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Abstract

Purpose Sperm-specific sodium-hydrogen exchanger
(sNHE) is essential to maintain sperm normal function in
mice; however, its role in human sperm has not been clarified
to date. The aim of this study is to investigate the expression
pattern of SNHE in human spermatozoa and its relationship
with sperm functional parameters.

Method Semen samples from 68 asthenozoospermic and 61
normozoospermic men were analyzed for sperm concentra-
tion, motility, and acrosome reaction, and high motile sperma-
tozoa were collected by swim-up method. The expression of
sNHE in spermatozoa was detected by Western blot and im-
munofluorescence staining. The relationship between sNHE
expression and sperm parameters was assessed.

Results We identified sSNHE is mainly localized to the princi-
pal piece of the human sperm tail. The expression of SNHE
was positively correlated with sperm concentration, total num-
ber, and progressive motility. Moreover, SNHE expression
was upregulated in swim-up sperm and associated with most
of sperm motility parameters including straight line velocity
and curvilinear velocity. Our results also showed that SNHE
expression is decreased in sperm from patients with astheno-
zoospermia compared with that from normal controls.
However, no correlation was found between sSNHE expression
and acrosome reaction in spermatozoa.
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Conclusions The expression pattern of SNHE suggested that
this protein may be involved in the regulation of sperm motil-
ity, and aberration of its expression in sperm may contribute to
the pathogenesis of asthenozoospermia.
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Introduction

Infertility is considered to be a major health problem, affecting
10-15% of reproductive-age couples worldwide. In half of
these cases, infertility is due to male factors [1]. In the clinic,
individuals with a high proportion of poorly motile or immo-
tile sperm, which is termed asthenozoospermia, are generally
infertile or sterile without the aid of assisted reproductive tech-
niques (ART). The pathogenesis of asthenozoospermia ap-
pears to be complicated and multifactorial, and it can be af-
fected by both genetic and environmental factors [2]. A variety
of causes, such as congenital or acquired urogenital abnormal-
ities, varicocele, testicular infection or trauma, endocrine dis-
turbances, and morphological defects of sperm, can give rise
to asthenozoospermia. Despite these known etiologies, asthe-
nozoospermia remains a description of clinical phenomenon,
most of whose underlying molecular mechanism is still
obscure.

The spermatozoa experience a series of functional transforma-
tions during their journey to achieve successful fertilization [3].
Motility is considered to be a fundamental characteristic of sperm
and provides a reliable diagnostic and prognostic measure for
male infertility. To complete fertilization, the sperm must travel
from the vagina to the fallopian tubes, penetrate the cumulus
oophorus surrounding the ovum, and fertilize the egg. All this
relies on the capability of motility [3]. It is widely acknowledged
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that cAMP/protein kinase A (PKA)-dependent protein phosphor-
ylation plays a crucial role in mediating the initiation and activa-
tion of sperm motility [4]. Moreover, the calcium signaling path-
ways are responsible for sperm motility [S]. The homeostasis
between extra and intracellular calcium is required for develop-
ment of both motility and hyperactivation of spermatozoa by
activating the PKA or PKA-independent pathway. However,
the regulation of sperm motility appears to be complicated and
not fully elucidated. In view of the complexity of the regulatory
pathways in sperm motility, it appears that any abnormalities of
these pathways could contribute to impaired sperm motility. For
example, mutation of a sperm-specific subunit of PKA does not
affect the process of spermatogenesis, but impairs the capability
of forward motility in mature sperm [6]; aberrated expression of
the ion channel, such as with the voltage-dependent anion chan-
nel and chloride channels, could result in poor sperm motility and
consequently asthenozoospermia [7, 8].

