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Background and purpose: The endocannabinoid system and the cannabinoid CB1 receptor have been identified in human
sperm, and it is well known that endocannabinoids have pronounced adverse effects on male and female reproduction. In order
to elucidate further the pathophysiological role of the endocannabinoid system in male fertility, we investigated the activity of
the CB1 receptor antagonist rimonabant (SR141716) on the fertilizing ability of human sperm.
Experimental approach: We evaluated in vitro the effects of rimonabant on motility, survival, capacitation, acrosin activity and
metabolism of human sperm. Particularly, capacitation was studied by using three different approaches: intracellular free Ca2+

content assay, cholesterol efflux assay and protein tyrosine phosphorylation analysis.
Key results: Rimonabant significantly increased sperm motility and viability through the induction of pAkt and pBcl2, key
proteins of cell survival and metabolism, and it induced acrosome reaction and capacitation as well. Rimonabant reduced the
triglyceride content of sperm, while enhancing lipase and acyl-CoA dehydrogenase activities, implying an overall lipolytic
action in these cells. Rimonabant also affected sperm glucose metabolism by decreasing phosphorylation of glycogen synthase
kinase 3 and increasing glucose-6-phosphate dehydrogenase activity, suggesting a role in inducing sperm energy expenditure.
Intriguingly, agonism at the CB1 receptor, with an anandamide analogue or a selective inhibitor of fatty acid amide hydrolase,
produced opposing effects on human sperm functions.
Conclusions and implications: Our data suggest that blockade of the CB1 receptor by rimonabant induces the acquisition of
fertilizing ability and stimulates energy expenditure in human sperm.
British Journal of Pharmacology (2010) 159, 831–841; doi:10.1111/j.1476-5381.2009.00570.x; published online 8
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delta-9-tetrahydrocannabinol; URB, URB597 (3′-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate); ZP, zona
pellucida

Introduction

The endogenous cannabinoid (EC) system, comprising the
most abundant cannabinoid type-1 (CB1) and the more
restricted CB2 receptors, their endogenous ligands (endocan-
nabinoids) and the enzymes catalyzing their biosynthesis and
degradation, is an almost ubiquitous signalling system

involved in the control of several physiological functions
from energy homeostasis to movement, memory and pain
(Elphick and Ergetova, 2001; Bifulco et al., 2007; Bellocchio
et al., 2008). During the last years, evidence has accumulated
for an important role of the EC system in both male and
female fertility (Wang et al., 2006). The CB1 receptor is
expressed in human testis (Gerard et al., 1991), and sea urchin
and human sperm cells possess a functional EC system
(Schuel et al., 1987; 1994; Wang et al., 2006). In human
sperm, the CB1 receptor subtype is present in the membranes
of the head and middle piece, and is also localized on the
mitochondria (Rossato et al., 2005; Aquila et al., 2009a).
Moreover, the CB1 agonist anandamide (AEA) inhibited sperm
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motility and viability (Rossato et al., 2005; Aquila et al.,
2009a,b). These observations together with the finding
that agonism at CB1 receptors, either by the endogenous
agonist AEA or by the natural CB1 agonist delta-9-
tetrahydrocannabinol (THC) has negative effects on human
reproduction, suggest that targeting the CB1 receptor or con-
trolling the endogenous tone of endocannabinoids may rep-
resent a therapeutic tool in reproductive pathological
situations involving an imbalance of the EC system (Maccar-
rone and Finazzi-Agrò, 2004; Bifulco et al., 2007; Maccarrone,
2008). So far, there are very few data on the effects of CB1

receptor blockade on male fertility, whereas there is a large
body of the literature focused on the interaction and possible
regulation of reproductive processes by endocannabinoids
(Wang et al., 2006). The only available data concern the ability
of the highly selective CB1 antagonist SR141716 (rimonabant)
to counteract AEA-mediated inhibition of human sperm viabil-
ity and motility, when administered prior to AEA (Rossato
et al., 2005). Similar results were reported in the frog Rana
esculenta by Cobellis et al. (2006) who found that micromolar
concentrations of rimonabant alone were able to induce a
slight, but significant, increase of viable and motile spermato-
zoa. Rimonabant also induced penile erection in male rats
when injected into the paraventricular nucleus of male rat
hypothalamus (Melis et al., 2006; Succu et al., 2006). This effect
was associated with an increase of extracellular glutamic acid
leading to the activation of NO synthase in oxytocinergic
neurons mediating penile erection (Succu et al., 2006).

