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Abstract

 

Previous studies have suggested that 1

 

α

 

,25-dihydroxyvitamin D

 

3

 

 [1,25(OH)

 

2

 

D

 

3

 

] has a role in reproductive function.
Gonadal insufficiencies were observed as a result of 1,25(OH)

 

2

 

D

 

3

 

 deficiency and in 1,25(OH)

 

2

 

D

 

3

 

 receptor (VDR) null
mutant mice. To study human sperm anatomy at the molecular level, we first evaluated the ultrastructural
localization of VDR by immunogold electron microscopy using a monoclonal antibody against amino acids
344–424 of human VDR, in normozoospermic samples. Intriguingly, VDR was associated predominantly with the
cell nucleus. In fact, it is known that VDR is a transcription factor, and that in vitamin-D-depleted animals, VDR is
largely localized in the cell nucleus. To assess the significance of VDR in the male gamete, we investigated the role
of 1,25(OH)

 

2

 

D

 

3

 

/VDR in sperm survival and capacitation. Our results revealed that the action of 1,25(OH)

 

2

 

D

 

3

 

depended on its concentration because although lower doses induced cholesterol efflux, protein phosphorylation
and sperm survival, a higher concentration seemed to be ineffective or did not show an increased effect. These
results increase our knowledge of human sperm anatomy at the molecular level and suggest that 1,25(OH)

 

2

 

D

 

3

 

/VDR
may have an important role in sperm survival and the acquisition of fertilizing ability.
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Introduction

 

Vitamin D

 

3

 

 is synthesized in the epidermis. The hormone is
then metabolized in the liver and afterwards in the kidney
to give 1

 

α

 

,25-dihydroxyvitamin D

 

3

 

 (1,25(OH)

 

2

 

D

 

3

 

), which is
the most biologically active metabolite of vitamin D
(Kuritzky et al. 2008). The functional activities of 1,25(OH)

 

2

 

D

 

3

 

require a high-affinity receptor, the 1,25(OH)

 

2

 

D

 

3

 

 receptor
(VDR), which is a member of the superfamily of nuclear
steroid hormone receptors. In addition to its well-known
effects on calcium and phosphate homeostasis, 1,25(OH)

 

2

 

D

 

3

 

,
which is also known as calcitriol, acts on a variety of tissues

 

(

 

Johnson & DeLuca, 2001). This may be due to the presence
of VDR in more than 30 tissues, which include the brain,
pancreas, pituitary, skin, muscle, placenta, immune cells,
parathyroid, ovary, prostate, and testis (Habib et al. 1990;
Johnson et al. 1996; Chatterjee, 2001

 

).

 

In the male genital tract of rodents, VDR has been found
in the smooth muscle of the epididymis, spermatogonium
and Sertoli cells. The extensive presence of binding sites
for 1,25(OH)

 

2

 

D

 

3

 

 detected in Sertoli cells and the caput
epididymis at the time of spermiogenesis suggests that
1,25(OH)

 

2

 

D

 

3

 

 is involved in spermatogenesis and in sperm
maturation in rats (Johnson et al. 1996). VDR null mutant
mice demonstrate significant gonadal insufficiency, with
decreased sperm count and motility, and histological
abnormalities of the testis (Kinuta et al. 2000). The testes
of 1,25(OH)

 

2

 

D

 

3

 

-depleted animals show incomplete sper-
matogenesis, impaired development, and degenerative
changes in the seminiferous tubules. These results suggest
that 1,25(OH)

 

2

 

D

 

3

 

 plays a very important role in the matu-
ration of germ cells. Therefore, it can be concluded that
1,25(OH)

 

2

 

D

 

3

 

 is involved in male reproduction, presumably
at the molecular level.

The VDR mediates 1,25(OH)

 

2

 

D

 

3

 

-dependent responses
through both genomic and non-genomic pathways (Norman
et al. 1997, 2004). With regard to the latter, 1,25(OH)

 

2

 

D

 

3

 

can rapidly stimulate phosphoinositide metabolism,
protein kinase C (PKC), and mitogen-activated protein
(MAP) kinases, as well as increase cytosolic calcium and
cGMP levels (Barsony & Marx, 1991; Massheimer et al. 1994;
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Buitrago et al. 2002; Rebsamen et al. 2002). Several nuclear
receptors (El-Hefnawy et al. 2000; Aquila et al. 2004) have
been reported to be expressed in ejaculated human
spermatozoa, and to regulate cellular processes through
non-genomic mechanisms. Recently, it has been shown by
Western blotting and immunohistochemistry that human
sperm express the VDR (Corbett et al. 2006). However, the
significance of 1,25(OH)

 

2

 

D

 

3

 

 and its receptor in male
reproduction needs to be investigated further, and the
ultrastructural localization of VDR in the male gamete has
not yet been reported in the literature.

