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Abstract

Cannabinoids, the main active components of marijuana, have been shown to 

exert different adverse effects on male reproduction both in vertebrates and 

invertebrates. The main effects of endocannabinoids, a particular group of 

endogenously produced cannabinoids, in sperm are the inhibition of motility, 

capacitation and acrosome reaction, all fundamental processes necessary for 

oocyte penetration, whose alteration leads to the inhibition of sperm fertilizing 

ability. These inhibitory effects are mediated by the direct action of 

endocannabinoids on sperm through the activation of the cannabinoid receptor 

subtype 1 that has been shown to be expressed in mature sperm. In many different

cell types it has been demonstrated that endocannabinoids negatively influence 

mitochondrial activity. In the present paper it will be briefly reviewed the role of 

endocannabinoids, on sperm motility, capacitation and acrosome reaction with 

particular attention on the possible interference of endocannabinoids with sperm 

mitochondrial activity. 
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Introduction

Over the last decade there has been a significant boost in the evaluation of the 

role of endocannabinoids in the regulation of mammalian reproduction above all 

after the identification of specific receptors for endocannabinoids and the 

demonstration that most species can produce different endocannabinoids such 

as anandamide (AEA) and 2-arachidonoylglycerol (2-AG) (Felder et al 1998). It is 

now well established that sperm express the cannabinoid receptor subtype 1 

(CNR1) and its activation in vitro determines an inhibition of important sperm 

functions as well as motility, capacitation and acrosome reaction leading to the 

decrease of sperm fertilizing ability (Schuel et al 1994; Schuel et al 2002a;

Maccarrone et al 2005; Rossato et al 2005; Cobellis et al 2006).

The inhibitory effects of endocannabinoids on sperm functions have been 

observed in sperm from different species, from vertebrates to invertebrates (Schuel 

et al 1994; Maccarrone et al 2005; Rossato et al 2005; Cobellis et al 2006; Whan et 

al 2006). The effects of endocannabinoids present in marijuana smokers on 

different body functions are well known since thousands of years ago and the 

similarity of the mechanism of action of these substances in sperm from such 

distant phylogenetical species, suggest the possible importance of the 

“cannabinoid system” in the regulation of sperm functions and reproduction (Di 

Marzo 2006). While the inhibitory effects of endocannabinoids on sperm motility 

have been consistently reported in sperm from different species (Schuel et al 1994; 

Maccarrone et al 2005; Rossato et al 2005; Cobellis et al 2006; Whan et al 2006), 

the mechanisms mediating  these effects have not been elucidated yet although 
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it has been suggested a possible interference with the energy metabolism (Rossato 

et al 2005). 

In the present paper it will be briefly reviewed the role of energy metabolism in 

sperm physiology and the effects of endocannabinoids on sperm motility, 

capacitation and acrosome reaction discussing the possible interference with the 

production of energetic substrates as the pathogenetic mechanism leading to 

sperm functions inhibition by endocannabinoids.

Endocannabinoids and sperm motility

Since the first report published by Perez et al. in 1981 (Perez et al 1981), 

experimental data have accumulated confirming that endocannabinoids

negatively influence the motility of sperm in different mammalian species. Apart 

from observations obtained in sea urchin showing no significant effects of 

endocannabinoids on sperm motility (Schuel et al 1994), these substances inhibit 

sperm motility in different mammalian species including man (Maccarrone et al 

2005; Rossato et al 2005; Whan et al 2006). While the observations on the negative 

effects of endocannabinoids on sperm motility have been reported in the mid ‘70s 

and early ‘80s, the identification of the existence of two receptors for 

cannabinoids, namely CNR1 and CNR2, came in the early ‘90s with the 

demonstration of the expression of the CNR1 also in the testis (Gerard et al 1991). 

Only recently by means of pharmacological experimental approach, the inhibitory 

effects of endocannabinoids on mammalian sperm motility have been identified 

as due to CNR1 activation (Maccarrone et al 2005; Rossato et al 2005). Very 

recently Cobellis et al. replicated these results in sperm from Rana esculenta
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utilizing the same pharmacological approach (Cobellis et al 2006). Furthermore 

the same Authors extended these observations by means of an elegant molecular 

genetic experimental approach showing that sperm from CNR1 KO mice show an

dramatical increase of motile sperm cells already in the caput epididymis clearly 

demonstrating that the lack of CNR1 signalling importantly affects the gradual

acquisition of sperm motility (Ricci et al 2007). Then, although the studies 

evaluating the effects of endocannabinoids on sperm motility are not abundant, it 

seems that in general the activation of CNR1 inhibits motility in invertebrate and 

vertebrate sperm at least in vitro. On the contrary, contradictory results have been 

reported regarding the effects of endocannabinoids assumption, as well as 

marijuana smoking, on human sperm motility in vivo due probably to the 

experimental design or to the small number of subjects participating to the 

different clinical studies (Hembree et al 1978).