In order to increase our knowledge of the pathophysiologi-
cal role of the EC system in male fertility, and to analyse the
activity of rimonabant on human sperm functions, we inves-
tigated the effects of rimonabant on sperm viability and
motility, and focused on different aspects of the capacitation
process, acrosome reaction and metabolism. Human sperma-
tozoa do not possess the ability to fertilize an oocyte imme-
diately after ejaculation, but they acquire this ability after
some time in contact with the female reproductive tract. This
time-dependent acquisition of fertilizing ability is known as
capacitation (Yanagimachi, 1994), and includes acquisition of
hyperactivated motility (Suarez, 2008) increase in both intra-
cellular Ca2+ concentration and protein phosphorylation (Vis-
conti et al., 2002; Jha et al., 2003), and efflux of cholesterol
from sperm (Travis and Kopf, 2002). Capacitation enables the
sperm to bind to the zona pellucida (ZP) and undergo the
acrosome reaction, a process by which powerful hydrolyzing
enzymes present in the acrosome are released into its sur-
roundings. Acrosome reaction serves at least two functions:
first, to facilitate the penetration of the ZP by the and, subse-
quently, to aid in the oocyte–sperm fusion process (Yanagi-
machi, 1994). Hence, by analyzing the key biochemical
changes of capacitation and acrosome reaction, we could
assess the influence of rimonabant on male fertilizing poten-
tial. In addition, as there is a close link between energy
balance and reproduction (Chehab, 2000; Altarejos et al.,
2008), and we recently reported that sperm cells are able to
modulate their own metabolism independently of systemic
regulation by expressing and secreting both insulin and leptin
(Andò and Aquila, 2005; Aquila et al., 2005; 2006), we evalu-
ated the action of rimonabant on lipid and glucose metabo-
lism in human sperm.

Methods

Semen samples and spermatozoa preparations
Human semen was collected, according to the World Health
Organization (WHO) recommendations, by masturbation
from healthy volunteer donors of proven fertility undergoing
semen analysis in our laboratory. Spermatozoa preparations
were performed as previously described (Aquila et al., 2006).
Briefly, sperm samples with normal parameters of semen
volume, sperm count, motility, vitality and morphology,
according to the WHO Laboratory Manual (World Health
Organization, 1999), were included in this study. Each sperm
sample was obtained by pooling the ejaculates of three differ-
ent normozoospermic healthy donors. In our experience, this
was necessary to obtain enough cells to perform all the tests
(Aquila et al., 2005; 2009a,b). In addition, each assay was
performed at least three times using three different sperm
samples. Washed pooled sperm samples were subjected to the
indicated treatments, and incubated for 30 min at 37°C and
5% CO2. Then, the samples were centrifuged and the pellet
containing sperm was lysed to perform Western blots, triglyc-
eride assay, Ca2+ assay, acyl-CoA dehydrogenase assay,
glucose-6-phosphate dehydrogenase (G6PDH) activity and
lipase activity. Prior to the centrifugation, several aliquots
were used to measure sperm motility and viability. The study
was approved by the local medical ethical committees, and all
participants gave their informed consent.

Processing of ejaculated sperm
After liquefaction, the normal semen samples were pooled
and subjected to centrifugation (800¥ g) on a discontinuous
Percoll density gradient (80:40% v : v) (World Health Organi-
zation, 1999). The 80% Percoll fraction was examined using
an optical microscope at 1000¥ magnification to ensure that a
pure sample of sperm was obtained. An independent observer,
who observed several fields for each slide, checked the cells.
Percoll-purified sperm was washed with uncapacitating
medium (Earle’s balanced salt solution medium without
supplementation with BSA, sodium bicarbonate or Ca2+), and
incubated for 30 min at 37°C and 5% CO2, without (control,
NC) or with the indicated concentrations of rimonabant.
When combined treatments were performed, the cells were
pretreated for 15 min with the CB1 receptor antagonist
rimonabant (1 mM), and then 2-methylarachidonyl-2′-fluoro-
ethylamide (MF-AEA) at the indicated concentrations or
URB597 (0.1 mM) was added.

Evaluation of sperm motility and viability
Sperm motility was assessed by means of light microscopy
examining aliquots of each sperm. An independent observer
scored at least 200 cells. Sperm motility was expressed as
percentage of total motile sperm.

Viability was assessed by red eosin exclusion test using
eosin Y. Sperm vitality was assessed by means of light micros-
copy examining an aliquot of each sperm sample in the
absence (NC) or in the presence of increasing concentrations
of rimonabant, and then incubated for 30 min. An
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independent observer scored 200 cells for stain uptake (dead
cells) or exclusion (live cells), and sperm viability was
expressed as percentage of total live sperm.

Evaluation of Ca2+ in sperm
Intracellular Ca2+ concentration has been estimated spectro-
photometrically with the indicator arsenazo III (Thomson
and Wishart, 1989) using sperm lysates according to our pre-
vious study (Aquila et al., 2009b). At a neutral pH, the Ca2+

forms with arsenazo III a complex, the colour intensity of
which is directly proportional to the concentration of Ca2+ in
the sample. Normal sperm samples were treated as mentioned
earlier. Ca2+ content was measured at 600 nm. The Ca2+ stan-
dard used was 2.5 mM (100 mg·L–1). Inter- and intra-assay
variations were 0.24 and 0.37% respectively. Ca2+ results are
presented as mM per 107 spermatozoa.

