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Purpose: Male infertility, a complex multifactorial condition, is frequently caused

by asthenozoospermia (AZS). Although osteopontin (OPN) has been implicated in

mammalian reproduction, its specific effects on sperm motility and fertility are

not well understood. This study investigates the relationships between seminal

plasma OPN levels and sperm parameters in cases of male infertility.

Methods: A total of 158 semen samples were analyzed, comprising 78 from

infertile men with AZS and 80 from healthy fertile controls. OPN concentrations

in seminal plasma were measured using the ELISA method. Additionally, we

assessed the in vitro effect of OPN on sperm motility parameters in AZS patients

and controls.

Results: Significantly lower OPN concentrations were observed in the seminal

plasma of infertile men with AZS compared to healthy controls (P<0.0001). OPN

levels discriminated between the groups, with an area under the curve of 0.793.

Additionally, in vitro OPN treatment significantly improved sperm motility in the

AZS group, enhancing progressive and total motility, as well as kinematic

parameters in a concentration-dependent manner.

Conclusions: This study established a link between OPN level and spermmotility

in infertile individuals with AZS, suggesting the potential of OPN as a biomarker

for AZS and as a supplement for assisted reproductive techniques.
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Introduction

Infertility is a significant global public health issue, impacting

approximately 15% of couples in their reproductive years (1). It is

estimated that male factors contribute to 30-50% of these cases (2).

The etiology of male infertility is multifaceted, often linked to a

reduction in sperm count or anomalies in sperm morphology,

which can hinder the sperm’s ability to reach and fertilize an egg

(3). These issues may stem from a variety of sources, including

testicular dysfunction, endocrine disorders, lifestyle influences,

congenital anatomical anomalies, exposure to gonadotoxins, and

the effects of aging (3, 4). Among the leading causes of male

infertility is asthenozoospermia (AZS), characterized by reduced

sperm motility (5). Despite ongoing research, effective treatments

for idiopathic AZS remain elusive, and the underlying mechanisms

contributing to AZS and broader male infertility issues are

largely unidentified.

During ejaculation and deposition into the female genital tract,

spermatozoa are transported by seminal plasma, a mixture of

secretions primarily from male urogenital tract glands (6).

Seminal plasma is generally recognized to support sperm survival

and fertility across various species, containing proteins, mRNA and

metabolites (7). The proteins play pivotal roles in regulating semen

coagulation and liquefaction and promoting sperm motility and

fertilization (8, 9). The functionality of seminal plasma is believed to

be linked to the properties of individual proteins, which can occur

either as components bound to the sperm membrane or as free

entities within the plasma (10, 11). The identification of specific

proteins and their contribution to either the positive or negative

effects observed in seminal plasma could provide insights into

potential markers and therapeutic targets for AZS and male

infertility (6, 12).

Osteopontin (OPN, also known as secreted phosphoprotein 1)

is a versatile extracellular matrix phosphoprotein found across

various tissues and fluids (13, 14), including the reproductive

systems (15, 16). It serves as a crucial molecule for cell adhesion

and migration, capable of binding to multiple ligands such as avb3
integrin, certain CD44 isoforms, and fibronectin (14, 17). OPN

involves various physiological and pathological processes, including

bone resorption, metastasis, inflammation, cellular immunity, tissue

repair, and mammalian reproduction (18–21). Animal studies have

demonstrated that OPN expression in the testis, epididymis, and

ductus deferens is intimately linked with spermatogenesis and

sperm function (22–24). OPN has been identified at 55 and 25

kDa molecular weights in cauda epididymal fluid and testicular

parenchyma homogenates, respectively (25). Furthermore, in vitro

fertilization studies have revealed that sperm treated with an OPN

antibody exhibited reduced fertilization rates and an increased

incidence of polyspermy compared to those treated with a control

medium (20), suggesting OPN’s role in facilitating fertilization and

preventing polyspermy. Despite these insights, the role of OPN in

human male reproduction, particularly its expression and impact

on sperm quality and fertility, remains inadequately explored.

