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Nitric oxide (NO) is a free radical involved in the regulation of several functions
of the male genitourinary system. It is produced by neurons and the endothelium
and epithelia of reproductive system; it mediates penile erection and regulates
sperm motility, viability, and metabolism. Here we show that human spermato-
zoa exhibit a detectable NO synthase (NOS) activity, measured both as ability of
the intact sperm and cell lysate to convert L-[3H]arginine into L-[3H]citrulline and
as 24 h accumulation of extracellular nitrite in intact sperm suspensions. NOS
activity (identified as an endothelial isoform) was inhibited by L-canavanine and
NG-monomethyl-L-arginine, and nitrite accumulation was inhibited by the NO
scavenger hemoglobin; both enzyme activity and nitrite production were in-
creased by a 24 h incubation of spermatozoa with protein-enriched extracts of
human follicular fluid (PFF); a significant increase of citrulline synthesis was
observed only after a 4 h incubation with 40% PFF, a time period during which
acrosomal reactivity was significantly increased. PFF-induced acrosomal reaction
was inhibited by L-canavanine and hemoglobin, and the NO donors sodium
nitroprusside (SNP), S-nitroso-N-acetyl-penicillamine (SNAP), and DETA
NONOate were able to increase the percentage of reacted spermatozoa. Our
results suggest that NO synthesized by human sperm may play a role in
follicular fluid–induced acrosomal reaction. J Cell Physiol 178:85–92, 1999.
© 1999 Wiley-Liss, Inc.

Nitric oxide (NO) is a short-lived free radical gas
synthesized in many mammalian cell types (Nathan,
1992) by a class of NADPH-dependent NO synthases
(NOS), which favor the conversion of L-arginine to
L-citrulline and NO with a 1:1 stoichiometry and are
competitively inhibited by L-arginine analogs (Palmer
et al., 1988; Palmer and Moncada, 1989). At least three
different isoenzymes have been characterized (Knowles
and Moncada, 1994): two of them are constitutive,
Ca21/calmodulin-activated (endothelial and neuronal
cNOS), and one is an inducible, Ca21-independent
iNOS detected in macrophages. NO is produced in re-
sponse to a large number of stimuli and displays a wide
spectrum of activities, such as smooth muscle relax-
ation, inhibition of platelet aggregation and adhesion,
neurotransmission, and cytotoxicity (Gross and Wolin,
1995).

NO has significant effects on the function of male
genitourinary system. A NOS activity has been de-
tected in the neurons of the rat penis, where it could
play a role as a physiological mediator of penile erec-

tion (Burnett et al., 1992), and also in rat testis, sem-
inal vesicles, and epididymis (Burnett et al., 1995).
Since NO-producing tissues have been identified in the
upper female genital tract (Telfer et al., 1995; Rosselli
et al., 1996), it is conceivable that NO could interact
with the male gametes during their way toward the
oocyte. In fact, exogenous NO released by the NO donor
sodium nitroprusside (SNP) has been shown to play an
important role in mouse sperm hyperactivation in vitro
(Herrero et al., 1994) and to be beneficial for the main-
tenance of postthaw human sperm motility and viabil-
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ity (Hellstrom et al., 1994). Low concentrations of NO
have been reported to enhance the motility of human
sperm (Lewis et al., 1996), whereas at higher concen-
trations NO inhibits motility and respiration of fresh
human sperm (Weinberg et al., 1995) and decreases
motility and viability of rat sperm (Herrero et al., 1994)
and human sperm (Rosselli et al., 1995). Moreover, NO
released from SNP is able to stimulate the acrosomal
reaction (AR) in capacitated bull spermatozoa (Zamir
et al., 1995). Human spermatozoa exhibit NOS activity
(Lewis et al., 1996; Donnelly et al., 1997), and their
motility is inhibited by the NOS inhibitor NG-nitro-L-
arginine methyl ester (Lewis et al., 1996) and by the
NO scavenger methylene blue (Donnelly et al., 1997).
This suggests that endogenous NO is necessary to sup-
port human sperm motility.

The present study demonstrates that: 1) in human
spermatozoa NOS activity can be increased by a pro-
tein-enriched fraction of follicular fluid (FF), 2) NO
produced by human spermatozoa acts in an autocrine
fashion to participate in the induction of AR evoked by
FF, and 3) exogenous NO is able to stimulate AR of
human sperm. Our data support the hypothesis that
NO may play a role in the transduction machinery
activated during fertilization.

