified atmosphere containing 5%
CO,. Following incubation, the sperm suspension was filtered
through a nylon mesh to remove tissue debris, centrifuged at
2,000 x g for 5 min at room temperature and resuspended
in 1 ml of pre-warmed (37°C) NS. Sperm motility and kine-
matic parameters were analyzed using a computer-assisted
semen analysis (CASA) system with Olympus CX33 light
microscope (cat. no. WLJY-9000; Beijing Weili New Century
Science and Technology Development Co., Ltd.). Parameters
assessed included the percentage of rapid progressive motile
sperm (grade A; %), progressive motility (grades A + B; %),
straight-line velocity (VSL; pm/s), curve-line velocity (VCL;
pm/s), average path velocity (VAP; pm/s), amplitude of lateral
head displacement (ALH; ym), linearity (LIN; %), straightness
(STR; %) and sperm viability (31). Sperm concentration was
determined using the hemocytometer method with Olympus
CX33 light microscope and expressed as x10%ml, based on
two independent semen sample preparations (16).
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Assessment of sperm hyperactivation and acrosome reaction.
Rat sperm were capacitated in a modified HEPES-buffered
saline solution (HBSS) containing the following: 135 mM
NaCl, 5 mM KCIl, 1 mM MgSO,, 2 mM CacCl,, 20 mM
HEPES, 5 mM glucose, 10 mM lactic acid, 1 mM Na-pyruvate,
5 mg/ml bovine serum albumin (BSA, Sigma-Aldrich; Merck
KGaA), 15 mM NaHCO; and 30 mM NH,CI. The solution was
adjusted to pH 7.4 with NaOH and sperm were incubated for
90 min at 37°C in a 5% CO, incubator. Sperm motility was
assessed using a CASA system, with each analysis based on a
minimum of 200 spermatozoa per sample. Sperm hyperactiva-
tion was defined as follows: VCL >100 ym/s, ALH =2.0 um,
LIN <38.0% and wobble =16% (32).

The NH,Cl-induced acrosome reaction in rat sperm was
evaluated using a previously described method (33). Briefly,
following capacitation, sperm were pelleted using centrifuga-
tion at 2,000 x g for 5 min at room temperature, washed twice
with HBSS buffer and then spread onto clean glass slides. The
samples were air-dried and fixed with 4% formaldehyde at
room temperature for 15 min. Acrosomes were labeled with
1 uM fluorescein isothiocyanate-conjugated peanut agglu-
tinin (PNA-FITC; Sigma-Aldrich; Merck KGaA) and nuclei
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich; Merck KGaA) for 60 min at room
temperature. The acrosome reaction was identified by the
absence of PNA-FITC fluorescence in the sperm head region.
Stained samples were analyzed using a confocal laser scanning
microscope (Leica TCS SPS8; Leica Microsystems, Inc.) (33).
The percentage of sperm undergoing the acrosome reaction
was determined by analyzing a minimum of 200 sperm cells
per sample.

Oxidative stress assessments. Commercial kits procured from
the Nanjing Jiancheng Bioengineering Institute were used to
evaluate oxidative stress in rat testicular tissues and assays
were performed according to the manufacturer's instructions
and as previously described (34). The following assays were
conducted: GSH-PX activity was measured using a total
GSH-PX assay kit with NADPH (cat. no. A00S5); superoxide
dismutase (SOD) activity was assessed with a total SOD
assay kit utilizing the water-soluble tetrazolium salt method
(cat. no. A001-3); and malondialdehyde (MDA) levels, an
indicator of lipid peroxidation, were determined using a lipid
peroxidation MDA assay kit (cat. no. AO03-1) (34).

ELISA. ELISA kits were used to determine the concentrations
of testosterone (T; cat. no. ml059506, Shanghai Enzyme-linked
Biotechnology Co., Ltd.), luteinizing hormone (LH; cat.
no. ml064293, Shanghai Enzyme-linked Biotechnology Co.,
Ltd.), estradiol (E2; cat. no. mlc4525, Shanghai Enzyme-linked
Biotechnology Co., Ltd.) and follicle-stimulating hormone
(FSH; cat. no. ml059034, Shanghai Enzyme-linked
Biotechnology Co., Ltd.) in the plasma of rats according to
the instructions of manufacturer. Optical density (OD) values
of each well were measured at 450 nm using a Multiskan GO
Microplate Spectrophotometer (Thermo Fisher Scientific, Inc.).
Subsequently, the concentrations of the analytes in each well
were calculated by referencing their respective OD values to a
standard curve derived from serially diluted standard samples,
fitted to a regression model (35).
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RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Total RNA was
isolated from rat testicular tissues using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). First-strand cDNA
was synthesized from total RNA using oligo(dT) primers and
PrimeScript™ RT reagent kit (Takara Corporation), according
to the instructions of the manufacturers. Each 20 ul reaction
contained 1 pl ANTP Mixture, 1 ul Oligo dT Primer, 1 ul
Random 6 Primer, 1 ug Total RNA and was brought to final
volume using diethylpyrocarbonate-treated water. RT-qPCR
was performed using GoTaq qPCR Master Mix (Promega
Corporation) on an ABI 7500 Fast Real-Time PCR Detection
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Each 20 ul reaction contained 1 ul cDNA template, 10 ul GoTaq
qPCR Master Mix and 0.2 M of each primer and was brought
to final volume using diethylpyrocarbonate-treated water.
B-actin was amplified concurrently as an endogenous refer-
ence gene for normalization. Primer sequences were described
in a previous study (16). Thermal cycling conditions were as
follows: Initial denaturation at 95°C for 3 min; followed by
40 cycles of 95°C for 10 sec, 58°C for 20 sec and 72°C for
10 sec. Relative mRNA expression levels were calculated
using the 2244 method (16).