In this study, we initially evaluated the concentrations of OPN

in the seminal plasma of infertile men with AZS and healthy fertile
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men. Comprehensive analyses of the associations between OPN

levels and sperm parameters were performed. Additionally, in vitro

experiments were conducted to assess the impact of OPN on sperm

motility in both infertile men with AZS and healthy fertile controls.

Through a methodical evaluation of seminal OPN concentrations

and their association with sperm motility, this study intends to offer

new insights into the pathophysiology of AZS and explore its

potential as both a diagnostic biomarker and a supplement for

assisted reproductive techniques.
Materials and methods

Participants

A total of 158 participants (78 infertile men with AZS and 80

healthy fertile men) were enrolled from undergoing routine sperm

analysis for couple infertility or pre-pregnancy counselling at the

reproductive center of the Affiliated Zhongshan Hospital of Dalian

University between June 2020 and July 2022. The demographics

and sperm parameters of all the participants are summarized in

Table 1. The infertile men were described as unable to father

children via natural conception for more than one year of

unprotected intercourse but still had a chance to fertilize via

assisted reproductive technology. Meanwhile, AZS is diagnosed as

<32% of progressively motile sperm with more than 4% normal

sperm morphology by the analysis in the andrology laboratory

more than two times at different times. Infertile men with

varicocele, cryptorchidism, obstruction of the vas deferens,

endocrine hypogonadism, immune infertility (positive anti-sperm

antibodies), samples with leukocytospermia (>1 ×106 white blood

cells/mL), acute or chronic inflammation and cancer were excluded

from this study. Andrology laboratory tests showed that the a-
glucosidase levels (mU per ejaculate) in the semen and testosterone

levels in the serum were within the normal range (a-glucosidase
level ≥ 20 mU per ejaculate; testosterone levels ≥ 12.1 nmol/L) of all

the infertile men with AZS. The healthy fertile men as the control

group are proven fertility. Participants who used drugs that affected

sperm parameters were excluded, as were those who suffered from

malignant tumor, mental or psychological problems, severe

smoking and alcohol habits, substance abuse, or hazardous

occupations. This study has received approval from the Ethics

Committee of the Affiliated Zhongshan Hospital of Dalian

University (approval number: 2019326) in compliance with the

Declaration of Helsinki and pertinent guidelines. Written informed

consent was obtained from all participants.
Semen collection and sperm motility
analysis

The semen samples from the participants were obtained by

masturbation after sexual abstinence for 2–7 days. After

liquefaction, one portion of the sperm sample was put on a

computer-assisted sperm analysis system (CASA, CASAS-SSA-II,
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Suijia, Beijing, China) and evaluated the sperm concentration,

volume and motility by routine procedures. A minimum of five

different fields, each containing more than 200 spermatozoa, were

assessed to obtain sperm concentration, motility, and kinematic

parameters such as curvilinear velocity (VCL), straight-line velocity

(VSL), average path velocity (VAP) and super-progressive ratio

(SPR; VAP>30.0 mm/s, VSL/VAP ≥ 0.8, and VSL/VCL≥ 0.5). Semen

samples meeting the following criteria were classified as normal:

volume ≥ 1.5 mL, pH ≥ 7.2. Sperm morphology was evaluated

according to the 5th WHO criteria using a microscope (ZEISS,

Germany). Two independent observers counted the percentage of

normal morphology sperm for each sample with three replicates.

Seminal plasma from the remaining semen was separated by

centrifugation at 3000rpm for 15 min. Then the seminal plasm

samples were stored at -80°C for further analysis.
Seminal plasma OPN measurement

According to the manufacturer’s instructions, seminal plasma OPN

concentration was evaluated using the Human Osteopontin (OPN)

Quantikine ELISA Kit (R&D systems, Minneapolis, MN, USA, catalog

number DOST00). The concentration of OPN in the seminal plasma

was finally determined by comparing the OD values of the samples to
Frontiers in Endocrinology 03
the standard curves. The analytical sensitivity of the assay was 0.024 ng/

mL. The intra-assay coefficients of variation for the kits were 8.4% (AZS)

and 7.9% (healthy fertile controls), and the inter-assay variation

coefficients were 9.2% (AZS) and 8.7% (healthy fertile controls).
OPN treatment and sperm motion
parameters