The subcellular localization of VDR in the sperm nucleus is
reported here. We employed immunogold electron micro-
scopy to gain an improved understanding of sperm anatomy
at the molecular level. In addition, we studied the possible
involvement of 1,25(OH)

 

2

 

D

 

3

 

/VDR in important biological
functions of human sperm, such as capacitation and survival.

 

Materials and methods

 

Chemicals

 

Percoll (PVP-coated colloidal silica particles for cell separation),
sodium bicarbonate, sodium lactate, sodium pyruvate, dimethyl
sulfoxide (DMSO), Earle’s Balanced Salt Solution (EBSS), 1

 

α

 

,25-
dihydroxyvitamin D

 

3

 

 (1,25(OH)

 

2

 

D

 

3

 

), and all other chemicals were
purchased from Sigma Chemical (Milan, Italy). Acrylamide/bisacry-
lamide was purchased from Labtek Eurobio (Milan, Italy). Triton
X-100 and Eosin Y were purchased from Farmitalia Carlo Erba
(Milan, Italy). The ECL Plus Western blotting detection system,
Hybond™ ECL™, and HEPES sodium salt were purchased from
Amersham Pharmacia Biotech (Buckinghamshire, UK). The cholesterol-
oxidase (CHOD)-peroxidase (POD) enzymatic colorimetric kit was
from Inter-Medical (Biogemina Italia Srl, Catania, Italy). The colloi-
dal gold-conjugated goat anti-mouse IgG secondary antibody
(Ab) was purchased from Sigma-Aldrich (Milan, Italy). The goat
polyclonal actin Ab (1–19), mouse monoclonal anti-human VDR
(D-6) Ab, mouse monoclonal anti-phosphotyrosine PY99 Ab,
peroxidase-coupled anti-mouse and anti-goat IgG secondary Abs
were purchased from Santa Cruz Biotechnology (Heidelberg,
Germany). Monoclonal anti-phosphothreonine Ab was purchased
from Calbiochem (Nottingham, UK).

 

Semen samples and spermatozoa preparations

 

Human semen was collected according to the recommended
procedure of the World Health Organization (WHO) by masturba-
tion from healthy volunteer donors of proven fertility, who were
undergoing semen analysis in our laboratory. Spermatozoa
preparations were made as described previously (Aquila et al.
2005). Briefly, semen samples with normal measurements for
volume, sperm count, motility, vitality and morphology, according
to the WHO Laboratory Manual (WHO, 1999), were included in
this study. For each experiment, three normozoospermic samples
were pooled. Pooled sperm were washed, subjected to the indicated
treatments, and incubated at 37 

 

°

 

C and 5% CO

 

2

 

. Prior to centrifuga-
tion to collect sperm, several aliquots were used to analyse sperm
viability. The study had been approved by the local medical ethics
committee and all participants gave their informed consent.

 

Processing of ejaculated sperm

 

After liquefaction, normal semen samples were pooled and
subjected to centrifugation for 7 min at 800 

 

g

 

 on a discontinuous
Percoll density gradient (80 : 40% v : v) (WHO, 1999). The 80%
Percoll fraction was examined using an optical microscope that
was equipped with a 

 

×

 

100 oil immersion objective to ensure that
a pure sample of sperm was obtained. An independent observer
inspected the cells and examined several fields for each slide.
Percoll-purified sperm were washed with non-supplemented EBSS
(incapacitating medium) and were incubated for 30 min at 37 

 

°

 

C
and 5% CO

 

2

 

, either with no additional treatment (control, NC) or
with treatment (experimental). The treatments were as follows:
increasing doses of 1,25(OH)

 

2

 

D

 

3

 

 (0.01, 0.1 and 1 n

 

M

 

), or anti-VDR
Ab (1 

 

μ

 

g mL

 

−

 

1

 

) combined with 0.1 n

 

M

 

 1,25(OH)

 

2

 

D

 

3

 

. When the cells
were treated with the anti-VDR Ab, a pretreatment of 15 min was
performed.