Western blotting. Rat sperm suspensions or testicular tissue frag-
ments were immediately homogenized in ice-cold lysis buffer
[50 mM Tris (pH 8.0); 150 mM NaCl; 1% NP-40; 0.5% sodium
deoxycholate; 0.1% SDS; and 1 mM PMSF]. Protein concentra-
tions were determined using a BCA assay kit (Pierce; Thermo
Fisher Scientific, Inc.). Equal protein aliquots (60 ug) were
denatured, separated by 10% SDS-PAGE and transferred onto
PVDF membranes (Bio-Rad Laboratories, Inc.). Membranes
were blocked with 5% non-fat milk in Tris-buffered saline with
Tween 20 [20 mM Tris-HCI (pH 7.5); 150 mM NaCl; and 0.05%
Tween 20] for 1 h at room temperature, followed by overnight
incubation at 4°C with primary antibodies: Rabbit anti-rat phos-
photyrosine (1:1,000; cat. no. ab179530; Abcam), rabbit anti-rat
CatSperl (1:100; cat. no. sc-33153; Santa Cruz Biotechnology,
Inc.), rabbit anti-rat CatSper2 (1:100; cat. no. sc-98539; Santa
Cruz Biotechnology, Inc.), rabbit anti-rat CatSper3 (1:100;
cat. no. sc-98818; Santa Cruz Biotechnology, Inc.), goat anti-rat
CatSper4 (1:100; cat. no. sc-83126; Santa Cruz Biotechnology,
Inc.), mouse anti-rat Sox5 (1:100; cat. no. sc-293215; Santa
Cruz Biotechnology, Inc.), mouse anti-f-actin (1:2,000;
cat. no. sc-47778; Santa Cruz Biotechnology, Inc.) and
mouse anti-o-tubulin (1:2,000; cat. no. sc-32293; Santa Cruz
Biotechnology, Inc.). Membranes were then incubated for
1 h at room temperature with HRP-conjugated secondary
antibodies: Goat anti-rabbit IgG (1:2,000; cat. no. sc-2004;
Santa Cruz Biotechnology, Inc.), goat anti-mouse IgG
(1:2,000; cat. no. sc-2005; Santa Cruz Biotechnology, Inc.)
and rabbit anti-goat IgG (1:2,000; cat. no. sc-2768; Santa Cruz
Biotechnology, Inc.). Protein bands were visualized using ECL
Western Blotting Substrate (Thermo Fisher Scientific, Inc.),
captured by autoradiography (Hyperfilm MP; GE Healthcare)
and quantified with ImagelJ software 2.16.0 (National Institutes
of Health) (16,36).

Calcium imaging analysis. Sperm calcium imaging was
performed as described (16); the protocol was performed at

37°C. Rat sperm were isolated from cauda epididymides by
swim-out in HBSS, washed and resuspended in HBSS supple-
mented with 5 mg/ml BSA (Sigma-Aldrich; Merck KGaA)
(HBSS+). Human sperm were purified using discontinuous
Percoll® density gradients (40-80% in Earle's balanced salt
solution, Thermo Fisher Scientific, Inc.) centrifuged at 600 x g
for 20 min (room temperature), then washed and resuspended
in human tubal fluid (HTF+) [97.8 mM NaCl, 4.69 mM KCl,
4 mM NaHCO,, 0.37 mM KH,PO,, 2.04 mM CacCl,, 0.2 mM
MgCl,, 21.4 mM lactic acid, 21 mM HEPES, 2.78 mM glucose
and 0.33 mM Na-pyruvate (pH 7.3)] containing 3 mg/ml human
serum albumin (Sigma-Aldrich; Merck KGaA). Sperm were
loaded with 5 yM fura-2-acetoxymethyl ester (Fura-2-AM)
and 0.05% Pluronic® F-127 for 30 min in 5% CO, in the
dark, washed and resuspended in HBSS (rat) or HTF (human;
Sigma-Aldrich; Merck KGaA) and adhered for 20 min to
Cell-Tak™ (Corning, Inc.)-coated glass-bottom dishes (Wuxi
Nice Life Science & Technology Co., Ltd.). Rat sperm were
pre-incubated in HBSS+ with or without 10 xM NNC 55-0396
for 5 min; human sperm were incubated in HTF+ with or
without 0.06 mg/ml ECH for 30 min.

Imaging was performed using a Polychrome V monochro-
mator at 340 nm excitation on an Olympus IX-71 inverted
microscope with x40 (rat) or x100 (human) objectives.
Emissions (515-565 nm) were filtered using a HQ540/50
filter and captured every 100 msec at 5-sec intervals using
a CoolSNAP HQ CCD camera. F was monitored before
and after the application of 30 mM NH,CI. Fura-2-AM
signals were expressed as background-subtracted F340/F380
ratios normalized to the baseline (F,. .., mean intensity
pre-treatment). F ..ment and F, .. represented intensities after
and before NH,CI application. Images were analyzed using
MetaFluor v7 software (Molecular Devices, LCC) (16,37,38).