The sodium-hydrogen exchangers (NHEs), encoded by
solute carrier family 9, are membrane cation-proton transport-
er proteins in mammalian cells [9]. They are selectively
expressed in a variety of tissues and typically involved in the
electroneutral exchange of intracellular H* with extracellular
Na* according to the concentration gradient across the mem-
brane. The activity of these transporters is required for diverse
cellular physiological processes, including the regulation of
intracelluar pH and cell volume, as well as cell growth and
fluid absorption [10]. Several isoforms of NHE have been
demonstrated to play a role in male reproduction. For exam-
ple, disruption of NHES expression could result in impaired
Leydig cell function and smaller testes, as well as fewer sper-
matozoa [11]. Interestingly, three NHEs have been identified
in spermatozoa, namely NHE1, NHES, and NHE10 (sperm-
specific NHE isoform, sSNHE) [12, 13]. Previous study found
that normal sperm motility and fecundity are unaffected after
elimination of NHE1 in male mice, suggesting this gene is
male fertility independent [14]. However, sNHE is demon-
strated to be exclusively expressed in spermatozoa and local-
ized to the principal piece of their flagellum and involved in
the regulation of sperm motility [15]. Disruption of the SNHE
could seriously weaken sperm motility and capacitation, and
consequently results in complete infertility [13].

The fact that the expression of SNHE is correlated with
sperm function in animal models prompted us to study the
characteristic of SNHE in human spermatozoa, which has
not been determined to date. To better understand the role of
sNHE in human sperm functions, we examined the expression
and location of SNHE in human sperm and its relationship
with sperm motility and acrosome reaction (RA). Moreover,
we evaluated SNHE expression in high motility sperm por-
tions selected by swim-up method and ejaculated spermatozoa
of asthenozoospermia patients. Together, these data contribute
to understanding the role of sSNHE in the motility and fertili-
zation of spermatozoa.
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Materials and methods
Patients selection and semen analysis

The study was approved by the Ethical Committee and con-
ducted according to the Helsinki Declaration. Semen samples
were collected from men who were undergoing routine semen
analysis for couple infertility from the andrology clinic. Every
subject was fully informed of the purpose of the study and
provided informed consent before the research. Donors with
varicocele, infections, history of radiation and/or chemother-
apy, abnormal autoimmune symptoms, endocrine abnormali-
ties, or abnormal semen liquefaction were excluded.
Asthenozoospermia was defined as progressive motility of
<32% within 60 min of ejaculation. The seminal fluid was
obtained by masturbation after 3 to 7 days of sexual absti-
nence. Collection and processing of semen samples were con-
ducted in accordance with the criteria of the WorldHealth
Organization (WHO) Laboratory guidelines (5th edition,
2010). A total of 68 patients with asthenozoospermia and 61
normal subjects were enrolled in this study, and the demo-
graphic characteristics are shown in Table 1. The parameters
of sperm motility were analyzed by the computer-assisted se-
men analysis (CASA) system (Suiplus, China). The seminal
volume, sperm concentration, progressive motility, and total
motility of spermatozoa were examined. Average path veloc-
ity (VAP), straight line velocity (VSL), curvilinear velocity
(VCL), amplitude of lateral head displacement (ALH), beat
cross frequency (BCF), linearity of progression (LIN), path
straightness (STR), and hyperactivated spermatozoa (HA)
were recorded. The identification of HA cells was performed
as previously described [16]. At least 200 spermatozoa and
five fields were analyzed for each sample. All analyses were
performed at 37 °C. In some normal samples, high motility
sperm were acquired by swim-up method in human tubal fluid
(HTF)-10% HSA medium. Semen samples were selected
through 40% density gradient of PureSperm (Nidacon
International, Molndal, Sweden) by centrifugation (500g,
30 min) at room temperature and washed with phosphate-
buffered saline (PBS) for three times; the obtained spermato-
zoa were used for the following immunofluorescence experi-
ments and Western blot analyses.