 

Immunogold labelling of VDR

 

Sperm that had been fixed overnight in 4% paraformaldehyde
were washed in phosphate-buffered saline (PBS) to remove excess
fixative, and dehydrated in a graded series of alcohol. They were
then infiltrated with LR white resin, which was polymerized in a
vacuum oven at 45 

 

°

 

C for 48 h. Ultrathin 60-nm sections were cut
and placed on coated nickel grids for post-embedding immunogold
labelling with a mouse anti-human VDR monoclonal Ab VDR
(D-6), which was raised against amino acids 344–424 of human
VDR. Potential non-specific labelling was blocked by incubating
the sections in PBS containing 5% normal goat serum, 5% bovine
serum albumin and 0.1% cold water fish gelatine at room temper-
ature for 1 h. Sections were then incubated overnight at 4 ºC with
the mouse monoclonal anti-VDR primary Ab at a dilution of
1 : 500 in PBS. This was followed by incubation with 10 nm col-
loidal gold-conjugated goat anti-mouse IgG secondary Ab at a
dilution of 1 : 50 for 2 h at room temperature. The sections were
subsequently washed in PBS, fixed in glutaraldehyde, counter-
stained with uranyl acetate and lead acetate, and examined using
a Zeiss EM 900 transmission electron microscope. To assess the spe-
cificity of the immunolabelling, a negative control was performed
in which sperm sections were incubated with the colloidal
gold-conjugated secondary Ab but not the primary Ab.

 

Evaluation of sperm viability

 

Sperm viability was analysed by red-eosin exclusion, using Eosin Y,
to evaluate the potentially toxic effects of the treatments. An
aliquot of each sperm sample, which had been incubated in
the absence (NC) or presence of increasing concentrations of
1,25(OH)

 

2

 

D

 

3 

 

(0.01–1 n

 

M

 

) or 1 

 

μ

 

g mL

 

−

 

1

 

 anti-VDR Ab combined with
0.1 n

 

M

 

 1,25(OH)

 

2

 

D

 

3

 

, was examined by optical microscopy after
incubation with Eosin Y.

An independent observer scored 200 cells for stain uptake (dead
cells) or exclusion (live cells), and sperm viability was expressed as the
percentage of total live sperm.

 

Measurement of cholesterol in sperm culture medium

 

Cholesterol levels in the medium in which the sperm had been
incubated were measured in duplicate by a CHOD-POD enzymatic
colorimetric method according to the manufacturer’s instructions
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(Aquila et al. 2006). Sperm samples that had been washed twice
with incapacitating medium were incubated in the same medium
with or without the above-described treatments for 30 min at
37 

 

°

 

C and 5% CO

 

2

 

. At the end of the incubation period, the culture
media were recovered by centrifugation and lyophilized. The
samples were subsequently dissolved in 1 mL reaction buffer, and
incubated for 10 min at room temperature. The cholesterol
content was measured by spectrophotometry at 505 nm. A choles-
terol standard of 200 mg dL

 

−

 

1

 

 was used. The limit of sensitivity for
the assay was 0.05 mg dL

 

−

 

1

 

. Inter- and intra-assay variations were
0.04 and 0.03%, respectively. The results were presented as mg
cholesterol per 1 

 

×

 

 10

 

7

 

 spermatozoa.

 

Western blot analysis of sperm proteins

 

Sperm samples that had been washed twice with EBSS were
incubated in the absence (NC) or presence of the indicated
treatments, and then centrifuged for 5 min at 5000 

 

g

 

. The pellets
were resuspended in lysis buffer as described previously (Aquila
et al. 2002). Equal amounts of sperm protein (80 

 

μ

 

g) were boiled
for 5 min, separated by electrophoresis on a 10% polyacrylamide
gel, transferred to nitrocellulose sheets, and probed with an
appropriate dilution of Ab. Binding of the secondary Ab was
revealed using the ECL Plus Western blotting detection system (GE
Healthcare), according to the manufacturer’s instructions. For an

internal control, all the membranes were stripped (0.2 

 

M

 

 glycine,
pH 2.6 for 30 min at room temperature) and re-probed with an
anti-

 

β

 

-actin Ab.