Immunofluorescent staining. To prepare testis tissues for
immunofluorescence staining, rats were anesthetized using
1% pentobarbital sodium (50 mg/kg) and underwent intra-
cardiac perfusion with 300 ml of 0.1 M phosphate buffer
(PBS) followed by 300 ml 4% paraformaldehyde. Testes were
harvested and post-fixed in 4% paraformaldehyde (in 0.1 M
PBS; pH 7.4) at4°C for 18 h (16). Following fixation, tissues were
paraffin-embedded and sectioned (5 ym). Paraffin-embedded
samples were dewaxed by xylene followed by immersing
in 100% ethanol for three times (5 min/time). Later, slides
were sequentially immersed in 95, 80, and 70% ethanol and
finally washed by double distilled water (36). Sections under-
went antigen retrieval by heating at 95°C in EDTA buffer
(cat. no. ZLI-9071; Beijing Zhongshan Jingiao Biotechnology
Co., Ltd.) for 30 min, followed by cooling to room temperature.
Subsequently, samples were blocked with 10% donkey serum
(Sigma-Aldrich; Merck KGaA) containing 0.3% Triton X-100
in 0.1 M PBS for 1 h at room temperature, sections were incu-
bated overnight at 4°C with rabbit anti-rat CatSperl (1:100) and
mouse anti-rat Sox5 (1:100) primary antibodies diluted in 1%
donkey serum and PBS. Following three PBS washes, sections
were incubated for 1 h at room temperature with secondary
antibodies: Cy™ 3-conjugated donkey anti-mouse IgG (H+L)
and Alexa Fluor 488-conjugated donkey anti-rabbit IgG (H+L)
(1:500; Jackson ImmunoResearch Laboratories, Inc.) (34).
Details of secondary antibodies are listed in Table SI. Nuclei
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were counterstained with DAPI (100 ng/ml; Sigma-Aldrich) at
room temperature for 10 min. After three final PBS washes,
slides were mounted in Gel-Mount medium. Imaging was
performed using a confocal microscope (Zeiss LSM880; Zeiss
AG) with excitation wavelengths of 488 (green), 555 (red) and
405 nm (blue) (34).

Sequence analysis. Briefly, multiple CatSperl promoter
sequences from different species were aligned using T-coffee
(tcoffee.crg.eu/apps/tcoffee/do:regular). Sox motifs were then
identified using ConSite (http:/consite.genereg.net/) under
default settings, revealing putative binding sites for transcrip-
tion factors containing HMG DNA-binding domains. For
each promoter, predicted binding sites were filtered using a
transcription factor score cutoff of 80% to ensure specificity
and reliability.

Chromatin immunoprecipitation (ChIP). ChIP was performed
as previously described (39,40) with minor modifications.
Briefly, DNA and associated proteins were cross-linked in
homogenized rat testicular tissues by incubation with 1%
formaldehyde at room temperature for 30 min. The reaction
was quenched by adding glycine to a final concentration
of 125 mM. Following washing twice with ice-cold PBS
containing protease inhibitors (cOmplete™ ULTRA tablets,
Mini, EASYpack, Sigma-Aldrich; Merck KGaA), the samples
were pelleted by centrifugation (12,000 x g for 10 min at 4°C)
and resuspended in 1X SDS lysis buffer [1% SDS, 10 mM
EDTA, 50 mM Tris-HCI (pH 8.1), 10 pl/ml protease inhibitor
cocktail and 10 ul/ml phosphatase inhibitor (Thermo Fisher
Scientific, Inc.)]. The lysates were incubated for 15 min at
4°C (39,40). Chromatin was sheared by sonication (6x10-sec
pulses) to generate 250-1,000 bp DNA fragments, confirmed
by agarose gel electrophoresis. Following centrifugation at
3,000 x g for 10 min at 4°C, the chromatin-containing super-
natant was collected and diluted 10-fold in ChIP dilution
buffer [1% Triton X-100,2 mM EDTA, 150 mM NaCl, 20 mM
Tris-HCI (pH 8.1), 10 ul/ml protease inhibitor cocktail and
10 pl/ml phosphatase inhibitor] and an aliquot was saved as
input DNA (39,40).

Samples were pre-cleared with protein G agarose at
4°C overnight and then incubated with the corresponding
antibodies (10 pug each; 1:50 or 1:200 mouse anti-Sox5 or
IgG, respectively. Mouse anti-Sox5: Cat. no. sc-293215, Santa
Cruz Biotechnology, Inc.; IgG: Cat. no. A7028, Beyotime
Biotechnology, Shanghai, China) on a rocker at 4°C overnight.
The complexes were washed three times with lysis buffer
[50 mM Tris (pH 7.4), 1 M NaCl, 1 mM EDTA, 0.1% SDS, 1%
NP-40 and 0.5% sodium deoxycholate]. The beads were then
resuspended in lysis buffer and digested with proteinase K at
45°C for 45 min. Co-precipitated DNA was purified using the
TIANquick Maxi Purification Kit (Tiangen Biotech Co., Ltd.)
and eluted in 50 ul nuclease-free water (39,40).

For normalization, 10% of total chromatin was retained
as input material prior to immunoprecipitation. Immuno-
precipitated DNA was quantified using RT-qPCR as
aforementioned following elution and purification, normalizing
all values to the input. For ChIP-qPCR, primers targeting the
CatSperl promoter region (Table SII) were used under stan-
dard RT-qPCR protocol. PCR product quality was assessed
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using 1.5% agarose gel electrophoresis and data was analyzed
using the percent input method, with normal IgG used as the
negative control (41).