An in vitro study was designed to evaluate the effects of OPN on

sperm motility. Semen samples were collected from 38 men

undergoing infertility counselling, which included 20 men

diagnosed with AZS and 18 healthy fertile controls. Post-

liquefaction at 37°C for one hour, the sperm were washed third

with Ham’s F-10 supplemented with HEPES, using centrifugation at

500g for five minutes to remove seminal fluid. The sperm pellets were

then homogenized by gentle vertexing and inspected microscopically

to ensure the absence of germ cells and leukocytes. All sperm samples

were assessed and confirmed to exhibit normal morphology.

Sperm samples from both AZS patients and healthy controls

were co-incubated for 1–2 hours with varying concentrations of

recombinant human OPN (R&D Systems, Minneapolis, MN, USA;

catalog no. 1433-OP)—including a blank control, 0.01 mg/mL, 0.1

mg/mL, and 0.5 mg/mL—in Ham’s F-10 medium supplemented with

HEPES and 5% bovine serum albumin (BSA). Recombinant OPN

was reconstituted in sterile phosphate-buffered saline (PBS) prior to

use. Sperm motility parameters were subsequently assessed using

CASA. Comparative analyses were performed across different OPN

concentrations and incubation durations, focusing on the

proportions of progressively motile and total motile sperm, as

well as kinematic parameters including VCL, VSL, VAP and SPR.
Statistical analysis

Quantitative data were expressed as mean ± standard deviation

(SD) or standard error of the mean (SEM) for each group. We

analyzed group differences using the non-parametric Mann-Whitney

U test. Spearman’s correlation analyses were used to evaluate the

relationships between the demographic, sperm parameters, and the

expression levels of five clock genes. Receiver operating characteristic

(ROC) curves and areas under the curves (AUC) were used to

evaluate the ability of clock genes to distinguish between infertile

men with AZS and healthy fertile men. Statistical analyses were

performed with the SPSS software version 17.0 (SPSS Inc., Chicago,

IL, USA). A P-value < 0.05 was considered statistical significance.
Results

Characteristics of demography and sperm
parameters of the participants

This study involved the collection of 158 semen samples,

comprising 78 from infertile men with AZS and 80 from healthy
TABLE 1 Demographics and sperm parameters of the participants.

Characteristics HFM AZS P-value c

Number 80 78 NS

Age (years) a 33.44 ± 5.7 34.5 ± 4.7 NS

Sexual abstinence time (days) a 4.2 ± 1.8 4.0 ± 1.6 NS

a-Glucosidase (mU
per ejaculate)

NA
45.35
± 10.1

-

Testosterone (nmol/L) NA 16.32 ± 3.9 -

Sperm parameters

Progressive motility (%) a 37.06 ± 3.5 18.47 ± 8.1 P<0.0001

Total motility (%) a 40.14 ± 4.4 20.29 ± 8.6 P<0.0001

Concentration (×106/mL) a 79.7 ± 39.8
68.03
± 41.6

NS

Total sperm count (×106) b 249.7
± 24.5

220.9
± 20.6

NS

SPR (%) a 11.9 ± 7.4 4.95 ± 4.4 P<0.0001

VCL (mm/s) a 23.67 ± 5.5 11.28 ± 5.3 P<0.0001

VSL (mm/s) a 11.08 ± 2.5 5.15 ± 2.5 P<0.0001

VAP (mm/s) a 15.8 ± 2.9 7.67 ± 3.6 P<0.0001

Normal morphology (%) a 4.88 ± 2.3 4.12 ± 3.3 NS

WBCs in semen <1×106/mL <1×106/mL NS
aData are expressed as mean ± SD. bData are expressed as mean ± SEM. cP values are
generated by the Mann–Whitney U-test.
HFM, healthy fertile men; AZS, asthenozoospermia; NS, not significant; NA, not analyzed.
SPR, super-progressive ratio; VCL, curvilinear velocity; VSL, straight line velocity; VAP,
average path velocity; WBCs, white blood cells.
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fertile men for the evaluation of OPN. Demographic details and sperm