MATERIALS AND METHODS
Reagents

HTF medium was from Celbio (Milan, Italy); the cat-
ionic exchange resin Dowex AG50WX-8, N-(1-naphthyl-
ethylenediamine) dihydrochloride, and sulfanilamide
were from Aldrich Italia (Milan, Italy); L-[2,3,4,5-3H]-
arginine monohydrochloride (54–62 Ci/mmol) was from
Amersham International (Buckinghamshire, UK). So-
dium nitroprusside (SNP), dithiothreitol (DTT), EDTA,
NADPH, FAD, Hepes (sodium salt), L-arginine, L-cana-
vanine, NG-monomethyl-L-arginine (NMMA), and S-ni-
troso-N-acetyl-penicillamine (SNAP) were from Sigma
Chemical Co. (St. Louis, MO); DETA NONOate was from
Cayman Chemical Company (Ann Arbor, MI). Other re-
agents were from Merck (Bubendorf, FRG) and were of
the highest purity available. The composition of Hepes-
Na/EDTA buffer was 20 mM Hepes-Na and 2 mM EDTA,
pH 6. Hepes/EDTA/DTT buffer was composed of 20 mM
Hepes 20 0.5 mM EDTA, and 1 mM DTT, pH 7.2. SNP
was freshly prepared by dissolving at 100 mM in buffered
saline. The protein content of cell lysates was assessed
with the modified micro-Lowry method (kit from Sigma
Chemical Co.). Mouse monoclonal antibodies anti-human
endothelial cNOS (ecNOS), anti-human brain cNOS
(bNOS), and anti-murine macrophage iNOS, directed
against 20.4–22.3 kDa protein fragments (ecNOS: ami-
noacids 1,030–1,209; iNOS: aminoacids 961–1,144;
bNOS: aminoacids 1,095–1,289), were from Transduction
Laboratories (Lexington, KY). Electrophoresis reagents
were from Bio-Rad Laboratories (Hercules, CA).

Sperm samples
Semen samples were obtained by masturbation after

3–5 days of sexual abstinence from 26 donors of proven
recent fertility. All samples were allowed to liquefy for
at least 30 min at 37°C; then they were evaluated for
sperm concentration, motility, and morphology accord-
ing to the WHO guidelines (World Health Organiza-
tion, 1992). Only specimens with normal parameters

(World Health Organization, 1992) were used in the
experiments in pools composed of two to four samples.
Motile spermatozoa were harvested by the swim-up
technique (37°C for 3 h in air atmosphere) using HTF
culture medium supplemented with 20 mM Hepes.
This medium contains arginine at millimolar concen-
trations. The presence of round cells was initially below
1 3 106 in all sperm samples and was minimal if not
absent after the swim-up technique in the final suspen-
sion. After swim-up, the motile-rich sperm fraction was
centrifuged at 600g for 10 min at room temperature,
and sperm concentration was adjusted to approxi-
mately 20 3 106 cells/ml by removing excess medium.

Protein-enriched extracts
of follicular fluids (PFF)