Participants. A total of 6 infertile male patients with iAZS
(age range, 25-35 years old; median age, 29.5 years old) and
7 healthy control subjects (age range, 25-30 years old; median
age, 28 years old) with normal sperm quality and a successful
reproductive history within the past 2 years were enrolled
from the Reproductive Medicine Center of Peking University
Third Hospital (Beijing, China) from January 2023 to January
2024. The diagnosis of iAZS was established according to the
following criteria (42): i) A sexually active, non-contracepting
couple failing to achieve pregnancy after 12 months due to
male factor infertility; ii) two or more semen analyses, with
an abstinence period of 3-7 days each time, demonstrating
AZS: Progressive motility (grade A + B sperm) <32% or total
motility (grade A + B + C sperm) <40%; iii) sperm concen-
tration >15x10° sperm/ml; iv) proportion of morphologically
normal sperm =4%; v) no identifiable underlying causes of
infertility, including congenital testicular or genital dysplasia
or deformity, reproductive system infections, positive serum
anti-sperm antibodies, drug exposure, abnormal sex hormone
levels, abnormal seminal plasma biochemistry or a family
history of fertility issues; and vi) a physical examination
revealing no abnormalities in height, weight, secondary sexual
characteristics, testicular size, external genitalia, spermatic
veins or mental status. The present study was approved by
the Institutional Review Board of Peking University Third
Hospital (approval no. IRB00006761-M2022692). All partici-
pants provided written voluntary informed consent prior to
enrollment.

Semen analysis for patients. The semen parameters, including
semen volume, sperm motility, sperm concentration and sperm
morphology, were evaluated in human participants according
to pre-established guidelines (42). To evaluate the direct effect
of ECH on human sperm motility in vitro, 1 ml human semen
was incubated with 0.06 mg/ml ECH at 37°C in a water bath
and sperm motility parameters were analyzed using CASA
at four time points: Immediately (O min) and at 10-, 20- and
30-min post-incubation with ECH (42).

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 9.0 for Windows (Dotmatics). All quantita-
tive biochemical data were representative of at least three
independent experiments. A two-tailed paired or unpaired
Student's t-test was used to compare differences between two
groups, while one-way ANOVA followed by Sidak's post-hoc
test was used for multiple comparisons. Data are presented
as the mean =+ standard error of the mean and P<0.05 was
considered to indicate a statistically significant difference.

Results

Improvement of sperm quality in AZS rats via ECH treatment.
The chemical structure of ECH is illustrated in Fig. 1A.
Subsequently, high-performance liquid chromatography
(Fig. 1B) was used to assess the purity of ECH. 'H and
BC nuclear magnetic resonance spectroscopic analyses
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Figure 1. Identification of ECH structure. (A) Chemical structure of ECH. (B) High-performance liquid chromatography analysis of ECH purity. (C) '"H NMR
and (D) C NMR spectra of ECH. ECH, echinacoside; AU, arbitrary Units; NMR, nuclear magnetic resonance.

(Fig. 1C and D) were performed to identify the structure of
ECH. As previously reported (8,9), the effective dosage and
treatment protocol of ECH was first determined via sperm
quality in AZS rats (Fig. 2A). The results demonstrated that
L-ECH treatment had no significant effect on sperm quality in
AZS rats (Fig. 2B-J). By contrast, M-ECH treatment signifi-
cantly increased the motility of grade A + B sperm in AZS
rats (Fig. 2C). Notably, H-ECH treatment, hereafter referred
to as ECH treatment, significantly improved sperm quality in
AZS rats, as evidenced by enhanced sperm motility, evident in
both grade A and grade A + B sperm groupings, and signifi-
cant increases in other parameters of sperm motility such as
VSL, VAP and ALH, as well as sperm viability (Fig. 2B-J).
Collectively, these results suggest that high-dose ECH treat-
ment in AZS rats improves the motility of epididymal sperm.

Improvement of sperm function of AZS rats by ECH
treatment. As shown in the aforementioned data (Fig. 2),
H-ECH treatment improved sperm motility in AZS rats. In the
present study, the effects of H-ECH treatment on sperm quality
was first determined in AZS rats. ECH treatment significantly
improved sperm quality, as exhibited by significant increases
in sperm concentration and motility in both grade A and grade
A + B sperm (Fig. 3A-C), as well as other sperm motility
parameters such as VSL, VAP, LIN and STR (Figs. S1A-F).
Additionally, ECH treatment demonstrated significantly
elevated sperm viability (Fig. 3D). Subsequently, the effects
of ECH treatment on sperm function were investigated. The
results demonstrated that ECH treatment effectively reversed
the impaired sperm functionality observed in AZS rats,
including a significant increase in protein tyrosine phosphory-
lation, increased hyperactivation and increased acrosome

reaction in epididymal sperm, as assessed by PNA-FITC
staining (Fig. 3E-H). In combination, these results suggest that
ECH treatment in AZS rats improved the sperm quality and
functional characteristics of epididymal sperm.