Measurement of cholesterol in the sperm culture medium
Cholesterol was measured in duplicate by a cholesterol
oxidase–peroxidase (CHOD–POD) enzymatic colorimetric
method according to the manufacturer’s instructions in the
incubation medium from human spermatozoa. Each sperm
sample, washed twice with uncapacitating medium, was incu-
bated in the same medium (control) in the presence or in the
absence of testing compounds for 30 min at 37°C and 5%
CO2. At the end of the sperm incubation, culture media were
recovered by centrifugation, lyophilized and subsequently
dissolved in 1 mL of reaction buffer. The samples were incu-
bated for 10 min at room temperature, then the cholesterol
content was measured spectrophotometrically at 505 nm. The
cholesterol standard used was 2 g·L–1. The limit of sensitivity
for the assay was 0.005 mg·L–1. Inter- and intra-assay varia-
tions were 0.04 and 0.03% respectively. Cholesterol results are
shown as mg per 107 spermatozoa.

Acrosin activity assay
Acrosin activity was assessed by the method of Kennedy et al.
(1989) and as previously described (Aquila et al., 2003). Sperm
cells were washed in Earle’s medium and centrifuged at 800¥
g for 20 min, and then were resuspended in different tubes
(final concentration of 107 spermatozoa mL–1) in the presence
and absence of treatments. One millilitre of substrate–
detergent mixture (23 mM BAPNA in DMSO and 0.01% Triton
X-100 in 0.055 M NaCl, 0.055 M HEPES at pH 8.0, respec-
tively) was added for 3 h at room temperature. Aliquots
(20 mL) were removed at 0 and 3 h, and the percentage of
viable cells was determined for each treatment. After incuba-
tion, benzamidine 0.5 M final concentration was added to
each tube, and then centrifuged at 1000¥ g for 30 min. Super-
natants were collected, and the acrosin activity was measured
by using a spectrophotometer at 410 nm. In this assay, the
total acrosin activity was defined as the amount of the active
(non-zymogen) acrosin associated with sperm plus the
amount of active acrosin that is obtained by pro-acrosin acti-
vable. The acrosin activity was expressed as mIU/106 sperma-
tozoa. Quantification of acrosin activity was performed as
previously described (Aquila et al., 2003).

Western blot analysis of sperm proteins
Each sperm sample, washed twice with an uncapacitating
medium, was incubated and treated as mentioned earlier and
then centrifuged for 5 min at 5000¥ g. The pellet was resus-
pended in lysis buffer as previously described (Aquila et al.,
2002). An equal amount of protein (80 mg) was boiled for
5 min, separated on a 10% polyacrylamide gel electrophore-
sis, transferred to nitrocellulose membranes and probed with
an appropriate dilution of the indicated primary antibody.
The binding of the secondary antibody was revealed with the
ECL Plus Western blotting detection system, according to the
manufacturer’s instructions. As internal control, all mem-
branes were subsequently stripped (glycine 0.2 M, pH 2.6 for
30 min at room temperature) and reprobed with anti-b-actin
antibody or with antibody to total Akt, Bcl2 or glycogen
synthase kinase 3 (GSK3). The protein bands were quantified
by scanning densitometry (Imaging Densitometer GS-700,
Bio-Rad, Hercules, CA, USA). Western blot analysis was per-
formed in at least three independent experiments, and more
representative results are shown.

Triglyceride assay
Triglycerides were measured in duplicate by a glycerol-3-
phosphate oxidase–POD enzymatic colorimetric method
according to the manufacturer’s instructions and as previ-
ously described (Aquila et al., 2006). Sperm samples, washed
twice with an uncapacitating medium, were incubated in the
same medium (control) for 30 min at 37°C and 5% CO2 in the
presence or in the absence of the testing compounds. At the
end of the incubation, 10 mL of sperm lysate was added to
1 mL of reaction buffer, and incubated for 10 min at room
temperature. Triglyceride content was measured at 505 nm
by using a spectrophotometer. Data are presented as mg/106

spermatozoa.

Lipase activity assay
Lipase activity was evaluated by the method of Panteghini
et al. (2001) based on the use of 1,2-o-dilauryl-rac-glycero-3-
glutaric acid-(6′-methylresorufin) ester (DGGR) as substrate
(Aquila et al., 2009b). Then, 50 mg of sperm extracts, treated as
described earlier, was loaded into individual cuvettes contain-
ing buffer for spectrophotometric determination. DGGR was
cleaved by lipase, resulting in an unstable dicarbonic acid
ester which was spontaneously hydrolysed to yield glutaric
acid and methylresorufin, a bluish purple chromophore with
peak absorption at 580 nm. The absorbance of the samples
was read every 20 s for 1.5 min. The rate of methylresorufin
formation is directly proportional to the lipase activity in the
sample. Analysis of total imprecision gave a coefficient of
variation of between 0.01 and 0.03%. The estimated reference
interval was 6–38 U·L–1 (mmol·min–1·mg–1 protein). The enzy-
matic activity was determined with three control media: one
without the substrate, one without the coenzyme (colipase)
and the third without either substrate or coenzyme (data not
shown).