FFs were obtained from 22 women participating in
our in vitro fertilization (IVF) program. Superovulation
was induced desensitizing the pituitary with an i.m.
injection of the GnRH agonist Triptorelin and then
administering human purified follicle-stimulating hor-
mone (HP-FSH) (225 IU/day) from the day in which
estradiol levels fell below 20 pg/ml (conversion factor to
SI unit, 3.671). Follicular growth was monitored by
daily transvaginal ultrasound measurements and se-
rum estradiol determinations. On the day the leading
follicle reached 18 mm diameter, with appropriate se-
rum estradiol levels, 10,000 IU human chorionic go-
nadotropin (hCG) was administered. Thirty-six hours
later, follicles were punctured transvaginally under
ultrasound guidance, and FF was aspirated together
with the oocyte. A median number of six follicles (range
4–14) was aspirated, and FF was immediately trans-
ported to the laboratory. Only blood-free FFs contain-
ing a mature oocyte which was later fertilized were
further processed. As FF contains highly variable ni-
trite concentrations (Hartshorne et al., 1996), which
could interfere with our measurements, gel filtration
eluate of FF was used in our experiments in place of
whole FF. FFs obtained from various mature follicles of
the same patient were pooled, labelled, and centrifuged
in plastic sterile tubes (Falcon Plastics, Oxnard, CA)
for 10 min at 600g at room temperature. The superna-
tant was aspirated and filtered into plastic sterile tubes
using 0.22 mm Swinnex Millipore filters (Millipore, Mil-
ford, MA). FF (250 ml) was applied at 4°C to a chroma-
tography column (1 3 100 cm) packed with Sephacryl
S-300 Superfine (Pharmacia, Uppsala, Sweden) equil-
ibrated with phosphate buffered saline (PBS) (pH 7.4)
and having a molecular weight working range of 10–
1,500 kDa. Eluate fractions corresponding to molecular
weights ,40 kDa were discarded (as it was not possible
to exclude the presence of nitrite in these fractions),
and the remaining part of each eluate was dialyzed at
4°C against deionized, bidistillated water (3 3 8 h 3 2
liters), lyophilized, and stored at 4°C. The lyophilized
material (coming from 2 ml of each FF and containing
49 6 7.8 mg of proteins) was then resuspended in 5 ml
of HTF medium before being tested on spermatozoa.
This solution (named in the text as protein-enriched FF
[PFF]) was added to spermatozoa suspensions at 40%
(v/v, final concentration) in each experiment.
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Measurement of NO synthase activity
in cell lysates

Human spermatozoa were incubated for 24 h at 20 3
106 cells/ml in HTF medium in the presence or absence
of 40% PFF. Thereafter, they were centrifuged in a
microcentrifuge Eppendorf at 12,000 rpm for 30 s,
washed with PBS, and then resuspended at 10–30 3
106 cells/ml in Hepes/EDTA/DTT buffer. These suspen-
sions were lysed by adding 0.1% Triton X-100. In each
test tube, the following reagents were added to 100 ml
cell lysate up to a final volume of 120 ml and the
indicated final concentrations: 2 mM NADPH, 1.5 mM
CaCl2, 2.5 mCi L-[3H]arginine (50.4 mM) (Bredt and
Snyder, 1989; Knowles et al., 1989). When required,
the NOS inhibitors L-canavanine (1 mM) and NMMA
(1 mM) were added to the other reagents. A blank was
prepared by replacing the cell lysate with an equal
volume of Hepes/EDTA/DTT buffer. After a 15 min
incubation at 37°C, the reaction was stopped by adding
2 ml cold Hepes-Na/EDTA buffer; the whole reaction
mixture was applied to 2 ml columns of Dowex
AG50WX-8 (Na1 form) and eluted with 4 ml of water.
The radioactivity corresponding to [3H]citrulline con-
tent in about 6.1 ml eluate was measured by liquid
scintillation. NOS activity was expressed as picomoles
of citrulline produced/minute/milligram of cell protein.

Measurement of citrulline synthesis
Citrulline synthesis was measured by a radiometric

method, modified from a previously described tech-
nique (Bredt and Snyder, 1989; Knowles et al., 1989).
Human spermatozoa were incubated for 4 h at 2 3 106

cells/ml in HTF medium in the presence or absence of
40% PFF. After incubation, the cells were centrifu-
gated in a microcentrifuge Eppendorf at 12,000 rpm for
30 s, washed with Hepes-buffered saline (145 mM
NaCl, 5 mM KCl, 1 mM MgSO4, 10 mM Hepes sodium
salt, 10 mM glucose, 1 mM CaCl2, pH 7.4, at 37°C), and
then resuspended at 2 3 106 cells/ml in Hepes-buffered
saline. L-[3H]arginine (7.5 mCi) was added to each sus-
pension, and after 15 min the reaction was stopped by
washing cells with cold PBS containing 5 mM L-argi-
nine and 4 mM EDTA. After centrifugation and super-
natant removal, 0.05 ml ethanol was added to each
pellet and allowed to evaporate; then 2 ml of 20 mM
Hepes-Na (pH 6) was added. After 5 min, the superna-
tant was collected and applied to 2 ml columns of
Dowex AG50WX-8 (Na1 form) and eluted with 4 ml of
water. The radioactivity corresponding to [3H]citrulline
content in 6 ml eluate was measured by liquid scintil-
lation counting. Citrulline synthesis was expressed as
fentomoles of citrulline/minute/milligram of cell pro-
tein.