Functional upregulation of CatSper channels in the sperm of
AZS rats by ECH treatment. To investigate how ECH improved
sperm quality in AZS rats, testicular oxidative stress was first
assessed. ECH treatment significantly increased GSH-PX
levels compared with vehicle controls (Fig. 4A), while SOD
and MDA levels showed no statistically significant differences
between experimental groups (Fig. 4B and C). This indicates
partial alleviation of testicular oxidative stress by ECH. The
analysis of plasma hormones revealed no significant changes
in E2, T and FSH levels (Figs. 4D, E and S1G), but significant
reduction of LH in ECH-treated rats (Fig. S1H).

Due to the ECH-mediated enhancement of sperm motility,
CatSper channel expression was examined. In testicular tissues,
ECH significantly increased mRNA (Fig. 4F-I) and protein
(Fig. 4J-M) levels of CatSperl-4, as compared with vehicle
controls. Epididymal sperm also showed significantly increased
CatSperl-4 protein expression (Fig. SA-D). CatSper-mediated
Ca* influx was subsequently evaluated (Figs. SE-K). ECH
treatment significantly enhanced NH,Cl-evoked intracellular
calcium levels [Ca*"]; responses in the sperm of AZS rats at the
single-cell (Fig. 5I), population (Fig. 5J) and mean intensity
levels (Fig. 5K) compared with the NS group. Notably, the
CatSper inhibitor NNC 55-0396 blocked NH,Cl-induced
Ca?* signals in both groups (Fig. 5I-K), supporting CatSper
mediation. Collectively, these findings demonstrate that the
functional upregulation of CatSper channels markedly mediated
ECH-induced sperm motility improvement in AZS rats.
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Figure 2. ECH treatment improves sperm motility in AZS rats. (A) Experimental protocol for ECH administration in AZS rats. Sperm motility parameters,
including percentage of (B) grade A and (C) grade A + B sperm, as well as (D) straight-line velocity, (E) VCL, (F) average path velocity, (G) amplitude of
lateral head displacement, (H) linearity, (I) straightness and (J) sperm viability. Vehicle group: 0.2% carboxymethylcellulose sodium; NS group: Ornidazole +
normal saline; L-ECH group: Ornidazole + low-dose ECH; M-ECH group: Ornidazole + medium-dose ECH; H-ECH group: Ornidazole + high-dose ECH.

Data are presented as mean + standard error of the mean. "P<0.05, “P<0.01 a

nd

ke

P<0.001. One-way ANOVA with Sidak's post hoc test; n=4-5 rats per group.

ECH, echinacoside; AZS, asthenozoospermia; VSL, straight-line velocity; VCL, curve-line velocity; VAP, average path velocity; ALH, amplitude of lateral
head displacement; LIN, linearity; STR, straightness; ORN, ornidazole; ig., intragastric.

ECH treatment enhances the Sox5-mediated transcriptional
activation of CatSperl channels in the testes of AZS rats.
Numerous studies have indicated that the Sox family can
coordinate the regulation of gene expression within the
testes (22-25). Specifically, Sox5 has been shown to enhance
the transactivation of the Catsperl promoter in vivo (30).

To investigate whether Sox5 activated the transcription of
CatSperl in the rat testis, the co-localization of Sox5 and
CatSperl was examined in testicular tissues. As expected,
immunofluorescent staining revealed that Sox5 co-localized
with CatSperl in testicular tissues (Fig. 6A). In the testis,
Sox5 was predominantly located in cell nuclei, whereas
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Figure 3. ECH treatment ameliorates sperm function in rats with asthenozoospermia. Assessment of sperm quality: (A) Sperm concentration, (B) grade A and
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tyrosine; PNA, peanut agglutinin.

CatSperl exhibited a broader distribution, being present in
both cytoplasm and nuclei (Fig. 6A). Subsequently, RT-qPCR
and western blotting were performed on testicular tissues
from vehicle- and ECH-treated rats. Consistently, a significant
increase in the mRNA levels of Sox5 was observed in the
ECH-treated group compared with the control group (Fig. 6B).
Notably, the short isoform of Sox5 (S-Sox5), rather than the
long isoform, was identified as the predominant form of Sox5
expressed in the testis. ECH treatment selectively enhanced
the protein expression of S-Sox5 in the testes of AZS rats

(Fig. 6C). These findings provide notable evidence supporting
the involvement of Sox5-mediated transcriptional activation of
CatSperl within the testis.

Subsequently, in silico analysis was employed to predict
potential binding sites of Sox5 in the promoter region of
the CatSperl gene. The analysis revealed three distinct
Sox5-binding sites in the CatSperl gene promoter: i) Sox5-A,
-1911 to -1917 bp upstream of the TSS; ii) Sox5-B, -475 to
-481 bp upstream of the TSS; and iii) Sox5-C, located -56
to -62 bp upstream of the TSS (Fig. 6D and E). To validate



SPANDIDOS

MOLECULAR MEDICINE REPORTS 33: 84, 2026

PUBLICATIONS
A *%%x B C
N 50 o 2501 o 0.8 .
2401 °5§ ?200- Q&" 2oe o
-] o £ . =
2304 oo 2 5 150 o 2 al
< 2 Eo.
& 20 Q 100 £
) 3 S 0.2-
& 101 @ 501 =
0- 0- 0.0-
NS ECH Vehicle ECH NS
F CatSper1 G CatSper2
* *
209 r— 209 ———
c c
K] Ke] Pe) 8
o o] 7]
8151 o 2 15- &
o O [o) dgo o o
8 g 2 o©° 8 g o
<< 10- =5 101
o3 g o
€ ) S ®
_g 8 0.5 - _g 8 0.5+
T~ ®=
[0) [0)
T 0.0- T 0.0-
NS  ECH NS  ECH
J NS EC K NS ECH