 

Statistical analysis

 

The immunogold labelling was repeated on at least three in-
dependent occasions, whereas Western blot analysis was performed
in a further six independent experiments. The data that were
obtained from the CHOD-POD enzymatic colorimetric analysis (six
replicate experiments using duplicate determinations) and the
viability analysis (six replicate experiments using duplicate
determinations) were presented as the mean ± SE. The differences
in mean values were calculated using analysis of variance (

 

ANOVA

 

)
with a significance level of 

 

P 

 

≤

 

 0.05.

 

Results

 

Immunogold localization of VDR in human sperm

 

The general appearance of the human whole sperm
mount revealed good structural preservation (Fig. 1): the
cytoskeletal elements, the neck (segmented columns), and
the outer dense fibres were all well defined. The majority

Fig. 1 Ultrastructural localization of VDR in human ejaculated spermatozoa. Subcellular localization of VDR in human ejaculated spermatozoa by 
immunoelectron microscopy. Electron micrographs of sperm allowed to react with Ab directed against VDR. (A) Region of the head (×50 000, scale 
bar = 0.2 μm). (B) Region of the apical head (×81 000, scale bar = 0.1 μm). (C and D) Region of the neck (×29 000–50 000, scale bar = 0.2 μm). 
(E) Region of the neck in which few isolated gold particles are present (×50 000, scale bar = 0.2 μm). (F) Electron micrograph of control section 
incubated without the primary Ab, in which the sperm are totally without reaction product (×12 000, scale bar = 0.5 μm).
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of the sperm showed normal morphological features and
the general cell ultrastructure corresponded exactly to that
described previously (Friedlaender, 1952). Ultrastructural
immunogold analysis of 60-nm ultrathin sections revealed
that the VDR was associated particularly with the sperm
head. In fact, the gold particles appeared to be clustered
in the sperm nucleus (Fig. 1A–D) and were not present in
the cytoplasm or the membranes in the head. The chromatin
was homogeneous and showed no remarkable changes;
there were some clear areas as described previously (Lung,
1972). All the samples showed an identical staining inten-
sity and localization of the immunoreactive components.
Some particles also decorated the neck (Fig. 1E). In all the
samples, neither the axoneme and outer dense fibres of
the mid-piece, which are covered by the mitochondria, nor
the tail of the sperm were labelled (Figs 1C and 2A–C). This
was observed in transverse and sagittal sections through-
out the end-piece. Simultaneous negative control experi-
ments with the secondary Ab alone did not show any
labelling (Figs 1F and 2D).

 

1,25(OH)

 

2

 

D

 

3 

 

modulates cholesterol efflux in human 
sperm

 

Due to the fact that it had never been investigated pre-
viously, we evaluated whether 1,25(OH)

 

2

 

D

 

3

 

 could influence
extratesticular sperm maturation by examining its effect
on capacitation.

Capacitation is a post-ejaculation process that is asso-
ciated with the acquisition of the ability to fertilize an egg,
and encompasses different features. Cholesterol efflux
across the sperm membrane contributes to one signalling
mechanism that controls sperm capacitation (Aquila et al.
2006 and references therein). To evaluate cholesterol
efflux, the sperm were collected by centrifugation after
they had been treated as described above. Cholesterol
levels in the incubation medium were measured, and the
sperm were lysed to evaluate protein phosphorylation.
Our results showed a significant increase in cholesterol
efflux (Fig. 3) upon treatment with 0.01 and 0.1 n

 

M

 

1,25(OH)

 

2

 

D

 

3

 

, but 1 n

 

M 1,25(OH)2D3 did not induce a further

Fig. 2 VDR is absent in the midpiece and 
along the tail in human spermatozoa. 
Subcellular localization of VDR in human 
ejaculated spermatozoa by immunoelectron 
microscopy. Electron micrographs of sperm 
allowed to react with Ab directed against VDR. 
(A) Electron micrograph of a cross-section of 
the tail probed with anti-VDR Ab, which shows 
a region of the midpiece (×30 000, scale bar = 
0.2 μm). (B) Sagittal section through the tail 
probed with anti-VDR Ab, which shows the 
transition between the middle piece with its 
mitochondria and the principal piece with its 
fibrous sheath (×18 000, scale bar = 0.5 μm). 
(C) Electron micrograph of a cross-section of 
the tail probed with anti-VDR Ab, which shows 
a region of the end piece (×65 000, scale bar = 
0.2 μm). (D) In the negative control section, no 
immunoreaction was present (×4000, scale bar 
= 1 μm).
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increase. This effect was reversed by co-treatment with the
anti-VDR Ab, which suggested that VDR was involved in
the induction of sperm cholesterol efflux.