Western blots
Suspensions of fresh human spermatozoa (20 3 106

cells in 1 ml) were incubated for 24 h in HTF medium
in the presence or absence of 40% PFF. Thereafter,
spermatozoa were centrifuged in a microcentrifuge Ep-
pendorf at 12,000 rpm for 30 s and washed with PBS;
then 12 3 106 cells were directly solubilized in boiling
Laemmli buffer, and proteins, separated by SDS-PAGE
(8%), were transferred to nitrocellulose sheets and
probed with a monoclonal antibody (diluted 1:500) anti-

iNOS, anti-ecNOS, or anti-bNOS and detected by en-
hanced chemiluminescence (ECL) (Amersham Interna-
tional).

Measurement of nitrite
Suspensions of fresh human spermatozoa (20 3 106

cells in 1 ml) were incubated for 24 h in HTF medium
in the presence or absence of 40% PFF; when indicated,
packed human erythrocytes (10 ml/ml) were added to
the incubation medium. Nitrite production was mea-
sured by adding 0.15 ml of supernatant to 0.15 ml of
Griess reagent (Gross et al., 1991), and, after 10 min
incubation at 37°C in the dark, absorbance at 540 nm
was measured using a microplate reader. A blank was
prepared for each experimental condition in the ab-
sence of cells, and its absorbance was subtracted from
that obtained in the presence of cells. Nitrite concen-
tration was expressed as nanomoles of nitrite produced
in 24 h/mg cell protein.

Measurement of acrosome reaction
Pisum Sativum agglutinin (PSA), a lectin showing spe-

cific affinity for terminal a-D-mannosyl and a-D-glucosyl
residues of glycoproteins, was used to detect acrosomal
status. Briefly, 50 ml aliquots of the sperm suspensions
(after a 4 h incubation at 20 3 106/ml in HTF in the
presence or absence of 40% PFF, packed human erythro-
cytes (10 ml/ml), 1 mM L-canavanine, 0.1–100 mM SNP or
10–100 mM SNAP, DETA NONOate, and potassium fer-
ricyanide) were used to prepare smears. After air-drying
and dipping into absolute methanol for 30 min, smears
were again air-dried at room temperature. Afterwards,
they were incubated in a dark, humidified chamber with
PBS (pH 7.4) containing FITC-conjugated PSA (50 mg/ml)
(Sigma) for 30 min at 37°C. Slides were then washed in
tap water and mounted with Fluoromont (Serva, Heidel-
berg, Germany). They were observed with an epifluores-
cent microscope (Zeiss, Oberkochen, Germany) at 3400
immediately or within 2 days, during which time they
were kept in dark boxes. The percentage of acrosome-
reacted spermatozoa in each slide was calculated on 200
cells and independently assessed by two different observ-
ers. As the number of motile sperm was similar in the test
suspensions and in controls and contemporaneous tests
using the supravital stain Eosin Y (Sigma) showed a less
than 20% loss of sperm viability in our experimental
conditions, the observed ARs were assumed to be not
dependent on cell death. The labeling patterns were clas-
sified according to Cross et al. (1986): spermatozoa with
fluorescence limited to the equatorial segment or with no
detectable fluorescence in the head were considered as
reacted, while cells with fluorescent acrosomes were con-
sidered as nonreacted. Spermatozoa with patchy fluores-
cent acrosomes were not assigned to this bimodal distri-
bution, although they are claimed to represent early
stages of AR (Aitken and Brindle, 1993), but were classi-
fied in a third group, which, however, did not exceed 10%
of cells and was equally distributed in the experimental
and control groups. Positive controls for AR were ob-
tained by freezing and thawing semen three times.

Statistical analysis
All data are given as mean values 6 SEM. Statistical

analysis of NOS, citrulline, and nitrite experiments
and comparison of the percentage of reacted sperm in
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test suspensions and controls were carried out using
the Student’s t-test.