CatSper1 80 kDa CatSper2 [ ww¥| 7> «Da CatSper3
o-tubulin ESS kDa  o-tubulin E 55kDa  oa-tubulin

* *%
1.5+ l_é 2.0 | — |
— = o
>£ >£
=25 o =5 154
20 0 B0 3 8p
3 o £3 000 [pO
oT o) g 1 0'
25 Sa
3 5 0.5+ S p
D i 0 =
0.54
=8 =8
0.0- — 0.0~
NS ECH NS ECH

D 400~ E 40
80 o ) o
—~ c 304
[ = O~
o  EgoA 81% o E
8 2 3 5204
o =404 2=
o i T
204
0- 0
ECH NS ECH NS ECH
H CatSper3 | CatSper4
2.0 1 |L| 3 7 |L|
c c o
S S o
(2] (2]
82151 ° 88 8 2
[oiks3] o© co24 ©O o
33 00 5% o
<o 1.0 <3
xd x
Eg)_' E@1-
2505 28
8% 8
[0) [0)
C 00- c oA
NS  ECH NS  ECH
L NS ECH M NS ECH
[==_==]44kDa CatSpers[ 2 |51 kDa
[ s 55 kDa  o-tubulin [ ae—.] 55 kDa
* *
2.0 | — 2.0 4  —
£ £
§B1'5' o 3157 0©
> c S
25 = oo &
c 3 c 3
5 104 © 980 55 1.0
= o o = o
& 5 &
P T 0.5 2% 0.5
g )
0.0- 0.0 -
NS  ECH NS ECH

Figure 4. ECH treatment enhances CatSper channel expression in testis tissues of rats with asthenozoospermia. Levels of oxidative stress markers in testis
tissues: (A) GSH-PX, (B) SOD and (C) MDA; n=7-8 rats per group. Plasma levels of (D) E2 and (E) testosterone; n=5-7 rats per group. mRNA expression
of (F) CatSperl, (G) CatSper2, (H) CatSper3, (I) CatSper4. Protein expression levels of (J) CatSperl, (K) CatSper2, (L) CatSper3, (M) CatSper4 in testis
tissues; n=6-8 rats per group. NS group: Ornidazole + normal saline; ECH group: Ornidazole + high-dose ECH. Data are presented as mean + standard error
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malondialdehyde; E2, estradiol; CatSper, cation channel of sperm.

these predictions, ChIP-qPCR was performed to assess the
binding of Sox5 to the CatSperl gene promoter at the Sox5-A
site. A significant increase in the relative enrichment of Sox5
was observed at the Sox5-A site in the testicular tissues of
the ECH-treated group compared with the vehicle-treated
group (Fig. 6F). Furthermore, RT-qPCR analysis demon-
strated a significant increase in CatSperl mRNA expression
in the ECH-treated group compared with the control group
(Fig. 6G). These results suggest that ECH treatment enhances
Sox5 expression, thereby promoting Sox5-mediated transcrip-
tional activation of CatSperl in the testicular tissues of AZS
rats. Taken together, this cascade ultimately improved sperm
motility and acrosome reaction capability in AZS rats.

Functional upregulation of CatSper channels in the human
sperm by ECH treatment. To validate the findings obtained
from AZS rats, the present study investigated whether ECH

treatment induced the functional upregulation of CatSper
channels in human sperm. In vitro experiments were first
performed to determine whether sperm motility was increased
when ECH was directly added to human semen. Spermatozoa
from healthy subjects (HS) or patients with iAZS were incu-
bated with ECH prior to sperm motility analysis at 0-, 10-,
20- and 30-min post-incubation. The results demonstrated
that ECH incubation significantly increased the progressive
motility (grade A + B sperm) at 20 min and total motility (grade
A + B + C sperm) at 30 min in sperm from HS (Fig. 7A-C).
Notably, 20-min ECH incubation significantly improved sperm
motility in samples from patients with iAZS, enhancing rapid
progressive motility (grade A sperm), progressive motility and
total motility (Fig. 7D-F). Subsequently, the effects of ECH
incubation on CatSper-mediated Ca** influx in human sperm
were examined. Notably, a marked increase in NH,Cl-evoked
[Ca*; fluorescent signals was observed in sperm from both
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Figure 5. ECH treatment upregulates functional expression of CatSper channels in spermatozoa from rats with asthenozoospermia. (A) CatSperl, (B) CatSper2,
(C) CatSper3 and (D) CatSper4 protein abundance in sperm; n=5-6 rats per group. Representative fura-2-acetoxymethyl ester fluorescence images of sperm
before and after 30 mM NH,CI stimulation in (E) NS, (F) ECH, (G) NS + NNC and (H) ECH + NNC group. Arrows indicate [Ca**]; fluorescent signals in
response to NH,Cl. Scale bar, 10 pm. (I) Representative single-sperm fluorescence traces. (J) Normalized [Ca®*]; responses in all tested sperm. (K) Summary
plot of normalized [Ca*]; signals after NH,Cl treatment (n=27-33 sperm per group from 5-6 rats). NS group: Ornidazole + normal saline; ECH group:
Ornidazole + ECH. Data are presented as mean + standard error of the mean. "P<0.05, “P<0.01 and “"P<0.001; Unpaired t-test. ECH, echinacoside; NS,
normal saline; NNC, NNC 55-0396; CatSper, cation channel of sperm; [Ca®*];, intracellular calcium levels; F340, fluorescence at 340 nm; F380, fluorescence

at 380 nm.