Assay of acyl-CoA dehydrogenase activity
Assay of acyl-CoA dehydrogenase was performed on sperms,
using a modification of the method described by Lehman
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et al. (1990) (Aquila et al., 2006). In brief, after protein lysis,
70 mg of sperm proteins was added to the buffer containing
20 mM Mops, 0.5 mM EDTA and 100 mM FAD+ at pH 7.2.
Reduction of FAD+ to FADH was read at 340 nm upon the
addition of octanoyl-CoA (100 mM) every 20 s for 1.5 min.
Data are expressed as nmol·min–1·mg–1 protein. The enzymatic
activity was determined with three control media: one
without octanoyl-CoA as substrate, one without the
coenzyme (FAD+) and the third without either substrate or
coenzyme (data not shown).

G6PDH activity
The G6PDH activity was performed as previously described
(Aquila et al., 2005). Briefly, sperm samples, washed twice
with an uncapacitating medium, were treated as mentioned
earlier and incubated in the same medium for 30 min at 37°C
and 5% CO2. After incubation, 50 mL of sperm extracts was
loaded into individual cuvettes containing buffer (100 mM
triethanolamine, 100 mM MgCl2, 10 mg·mL–1 glucose-6-
phosphate, 10 mg·mL–1 NADP+, pH 7.6) for spectrophotomet-
ric determination. The conversion of NADP+ to NADPH,
catalysed by G6PDH, was measured by the increase of absor-
bance at 340 nm every 20 s for 1.5 min. Data are expressed in
nmol·min–1/106 spermatozoa. The enzymatic activity was
determined with three control media: one without glucose-6-
phosphate as substrate, one without the coenzyme (NADP+)
and the third without either substrate or coenzyme (data not
shown).

Statistical analysis
The data obtained from Western blots, Ca2+ assay, cholesterol
efflux assay, triglyceride assay, G6PDH activity, acyl-CoA
dehydrogenase activity, lipase activity, acrosin activity, viabil-
ity and motility (six replicate experiments using duplicate
determinations) are presented as the mean � SEM. The differ-
ences in mean values were calculated using ANOVA with
Newman–Keuls post hoc test. Values of P < 0.05 were taken to
show a significant difference between means.

Materials
BSA protein standard, Laemmli sample buffer, pre-stained
molecular weight markers, Percoll (colloidal PVP-coated silica
for cell separation), sodium bicarbonate, sodium lactate,
sodium pyruvate, Earle’s balanced salt solution (uncapacitat-
ing medium) and all other chemicals were purchased from
Sigma Chemical (Milan, Italy). Acrylamide bisacrylamide was
from Labtek Eurobio (Milan, Italy). Triton X-100 and eosin Y
were from Farmitalia Carlo Erba (Milan, Italy). ECL Plus
Western blotting detection system, Hybond ECL and HEPES
sodium salt were purchased from Amersham Pharmacia
Biotech (Buckinghamshire, UK). Triglyceride assay kit, choles-
terol assay kit, lipase activity kit, calcium (Ca2+) assay kit,
G6PDH activity assay and CHOD–POD enzymatic colorimet-
ric kit were from Inter-Medical (Biogemina Sas, Catania,
Italy). Goat polyclonal b-actin antibody (Ab); polyclonal
rabbit anti-phosphoAkt (S473); and total Akt Abs, POD-
coupled anti-mouse, anti-rabbit and anti-goat IgG secondary

Abs were from Santa Cruz Biotechnology (Heidelberg,
Germany). Polyclonal anti-phosphoBcl2 (S70), anti-total Bcl2
Abs, anti-phosphoGSK3-beta (S9) and total GSK3 were from
Cell Signaling (Milan, Italy). The CB1 receptor antagonist
rimonabant was kindly provided by Sanofi-Aventis (Montpel-
lier, France). The MF-AEA was purchased from Sigma Chemi-
cal, and the fatty acid amide hydrolase (FAAH) inhibitor,
3′-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate (URB597)
was from Alexis Biochemicals (Firenze, Italy).

The nomenclature of cannabinoid receptors, their agonists
and antagonists and endocannabinoid-metabolizing enzymes
follows Alexander et al. (2008).

Results

CB1 receptor blockade by rimonabant influences sperm motility
and viability
Flagellar sperm motility was determined in increasing con-
centrations of rimonabant from 1 nM to 1 mM. Our data indi-
cated that sperm motility was increased by rimonabant at 1
and 10 nM (Figure 1A), but unchanged at higher concentra-
tions (100 nM or 1 mM). Similar results were obtained when
we analysed the effects of the same concentrations of rimona-
bant on sperm viability, even though 10 nM appears to be
more efficacious compared with 1 nM of rimonabant
(Figure 1B). Notably, the CB1 receptor agonist, MF-AEA, at
0.1 mM caused opposing effects either on sperm motility or
viability. URB597 (URB, 0.1 mM), which increases the level of
endogenous AEA by inhibiting the activity of its degrading
enzyme, FAAH (Piomelli et al., 2006), also reduced the motil-
ity and viability of sperm. In particular, MF-AEA plus rimona-
bant or URB plus rimonabant resulted in the strengthening of
the rimonabant-induced effects.