RESULTS
NOS activity in human sperm

Human spermatozoa exhibited a detectable NOS ac-
tivity, measured as ability of the cell lysate to convert
L-[3H]arginine into L-[3H]citrulline (Fig. 1). This activ-
ity was stable, not showing significant differences in
cells incubated at 37°C for at least 24 h after their

withdrawal (not shown). Concomitantly, after a 24 h
incubation in culture medium, we measured an accu-
mulation of nitrite in the supernatant (Fig. 1). NOS
activity was completely inhibited when assessed in the
lysate in the presence of the NOS inhibitors L-canava-
nine and NMMA, and nitrite accumulation disap-
peared when incubation was performed in the presence
of packed human erythrocytes (used as reservoir of
oxyhemoglobin, a known NO scavenger) (Fig. 1). These
results suggest that the production of both citrulline
and nitrite was dependent on NOS-mediated synthesis
of NO. Western blot experiments, performed using spe-
cific monoclonal antibodies raised against the three
known isoforms of NOS, showed the presence of the
endothelial isoform of cNOS (ecNOS) in human sper-
matozoa as a band of about 145 kDa, whereas the
neuronal cNOS (bNOS) and the macrophagic iNOS
were not detectable (Fig. 2).

Effect of protein-enriched human follicular
fluids (PFF) on NOS activity in human sperm
Human spermatozoa incubated for 24 h in their cul-

ture medium in the presence or absence of 40% PFF
showed a significant increase of both NOS activity in
the cell lysate and nitrite production in whole cells
(Fig. 1). Again, NOS inhibitors (L-canavanine, NMMA)
and packed red blood cells completely blocked NOS
activity and nitrite accumulation, respectively (Fig. 1).
A 15 min to 4 h incubation of whole spermatozoa or
their lysates with 40% PFF did not modify the NOS
activity (data not shown). After a 24 h incubation with
40% PFF, the Western blot did not show any significant
increase of the endothelial isoform of cNOS (Fig. 2),
and neither the neuronal cNOS nor the macrophagic
iNOS isoform was detectable (not shown). The incuba-
tion of human spermatozoa (n 5 3) with progesterone
(1 mM) or 17b-estradiol (5 mM) for 24 h did not exert
significantly any stimulating effect on sperm NOS ac-
tivity (picomoles/minute/milligram of cell protein): con-
trol 5 6.04 6 0.8; progesterone 5 6.95 6 1.2; 17b-
estradiol 5 7.1 6 1.01.

Effect of protein-enriched human follicular
fluids (PFF) on AR in human sperm

Spermatozoa from different donors (n 5 6) were in-
cubated with three different PFF (named A, B, and C),
and after 4 h the rate of AR was measured (Fig. 3). The
percentage of spermatozoa positive for AR increased by
about threefold after incubation with each of the frac-
tions used; such an increase was blunted by 80% and
85% in the presence of L-canavanine or packed eryth-
rocytes, respectively (Fig. 3). In a first series of exper-
iments, NMMA gave results superimposable to those
obtained with L-canavanine (data not shown), but, due
to the limited amount of PFF available, in the following
experiments we used only L-canavanine (showing the
same inhibitory effect of NMMA on NOS). The effect of
40% PFF on AR was similar to that obtained with
fresh, crude FFs: in spermatozoa obtained from other
donors (n 5 11), after a 4 h incubation the AR was
positive in 7.4 6 1.7% control cells, whereas in cells
treated with 40% crude FF the percentage of positivity
increased to 18.2 6 1.6% (P , 0.0001). Positive controls
of the same sperm suspensions repeatedly exposed to a

Fig. 1. Effect of protein-enriched human follicular fluids (PFF) on
NOS activity (top panel) and nitrite production (bottom panel) in
human sperm. In NOS experiments, three pools of human spermato-
zoa (each pool was composed of sperms from two or three different
donors) were incubated for 24 h (see Materials and Methods) in the
presence (PFF) or absence (control) of 40% protein-enriched human
FF, and NOS activity was measured in the cell lysate in the absence
or presence of 1 mM L-canavanine (cana) or 1 mM NMMA (NMMA).
In nitrite experiments, four pools of human spermatozoa (each pool
was composed of sperms from two or three different donors) were
incubated for 24 h in the presence (PFF) or absence (control) of 40%
protein-enriched human FF and in the presence (rbc) or absence of 10
ml/ml packed human erythrocytes. Each sperm pool was treated with
two different PFF. Measurements were performed in duplicate (NOS)
or in triplicate (nitrite). *P , 0.05 vs. control. **P , 0.0001 vs. control.

