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Abstract

Background: Nitric oxide (NO) is a signaling molecule produced by intracellular nitric oxide synthase (NOS)
enzymes. This free radical appears to affect sperm capacitation, a maturation step preceding acrosome reaction.
Recent studies have reported leptin ability to promote capacitation and acrosome reaction in pig male gametes.

Methods: This study has investigated nitric oxide production in leptin-treated pig spermatozoa by fluorescence-
activated cell sorting, while the intracellular NOS isoforms were assessed by Western blot analysis. In addition,
acrosome status of treated-spermatozoa was evaluated by FITC-PNA staining.

Results: Significant increases of nitric oxide levels and acrosome reaction extent were detected in leptin-treated
spermatozoa, but both the effects were reversed in presence of L-NAME. Furthermore, the immunoblots of sperm
extracts have evidenced three bands of ~160 Kd(bNOS), ~130 Kd (iNOS) and ~135 Kd (eNOS).

Conclusions: The identification of the three intracellular NOS isoforms suggests that pig spermatozoa could
produce NO, while the augmented nitric oxide levels in leptin-treated male gametes indicates the capacity of the
hormone to induce nitric oxide production. Furthermore, the inhibitory effect of L-NAME and of Ab-ObR on the
promotion of acrosome reaction triggered by leptin suggests a possible involvement of NO in the hormone action.
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Background
The role of metabolic substances in the mechanisms
controlling reproductive processes is emerging in the
last years. Leptin is mainly known as a hormonal link
between energy stores and energy homeostasis but it
appears to be also involved in reproductive activity [1].
In the pig, leptin regulates reproductive functions at
hypothalamus-pituitary level [2], but our recent works
have also revealed its role in the control of peripheral
structures. In fact, we have showed the expression of
leptin and its receptor in pig testicular and epididymal
tissues [3] as well as in pig spermatozoa [4]. Further-
more, we evidenced leptin capacity to affect pig sperm
survival and capacitation. Capacitation is a crucial step
of mammalian sperm maturation which induces bio-
chemical and biophysical changes in sperm membrane,
leading to a specialized exocytosis known as acrosome

reaction [5]. Capacitation and acrosome reaction are
two complex processes which appear to be controlled
by cross-talks between different pathways [6-9] includ-
ing the nitric oxide-dependent pathway [10,11]. Nitric
oxide (NO) is a highly reactive signaling molecule,
synthesized by intracellular NO-synthase (NOS)
enzymes [12], which appears to regulate different sperm
functions [13,14].
The aim of the present study was to investigate the

capacity of pig spermatozoa to produce NO in response to
leptin treatment. Therefore, the expression of intracellular
NOS enzymes has been also assessed and the possible
involvement of NO in acrosome reaction triggered by lep-
tin has been evaluated.

Methods
Chemicals and antibodies
Chemicals Laemmli sample buffer, pre-stained molecular
weight marker, Percoll (colloidal PVP coated silica for
cell separation), Earle’s balanced salt solution, propidium
iodide, fluorescein isothiocyanate-labeled peanut (Arachis
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hypogaea) agglutinin (FITC-PNA) and all other chemi-
cals were purchased from Sigma Chemical (Milan, Italy).
Porcine leptin was purchased from Protein Laboratories
Rehovot (Rehovot, Israel), acrylamide bisacrylamide was
from Labtek Eurobio (Milan, Italy). Triton X-100, ECL
Plus Western blotting detection system, Hybon-
d™ECL™, were purchased from Amersham Pharmacia
Biotech (Buckinghamshire, UK). Fluorescent probe
4,5-diaminofluorescein-2/diacetate (DAF 2/DA) and N-
nitro-L-arginine methyl ester (L-NAME) were from Vinci
Biochem,(Firenze, Italy)
Antibodies Mouse monoclonal anti-nitric oxide

synthase inducible (iNOS) (N-9657), anti-nitric oxide
synthase brain (bNOS)(N-2280) and anti-nitric oxide
synthase endothelial (eNOS) (N-9532) were from Sigma
Chemical (Milan, Italy). Polyclonal rabbit anti OBR(H-
300), peroxidase-coupled anti-mouse IgG and rabbit
polyclonal anti b-actin were from Santa Cruz Biotechnol-
ogy (Heidelberg, Germany).