parameters-encompassing progressive and total motility, total count,

concentration, SPR, VCL, VSL, VAP and normal morphology were

summarized in Table 1. No significant differences were observed in age,

duration of sexual abstinence, sperm concentration, total sperm count,

normal morphology and white blood cell number in semen between the

two groups. However, both progressive and total motility percentages

were substantially lower in the AZS group (18.47 ± 8.1 and 20.29 ± 8.6,

respectively) compared to the healthy fertile group (37.06 ± 3.5 and

40.14 ± 4.4, respectively, P<0.0001). Similarly, sperm SPR, VCL, VSL,

and VAP values were significantly reduced in the AZS group compared

to the healthy group (P<0.0001).
The concentration of OPN in the seminal
plasma of infertile men with AZS patients

The concentration of OPN in the seminal plasma was assessed

through ELISA in both infertile men diagnosed with AZS and

healthy fertile men. The assay’s analytical sensitivity was established

at 0.024 ng/mL, with all participant samples registering above this

threshold. The findings revealed a notable decrease in seminal

plasma OPN concentration among the AZS patients (Mean ±

SEM, 0.635 ± 0.42 ng/mL) when compared to the healthy fertile

group (Mean ± SEM, 1.123 ± 0.48 ng/mL, P<0.0001, Figure 1A).
The performance of OPN level for the
discriminability between the infertile men
with AZS and healthy fertile men

The discriminative capability of seminal plasma OPN levels

between infertile men diagnosed with AZS and healthy fertile
Frontiers in Endocrinology 04
controls was assessed using the AUC derived from ROC curve

analysis. The analysis indicated that the OPN levels possess

significant discriminative power, with an AUC value of 0.793

(95% Confidence Interval, 0.724–0.863, P<0.0001, Figure 1B).
Associations between the OPN level and
the sperm parameters

To investigate the potential role of seminal plasma OPN in

sperm function, we conducted correlation analyses between OPN

concentrations and various sperm parameters across the entire

study cohort. Notably, OPN levels exhibited strong positive

correlations with both progressive motility (r = 0.700, P < 0.01)

and total motility (r = 0.666, P < 0.01) (Figures 2A, B, 3). In

addition, moderate positive correlations were observed between

OPN and parameters related to sperm velocity and movement

quality, including SPR (r = 0.429, P < 0.01, Figures 2C, E), VCL

(r = 0.595, P < 0.01, Figure 2D), VSL (r = 0.617, P < 0.01), and VAP

(r = 0.622, P < 0.01, Figures 2F, 3). These findings suggest that

higher OPN concentrations may contribute to enhanced sperm

motility and kinematic performance.

In contrast, no significant associations were found between

OPN levels and sperm concentration or total sperm count,

indicating that OPN’s effects may be more specific to motility

rather than sperm quantity (Figure 3).

We also assessed correlations with potential confounding

factors. OPN levels were not significantly associated with

participant age or duration of sexual abstinence. However, age

showed an inverse correlation with several motility-related

parameters, including progressive motility (r = –0.248, P < 0.01),

total motility (r = –0.229, P < 0.01), VCL (r = –0.215, P < 0.01), and

VAP (r = –0.191, P < 0.05) (Figure 3), supporting prior evidence of
FIGURE 1

OPN concentration in the seminal plasma of infertile men with AZS (n=78) compared to the fertile men (n=80). (A) Scatter plots of OPN
concentration in the seminal plasma of infertile men with AZS patients and fertile group using ELISA method. Data are presented as mean ± SEM;
∗∗∗∗P < 0.0001. (B) ROC curves assessing the discriminative capability of OPN levels between infertile men with AZS and healthy fertile men,
showing significant discriminative power with an AUC value of 0.793 (95% Confidence Interval, 0.724–0.863).
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age-related declines in sperm motility. No significant relationships

were observed between age and sperm SPR, concentration, total

count, or normal morphology.
OPN concentration-dependently activated
human sperm motility in vitro