88 REVELLI ET AL.



freeze-thaw cycle resulted in a similar percentage of
reacted sperm (30.2 6 4.5%).

Effect of protein-enriched human follicular
fluids (PFF) on citrulline synthesis

in human sperm
Acrosome reactivity was measured after 4 h incuba-

tion with PFF, while the actual production of NO can
be assessed as nitrite accumulation only after 20–24 h
incubation. For this reason, we measured the NO
production after a 4 h incubation also as the ability
of whole cells to synthesize L-[3H]citrulline from
L-[3H]arginine in the last 15 min of incubation. Human
sperm production of L-[3H]citrulline after 4 h incuba-
tion in HTF was 2.65 6 0.61 fmol/min/mg cell protein

(n 5 3), and in the presence of 40% PFF it was 7.46 6
0.83 fmol/min/mg cell protein (n 5 3, P , 0.005). When
the NOS inhibitors L-canavanine (1 mM) and NMMA
(1 mM) were added in the extracellular medium, no
production of L-[3H]citrulline was detectable in any
condition.

Effect of NO donor molecules
on AR in human sperm

To clarify the role of NO in mediating FF-induced
acrosome reactivity, we directly stimulated human
spermatozoa with exogenous NO. Spermatozoa from
different donors (n 5 6) were incubated with four dif-
ferent concentrations of SNP for 4 h (Fig. 4); the per-
centage of spermatozoa positive for AR increased by
40–70% after incubation with the indicated doses of
SNP, showing a maximum peak of 25 6 2.1% ARs at 10
mM SNP concentration (Fig. 4), without a significant
decrease of cell viability. The contemporaneous pres-
ence of packed erythrocytes (10 ml/ml) completely abol-
ished the AR-inducing effect of SNP. Positive control
sperm suspensions had a mean acrosomal reactivity of
28 6 3.7%. As SNP in solution can release cyanide,
which could influence sperm functions, we have incu-
bated spermatozoa from different donors (n 5 9) with
10–100 mM potassium ferricyanide (which is structur-
ally similar to SNP except for the absence of a nitroso
group) for 4 h (Fig. 5). Moreover, we have incubated
spermatozoa in the same experimental conditions with
comparable concentrations of other two NO donors
(which do not release cyanide), SNAP (n 5 9), and
DETA NONOate (n 5 6) (Fig. 5). Ferricyanide did not
significantly increase AR, whereas the two NO donors
induced an AR superimposable to that obtained with

Fig. 2. Expression of the different NOS isoforms in spermatozoa
incubated in HTF medium for 24 h in the presence (PFF) or absence
(control [C]) of 40% protein-enriched FF. These experiments are rep-
resentative of three similar experiments performed with different
protein-enriched FFs and with spermatozoa coming from different
donors. Sperm lysates were probed with mouse monoclonal antibodies
anti-human endothelial cNOS (ecNOS), anti-human brain cNOS
(bNOS), and anti-murine macrophage iNOS. Standard lysates (pro-
vided by Transduction Laboratories) of human endothelial cells (EC),
murine macrophages (Mac), and rat pituitary cells (Pit), were used as
positive controls.

Fig. 3. Percentage of human spermatozoa positive for acrosome re-
action (AR) after a 4 h incubation with or without 40% three different
PFF (A, B, C), in the presence or absence of 1 mM L-canavanine or 10
ml/ml packed human red blood cells. Each experimental point was
performed using spermatozoa from six different sperm donors (each in
duplicate). *P # 0.001, PFF vs. control. No significant difference was
observed between controls and samples treated with PFF in the
presence of L-canavanine or packed red blood cells.
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SNP, thus suggesting that the SNP effect is attribut-
able to NO release.

DISCUSSION
The wide localization of NOS-positive cells in the

male and female genitourinary systems (Rosselli, 1997)
suggests that spermatozoa could represent one of the
targets of NO, and a role for NO in controlling the
function of male gametes during their maturation and
migration in the genital tracts is conceivable. In fact,
human and rodent sperm have been reported to be
influenced by exogenous NO, as far as motility, viabil-
ity, and metabolism are concerned (Herrero et al.,
1994; Hellstrom et al., 1994; Weinberg et al., 1995;
Rosselli et al., 1995). NO could even participate in the
mechanisms leading to fertilization, as in bovine sperm
it increases capacitation and acrosomal reactivity
(Zamir et al., 1995), it is produced at the fertilization
site by both bovine and human oviductal epithelium
(Rosselli et al., 1996), and the nitrite content in human
FF is related to the probability of the oocyte to be
fertilized (Hartshorne et al., 1996).