Animals and semen samples
The investigation has been conducted on semen from 6
fertile male pigs (Sus scrofa domestica, Large White) kept
at “Swine Artificial Insemination Centre” (Rende,
Cosenza, Italy). The animals were 22 to 28 month-old
and their weights were from 260 to 300 kg. Individual
fresh ejaculates were collected by the gloved hand
method and filtered immediately by Universal Semen
bags (Minitub, Tiefenbech, Germany). Semen was trans-
ported within half an hour to the laboratory, it was
diluted 1:10 with TBS buffer and centrifuged on a discon-
tinuous Percoll density gradient (72%/90%) to remove
bacteria and debris [15].

Sample treatments
Percoll-purified spermatozoa were incubated with Earle’s
medium (uncapacitating medium) for 30 minutes at 39°C
and 5% CO2 without or with 10 nM leptin, 0.7 mM L-
NAME. Some cells were also pre-treated (15 min) with
the anti-OBR Ab (autocrine blockage). The dose of leptin
was chosen on the basis of our previous findings [4].

NO detection
Intracellular NO was measured as previously described
[16]. Briefly, leptin-treated spermatozoa were loaded with
DAF-2/DA (10 μM) and incubated (120 min, 37°C) in
the dark. Some of the samples were loaded with the NOS
inhibitor, L-NAME (0.7 mM), 30 min prior to DAF-2/
DA loading. Care was taken to prevent exposure to light
throughout the rest of the experiment as the probe is
light-sensitive. After incubation with DAF-2/DA the cells
were analyzed by fluorescence-activated cell sorting
(FACS analyzer) (excitation wavelength 488 nm and
emission wavelength 530 nm) at a single-cell level and

data were analyzed using Cell Quest software (Becton
Dickinson, NJ, USA). The mean fluorescence intensity of
the analyzed sperm cells was determined after gating the
cell population by forward and side scatter signals. In
total, 25000 events were acquired, but non-sperm parti-
cles and debris were excluded by prior gating, thereby
limiting undesired effects on overall fluorescence. The
final gated populations usually consisted of 15 000-
20 000 sperm cells.
The experiments were repeated at least four times for

each sample.

Western blot analysis
Western blot analysis was used to identify NOS enzymes
in sperm samples. Percolled spermatozoa were washed
twice with Earle’s balanced salt solution and then were
centrifuged for 5 min at 5000 × g. The pellet was resus-
pended in lysis buffer as previously described [17]. Equal
amounts of proteins (80 μg) were boiled for 5 min, sepa-
rated by 10% polyacrylamide gel electrophoresis, trans-
ferred to nitrocellulose sheets and probed with an
appropriate dilution of anti-iNOS (1:1000), anti-bNOS
(1:3000) and anti-eNOS (1:3000) antibodies. The bound of
the secondary antibody was revealed with the ECL Plus
WB detection system according to the manufacturer’s
instructions. Negative controls were prepared using tissue
lysates, where antigens were previously removed by pre-
incubation with specific antibodies (1 hour at room
temperature) and subsequently immunoprecipitated with
protein A/G-agarose. b-actin served as a control for equal
loading. The experiments were repeated at least four times
for each sample.
Human breast cancer cells, MCF7, expressing the

three NOS isoforms, were used as control. MCF7,
obtained from American Type Culture Collection
(ATCC), were cultured in a 25 cm2 cell culture flask
containing DMEM supplemented with 10% FBS and
10 units of penicillin and 10 μg/ml of streptomycin, at
37°C, in a humidified incubator containing 5% CO2.

Acrosome reaction
Spermatozoa incubated with leptin, combined or not with
L-NAME or Ab-OBR, were re-suspended in unsupple-
mented Earle’s medium (Earle’s balanced salt solution
without Ca, Mg, Phenol red and NaHCO3) (5 × 106 sper-
matozoa/ml), were placed in a conical tube and cultured
for 2 hours in an atmosphere of 5% CO2 in air at 39°C.
Spermatozoa incubated only with Earle’s medium were
used as control. Then acrosomal status was monitored
using the acrosome-specific fluorochrome fluorescein iso-
thiocyanate-labeled peanut (Arachis hypogaea) agglutinin
(FITC-PNA) in conjunction with DNA-specific fluoro-
chrome propidium iodide (PI) as a viability test [18].
Briefly, sperm suspension (1 × 106 ml) was exposed to
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FITC-PNA (10 μg/ml) and propidium iodide (12 μmol/l)
for 5 minutes at 39°C and then fixed by adding 1 ml of
12.5% (w/v) paraformaldehyde in 0.5 mol Tris/l (pH 7.4).
The slides were immediately examined with an epifluores-
cence microscope (Olympus BX41) with a multiple fluor-
escence filter (U-DM-DA/FI/TX2) observing a minimum
of 200 spermatozoa per slide (100× objective). Acrosomal
status was assessed according to the staining patterns.
Staining patterns
Spermatozoa with a nuclear red PI staining were consid-
ered as dead cells while sperm cells without PI staining
were considered as live cells.
Live spermatozoa were classified in 2 main categories