To further explore the association between OPN concentration

and sperm motility, sperm samples from men diagnosed with AZS

(n=20) and healthy fertile controls (Ctrl, n=18) were incubated with

different concentrations of OPN protein (0.01mg/mL, 0.1mg/mL,

0.5mg/mL) for either 1 or 2 hours. Subsequently, sperm motion

parameters in them were assessed. After 1h of in vitro culture, a

significant increase in various sperm motility functions (including

progressive motility, total motility, SPR, VCL, VSL and VAP) was

observed in the AZS group, with effects being concentration-

dependent and most pronounced at 0.1mg/mL OPN (Figures 4A–F).

This trend persisted with 2 h of exposure (Figures 5A–F). Specifically,

exposure to 0.1mg/mL OPN increased the progressive motility by

23.12% after 1 hour (Figure 4A) and 24.12% after 2 hours (Figure 5A),

respectively, while the enhancement of total motility was 25.12% after

1 hour (Figure 4B) and 26.12% after 2 hours (Figure 5B),

correspondingly. Moreover, OPN treatment notably increased the

sperm SPR in the AZS group, achieving the highest values of 2.16 mg/
mL after 1 hour (Figure 4C) and 2.36 mg/mL after 2 hours (Figure 5C)

at a concentration of 0.1mg/mL. In contrast, sperm motility in healthy

fertile men remained unchanged across all OPN concentrations

and incubation periods (Figures 4A–F, 5A–F), indicating that
Frontiers in Endocrinology 05
the response to OPN is particularly pronounced in sperm with

impaired motility.

To further investigate how OPN affects sperm motion, we

assessed whether OPN treatment altered the kinematic

parameters of sperm motility. The analysis revealed significant

enhancements in VCL, VSL, and VAP with OPN treatment for

both 1 hour (P<0.001, Figures 4D–F) and 2 hours (P<0.001,

Figures 5D–F), compared to the control group. These findings

indicate that OPN substantially improves both the velocity and

linearity of movement in sperm exhibiting poor motility.

Additionally, we investigated the effect of OPN on sperm

motility parameters over different incubation periods. Analysis

revealed that sperm motility functions, including progressive

motility, total motility, SPR, VCL, VSL, and VAP, were more

significantly enhanced after 1 hour of incubation than 2 hours

(Figures 6A–F). This suggests that a 1-hour incubation with a

concentration of 0.1mg/mL OPN yields optimal improvements in

sperm motility parameters, highlighting the potential therapeutic

value of OPN in enhancing sperm motility in AZS.
Discussion

Our findings demonstrate a marked decrease in OPN

concentrations in the seminal plasma of men afflicted with AZS

compared to those in healthy fertile controls, aligning with prior

animal research highlighting OPN’s critical role in male

reproductive functions. The significant correlations between OPN

levels and sperm motility parameters substantiate the hypothesis
FIGURE 2

Correlations between seminal plasma OPN levels and sperm motility. Significant correlations were observed between OPN concentration and (A)
progressive motility (r=0.7, P<0.01), (B) total motility (r=0.67, P<0.01), (C) SPR (r=0.43, P<0.01), (D) VCL (r=0.59, P<0.001), (E) VSL (r=0.62, P<0.001)
and (F) VAP (r=0.62, P<0.001) based on Spearman’s correlation analysis. Red lines indicate linear regression fits.
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that OPN could play a role in sperm functionality and fertility. The

discernible difference in OPN levels between the groups, along with

its association with improved sperm motility metrics observed in in

vitro treatments, suggests that OPN not only serves as a potential

biomarker of fertility status but may also provide benefits for

assisted reproduction.