Human spermatozoa have been recently reported to
possess a basal NOS activity and to produce little
amounts of NO, which autocrinally acts on the sperm
itself (Lewis et al., 1996). Although NO exogenously
administered to human sperm through incubation with
NO donors exerts detrimental effects on sperm motility
during prolonged in vitro incubations (Rosselli et al.,
1995; Weinberg et al., 1995), endogenously synthesized
NO seems to positively affect sperm motility in vitro
(Lewis et al., 1996).

The present study provides further evidence that
fresh human spermatozoa from fertile donors exhibit
NOS activity (inhibited by L-canavanine and NMMA
and corresponding to the endothelial constitutive NOS
isoform) and release NO subsequently converted into

nitrite. NOS activity in human sperm has been already
detected by both nitrite measurement (Lewis et al.,
1996) and amperometric NO sensor (Donnelly et al.,
1997). We show NOS activity as conversion of [3H]argi-
nine into [3H]citrulline; other researchers (Zini et al.,
1995; Schaad et al., 1996) did not succeed previously in
detecting NOS by this radiometric method, probably
because of their different procedures in processing
spermatozoa. Unlike Lewis et al. (1996), we did not
detect a neuronal isoform of cNOS; this could be due to
the different methodological approach (Western blot
instead of immunofluorescence). Moreover, our work
demonstrates for the first time that endogenous NOS
activity of human sperm may be increased by a protein-
enriched chromatographic fraction of human FF (PFF).
Furthermore, our study shows that PFF-mediated in-
duction of sperm NOS activity leads to AR in the same
cells, establishing a link between follicle-derived sub-
stances, activation of sperm NO synthesis, and biolog-
ical response.

A gel filtration eluate of FF was used in our experi-
ments in place of whole FF because FF contains highly
variable nitrite concentrations (Hartshorne et al.,
1996), which could have interfered with our measure-
ments. Until now the AR-inducing effect of FF has been
mainly attributed to its progesterone content (Morales
et al., 1992; Saaranen et al., 1993); our data suggest
that also FFs virtually devoid of molecules having mo-
lecular weights ,40 kDa may function as AR inducers
by virtue of their proteinic components. Moreover, the
incubation of human spermatozoa with progesterone or
17b-estradiol for 24 h did not exert any significant
stimulating effect on sperm NOS activity. Our data are
in agreement with previous studies suggesting that
high molecular weight proteins from human FF can be
involved in AR induction. Glycoproteins secreted from
human cumulus-oophorus cells were shown to bind to
human capacitated spermatozoa (Tesarik et al., 1984)
and to accelerate the conversion of proacrosin to acro-

Fig. 5. Percentage of human spermatozoa positive for acrosome re-
action (AR) after a 4 h incubation with or without different concen-
trations of the NO donors sodium nitroprusside (SNP), S-nitroso-N-
acetyl-penicillamine (SNAP), DETA NONOate (DN), and potassium
ferricyanide (FeCN), a structural analog of SNP not able to release
NO. Each experimental point was performed using spermatozoa from
nine (SNAP, FeCN) and six (DETA NONOate) different sperm donors
(each in duplicate). *P , 0.05 vs. control. **P , 0.01 vs. control.
***P , 0.001 vs. control.

Fig. 4. Percentage of human spermatozoa positive for acrosome re-
action (AR) after a 4 h incubation with or without different concen-
trations of the NO donor sodium nitroprusside (SNP) in the presence
(rbc) or absence of packed erythrocytes (10 ml/ml). Each experimental
point was performed using spermatozoa from six different sperm
donors (each in duplicate). *P # 0.02, SNP vs. control. **P # 0.01,
SNP vs. control.
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sin (Drahorad et al., 1991); it has been suggested that
these glycoproteins could activate the acrosin-like pro-
tease located on the plasma membrane covering the
acrosome (Tesarik et al., 1990), and the activation of
this protease would accelerate the progesterone-in-
duced AR (Mendoza et al., 1993). Our data suggest an
alternative explanation of the mechanism by which
high molecular weight fractions of FF can stimulate
the AR.