on the basis of the FITC-PNA staining as follows:
i) acrosome-reacted cells with uniform green FITC-PNA
fluorescence of acrosome cap ii) acrosome-intact cells
without any fluorescence. Values were expressed as per-
centage. Four replicate experiments were performed for
each semen sample.

Statistical analysis
Data, presented as mean ± SEM, were evaluated by the
one-way analysis of variance (ANOVA). The differences
in mean values were calculated at a significance level of
P ≤ 0.05. The Wilcoxson test was used after ANOVA as
post hoc test.

Results
NO production by pig spermatozoa
Incubation of pig spermatozoa with 10 nM leptin
induced a significant increase of intracellular NO levels
(Figure 1B) with respect to control sperm (Figure 1A),
while pre-treatment of spermatozoa with the NOS inhibi-
tor, L-NAME, reversed the leptin effect (Figure 1C). The
DAF-2/DA fluorescence data are also expressed as mean
fluorescence (percentage of control, control adjusted to
100%) (Figure 1D)

Western blot analysis
The immunoblots of sperm extracts showed three NOS
bands: ~160 kDa, ~130 kDa and ~135 kDa corresponding
to bNOS, iNOS and eNOS respectively (Figure 2: lanes 1
and 2). Three NOS bands at the same mobility were
observed in the positive control (Figure 2: lane MCF7).
The negative controls were unlabelled.

Acrosome reaction in leptin-treated pig spermatozoa
Figure 3A shows a representative fluorescence pattern of
pig spermatozoa stained with FITC-PNA + PI for the
assessment of acrosome status and sperm viability, after
leptin treatment. No significant difference was observed
in the incidence of dead spermatozoa between treated-
spermatozoa and control sperm.

A higher percentage of acrosome-reacted cells (FITC-
PNA positive cells) was detected in 10 nM Lep-treated
spermatozoa (19 ± 2%) with respect to control sperma-
tozoa (8 ± 3%), while L-NAME reversed the acrosome
reaction extent triggered by leptin (12 ± 3%) as well as
Ab-OBR (11 ± 3%) (Figure 3B)

Discussion
Low and controlled concentrations of nitric oxide play
an important role in sperm physiology, while excessive
NO levels are detrimental [19].
Nitric oxide(NO) is a free radical involved in the intra-

and intercellular signaling mechanisms. NO is generated
from the oxidation of L-arginine to L-citrulline by 3 iso-
forms of NADPH-dependent NO synthases (NOS) [12].
Two constitutive Ca2+- dependent isoforms are known,
i.e. neuronal or brain NOS (n/bNOS) firstly found in
neurons and endothelial NOS (eNOS) firstly found
in endothelial cells [20]. In addition, one inducible Ca2+-
independent isoform (iNOS) has been also described
[21], firstly identified in macrophages.
The NOS-NO system appears to be implicated in dif-

ferent events leading to acquisition of fertilizing ability.
The NOS isoforms were detected in different mammalian
spermatozoa such as in mouse [22], in bull [23] and in
human spermatozoa [24,25], while NO was able to affect
sperm motility, capacitation and acrosome reaction in
the mouse [26], in the hamster [27], in the bull [28,29]
and also in the human [30-35].
Concerning porcine spermatozoa, NOS enzymes were

immunolocalized in male testicular germ cells [36] and
NOS isoforms were detected in testis extract [37] but their
expression in ejaculated spermatozoa is still unknown.
However, NO appears to play a role in functional activity
of the male gamete. In fact, it has been reported that L-
arginine and geldamycin (a heat shock protein 90-specific
inhibitor) are able to induce capacitation and acrosome
reaction in boar spermatozoa, trough the NO signal path-
way [18,38].
Recent studies by our own and others have revealed

that leptin and insulin, two hormones linked to energy
homeostasis, can be involved in porcine sperm biology
[4,39]. Particularly, we have detected leptin and its recep-
tor in pig spermatozoa, localizing them at acrosomal
level, and have evidenced the hormone ability to promote
capacitation and acrosome reaction [4].
The present study has been addressed to investigate if