Immunofluorescence staining

For studies of the location of sNHE, spermatozoa were
smeared and air-dried on polylysine-coated slides, then fixed
in 4% paraformaldehyde for 30 min at room temperature.
After washing with PBS for three times, they were perme-
abilized with 0.1% Triton X-100 in PBS for 5 min in ice and
then blocked with 3% BSA in PBS for 30 min at room tem-
perature. Subsequently, spermatozoa were incubated with
goat anti-sNHE antibody (1:100 dilution, Santa Cruz,
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Table 1 Demographic
characteristics of

normozoospermic (N) and
asthenozoospermic (AS) men Age

Parameters N (n=061) AS (n =68) P value
29.8 (22-46) 30.6 (24-51) n.s.
Semen volume 35+13 3.1+09 <0.01
Sperm concentration (x10%ml) 50.2 (18.1-140.2) 38.5(13.1-112.9) <0.01
Total number (x10%ejaculate) 165.1 (48.9-482.1) 115.4 (36.7-248.3) <0.01
Progressive motility (%) 43.5+8.5 16.6 £6.2 <0.05
Immotile sperm (%) 38.5+10.9 76.8 +6.8 <0.001
Total motility (%) 61.5+10.9 23.2+6.8 <0.001
Hyperactivated motility (%) 2.7 (0-17.8) 0.6 (0-3.8) <0.001

Semen volume, progressive motility, immotile sperm, and total motility followed a normal distribution and were
expressed as mean + SD; statistical comparisons were assessed by  test. The other parameters did not follow a
normal distribution and were expressed as median (minimum—maximum); statistical comparisons were assessed

by Mann-Whitney U test

n.s. not significant

Dallas, TX, USA) or goat serum as a negative control at 4 °C
overnight. Unbound antibodies were removed by washing
with PBS for three times, and the slides were incubated with
mouse anti-goat IgG-FITC antibody (1:100 dilution) in the
dark for 60 min. After washing with PBS for three times, the
spermatozoa were stained with 4',6-diamidino-2-phenylindole
(DAPI, 10 pg/ml, Sigma) in the dark for 5 min and finally
examined by Zeiss LSM laser confocal microscope (Carl
Zeiss, Thornwood, NY, USA).

Western blot analysis

The obtained sperm were washed twice with ice-cold PBS,
then harvested with lysis buffer containing phosphatase and
protease inhibitors. The protein concentration was quantified
using the BCA Protein Assay. Forty micrograms total proteins
in lysates for each sample was separated by SDS-PAGE, then
transferred to nitrocellulose membrane, which was blocked
with 5% bovine serum albumin at room temperature for 1 h,
then incubated at 4 °C overnight with the primary antibodies
goat anti-sNHE (1:1000 dilution, Santa Cruz, sc-99634), then
corresponding IgG secondary antibody (1:10,000, LICOR,
Lincoln, NE, USA). Membranes were scanned and analyzed
using the Odyssey Infrared Imaging System.

Evaluation of the acrosome reaction

Sperm cells were incubated in HTF medium for 3 h at 37 °C
and 5% CO,. After washed for three times, these spermatozoa
were incubated with or without 10 uM of calcium ionophore
A23187 for 15 min at 37 °C. Subsequently, the spermatozoa
were smeared, air-dried onto the slides, and fixed with 100%
methanol for 30 min at room temperature. The fixed sperma-
tozoa were incubated with fluorescein isothyocianate-
conjugated lectin from Pisum sativum (PSA-FITC, Sigma,
St. Louis, MO, USA) in the dark for 20 min. The percentage

of acrosome-reacted sperm was examined under fluorescent
confocal microscopy. Then acrosome-intact spermatozoa are
labeled with green fluorescence at the acrosomal region,
whereas sperm with reacted acrosome display no staining in
this region or very weak fluorescence over the head. At least
200 cells were counted for each sample by two independent
researchers.

Statistical analysis

All data were analyzed by SPSS 18.0 (Chicago, IL, USA).
The normal distribution was examined by Kolmogorov-
Smirnov test. Data are reported as mean + SD when normally
distributed and as median with minimum and maximum
values when non-normally distributed. The variables with nor-
mal distribution were analyzed by unpaired two-sided
Student’s ¢ test; the non-normally distributed variables were
analyzed by Mann-Whitney non-parametric tests. Correlation
between sSNHE expression and parameters of sperm motility
was performed by Pearson’s correlation tests for normally
distributed values, and Spearman’s regression analysis for
non-normally distributed values.