1,25(OH)2D3 influences the phosphorylation of 
proteins on tyrosine and threonine residues in human 
sperm

Cholesterol efflux across the sperm membrane is a key
priming event in the capacitation process because it initi-
ates signalling events that lead to the phosphorylation of
sperm proteins (Visconti et al. 1995; Osheroff et al. 1999).
Therefore, we investigated whether 1,25(OH)2D3 was also
able to influence this important feature of the capacitation
process. A significant increase in both tyrosine (Fig. 4A)
and threonine phosphorylation (Fig. 4B) was observed
with increasing concentrations of 1,25(OH)2D3 (0.01–0.1 nM),
whereas 1 nM 1,25(OH)2D3 did not induce a significant
increase. In both cases, the anti-VDR Ab abolished the
0.1 nM 1,25(OH)2D3-induced effect. It is important to point
out that, under our experimental conditions, the anti-
phosphoprotein Abs that were used recognized protein
bands that were predominantly within the same size
ranges as those that have been documented previously
(Naz, 1999). For tyrosine phosphorylation we measured the
density of the 95-kDa band; for threonine phosphorylation
we used the 110-kDa band.

To investigate whether the protein phosphorylation in
sperm that was induced by 0.1 nM 1,25(OH)2D3 represented
an early event, we performed a time-course study (0, 5, 10,
30 and 60 min). This experiment revealed that both types
of phosphorylation followed a similar pattern: they were
observed at 5 min, increased at 10 min and were sustained
until 30 min, and then dropped significantly at 1 h
(Fig. 5A,B).

Effect of 1,25(OH)2D3 on sperm survival

As shown in Fig. 6, sperm viability was significantly
increased in the presence of 0.01 and 0.1 nM 1,25(OH)2D3,
whereas 1 nM 1,25(OH)2D3 did not affect sperm viability as
compared to the controls. Interestingly, the effect that
was induced by 0.1 nM 1,25(OH)2D3 was reversed in the
presence of the anti-VDR Ab, which suggested that the
effect was mediated by VDR.

Discussion

The archetypal target tissues of 1,25(OH)2D3 include bone,
intestine and kidney. Recently, it has become clear that
1,25(OH)2D3 has many additional functions that are not
closely linked to its classical role as a skeletal regulator. The
importance of this secosteroid in reproduction has emerged
from studies that have demonstrated that 1,25(OH)2D3

deficiency results in reduced fertility in rats (Kinuta et al.
2000). However, the function of 1,25(OH)2D3 in the geni-
tourinary organs is unknown, even though this has become
a widely researched area. Here, with the aim of studying
human sperm anatomy at the molecular level, we investi-
gated for the first time the ultrastructural compartmentaliza-
tion of VDR in the human male gamete. In addition, we
evaluated the molecular mechanisms through which
1,25(OH)2D3 may affect important sperm functions such as
the acquisition of fertilizing ability and viability.

The intracellular localization of VDR in somatic cells has
been an issue of some controversy because there is not
complete agreement about whether VDR is translocated
to the cell nucleus in response to 1,25(OH)2D3, or whether
it shuttles continuously between the cytosol and nucleus
(Shaffer et al. 2005). In addition, it appears that the classic
VDR is also associated with the caveolae that are present
in the plasma membrane in some cell types, as has been
reported for other steroid receptors (Levin, 2002;
Huhtakangas et al. 2004). The structure of human sper-
matozoa has proved rather difficult to elucidate because
of the opacity of the head to electron penetration. There-
fore, in spite of active interest, our understanding of the
ultrastructural organization of ejaculated human sperm is
still incomplete, and our knowledge of the molecular
anatomy of sperm is very limited.