NO signalling could mediate leptin promotion of pig
acrosome reaction. On the basis of our previous findings
[4] we have selected the dose of leptin (10 nm leptin)
inducing the best stimulatory response on pig sperm
capacitation. In addition, to better investigate the effect
of leptin on intracellular NO production, we have used
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uncapacitated spermatozoa (such as in our previous
work) avoiding the interference of the high NO levels
generated by spermatozoa in capacitating condition [32]
Our investigation has identified, for the first time, the

three NOS isoforms (bNOS, eNOS and iNOS) in pig eja-
culated spermatozoa indicating the potential ability of
the male gamete to synthesize NO. Then, we have shown
a significant increase of intracellular NO production in

leptin-treated spermatozoa, suggesting that NO could
mediate the hormone action. Therefore, we have detected
sperm acrosome reaction induced by leptin in presence
or not of a NOS inhibitor (L-NAME) and of Ab-ObR to
block leptin from binding to its specific receptors.
As expected, leptin was able to promote acrosome

reaction but the NOS inhibitor and AB-ObR reversed
the effect of the hormone. These results suggest the

Figure 1 Representative histograms of DAF fluorescence in pig sperm. (A): Control sperm. (B):spermatozoa incubated with L-NAME. (C):
leptin-treated sperm.(D): leptin-treated sperm in presence of L-NAME. (E): data above reported which are expressed as mean fluorescence
(percentage of control, control adjusted to 100%). Values are mean percentage ± SD. (* p < 0.05).
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implication of the NOS-NO system in the promoter
action of leptin on acrosome reaction of pig sperm. A
similar result has been recently reported in human sper-
matozoa [40].
In our previous work [4] we investigated the main

transduction pathways regulated by leptin in pig sperma-
tozoa suggesting that extracellular signal-regulated kinase
(ERK)1/2 and phosphatidylinositol Phosphate Kinase 3
(PI3K)/Akt are implicated in the hormone action. In fact,
leptin, through its receptor, was able to activate positively
ERK1/2 as well as Akt. Because it has been reported that
ERK1/2 and PI3K/Akt can regulate NOS activity, via
serine phosphorylation [41-43], it is reasonable to
hypothesize that the signalling cascade, induced by leptin,
could cause NOS activation in pig spermatozoa leading
to intracellular NO increase. Furthermore, NOS activa-
tion is also calcium-dependent, therefore it can be specu-
lated that intracellular calcium stores could be mobilized
by leptin in pig male gametes for the synthesis of NO.

Conclusions
The identification of the three intracellular NOS isoforms
suggests that pig spermatozoa could produce NO, while
the augmented nitric oxide levels in leptin- treated male
gametes indicates the capacity of the hormone to induce
nitric oxide production. Furthermore, the inhibitory
effect of L-NAME and of Ab-ObR on the promotion of

acrosome reaction triggered by leptin suggests a possible
involvement of NO in the hormone action.
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Figure 2 Immunoblots of nitric oxide synthase (NOS) isoforms
from pig sperm extract: positive control in lanes MCF7;
representative pig sperm samples in lanes 1 and 2. Numbers on the
left-hand side correspond to molecular weights of detected
proteins, while specific NOS isoforms are indicated on the right-
hand side. b-Actin serves as a loading control.

Figure 3

Figure 3 Acrosome reaction in leptin-treated pig sperm. (A)
Representative FITC-PNA fluorescence pattern of spermatozoa
incubated with 10 nM leptin. Scale bars: 5 μm. (B) Incidence of
positive acrosome reaction in control spermatozoa, spermatozoa
incubated with L-NAME, spermatozoa incubated with 10 nM leptin,
spermatozoa incubated with 10 nM leptin in presence of L-NAME
and spermatozoa incubated with 10 nM leptin+ Ab-ObR. Values are
mean percentage ± SD (** p < 0.01).
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