L-canavanine (an inhibitor of NO synthesis) and he-
moglobin (a NO scavenger) significantly decreased ac-
rosomal reactivity induced in spermatozoa by PFF,
strongly suggesting a role for NO in AR. NO itself,
administered as SNP, SNAP, or DETA NONOate, was
able to increase the percentage of reacted sperm after a
4 h incubation without significantly affecting sperm
motility and viability. The overall low percentage of
reacted spermatozoa in our experimental conditions is
in agreement with previous reports showing that FF
can stimulate the AR of only about 25–30% of human
spermatozoa (Revelli et al., 1995); moreover, positive
controls with freeze-thawed semen showed a compara-
ble rate of AR.

Nitrite level, intracellular citrulline synthesis, and
NOS activity give complementary information about
NO production, being measured in different experi-
mental conditions (for this reason their increase after
PFF incubation shows different extents): nitrite accu-
mulation and citrulline synthesis are an index of the
actual production of NO by whole cells, while the lysate
NOS activity indicates the total amount of active en-
zyme and its maximal activity in the presence of satu-
rating concentrations of substrate. The percentage of
acrosomally reacted sperm was measured after 4 h of
PFF incubation; indeed, FF-induced AR can be ob-
served already after 1 h of incubation (Gearon et al.,
1994). On the other hand, nitrite measurement re-
quires an accumulation of this compound in the extra-
cellular medium for at least 24 h (Gross et al., 1991),
but at 24 h most of the reacted sperm were found to be
nonviable sperm with degenerative acrosomal loss. In
order to ascertain the existence of a temporal relation-
ship between endogenous NO production and AR, we
measured the actual synthesis of NO after 4 h by as-
sessing the ability of spermatozoa to convert [3H]argi-
nine into [3H]citrulline. After 4 h of incubation with
40% PFF, the synthesis of sperm intracellular citrul-
line was significantly increased if compared to controls.
Moreover, NOS activity was significantly increased af-
ter 24 h incubation with PFF but not after 4 h, a time
after which the effect of PFF on AR and canavanine-
and NMMA-inhibited citrulline synthesis by intact
cells was already evident. The increase of sperm NOS
activity was not accompanied by increased synthesis
and intracellular content of the enzyme, as can be
expected in specialized cells having very poor, if any,
transcriptional activity. Thus, PFF stimulated NO syn-
thesis, but NOS activation was not mediated by an
increased expression of catalytic units. The increase of
NOS activity in the cell lysates at 24 h could rather be
mediated either by the induction of a regulatory pro-
tein or by some other form of permanent modification of
NOS activity (different compartmentalization, protein
phosphorylation, or other covalent changes of its struc-
ture). We suppose that PFF first elicits a transient

enzyme activation of sperm NOS (not detectable by
enzymatic activity measurement in the lysate), which
is subsequently strengthened by a more stable modifi-
cation of the enzyme.

NO appears to be, therefore, one of the mediators of
FF-induced acrosomal reactivity of human sperm. Our
efforts are now addressed to purify the NOS-activating
factor(s) in FF, to study the transduction signalling
elicited by NO and finally leading to AR and changes in
motility, and to clarify the physiological meaning of
sperm-derived NO. The soluble guanylate cyclase is a
putative intracellular target of NO, which activates
this heme-containing enzyme, thus leading to an in-
creased synthesis of cGMP (Gross and Wolin, 1995). An
elevation of intracellular cGMP has been already ob-
served in bovine spermatozoa in which AR was induced
by atrial natriuretic peptide (ANP), due to the activa-
tion of a receptor-linked, membrane guanylate cyclase
(Zamir et al., 1995). It is conceivable that both NO and
ANP can induce AR by increasing the intracellular
cGMP content. We cannot exclude, however, the in-
volvement of other intracellular mechanisms, such as
nitrosylation of thiol groups or interaction with heme
or iron-sulfur centers of specific proteins (Gross and
Wolin, 1995).

In conclusion, our results suggest that NO synthesis
is implicated in FF-induced acrosomal reactivity of hu-
man sperm; these data open new perspectives for the
use of drugs as NO donors and NOS inhibitors to mod-
ulate human fertilization.
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