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Abstract: N-acylethanolamides (NAEs) are naturally occurring signaling lipids consisting
of amides and esters of long-chain polyunsaturated fatty acids. Usually they are present in
a very small amounts in many mammalian tissues and cells, including human reproductive
tracts and fluids. Recently, the presence of N-arachidonoylethanolamide (anandamide,
AEA), the most characterised member of endocannabinoids, and its congeners
palmitoylethanolamide (PEA) and oleylethanolamide (OEA) in seminal plasma, oviductal
fluid, and follicular fluids was demonstrated. AEA has been shown to bind not only type-1
(CB1) and type-2 (CB2) cannabinoid receptors, but also type-1 vanilloid receptor
(TRPV1), while PEA and OEA are inactive with respect to classical cannabinoid CB1 and
CB2 but activate TRPV1 or peroxisome proliferator activate receptors (PPARs). This
review concerns the most recent experimental data on PEA and OEA, endocannabinoidlike molecules which appear to exert their action exclusively on sperm cells with altered
features, such as membrane characteristics and kinematic parameters. Their beneficial
effects on these cells could suggest a possible pharmacological use of PEA and OEA on
patients affected by some forms of idiopathic infertility.
Keywords: endocannabinoids; human sperm cells; idiopathic infertility; oleylethanolamide;
palmitoylethanolamide

1. Introduction
Cannabinoids are a large number of different active compounds found in the marijuana plant
(Cannabis sativa). It is well known that the primary psychoactive molecule in marijuana,
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Δ9-tetrahydrocannabinol (THC), has marked adverse effects for reproductive events in marijuana users
(for a review see [1]). A family of unsaturated fatty acid derivatives, biologically synthesised by many
tissues, has been termed “endocannabinoids” (EC), because they exert their effects acting as
endogenous ligands for cannabinoid receptors. In the peripheral and neural tissues, they have been
shown to modulate as paracrine or autocrine mediators, protein and nuclear factors involved in many
physiological functions such as cell proliferation, differentiation and apoptosis [2].
N-arachidonoylethanolamide (anandamide, AEA) and 2-arachidonoylglycerol (2-AG) are the best
characterized prototype members of two families of endocannabinoids, the fatty acid amides (NAEs) and
the monoacylglycerols, respectively [3]. AEA belongs to the group of N-acylethanolamides (NAEs),
which are naturally occurring hydrophobic molecules usually present in a very small amount in plants,
invertebrate and in mammalian tissues [4–6]. Chemically NAEs can be considered as derivatives of a
long acyl chain linked to the amine group of 2-ethanolamine by an amide bond. The content of
long-chain NAEs and their precursor, N-acylphosphatidylethanolamine (NAPE), has been shown to
increase dramatically in a variety of organisms when subjected to stress [7,8]. Recently, the presence
of anandamide and its congeners palmitoylethanolamide (PEA), and oleylethanolamide (OEA) was
shown in seminal plasma, oviductal fluid, and follicular fluids [9]. Furthermore, AEA was isolated in
human spermatoza [10]. PEA and OEA are cannabinoid-receptor inactive molecules [11,12], with
respect to the classical cannabinoid receptors CB1 and CB2 [13], which are G-protein coupled.
PEA and OEA present some endocannabinoid-like effects, likely by the so-called “entourage
effect” [14]. The term “entourage effect” was used for the first time to describe the ability of some 2-AG
congeners to strength the actions of 2-AG at CB receptor [15]. However, it is also used to indicate the
effects of PEA and OEA to potentiate the AEA actions at TRPV1 receptors [16]. This “entourage effect”
can be performed by different mechanisms, such as the modulation of AEA target receptor [17], or the
inhibition of endocannabinoids catabolism, thus increasing their levels to potentiate their biological
actions [16,18].
Furthermore, increasing evidence indicates that OEA and PEA can themseles activate other
receptors that are potential targets of endocannabinoids, such as TRPV1 (Transient Receptor Potential
Vanilloid type (1) [14,19] or PPARs (Peroxisome Proliferator-Activated Receptors) [14].
2. Endocannabinoid System
This consists of endocannabinoids, enzymes involved in their synthesis and degradation, a putative
membrane transport system and receptors through which they elicit their physiological functions [18].
Endocannabinoids are synthetised on demand from membrane precursors and are not stored [18].
NAEs are produced by enzymatic degradation of NAPEs. The major pathway is catalysed by a
specific membrane-associated phospholipase D (NAPE-PLD) enzyme [20] which is regulated by a
signalling mechanism [21]. N-Arachidonylethanolamide (AEA), N-palmitoylethanolamide (PEA) and
N-oleoylethanolamide (OEA) are enzymatically released together from membrane phospholipid
precursors when cells are stimulated by depolarizing agents, neurotransmitters and hormones [6,21–23].
NAEs are lipophylic molecules with a very low solubility in water [24], which are likely bound in
biological fluids to albumin [24,25]. Moreover, recent data could suggest an interaction also with
lipoproteins [26].