In our study, immunogold analysis showed that VDR was
localized uniformly in the sperm nucleus, although some

Fig. 3 1,25(OH)2D3 modulates cholesterol efflux in human sperm. 
Washed spermatozoa were incubated in non-supplemented Earle’s 
medium for 30 min at 37 °C and 5% CO2, in the absence (NC) or 
presence of increasing 1,25(OH)2D3 concentrations (0.01, 0.1 and 1 nM) 
or with 0.1 nM 1,25(OH)2D3 combined with anti-VDR Ab. Cholesterol in 
culture medium from human ejaculated spermatozoa was measured by 
enzymatic colorimetric assay. Columns are mean ± SE of six independent 
experiments performed in duplicate. Data are expressed in mg/107 
sperms. *P < 0.05 vs. control, **P < 0.01 vs. control.
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particles also decorated the neck of the sperm. In somatic
cells, the receptor–hormone complex becomes localized to
the nucleus and then interacts with the 1,25(OH)2D3-
responsive element. This binding modifies transcription of
the target genes. In addition to their classic genomic
action, nuclear receptors regulate cellular processes through
a non-genomic mechanism (Losel et al. 2003; Norman
et al. 2004). It is generally accepted that the sperm nucleus
is transcriptionally inactive due to the highly condensed
architecture of its chromatin (Grunewald et al. 2005). In
this study, we investigated the rapid effects of the VDR,
which we have also observed previously for other
nuclear receptors in human sperm (Aquila et al. 2004,
2006, 2007). Indeed, this mode of action seems to be

particularly appropriate in the male gamete because sperm
functions need to be activated rapidly to accommodate
dynamic changes in the surrounding milieu. In addition,
sperm have a highly differentiated architecture, and their
peculiar anatomy compartmentalizes proteins and other
molecules within the areas in which they are needed.

An interesting finding in somatic cells may provide a
possible explanation for the significance of the presence
of VDR in the sperm nucleus. It has been reported that the
VDR is closely related to the nuclear matrix, or part of it,
and has a role in ensuring genomic stability (Nangia et al.
1998). DNA is generally considered to be the most critical
cellular target for the lethal mutagenic effects of drugs,
radiation and environmental chemicals. As Chatterjee has

Fig. 4 1,25(OH)2D3 affects tyrosine and threonine phosphorylation of the human sperm proteins. Washed spermatozoa were incubated in non-
supplemented Earle’s medium for 30 min at 37 °C and 5% CO2, in the absence (NC) or presence of increasing 1,25(OH)2D3 concentrations (0.01, 0.1 
and 1 nM) or with 0.1 nM 1,25(OH)2D3 combined with anti-VDR Ab. Sperm lysates of 80 μg were used for Western blot analysis. Actin was used as a 
loading control. (A) Protein tyrosine phosphorylation. On the right, quantitative representation after densitometric evaluation of the 95-kDa band. 
(B) Protein threonine phosphorylation. On the right, quantitative representation after densitometric evaluation of the 110-kDa band. Autoradiographs 
presented are representative examples of experiments that were performed at least six times with repetitive results. *P < 0.05 vs. control, **P < 0.01 
vs. control.
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reported, vitamin D stabilizes chromosomal structure and
prevents the induction of DNA double-strand breaks by
endogenous or exogenous factors (Chatterjee, 2001).
Recently, it has been suggested that the sperm nuclear
matrix plays a crucial role in the regulation of DNA
fragmentation and degradation, both before and after
fertilization (Shaman et al. 2007). The accurate transferral
of genetic information to progeny is a prerequisite for the
conservation and evolution of a species. Therefore, proper
control of the integrity of sperm DNA is critical for the
maintenance of genome stability, and the speculation that
VDR in the sperm nucleus acts as a protective genomic
factor is very intriguing.

Successful sperm maturation depends on sequential
steps in both the male and female reproductive tracts.
After ejaculation, the male gamete must undergo

capacitation to be capable of fertilizing an egg; this is a
prerequisite for fertilization by mammalian spermatozoa.
Capacitation, which in vivo occurs within the female
reproductive tract, and which can also be accomplished in
defined media in vitro, confers on the sperm the ability to
undergo the acrosome reaction (Yanagimachi, 1994;
Visconti et al. 1995). Capacitation has been associated with
modifications in cholesterol efflux, plasma membrane
fluidity, intracellular ion concentrations, metabolism, and
motility, and with the increased phosphorylation of a
number of proteins. It has been demonstrated that
cholesterol efflux is a priming event that induces changes
in the fluidity of the plasma membrane, and sequentially
stimulates the activation of sperm adenylyl cyclase and
phosphorylation of sperm proteins at tyrosine and
threonine residues (Visconti et al. 1995; Visconti & Kopf,