Seminal plasma is increasingly recognized as a valuable clinical

sample for the non-invasive diagnosis of male reproductive system

disorders (6, 26). Recent studies highlighted a significant variability

in the protein composition of the seminal plasma between fertile

and infertile men (27). The role of seminal plasma is critical during

ejaculation, where it not only transports spermatozoa but also

facilitates the binding of seminal proteins to the sperm surface,

potentially influencing sperm transport and survival within the

female genital tract through membrane remodeling (11). A

significant number of proteins present in seminal plasma are

directly involved in sperm production and maturation and in

interactions with the zona pellucida and oocyte fusion (28). For

instance, assays based on seminal proteins such as TEX101, ECM1,

and ACRV1 are currently available or in the final stages of

development for clinical application (29). In a preclinical

evaluation using the ELISA method on seminal plasma samples

from 805 individuals, TEX101 levels were found to be significantly

lower in males with infertility compared to the fertile controls (12).

Furthermore, the protein ECM1, expressed in the epididymis, has
Frontiers in Endocrinology 06
been verified and validated as a biomarker for diagnosing various

causes of infertility (7). A study employing high-performance

liquid chromatography to analyze water- and fat-soluble

compounds associated with antioxidant and metabolic processes

in seminal plasma has identified distinct biomarkers for

differentiating infertile patients from fertile controls (30).

Additionally, emerging research on cell-free microRNAs in

seminal plasma has revealed a correlation between changes in

sperm quality and abnormal levels of miRNA, either in the seminal

plasma or in its exosomes.

Several animal studies have highlighted the potential role of

OPN in male reproductive functions20-25. Initial findings identified

OPN in rat testis and epididymal fluids, suggesting its origin as a

Sertoli cell product (24). Subsequent research has demonstrated cell-

and region-specific expression and regulation of OPN within the

epididymis, particularly in the microvilli, small endocytic vesicles,

and endosomes, where it may facilitate the removal of calcium from

the epididymal lumen, thus preventing mineral accumulation and

enhancing sperm fertility (31). Immunofluorescence detection has

confirmed the presence of OPN in cauda epididymal spermatozoa

(22, 25). Notably, OPN was first identified as a 55 kDa high fertility

marker in Holstein bull seminal plasma, produced by the ampulla

and vesicular gland (32). A recent study investigating the

relationship between sperm quality and OPN levels in Malakli

shepherd dogs found significant variability in OPN concentrations

across ejaculate fractions, correlating lower levels with reduced

sperm motility and morphology (33). In humans, our study

observed a marked decrease in OPN levels in the seminal plasma

of men with AZS compared to healthy controls. The discriminative

power of seminal plasma OPN levels, as demonstrated by ROC

curve analysis, validates its utility as a diagnostic marker for

differentiating between infertile men with AZS and healthy fertile

men. These results suggest that OPN holds promise as a diagnostic

and prognostic tool for addressing male reproductive disorders.

The strong correlations between seminal plasma OPN

concentrations and key sperm motility parameters—such as

progressive motility, SPR, VCL, VSL, and VAP—together with

normal morphology, further highlight OPN’s critical role in

enhancing sperm motility. Our findings, combined with previous

animal studies, suggest that OPN’s varied expression and

functionality across species may provide new insights into the

mechanisms underlying sperm vitality and fertility. Seminal

plasma OPN may enhance sperm motility through multiple

complementary mechanisms. As a multifunctional glycoprotein,

OPN can act as a cell adhesion and migration molecule by binding

to integrins and CD44 receptors on the sperm membrane, thereby

promoting membrane stability and facilitating interactions essential

for motility (18). In addition, OPN has been shown to modulate

calcium signaling pathways and intracellular kinase cascades, which

are critical for sperm SPR and flagellar movement. Its role in

protecting sperm from oxidative stress and maintaining

mitochondrial function may also contribute to improved sperm

viability and energy metabolism (31). Collectively, these
FIGURE 3

Spearman’s correlations between the seminal OPN level and the
sperm parameters. The values of the color bar reflect the correlation
coefficients between the seminal OPN level and the sperm
parameters. PM, progressive motility; TM, total motility; SPR, super-
progressive ratio; TN, total number; CC, concentration; VCL,
curvilinear velocity; VSL, straight line velocity; VAP, average path
velocity; NM, normal morphology. *P< 0.05, **P< 0.01, ***P< 0.001.
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FIGURE 4