HS and patients with iAZS after 30-min incubation with
ECH (Fig. 7G-J). In summary, a consistent enhancement of
NH,Cl-evoked [Ca?']; fluorescent signals was observed in
the ECH-treated groups compared with their control coun-
terparts in single spermatozoa (Fig. 7K) and in all tested
sperm (Fig. 7L), as well as significant increases in the mean
fluorescence intensity of all tested sperm post-NH,Cl exposure
(Fig. 7M). These findings suggest that ECH incubation may

have increased intracellular calcium levels [Ca®*]; in human
sperm, thereby enhancing sperm motility.

Discussion
The present study provides evidence that ECH exerts thera-

peutic effects on iAZS by functionally upregulating CatSper
channels in sperm. This mechanism was mediated through
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Figure 6. ECH treatment enhances Sox5-mediated transcriptional activation of CatSperl in testis tissues of AZS rats. (A) Representative immunofluorescence
images showing co-localization of Sox5 (red) and CatSperl (green) in testis tissues of naive rats (n=3 rats per group). Merged signals are indicated by
triangles. Scale bar, 20 ym. (B) Sox5 mRNA and (C) S-Sox5 protein expression in testis tissues of ECH-treated AZS rats. (D and E) In silico analysis of
Sox5 binding sites in the CatSperl promoter: Sox5-A (-1911 to -1917 bp), Sox5-B (-475 to -481 bp) and Sox5-C (-56 to -62 bp) relative to the transcriptional
start site. (F) ChIP-qPCR analysis of Sox5 binding at the Sox5-A site in the CatSperl promoter. (G) CatSper]l mRNA expression; n=5-8 rats per group. NS
group: Ornidazole + normal saline; ECH group: Ornidazole + high-dose ECH. Data are presented as mean + standard error of the mean. “P<0.05 and “P<0.01.
Unpaired t-test. ECH, echinacoside; AZS, asthenozoospermia; ChIP, chromatin immunoprecipitation; gPCR, quantitative PCR; Sox5, sex-determining region
Y-related high-mobility-group box family, member 5; CatSper, cation channel of sperm; TSS, transcriptional start site; L-Sox5, long isoform-Sox5; S-Sox5,

short isoform Sox5.

increased expression of the testicular transcription factor
Sox5, which transcriptionally activated CatSperl. These find-
ings suggest that CatSper represents a promising therapeutic
target for iAZS. In addition, ECH may serve as a potential
complementary and alternative medicine (CAM) for treating
male infertility associated with iAZS in clinical settings.
ECH is the primary bioactive compound derived from
Cistanche deserticola (Schrenk) Wight. and exhibits a wide
range of pharmacological effects. It suppresses the P2X puri-
noceptor 7/fractalkine/C-X3-C motif chemokine receptor 1
pathway to exert neuroprotective effects (43,44), inhibits the
microglial a-synuclein/toll like receptor 2/NF-kB/NLR family
pyrin domain containing 3 axis for antinociception (43), activates
the brain derived neurotrophic factor (BDNF)/neurotrophic
receptor tyrosine kinase 2 or BDNF/cAMP responsive element

binding protein 1 pathways for antidepressant effects (45,46) and
blocks the activin A receptor type 2A-mediated TGF-f31/Smad
signaling pathway to exert anti-hepatic fibrosis effects (47).
ECH also suppresses the PI3K/AKT pathway to inhibit tumor
metastasis (48) and targets the Janus kinase 1/signal trans-
ducer and activator of transcription 1/interferon regulatory
factor 1 pathway for antitumor activity (49,50). Additionally,
ECH reduces the levels of pro-inflammatory cytokines such
as TNF-a, IL-1p and IL-6 (50), demonstrating potent anti-
inflammatory properties. ECH also protects against testicular
injury by restoring T synthesis pathways (51-53). However, the
molecular mechanisms through which ECH improves sperm
quality, particularly motility, remain to be fully elucidated.

In addition to Sheng-Jing-San (SJS) and EA, several
Traditional Chinese Medicine (TCM) formulations have
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Figure 7. Functional activation of CatSper channels in human sperm by ECH treatment. Sperm motility parameters in healthy subjects: (A) Grade A,
(B) grade A + B and (C) grade A + B + C sperm. Sperm motility parameters in patients with AZS: (D) Grade A, (E) grade A + B and (F) grade A + B + C sperm.
n=6-7 subjects per group. (G-J) Representative fura-2-acetoxymethyl ester fluorescence images of human sperm before and after 30 mM NH,CI stimulation.
Arrows indicate [Ca®*]; responses. Scale bar, 10 ym. (K) Representative single-sperm fluorescence traces. (L) Normalized [Ca®*]; responses in all tested sperm.
(M) Summary plot of normalized [Ca?"]; signals after NH,CI treatment (n=33-36 sperm per group from 5-6 subjects). Data are presented as mean =+ standard
error of the mean. "P<0.05, “P<0.01 and ““P<0.001. Paired t-test for (A-F), unpaired t-test for (M). ECH, echinacoside; AZS, asthenozoospermia; [Ca®'];,
intracellular calcium levels; NS, normal saline; HS, healthy subjects; F340, fluorescence at 340 nm; F380, fluorescence at 380 nm.