Fig. 5 Time course of the effect of 1,25(OH)2D3 on tyrosine and threonine phosphorylation of sperm proteins. Time-course study (0, 5, 10, 30 and 
60 min) in sperm treated with 0.1 nM 1,25(OH)2D3. Actin was used as a loading control. On the right side are reported the quantitative representations 
after densitometric evaluation as indicated above. Autoradiographs presented are representative examples of experiments that were performed at least 
six times with repetitive results. *P < 0.05 vs. control, **P < 0.01 vs. control.
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1998; Osheroff et al. 1999; Naz, 1999). Recently, treatment
with 1,25(OH)2D3 has been shown to elevate intracellular
cAMP levels within 10 min in human syncytiotrophoblast
cells (Avila et al. 2007). In sperm, 1,25(OH)2D3 might play a
role in capacitation by inducing firstly an increase in cAMP
levels and then phosphorylation of certain proteins. It is
known that phosphorylation and cholesterol efflux are
early phases of the capacitation process; however, the
molecular mechanisms and signal transduction pathways
that are involved have only been defined partially.

In our study, certain concentrations of 1,25(OH)2D3 were
able to modulate both cholesterol efflux and tyrosine and
threonine phosphorylation. The effects of 1,25(OH)2D3

appeared to be very dependent on the concentration of
the hormone. Intriguingly, the 1,25(OH)2D3-mediated
biphasic rapid response that was obtained for cholesterol
efflux in our study was reminiscent of the 1,25(OH)2D3-
mediated stimulation of the rapid transport of Ca2+

(transcaltachia) in the perfused chick intestine, which
also follows a biphasic dose–response curve (De Boland &
Norman, 1990; Norman, 2006). The outcome of signalling
activation can depend on differences in ligand concentra-
tion, and this effect has also been recently demonstrated
in human sperm (Aquila et al. 2004, 2006, 2007; Andò &
Aquila, 2005).

In different mammalian species, sperm may utilize distinct
survival strategies, which are probably related to the
differing management of energy metabolism. To date,
two distinctive phenotypes have been observed, which are
characterized by sperm survival under laboratory and
in vivo conditions. These can be represented by the boar
sperm phenotype, which corresponds to a short survival

time inside the female vaginal tract (~48 h) (Viring &
Eirnasson, 1981), and by the human sperm phenotype,
which corresponds to a long survival time inside the
female vaginal tract (~ 1 week) (Feldman & Nelson, 1987).
Long-term sperm viability in humans may be an important
evolutionary adaptation because it is necessary for the
sperm to reach the oocyte whilst it occupies the correct
position in the fallopian tubes. As the oocyte may not be
in this specific location when the sperm reach it, the sperm
may have to wait until this event occurs. It emerged from
our study that VDR has the ability to modulate sperm
survival, which suggests that it could play an important
role in this aspect of the physiology of the human male
gamete We observed that low doses of 1,25(OH)2D3

stimulated the effect, whereas a higher concentration
was ineffective.

Most of the classical physiological actions of 1,25(OH)2D3

have been known since the early part of this century,
when dietary vitamin D deficiency was first demonstrated.
However, non-classical roles have emerged from studies
that have probed the mechanism of 1,25(OH)2D3 action at
the molecular level, and from studies of the VDR knockout
mouse. Furthermore, the ubiquitous distribution of VDR
opens the possibility of unforeseen biological functions of
1,25(OH)2D3. From our results, it emerged that VDR was
involved both in the early phases of the functional matura-
tion of ejaculated sperm and in sperm survival. Interestingly,
these effects of the hormone were observed at lower
doses of 1,25(OH)2D3, whereas a higher concentration
was ineffective or did not have a greater effect. It is
important to note that human physiological serum
levels of 1,25(OH)2D3 are between 37.5 and 150 pM (15–
60 pg mL−1) (Masuda & Jones, 2006), which correlates well
with our results.

As concerns the rapid effects that we observed, it is
possible that sperm might respond to 1,25(OH)2D3 by a
VDR-independent mechanism. Schwartz et al. (2002) have
observed, in the growth zone of chondrocytes, that
1,25(OH)2D3 activates PKCα by activating phospholipase
C-β1 and -β3 through the G-protein Gq, and this activation
is not reduced in cells from VDR null mice. A similar mode
of action of 1,25(OH)2D3 is also proposed in sperm, on the
basis of the predominantly nuclear anatomic location of
the VDR.

The discovery that 1,25(OH)2D3 influences sperm
function may be useful for the development of novel
therapeutic approaches to the treatment of male reproduc-
tive disorders. However, the physiological significance and
the specific roles of 1,25(OH)2D3/VDR in the human male
gamete require further investigation.
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