Endocannabinoids and sperm capacitation

After ejaculation, sperm have not yet acquired the fertilizing ability and they have 

to undergo a complex and still unclear series of biochemical and morphological 

events collectively known as capacitation (Yanagimachi 1994). In particular, a 

characteristic process of capacitation consists in a remodeling of the lipid plasma 

membrane that seems to improve the ability of sperm to respond to stimuli 

inducing the acrosome reaction. These changes are activated by still not fully 

elucidated mechanisms involving the adenylate cyclase/cAMP/PKA signaling 

pathway which activation leads to tyrosine phosphorylation of different proteins 



Page 6 of 24

Acc
ep

te
d 

M
an

us
cr

ip
t

(Beltran et al 2007; De Jonge et al 1991; Salicioni et al 2007; Wassarman et al 

2005).These processes are inhibited by endocannabinoids via CNR1 activation and 

are specific since they are counteracted by sperm pre-incubation with the CNR1 

antagonist SR141716 (Maccarrone et al 2005; Rossato et al 2005). Physiologically, 

sperm capacitation occurs within the female genital tract and it has been 

demonstrated that sperm leaving seminal plasma and reaching the uterus and 

oviduct swim in a external milieu presenting progressively reduced concentrations 

of endocannabinoids (Schuel et al 2002b). Then, as sperm approach the egg, they 

encounter the lowest concentrations of endocannabinoids present in the female 

genital tract thus suggesting that the activation of the endocannabinoid system in 

sperm seems to maintain the sperm in a quiescent “uncapacitated” condition 

before interacting with the egg (Schuel et al 2002b; Rossato et al 2005; Whan et al 

2006).

Endocannabinoids and sperm acrosome reaction

Sperm capacitation is the fundamental pre-requisite for the ability of sperm to 

undergo the exocytosis of the acrosome, a specialized secretory granule located 

at the apex of sperm head (Yanagimachi 1994) containing different proteolytic 

enzymes necessary for the sperm penetration of the egg’s coats. This reaction

permits sperm attachment and fusion of egg and sperm plasma membranes and 

then fertilization (Wassarman et al 2005; Salicioni et al 2007). Sperm that do not 

undergo the acrosome reaction are not able to bind to the egg’s zona pellucida 

and cannot fertilize it. According to the inhibitory effects of endocannabinoids on 

sperm capacitation, substantially homogeneous data exist indicating that CNR1 
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activation reduce the ability of sperm to undergo acrosome reaction both in 

vertebrate and invertebrates (Schuel et al 1994; Schuel et al 2002a; Maccarrone et 

al 2005; Rossato et al 2005; Whan et al 2006). Importantly endocannabinoids do 

not affect fertility of eggs thus showing that these effects are directed only to 

sperm (Schuel et al 1994; Schuel et al 2002a). The mechanisms activated by 

endocannabinoids determining the inhibition of the sperm acrosome reaction are 

still unknown. It is well known that ion channels and regulation of ion fluxes through 

the sperm plasma membrane are crucial for the acrosome reaction and the most 

important physiological regulator appears to be calcium (Ca2+) signalling (Foresta 

and Rossato 1997; Darszon et al 1999). To this regard we have previously shown 

that the endocannabinoid AEA did not modify the intracellular Ca2+

concentrations in human sperm thus possibly ruling out any interfering effect of 

endocannabinoids on Ca2+ signaling (Rossato et al 2005). It is well known that 

CNR1 is a G-protein coupled receptor that has been shown to inhibit adenylate 

cyclase activity (Pertwee 1997; Di Marzo et al 2005). Adenylate 

cyclase/cAMP/protein kinase A pathway plays an important role in the sperm 

capacitation and acrosome reaction: intracellular levels of cAMP rise during 

acrosome reaction, cell permeant cAMP analogues induce the acrosome 

reaction, pharmacological inhibitors of cAMP-dependent PKA reduce this 

exocytotic event supporting a role for the adenylate cyclase/cAMP/PKA system in 

the signaling pathway leading to sperm acrosome reaction and egg fertilization

(De Jonge et al 1991; Wassarman et al 2005; Beltran et al 2007; Salicioni et al 2007). 

The inhibitory effects of endocannabinoids on this fundamental signalling pathway 

as recently described in mammalian sperm (Maccarrone et al 2005) may explain 
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the negative actions of these agents activating the CNR1 on sperm capacitation

and acrosome reaction.

Sperm energy metabolism

Energy metabolism is the fundamental process supporting all cell functions and it is 

perhaps more important in sperm that are specialized motile cells that have to 

move rapidly to encounter and fertilize the egg. To this regard sperm need 

exceptionally more ATP than any other cell (Miki 2007) expecially after ejaculation 

in the female reproductive tract and after the starting of capacitation that is 

characterized by a typical “hyperactivated” motility and by the acquisition of the 

ability to undergo the acrosome reaction (Yanagimachi 1994).