In order to provide further insights on the molecular action
of rimonabant, we also evaluated the phosphorylation levels
of key proteins controlling cell survival such as Akt and Bcl2.
Our findings indicate (Figure 2) that rimonabant alone
induced the phosphorylation of both Akt and Bcl2, whereas
MF-AEA and URB reduced this effect.

Effects of rimonabant on human sperm capacitation
To investigate the possible action of rimonabant on sperm
capacitation, we studied the variation of intracellular free Ca2+

content, cholesterol efflux and tyrosine protein phosphoryla-
tion after treatment with increasing concentrations of
rimonabant in the presence and absence of MF-AEA and URB.
Results showed that rimonabant, up to 100 nM, produced a
concentration-dependent increase in the intracellular free
Ca2+ (Figure 3A). Increased cholesterol efflux (Figure 3B) was
also observed upon treatment with rimonabant, even though
the effect was not concentration dependent, and 10 nM was
the most effective concentration. In addition, we observed an
enhancement in protein tyrosine phosphorylation at 1 and
10 nM rimonabant (Figure 3C and D). All the effects induced
by rimonabant were opposite to those of MF-AEA and URB
(both used at concentrations of 0.1 mM) and 1 mM
rimonabant fully reversed the agonist-mediated decrease of
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cholesterol efflux and protein tyrosine phosphorylation.
Rimonabant also reversed the effect of the agonist on free
Ca2+ content.

Rimonabant induces acrosin activity
A sperm was treated with increasing concentrations of
rimonabant (1, 10 and 100 nM, and 1 mM), and incubated
under uncapacitating conditions (see Methods for details) to
evaluate the activity of acrosin, the major enzyme contained
in the acrosome. A significant increase was produced by
rimonabant, and 10 nM was the most effective concentration
(Figure 4). Intriguingly, in this assay, the effect of the treat-
ment with the CB1 receptor agonist was not different to that
of rimonabant alone and rimonabant 1 mM plus 10 nM
MF-AEA (i.e. the concentration at which we have already
observed an effect of MF-AEA on the acrosome reaction)
(Aquila et al., 2009a). Similarly, URB (0.1 mM) alone or plus
rimonabant (1 mM) all increase acrosin activity.

Rimonabant-induced effects on sperm lipid metabolism
In order to evaluate whether rimonabant had the ability to
modulate sperm lipid metabolism, we first investigated its
action on the intracellular content of triglycerides. Our data
indicated that rimonabant decreased the triglyceride content
in a concentration-independent manner (Figure 5A). More-
over, treatment with rimonabant induced an increase of
lipase activity (Figure 5B) and the b-oxidation of fatty acids, as
assayed by the octanoyl-CoA dehydrogenase activity
(Figure 5C), within the same concentration range. MF-AEA
and URB attenuated the effect of rimonabant alone (Figure 5)
exerting per se a lipogenic action on human sperm cells.

Rimonabant-induced effects on sperm glucose metabolism
To further investigate the potential effects of rimonabant on
human sperm metabolism, we chose to evaluate expression of
phosphorylated GSK3 and G6PDH activity. Rimonabant treat-
ment was able to significantly induce G6PDH activity at 1 and
10 nM (Figure 6A). Enhancement of endogenous AEA by URB
or treatment with the agonist MF-AEA at the same concentra-
tions as used to study lipid metabolism induced no change in
G6PDH activity. These effects were reversed by pretreatment
with rimonabant. In terms of GSK3 (Figure 6B), at 1 nM
rimonabant reduced GSK3 phosphorylation, whereas MF-AEA
and URB induced the opposite effect. Also in this case, the
treatment with both rimonabant and CB1 receptor agonist
attenuated the effect of the agonist alone. Altogether, these
data suggest that rimonabant increased glucose expenditure
in human sperm.

Discussion

The EC system is involved in mammalian reproduction, but
the significance of (endo)cannabinoid signalling and the
pharmacological implications of CB receptor modulation in
spermatogenesis, fertilization and embryonic implantation
and growth remain still largely unknown (Wang et al., 2006).
An autonomous EC system has been found in sperm (Schuel
et al., 1994; Rossato et al., 2005). Several reports have demon-
strated CB1 receptor-mediated inhibitory effects of endocan-
nabinoids on mammalian sperm functions (Maccarrone et al.,
2005; Rossato et al., 2005; Aquila et al., 2009a,b), supporting
the idea that the physiological role of the EC system in sperm
is to maintain a quiescent, uncapacitated condition before
interacting with the egg (Rossato, 2008). In the present study,
we clearly showed that rimonabant was able to increase
human sperm motility and viability, and, at molecular level, it
appears that Akt and Bcl2 proteins are involved. These
enzymes control key pro-survival pathways, and the phos-
phatidylinositol 3′-kinase/Akt signalling pathway has also
been shown to be a positive regulator of cell metabolism
(Maddika et al., 2007). On the contrary, AEA reduced sperm
motility and viability, and rimonabant completely reversed
this action. We obtained similar effects by using the highly
selective FAAH inhibitor URB597, suggesting that the block-
ade of CB1 receptor is involved in the observed effects. The
present findings, together with our already reported evidence
that the CB2 antagonist SR144528 and the vanilloid receptor
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Figure 1 Rimonabant positively affects sperm motility and viability.
Spermatozoa were incubated in unsupplemented Earle’s medium for
30 min at 37°C and 5% CO2, in the absence (NC) or in the presence
of increasing concentrations of rimonabant, MF-AEA (0.1 mM) and
URB (0.1 mM) alone or in combination with 1 mM rimonabant. Sperm
motility (A) and viability (B) were assessed as reported in Methods.
Histograms represent mean � SEM of three independent experi-
ments, each in duplicate. *P < 0.05 and **P < 0.02 versus control.
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antagonist capsazepine were unable to counteract AEA-
mediated action on sperm survival and Akt phosphorylation
(Aquila et al., 2009a), also support a CB1 receptor-mediated
action as the underlying mechanism. Our results are also in
agreement with previous data showing that rimonabant
induced Akt activity and glucose uptake in skeletal muscle
cells in a CB1-dependent manner (Esposito et al., 2008). More-
over, this evidence is corroborated by Ricci et al. (2007) who
reported that sperm from CB1 receptor knockout mice showed
a strong increase of motility in the head of epididymus, com-
pared to wild-type mice.