Concentration-dependent activation of human sperm motility by OPN over 1 hour in vitro. Following 1 hour of exposure to varying concentrations
of OPN, there was a significant enhancement in (A) progressive motility, (B) total motility, (C) SPR, (D) VCL, (E) VSL, and (F) VAP in the AZS group.
Data are presented as mean ± SD; Asterisks indicate statistical significance relative to the blank control (BSA group): ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001,.
FIGURE 5

Concentration-dependent activation of human sperm motility by OPN over 2-hour in vitro. Notable increases were observed in (A) progressive
motility, (B) total motility, (C) SPR, (D) VCL, (E) VSL, and (F) VAP within the AZS group, with effects being concentration-dependent and most
pronounced at 0.1mg/mL OPN. Data are presented as mean ± SD; Asterisks indicate statistical significance relative to the blank control (BSA group):
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P<0.0001.
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mechanisms support the hypothesis that elevated levels of OPN in

seminal plasma are positively associated with enhanced

sperm functionality.

We further performed in vitro experiments to reveal a

concentration-dependent effect of OPN on sperm motility

enhancement, particularly pronounced in the AZS group. This

concentration-dependent response to OPN, especially at 0.1mg/
mL, underscores the nuanced and potent influence of OPN on

sperm motility. The lack of significant changes in sperm motility

parameters in healthy fertile men further suggests that OPN’s

motility-enhancing effects are most beneficial in cases of

compromised sperm motility, such as in AZS. In vitro studies on

animals also revealed a role for sperm-associated OPN in

fertilization and the prevention of polyspermy. For example, bull

sperm treated with an OPN antibody resulted in fewer oocytes

being fertilized than those treated with a control medium,

increasing the incidence of polyspermy (25).

Furthermore, we observed a significant enhancement in

multiple sperm motility parameters—including progressive

motility, total motility, SPR, VCL, VSL, and VAP—in the AZS

group following OPN treatment. These improvements exhibited a

concentration-dependent pattern within the range of 0 to 0.1 µg/

mL, suggesting an optimal window for OPN-mediated functional

enhancement. Notably, a higher concentration of 0.5 µg/mL was

associated with a slight reduction in these beneficial effects, which

may be attributed to receptor saturation or the activation of
Frontiers in Endocrinology 08
negative feedback regulatory mechanisms. Additionally, the

partial decline in motility parameters observed at 2 hours post-

treatment may reflect increased metabolic demands induced by

OPN-stimulated motility, potentially resulting in mitochondrial

ATP depletion—particularly in AZS sperm, which may already

possess compromised mitochondrial function. However, there

remains a possibility that BSA may interact with OPN, potentially

modulating the extent or efficiency of OPN’s effects on sperm

motility. Further mechanistic studies will be required to clarify

whether such interactions occur and how they might influence

sperm function. Together, our findings underscore the importance

of both timing and concentration in modulating OPN’s effects and

suggest its potential utility as an adjunctive agent in assisted

reproductive technologies.

In summary, this study underscores the significant role of OPN

in sperm motility in the context of AZS-associated infertility. The

findings reveal that lower OPN concentrations in the seminal

plasma are associated with reduced sperm motility, emphasizing

OPN’s potential as a diagnostic biomarker. Furthermore, the

enhancement of motility parameters following in vitro OPN

treatment, supports the potential of OPN as an adjunctive agent

for maintaining sperm motility in vitro. Future research should

focus on elucidating the molecular mechanisms through which

OPN exerts its effects on sperm motility and exploring the clinical

applicability of OPN-based treatments for improving reproductive

outcomes in infertile men.
FIGURE 6

Effects of OPN on sperm motility parameters over different incubation time. Enhancements were significantly more pronounced after 1 hour of
incubation than after 2 hours across various parameters: (A) progressive motility, (B) total motility, (C) SPR, (D) VCL, (E) VSL, and (F) VAP. Data are
presented as mean ± SD; Asterisks indicate statistical significance relative to the baseline group: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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