Results

We detected the expression of SNHE in human spermatozoa
using Western blot analysis and immunofluorescence staining.
Western blot analysis of sperm protein extracts revealed the
presence of a band at the molecular weight of 120 kDa
(Fig. 1a). The expression of SNHE was also confirmed by
the immunofluorescence approaches. As can be observed in
Fig. 1b, c, there was a strong immunoreactivity in the principal
piece of the tail of spermatozoa, which was consistent with
that observed in mouse sperm; while the staining was not
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Fig. 1 The expression and location of sSNHE in human spermatozoa. a
Western blot analysis of SNHE in human sperm protein lysis. b and ¢
Immunofluorescence staining of sSNHE protein in human spermatozoa.

present in some sperm, suggesting inhomogeneous expression
of sSNHE channels in the ejaculate.

The location of sNHE in the tail of sperm indicates
that it may be involved in the regulation of the motility.
Therefore, we compared the expression of sNHE in the
swim-up-selected sperm with that of the control donors.
As shown in Fig. 2, there was a significant increase of
the sNHE expression in these swim-up-selected sperm.
Furthermore, we aimed to explore the relationship be-
tween the protein expression and seminal parameters.
The expression of SNHE was positively associated with
sperm concentration and total number (Table 2).
Positive correlations between sNHE expression and pro-
gressive, total, and hyperactivated motility were also
observed. However, no significant correlation was found
between the protein expression and patients’ age and
semen volume. In this way, we analyzed the correlation
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Fig. 2 Comparison of the expression of SNHE expression in swim-up
selected sperm (SU, n = 20) and normal donors (NC, n = 20). A signif-
icant increase of SNHE protein was observed in the group of SU com-
pared with that of normal controls, and 3-actin was used as an internal
control for Western blot. **p < 0.01
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n = 3. Spermatozoa were stained with DAPI (blue, to detect the nuclei)
and anti-sNHE (green). White arrow indicates SNHE-positive sperm, and
black arrow indicates sperm negative to sSNHE staining

between the CASA parameter values and expression and
observed similar tendencies. The expression of sNHE
was positively correlated with most of sperm CASA
parameters including VCL, VAP, BCF, ALH, VSL, and
STR and negatively correlated with LIN (Table 3).

The fact that the expression of sNHE is associated
with sperm motility indicates that it may be dysregulat-
ed in asthenozoospermia. To test this hypothesis, we
examined the sNHE expression in sperm of
asthenozoospermic and normozoospermic men. As pre-
sented in Fig. 3, sNHE expression was found to be
significantly lower in sperm from asthenozoospermic
men compared with those from the control group.

The involvement of sSNHE in the AR was examined by
investigating the relation of basal and calcium ionophore-
stimulated AR with sSNHE expression in spermatozoa. There
was no significant correlation between sNHE protein
expresssion and either basal (» = 0.18, p = 0.26) or calcium
ionophore-stimulated AR (» = 0.20, p = 0.21).

Table 2 Correlations between sNHE expression and semen parameter
values (n = 129)

Parameters Correlation coefficients P value
Age —-0.10 ns.
Semen volume 0.13 n.s.
Sperm concentration 0.17 <0.05
Total number 0.19 <0.05
Progressive motility 0.37 <0.001
Immotile -0.39 <0.001
Total motility 0.39 <0.001
Hyperactivated motility 0.33 <0.001

Correlations of semen volume, progressive motility, immotile sperm and
total motility were tested by Pearson’s correlation analysis; the other
parameters were tested by Spearman’s correlation analysis

n.s. not significant
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Table 3  Correlations between sNHE expression and sperm motility
parameter values (7 = 129)

Parameters Correlation coefficients P value
VSL 0.383 <0.001
VAP 0.394 <0.001
BCF 0.364 <0.001
ALH 0.395 <0.001
LIN —-0.306 <0.001
VCL 0.365 <0.001
STR 0.347 <0.001