During life, sperm exists in two different physiological con-
ditions: a quiescent state in the seminal plasma and a capaci-
tated state upon ejaculation and movement through the
female reproductive tract. Capacitation involves numerous
physiological changes including destabilization of the plasma
membrane, cholesterol efflux, alterations of intracellular ion
concentrations and protein phosphorylation (Yanagimachi,
1994). In order to gain further insight into the effects of
rimonabant on sperm fertilization, we tested rimonabant’s
effects on Ca2+ concentration, cholesterol efflux and protein
tyrosine phosphorylation, which are hallmarks of the capaci-
tation status (Visconti et al., 2002; Jha et al., 2003; Suarez,
2008). Our results demonstrated a concentration-dependent
increase of Ca2+ content, whereas cholesterol efflux was

significantly induced until 1 mM in a concentration-
independent manner. Protein tyrosine phosphorylation was
also induced. These findings indicate a stimulation of the
adenylate cyclase/cAMP/PKA signalling, which plays an
important role not only in capacitation (Travis and Kopf,
2002; Jha et al., 2003), but also in the acrosome reaction
(Salicioni et al., 2007). Moreover, our data demonstrating an
increase in acrosin activity after treatment of sperm with
rimonabant are in line with this finding and with previous
observations showing that this pathway is inhibited by
endocannabinoids in a CB1 receptor-dependent manner
(Maccarrone et al., 2005; Aquila et al., 2009a). Interestingly,
AEA did not decrease acrosin activity, and in accord with our
previous findings, we found that acrosin was stimulated by
the addition of 10 nM MF-AEA, which corresponds to the
physiological concentration in mid-cycle oviductal fluid
(Schuel et al., 2002). Furthermore, treatment with both
MF-AEA and rimonabant potentiated, rather than reversed,
the effect of MF-AEA alone. This finding is not surprising
because synergic effects of MF-AEA and rimonabant have
already been reported (Malfitano et al., 2008). On the other
hand, we also demonstrated that treatment with MF-AEA plus
rimonabant increased free Ca2+ content in human sperm,
even though MF-AEA alone induced similar effects (Aquila
et al., 2009b).

pAKT

pAKT/AKT
pBCL2/BCL2

AKT

pBCL2

BCL2
+ NC 1 nM 10 nM 100 nM 1 µM MF-AEA MF-AEA URB URB

RimRimRim

NC 1 nM 10 nM 100 nM 1 µM MF-AEA MF-AEA URB URB

RimRimRim

300

225

150

75

O
pt

ic
al

 d
en

si
ty

 (
ar

bi
tr

ar
y 

un
its

 %
)

*
*

*

* *

*

*

*

*

****

Figure 2 Rimonabant induces Akt and Bcl2 phosphorylation in sperm cells. Washed spermatozoa were incubated in uncapacitating medium
for 30 min at 37°C and 5% CO2, in the absence (NC) or in the presence of increasing concentrations of rimonabant, MF-AEA (0.1 mM) and
URB (0.1 mM) alone or in combination with 1 mM rimonabant. Capacitating medium (+) was used as a positive control. Representative Western
blots of phosphoAkt (pAKT) and phosphoBcl2 (pBCL2) are shown. Densitometric analysis (mean � SEM) of four independent experiments are
reported below as pAkt/Akt and pBcl2/Bcl2 relative intensity. *P < 0.05 and **P < 0.02 versus control.
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The interaction between energy balance and reproduction
is subject of intensive investigations, and ATP generation is an
important process in human sperm especially after the initia-
tion of capacitation (Yanagimachi, 1994; Miki, 2007). Capaci-
tated sperm displays an increased metabolic rate and overall
energy expenditure, presumably to effect the changes in
sperm signalling and function during capacitation. It appears
that each event characterizing male fertilization requires dif-
ferent substrates and activates different metabolic pathways.
For example, the acrosome reaction requires lactate or pyru-
vate for ATP production by oxidative phosphorylation, while
successful gamete fusion requires glucose to produce NADPH
through the pentose phosphate pathway (PPP) (Urner and
Sakkas, 1999a; Miki, 2007). From this point of view, we inves-
tigated whether the capacitated status and increased motility
induced by rimonabant would also involve specific changes
in lipid and glucose metabolism. We found that the com-
pound induced human sperm energy expenditure by stimu-
lating lipase and octanoyl-CoA dehydrogenase activities
concomitantly with reducing the level of triglycerides. As for