been shown to enhance sperm motility in AZS rats (16,31). In  sperm motility, hyperactivation and acrosome reaction in
the present study, the administration of a high-dose of ECH  AZS rats. Previous studies have shown that ECH mitigates
(54 mg/kg) for 21 consecutive days significantly improved oxidative stress by activating antioxidant enzymes and
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MAPK signaling components, such as p38 and JNK, thereby
increasing sperm count, reducing deformity rates, improving
progressive motility and alleviating spermatogenesis dysfunc-
tion in mouse testes (9,12). Furthermore, ECH prevents
oligospermia and AZS by inhibiting hypothalamic androgen
receptor activity (8). In combination, these findings support
the conclusion that ECH effectively enhances sperm motility
and increases sperm count in AZS rats.

Human fertilization, both in vivo and in vitro, relies on the
CatSper channel to trigger sperm hyperactivation (14). The
CatSper channel consists of at least 11 subunits, including
four pore-forming a subunits, and is specifically expressed
in the testis, localized to the principal piece of the sperm
flagellum (10,11). This channel serves animportantrole in sperm
functions such as hyperactivation and the acrosome reaction,
which are important for male fertility (13). Microarray anal-
yses have revealed that CatSperl and CatSper3 mRNA levels
are reduced in men with AZS, and mRNA levels of CatSperl
and CatSper3 are positively associated with sperm motility,
mitochondrial membrane potential, capacitation, fertilization
rate, cleavage rate and embryo quality (19). In human sperm,
CatSper expression and function have been shown to be closely
associated with progressive motility and may contribute to the
pathogenesis of AZS (15,16). Notably, TCM interventions such
as SJS and EA have been shown to improve sperm motility in
AZS rats by upregulating CatSper channels (16,31). Consistent
with these findings, the present study demonstrated that ECH
enhanced both CatSper mRNA and protein expression and
increases antioxidant capacity in the testicular tissue of AZS
rats. In addition, CatSper function was upregulated in sperm
from ECH-treated AZS rats and in human sperm incubated
with ECH. Furthermore, the indole derivative N'-(4-dimeth
ylaminobenzylidene)-2-1-(4-(methylsulfinyl) benzylidene)-
5-fluoro-2-methyl-1H-inden-3-yl) acetohydrazide has been
shown to restore impaired sperm motility and concentra-
tion in cis-diamminedichloroplatinum (II)-treated rats by
upregulating CatSper expression and reducing oxidative stress
and inflammation (54). Taxifolin and the hexane fraction of
Prunus japonica seed also enhance sperm motility in boars by
increasing the expression of a-2-glycoprotein 1, zinc-binding,
protein kinase A), CatSper and ERK phosphorylated
ERK (55-59). These findings, together with the present results,
indicate that natural compounds such as ECH and taxifolin
could improve sperm quality across various animal models.

Transcription factors regulate gene expression by binding
to specific DNA sequences in response to intracellular
signals (60,61). The Sox family, a group of evolutionarily
conserved transcription factors, serves a number of important
roles in cell fate determination, tissue homeostasis and embry-
onic development (62). The term ‘Sox’ stands for ‘Sry-related
HMG box’, referring to the shared DNA-binding domain among
these proteins (62). Based on sequence homology and structural
conservation, the Sox family is classified into 11 subfamilies
from SoxA to SoxK (22). Sox proteins are important for male
embryonic development, particularly in sex determination
and Sertoli cell differentiation (24). Among the Sox family
members, Sox30, Sox32 and Sox5 are involved in testicular
development and spermatogenesis, serving key roles in main-
taining fertility (22-25). Sox5 is an important transcription
factor in spermatogenesis and maturation (24), and its mutation
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or dysregulation can lead to spermatogenic dysfunction and
male infertility (27,29). The present findings showed that ECH
significantly increased Sox5 protein expression in the testes of
AZS rats. Sox5 has been shown to enhance CatSperl promoter
activity in vivo (30) and elevated Sox5 levels were shown to
regulate transcription by binding to the promoter regions of
genes such as CatSperl. Therefore, ECH may have enhanced
Sox5 expression and functional activity, promoting the expres-
sion of key genes such as CatSperl and thereby improving
sperm motility and fertilization capacity in male rats. Notably,
data from healthy individuals and patients with iAZS suggested
that ECH may have also enhanced sperm motility in clinical
settings. These findings position ECH as a promising CAM
candidate for improving sperm function and managing iAZS in
clinical practice.

The present study had limitations merit consideration.
First, species differences may limit direct translation from the
rat model to humans with AZS. Second, key clinical param-
eters, such as ECH dosages and treatment duration, remain
undefined. Thus, well-designed clinical trials are needed to
validate the translational potential of the ECH/Sox5/CatSper
pathways in male subfertility.

In conclusion, the data in the present study indicated that
ECH improved sperm motility and fertilization capacity
through multiple mechanisms, including enhanced antioxidant
activity, as demonstrated by elevated GSH-PX levels, upregu-
lated CatSper mRNA and protein expression and increased
Sox5-mediated transactivation of the CatSper gene in AZS
rats (Fig. S2). These findings provide novel insights into the
role of plant-derived compounds in enhancing male reproduc-
tive health and have identified potential candidates for the
development of new therapies for male infertility.
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