Correlations of VSL, VAP, BCF, ALH, and LIN were tested by Pearson’s
correlation analysis; the parameters of VSL and STR were tested by
Spearman’s correlation analysis

VSL straight line velocity, VAP average path velocity, BCF beat cross
frequency, ALH amplitude of lateral head displacement, LIN linearity of
progression, VCL,curvilinear velocity, STR path straightness

Discussion

In this study, we identified the expression of SNHE in human
spermatozoa and found the protein mainly localized to the
principal piece of their tails. The expression of sSNHE is up-
regulated in swim-up sperm and positive with sperm motility
parameters. Interestingly, our results showed that SNHE ex-
pression is decreased in sperm from patients with astheno-
zoospermia compared with that of normal control subjects.
The result of the present study indicates that sSNHE is involved
in the regulation of sperm motility and may contribute to the
pathogenesis of asthenozoospermia.

The spermatozoa in the testis are immature and immotile.
Unable to fertilize the oocytes, they must undergo several
morphological and functional changes to travel through the
female reproductive tract and implement fertilization [17].

AS NC
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0.8 - %
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Fig. 3 Western blot analysis of sSNHE expression in samples from
patients with asthenozoospermic men (AS, n = 68) and normal controls
(NC, n=61). Significant differences were noted between the group of AS
and NC, and (3-actin was used as an internal control. **p < 0.01

The capacity of motility and fertilization is initiated in the
epididymis and enhanced after ejaculation, which could be
modulated by external and internal conditions. Intracellular
pH has been considered to be an important element in the
regulation of sperm function, and studies showed that ion
channels are involved in intracellular pH during this process
[18]. The sNHE protein is an important transporter and is
responsible for exporting sodium and importing protons and
regulating intracellular pH in spermatozoa [9]. In particular,
the essential role of SNHE in mouse sperm fertility has been
well investigated [13, 15, 19]. However, the role of SNHE in
the pathophysiology of human sperm is still obscure. In the
present study, we identified the expression of sSNHE in human
sperm by Western blot analysis and immunofluorescence
staining, and found that the SNHE protein is mainly located
in the principal piece of the spermatozoa tail. Moreover, im-
munofluorescence analysis showed that the protein of SNHE
is dislocated in some spermatozoa, which indicates that SNHE
expression is heterogeneous in human spermatozoa. Similar
findings were observed in some other proteins such as
CatSper and hCP33 in human spermatozoa [20, 21]. One
possible reason is that these proteins including sNHE were
vulnerable to adverse microenvironmental stimulus and de-
graded in the epididymis and semen, however further study
is needed to explore the mechanism.

The location of SNHE in the principal piece of the sperm tail
indicates that it may be associated with sperm motility. However,
no studies so far have been conducted to examine the direct
relationship between sNHE expression and sperm motility pa-
rameters. In our study, we found that the expression of SNHE is
higher in swim-up-selected sperm compared with that of the
normal control group, which indicates that the channel of
sNHE could facilitate sperm migration to the upper medium.
Recent studies suggested that NHE activity and normalized pH
are required in the migration of various cells. Stimulation of
NHE-1 promotes microglial migration via Na* and Ca®* signal-
ing [22]; increased NHE activity contributes to proliferation and
migration of smooth muscle cells in the model of pulmonary
arterial hypertension [23]. Of interest, the results showed that
sNHE expression is positively correlated with motility parame-
ters. Sperm movement characteristics are demonstrated to be
related with fertility outcome. Previous studies found that low
fertilization rates are associated with reduced sperm VAP; Bergh
et al. reported that patients with higher sperm VSL also have
higher fertilization rate [24]. More important, our results showed
that the expression of SNHE protein decreased in asthenozoos-
permia compared with that of normal cases, suggesting an in-
volvement of these channels in the pathogenesis of asthenozoos-
permia. The possible mechanism is that abnormality of SNHE
protein disturbs the equilibrium of intracellular pH and energy
production in spermatozoa, resulting in motility dysfunction. The
milieu of the epididymis is maintained at a relatively acidic level,
and the sperm stay immotile primarily because of an acidic
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intracellular and extracellular pH [25, 26]. Then, the intracellular
pH of sperm gradually increases after ejaculation, because the
alkalinity of the seminal plasma and the female reproductive tract
facilitates the alkalinization of the sperm cytoplasm and initiates
the motility of sperm [17]. During the process of regulation of
sperm pH, sSNHE channel may play a crucial role. In the mouse
model of sNHE knockout, although the testicular histology,
sperm numbers, and morphology were normal, they were
completely infertile with seriously impaired sperm motility,
which could be partially reversed by ammonium chloride via
raising intracellular pH [13].