O
p

ti
c
a
l 
d

e
n

s
it

y
 (

a
rb

it
ra

ry
 u

n
it

s
)

s
p

e
rm

 p
ro

te
in

 t
y
ro

s
in

e
 p

h
o

s
p

h
o

ry
la

ti
o

n
*

**

0

100

200

300

400

A

C
h

o
le

s
te

ro
l 

e
ff

lu
x

**

*

*

0.0

0.5

1.0

1.5

2.0

2.5

3.0

B

β-Actin

**

*

**

**

*

**

**

NC 1 nM 10 nM 100 nM 1 μM

Rim

MF-AEA MF-AEA

Rim

URB URB

Rim

*

NC 1 nM 10 nM 100 nM 1 μM

Rim

MF-AEA MF-AEA

Rim

URB URB

Rim

NC 1 nM 10 nM 100 nM 1 μM

Rim

MF-AEAMF-AEA

Rim

URB URB

Rim

C

0.0

0.1

0.2

0.3

0.4

C
a
2

+
  

(μ
M

)/
1

0
  

s
p

e
rm

s
)

**

*

**

*

**

NC 1 nM 10 nM 100 nM 1 μM

Rim

MF-AEA MF-AEA

Rim

URB URB

Rim

*

**

D

7
 

Figure 3 Rimonabant increases free intracellular Ca2+ cholesterol efflux and protein tyrosine phoshorylation. Sperm cells were incubated in
unsupplemented Earle’s medium (uncapacitating medium) for 30 min at 37°C and 5% CO2, in the absence (NC) or in the presence of
increasing concentrations of rimonabant, MF-AEA and URB (0.1 mM, respectively) alone or in combination with 1 mM rimonabant. Free
intracellular Ca2+ (A) and cholesterol efflux (B) were measured, and values shown represent mean � SEM. *P < 0.05 and **P < 0.02 versus
control. (C) Sperm lysates were used for Western blot analysis performed to determine protein tyrosine phosphorylation. Actin was used as a
loading control. (D) Quantitative representation after densitometric evaluation of the 95 kDa band/actin. Autoradiograph presented is a
representative example of independent experiments performed four times. *P < 0.05 versus control, **P < 0.02 versus control.

Figure 4 Rimonabant increases acrosin activity in human sperm.
Washed spermatozoa were incubated in unsupplemented Earle’s
medium for 30 min at 37°C and 5% CO2, in the absence (NC) or in
the presence of rimonabant (from 1 nM to 1 mM), MF-AEA (10 nM)
and URB (0.1 mM) alone or in combination with 1 mM rimonabant.
Acrosin activity was determined, and data shown represent
mean � SEM of three independent experiments each in duplicate.
*P < 0.05 and **P < 0.02 versus control.
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glucose metabolism, we observed an enhanced G6PDH activ-
ity and a reduced phosphorylation of GSK3 at 1 and 10 nM
rimonabant concentrations, also addressing to an induction
of energy consumption. GSK3 is known to be implicated in
the storage of glucose to form glycogen in mammalian sperm
(Ballester et al., 2000; Andò and Aquila, 2005; Aquila et al.,
2005). Particularly, in uncapacitated sperm, GSK3 is tightly
blocked and phosphorylated, whereas during capacitation
there is a de-phosphorylation and then an activation of the
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Figure 5 Rimonabant increases lipid metabolism in human sperm.
Washed spermatozoa were incubated in uncapacitating medium for
30 min at 37°C and 5% CO2, in the absence (NC) or in the presence
of rimonabant (from 1 nM to 1 mM), MF-AEA (0.1 mM) and URB
(0.1 mM) alone or in combination with 1 mM rimonabant. Triglyceride
content (A), lipase activity (B) and octanoyl-CoA dehydrogenase
activity (C) were determined, and data shown represent
mean � SEM of four independent experiments each in duplicate.
*P < 0.05 and **P < 0.02 versus control.