During the last decades one of the long lasting debate accompanying the study 

of sperm physiology focused on the main biochemical metabolic pathways 

necessary for energy supply. These aspects have been recently reviewed by 

different authors (Miki 2007; Ruiz-Pesini 2007). There are two pathways for ATP 

production in mammalian sperm, i.e. glycolysis and oxidative phosphorylation (Miki 

2007; Ruiz-Pesini et al 2007). Much of the experimental data have demonstrated 

that these biochemical pathways participate together to ATP production and they 

rely one on the other depending on the functional state of the cell (Miki 2007) and 

on external stimulation (Ruiz-Pesini et al 2007). Furthermore glycolysis and oxidative 

phosphorylation are one dependent on the other also because the products of 

the glycolysis are substrate for the oxidative phosphorylation (Miki 2007; Ruiz-Pesini 

et al 2007). Since glycolysis is not so efficient as the oxidative phosphorylation (that 

is 15 times more efficient than glycolysis) in the presence of oxygen, the oxidative 
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phosphorylation appears to be the preferred pathway for ATP production in sperm 

(Ruiz-Pesini et al 2007). On the other hand the fact that sperm, a cell that during its 

maturative progression from spermatogonium reduces dramatically its volume, 

retains such numerous, specialized and compartimentalized mitochondria in the 

middle piece, underline the importance of mitochondrial respiration as an 

important pathway for ATP production to maintain the efficiency of all energy 

consuming processes necessary for oocyte fertilization such as motility, 

capacitation, acrosome reaction and egg’s penetration (Ruiz-Pesini et al 2007).

Cannabinoids and energy metabolism

Few Authors have suggested that mitochondria are involved in some cannabinoid 

actions above all when considering the effects of cannabinoids on cell apoptosis 

(Sarafian et al 2003; Jia et al 2006; Morimoto et al 2007). Very recently Athanasiou 

et al. (2007) have demonstrated that cannabinoids inhibit mitochondrial 

membrane potential, oxygen consumption and ATP production by inhibiting the 

mitochondrial respiratory chain. On the other hand the inhibitory effects of 

cannabinoids on mitochondrial respiration has long been known since ’60-’70s 

when it was demonstrated that delta-9-tetrahydrocannabinol (THC), the main 

active cannabinoid compound contained in marijuana, inhibited oxygen 

consumption in rat brain homogenates and in liver mitochondria (Bose et al 1963; 

Mahoney 1972; Bartova et al 1976). For that concerning testicular cells, other 

studies performed in the early and late ‘80s have clearly shown that THC decrease 

glucose metabolism in testicular tissue thus inhibiting testicular glycolysis depriving 

the cells of their energy substrates leading to the disruption of testicular cell 
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functions (Husain and Lamè 1981; Husain 1989). Other studies in different cell types 

have shown that THC alters mitochondrial function reducing cellular ATP levels in a 

time- and dose-dependent manner with effects observable at concentrations 

lower than 1 µM and without any effect on cell viability indicating that ATP decline 

was not a consequent to death-induced cell permeability increase (Sarafian et al 

2003)

Endocannabinoids and energy metabolism in human sperm

The precise mechanism(s) through which endocannabinoids inhibit sperm motility 

and other important functions as well as capacitation and acrosome reaction, has 

not been discovered yet but it seems very unprobable that endocannabinoids

exert different inhibitory effects on each different sperm function (motility, 

capacitation, acrosome reaction) with different mechanisms of action. Thus an

unifying hypothesis explaining the inhibitory effects of endocannabinoids on sperm 

function seems more feasible. Sperm motility, together with capacitation and 

acrosome reaction, are all energy consuming processes (Miki 2007; Ruiz-Pesini et al 

2007).

It is well known that the kinetic activity of sperm results from the different 

components involved in motility activation as well as the integrity of all flagellar 

structural proteins, oxidation of energetic substrates and ATP production, 

transformation of chemical energy into mechanical movement, the activity of all 

enzymes involved in the flagellar beating. The decline in mitochondrial activity 

would be expected to decrease energy supply thus affecting different sperm 

functions as well as motility but also capacitation and acrosome reaction.
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If endocannabinoids inhibit energy metabolism in sperm as described for other cell 

types, then it could be possible that the inhibition of all sperm functions by 

endocannabinoids could origin from the same mechanism of action, i.e. the 

decrease of the energetic reserves on which all these processes rely. To this 

respect we have previously demonstrated that AEA induced a dose-dependent 

decrease of the sperm mitochondrial activity (Rossato et al 2005) that paralleled 

the reduction of sperm motility without affecting viability up to concentrations as 

high as 1 µM (figure 1-2). Furthermore also capacitation and acrosome reaction 

are inhibited by endocannabinoids as previously demonstrated (Rossato et al 

2005) and reported in figure 3. 