It is generally accepted that hyperactivation is crucial to
guarantee the ability of sperm to successfully reach the site
of the oviduct ampulla and completes fertilization [3]. For
example, hyperactivation could facilitate sperm to pass the
highly visco-elastic oviduct and penetrate the layers surround-
ing the oocyte [27]. Some studies found that the percentage of
hyperactivated sperm is tightly associated with the fertilization
rate in vitro, and impaired hyperactivation may be one of
etiologies of subfertility [28]. In this study, we found that the
expression of sNHE is significantly related to the percentage
of hyperactivated sperm. At the molecular level, initiation of
capacitation requires a series of physiological processes that
contain activation of cAMP-dependent phosphorylation, alter-
ation of ion permeability, and hyperpolarization of the plasma
membrane in spermatozoa [29]. The sSNHE protein has been
found to be required for the soluble adenylyl cyclase (sAC)
signaling pathway and cAMP metabolism in mouse-
capacitating sperm [19]. Acrosome reaction is another prereg-
uisite step for sperm to digest the cumulus cells and penetrate
the ovum [29]. Therefore, here we explore the relationship
between sNHE expression and acrosome reaction in sperma-
tozoa, and no statistical correlation was observed between
them. Previous studies found that although NHE participate
in the regulation of intracellular pH in capacitated human
sperm, inhibition of NHE-dependent pH regulation is not ad-
equate to prevent acrosome reaction triggered by progesterone
[30], indicating that acrosome reaction may be modulated by
other signal transduction events.

Sperm motility is the most primary characteristic of semen
analysis and closely related to the fertility outcomes of both
natural and assisted conception [31]. Many clinical studies
showed that spermatozoa with low motility predict poor out-
comes of fertilization rates, embryo qualities, and pregnancy
rates, as well as subsequent frustrated ART outcomes [32, 33].
Thus, the study of the regulatory mechanism of motility in
human spermatozoa will enable us to address the issue of male
infertility. Several proteins, such as CatSper, have been dem-
onstrated to be implicated in the regulation of motility [20].
Here, we found that the abnormal expression of SNHE is sig-
nificantly associated with dysfunction of motility, indicating
that this exchanger might be a target molecule of asthenozoos-
permia. In addition, Liu et al. reported that immunization of
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female mice with the sSNHE DNA vaccine showed decreased
fecundity, since the antiserum and vaginal fluid in these im-
munized mice could induce sperm agglutination and decrease
sperm motility; chemical inhibitor of NHE, amiloride, also
showed the potential of impeding sperm motility, suggesting
that these inhibitors of SNHE applied as contraceptive needed
to be further investigated [34, 35].

In conclusion, the present study demonstrated the sNHE
mainly localized to the principal piece of the tails of human
spermatozoa, and its expression is associated with most of the
functional parameters of motility. Moreover, the expression of
sNHE is downregulated in sperm from asthenozoospermic
men, and the alterations of this protein may result in sperm
dysfunction and consequent-impaired-fertilizing potential.
This study will help to get a better understanding of the etiol-
ogy of asthenozoospermia and provide new insight into po-
tential therapeutic targets of male infertility and contraception.
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