Figure 6 Rimonabant increases glucose metabolism in human
sperm. Sperm samples, washed twice with an uncapacitating
medium, were incubated in the same medium (NC) for 30 min at
37°C and 5% CO2, and treated with or without rimonabant in the
presence or absence of MF-AEA and URB (0.1 mM respectively). (A)
The conversion of NADP+ to NADPH catalysed by G6PDH was mea-
sured by the increase of absorbance at 340 nm every 20 s for
1.5 min. Data are expressed in nmol·min–1/106 spermatozoa, and
represent mean � SEM. *P < 0.05 and **P < 0.02 versus control. (B)
Western blot and quantitative representation after densitometric
evaluation of the ratio of phosphorylated GSK3/total GSK3. *P < 0.05
versus control, **P < 0.02 versus control. Autoradiograph presented is
representative of three independent experiments. +, MCF7 tumour
breast cancer cells used as positive control.
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enzyme. G6PDH, the rate-limiting enzyme in the PPP that
catalyses the oxidation of glucose 6-phosphate and regulates
the production of NADPH by controlling glucose metabolism
(Urner and Sakkas, 1999b) is crucial for sperm-fertilizing
ability (Urner and Sakkas, 1999a; Travis et al., 2001; Urner
et al., 2001). Metabolic fluxes between glycolysis and the PPP
are also particularly relevant for maintaining the mitochon-
drial transmembrane potential, and balancing cellular
requirements for energy and the production of reactive
oxygen intermediates (Perl, 2007), and it has been reported
that cannabinoid receptor agonists inhibit mitochondrial
membrane potential and ATP production in rat testicular
tissue (see Rossato, 2008). Our findings demonstrating that
nanomolar concentrations of rimonabant favour G6PDH
activity are in line with the observation that AEA, unlike
rimonabant, is able to affect human sperm metabolism by
exerting a lipogenic effect and favouring the accumulation of
energy substrates (Aquila et al., 2009b). Moreover, the effect of
the enhancement of endogenous AEA by URB-mediated
action and the treatment with MF-AEA at the concentration
used to study lipid metabolism, supported the hypothesis that
rimonabant, through action at CB1 receptors, induced glucose
metabolism in sperm.

It is well known that the EC system contributes to the
physiological regulation of energy balance, and rimonabant
reduces food intake inducing favourable changes in lipid and
glucose metabolism in obese patients, as well as in animal
models (see Bifulco et al., 2007; 2009). Moreover, endocan-
nabinoids are regulated negatively by leptin and ob/ob and
db/db mice, characterized by an impairment of leptin signal-
ling are obese, infertile and fail to undergo normal sexual
maturation (Chehab, 2000; Di Marzo et al., 2001). In ob/ob
mice, exogenous leptin restored fertility (Chehab et al., 1996),
and it has been demonstrated that leptin controls AEA deg-
radation, but not its binding to the CB1 receptor. Rimonabant
induced a significant decrease in food intake and body weight
loss in ob/ob mice, but failed to improve female fertility when
administered alone (Maccarrone et al., 2004). These results,
together with ours, suggest that CB1 receptor modulation
might be important in human fertility, and rimonabant
might be used to develop special media to improve in vitro
fertilization.

In addition, rimonabant, by acting as a CB1 antagonist, was
able, at 0.1 mM, to reverse the negative effects of AEA on boar
spermatozoa (Maccarrone et al., 2005), a finding in agreement
with those we have obtained in human spermatozoa. In the
majority of the tests we performed, rimonabant was active at
concentrations in the range of the highest affinity for the CB1

receptor (1–20 nM) (Rinaldi-Carmona et al., 1994; Pertwee,
2005), and had opposite effects compared to those produced
by the exogenous and endogenous AEA. Besides, the tested
compound attenuated the effect of the agonist even though
an enhancement of the antagonist-induced effect can be
observed in the presence of both CB1 receptor agonist and
antagonist. Moreover, above 100 nM, we did not observe any
significant effects of rimonabant, suggesting that starting
from this concentration rimonabant could display neutral
antagonism, while, in combination with MF-AEA, it behaves
as an inverse agonist. Rimonabant has been shown to act as a
neutral antagonist, competitive antagonist and inverse

agonist (Hurst et al., 2005; Pertwee, 2005). As an inverse
agonist, rimonabant produces effects in some CB1 receptor
containing bioassay systems that are opposite in direction
from those produced by agonists for these receptors. It was
proposed that inverse agonism at the CB1 receptor may be
explained in terms of a three-state model in which the recep-
tor can switch between two conformational states, a ground
or inactive R state and an active R* state, which are in equi-
librium with each other (Leff, 1995). An agonist has higher
affinity for R*, and agonist binding is thought to shift the
equilibrium towards R*, resulting in G protein activation with
an increase in GDP/GTP exchange. An inverse agonist has
higher affinity for R and its binding shifts the equilibrium
towards R, resulting in a decrease in the activation of the
signalling pathway. The binding of a neutral/null antagonist
is thought not to alter the equilibrium between R and R*,
because the neutral antagonist has equal affinity for both
states. It is likely that the efficacy for the production of inverse
cannabimimetic effects will be governed by the degree of
endocannabinoid release at CB1 receptors (Aquila et al.,
2009b).

Finally, we have to point out that in our experimental
conditions, rimonabant is able to antagonize endo-
cannabinoid-mediated inhibition of human sperm functions,
in agreement with those obtained earlier in boar sperm by
Maccarrone et al. (2005), in frog sperm by Cobellis et al.
(2006) and human sperm by Rossato et al. (2005).

In conclusion, in the present study, we demonstrate for the
first time that rimonabant is able to improve fertilization by
the human male gamete, and stimulates energy expenditure
in sperm.
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