Many hypotheses may explain the inhibitory effects of endocannabinoids on 

mitochondrial function: endocannabinoids may interfere with mitochondrial 

electron transport (Fusi et al 1992; Wallace et al 1997), mitochondrial activity via 

depletion of NADH as previously shown (Sarafian et al 2003), mitochondrial 

permeability transition pore complex as recently suggested (Sarafian et al 2003).

The possible interference of endocannabinoids with glucose uptake and utilization

for ATP production as previously suggested by experimental studies utilizing 

testicular extracts more that 25 years ago (Husain and Lamè 1981), seems not 

plausible since in many different cell types endocannabinoids have been shown 

to increase glucose uptake instead of decrease it as we have recently 

demonstrated in human adipocytes (Pagano et al 2007) confirming recent 

observations in rat 3T3-L1 adipocytes (Gasperi et al 2007).

Conclusions



Page 12 of 24

Acc
ep

te
d 

M
an

us
cr

ip
t

There is a general consensus derived from strong experimental data indicating that 

endocannabinoids exert inhibitory effects on many fundamental functions in

sperm from different species. Although different hypotheses have been proposed 

to explain the mechanism(s) of action of these compounds in sperm inhibition, to 

date there is no definitive data on what is the precise target altered by 

endocannabinoids. Given the wide range of inhibitory effects induced by 

endocannabinoids in sperm we have tried to identify a possible “large” common 

mechanism of action inhibiting all sperm functions. The data regarding the 

inhibitory effects of endocannabinoids on mitochondrial activity in different cell 

types and the demonstration that these substances reduce mitochondrial activity 

also in human sperm let us to hypothize that mitochondrion could be the main 

target of endocannabinoids with consequent reduction of energy reserves thus

inhibiting all sperm energy consuming processes such as motility, capacitation and 

acrosome reaction.
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Legend to figures

Figure 1. Effects of anandamide (AEA) on mitochondrial function in human sperm. 

On the left side of the figure are reported the typical patterns of fluorescence of 

sperm aliquots after rhodamine 123 staining from control samples (A, vehicle only), 

sperm samples treated with AEA 0.1 µM (B), 1.0 µM (C) and 10 µM (D). The numbers 

in each panel indicate the percentage of sperm within the peak with the highest 

rhodamine 123 (R-123) fluorescence (M2), representing cells with the highest 

mitochondrial activity with respect to sperm with the lowest mitochondrial activity 

grouped within the region labeled as M1. On the right side of the figure, the 
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percentages of sperm cells within the peak with the highest R-123 fluorescence 

(M2), have been coupled to the percentages of sperm viability and motility 

observed after incubation with the corresponding AEA concentration in three 

separate experiments. *P < 0.01, **P < 0.001 vs control samples. (From Rossato et al 

2005).

Figure 2. Effects of anandamide (AEA) on human sperm motility and viability. A. 

Sperm were incubated in the absence (▲) and presence (■) of AEA at different 

concentrations. For the evaluation of the effects of the CB1-R antagonist SR141716 

on AEA-induced modifications of sperm motility, sperm were pre-incubated in the 

presence of equimolar SR141716 concentration for 45 mins before AEA addition (

). Sperm incubation with SR141716 alone did not induce any significant 

modification of sperm motility (). Data are expressed as percentages of total 

motile sperm. *P < 0.01, **P < 0.001 vs control and SR141716-pretreated samples. B. 

Sperm were incubated in the absence (▲) and presence (■) of AEA at different 

concentrations. For the evaluation of the effects of the CB1-R antagonist SR141716 

in AEA effects on sperm viability, sperm were pre-incubated in the presence of 

equimolar SR141716 concentration for 45 mins before AEA addition ( ). Sperm 

incubation with SR141716 alone did not induce any significant modification of 

sperm viability (). Data are expressed as percentages of viable sperm. *P < 0.01, 

**P < 0.001 vs control and SR141716-pretreated samples. (From Rossato et al 2005).

Figure 3. Effects of anandamide (AEA) on acrosome reaction in fresh and 

capacitated human sperm. A. Isolated motile human sperm were incubated in the 
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absence (Ctrl) and presence of AEA (1.0 µM) and in the presence of ionomycin, a 

well known acrosome reaction inducer (iono, 1.0 µM), for 60 mins before acrosome 

reaction evaluation. B. Sperm were incubated in control medium and in 

capacitating conditions for 6 hours (Capac) in the absence and presence of AEA 

(1.0 µM) before acrosome reaction evaluation. 

*P<0.01 vs control; **P<0.01 vs AEA-treated samples; #P<0.05 vs control and AEA-

treated samples. (From Rossato et al 2005).
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