Pharmaceuticals 2010, 3

3202

2-AG is synthetised by two enzymes: a specific phospholipase C (PLC), which hydrolyses
inositol phospholipids generating diacylglycerol (DAG), and a sn-1-DAG lipase, which converts
DAG to2-AG [3]. Degradation of NAEs requires their transport within the cell, but the transport
mechanism is still debated. However, the presence of an endocannabinoid membrane transporter
(EMT), was suggested for the uptake of extracellular AEA [10].
Once inside the cells, NAEs are quickly metabolized by a fatty acid amide hydrolase (FAAH), that
breaks the amide bond and releases free fatty acid and ethanolamine [27]. FAAH is an integral
membrane protein (located in endoplasmic reticulum) whose active site was supposed to be accessed
by NAEs via the bilayer [28]. However a recent study identified a system of carrier proteins that
transport AEA from the plasma membrane to FAAH in the rough endoplasmic reticulum [29]. Although
PEA is hydrolysed by FAAH, it is preferentially demolished by the cysteine amidase
N-acylethanolamine-hydrolyzing acid amidase (NAAA) [30,31] which is located in lysosomes [32]. 2-AG
is degraded to arachidonic acid and glycerol by a specific monoacylglycerol lipase in the cytosol [33].
A recent study [10] demonstrated that endogenous AEA is present in human spermatozoa, together
with the active AEA-synthase NAPE-PLD, the AEA-hydrolase FAAH and a purported carrier EMT.
The possibility that OEA and PEA are co-released together with AEA by spermatozoa has been not
yet examined.
Cannabinoid receptors belong to the superfamily of G-protein-coupled receptors, producing an
inhibition of adenylate cyclase activity and inhibition of calcium channel activation by depolarization [34].
Two main subtypes have been cloned and characterized. Cannabinoid receptor 1 (CB1) was originally
cloned from rat and human brain [35,36]. Quite recent papers demonstrated that it is widely distributed
in neural and nonneural cells in reproductive and other peripheral organs [9,37,38]. Functional CB1
receptors are expressed in male and feminine human reproductive tract [35,39–46], included human
sperm [37,47].
Cannabinoid receptor 2 (known as CB2) was originally cloned from human promyelocytic leukemia
HL 60 cells [48] and has important roles in modulating immune responses [22]. Functional CB2
receptors are expressed in some male and feminine tissues of human reproductive tract [39,41,43,49],
but a functional CB2 receptor was not identified in human sperm [10], although it was isolated in
porcine sperm [47]. It was demonstrated that CB receptors signalling, by differential activation of
G-protein subtypes regulating multiple signal transduction pathways, can modulate capacitation and
fertilizing potential of human and boar sperm in vitro [9,37,47,50,]. AEA has also been shown to bind
to the type-1 vanilloid receptor (TRPV1) [51] which is also expressed in human sperm, where it
controls sperm/oocyte fusion [10].
More recently two G protein-coupled receptors (GPR) have been shown as novel cannabinoid
receptors: GPR119 and GPR55. The former is activated by OEA and is strongly implicated in the
regulation of energy balance and body weight, while the latter is activated by multiple different
cannabinoid ligands, included PEA [13], and it is associated with pain signalling in wild-type animals [52].
The possibility that mammalian sperm also express these receptors remains to be investigated.
The localization of ECS components in human sperm was the post-acrosomal region for TRPV1,
and the post-acrosomal region and the midpiece for NAPE-PLD, CB1 and FAAH [10].
ECS is involved in fertility not only in humans and mammalians but also in non mammalian
vertebrates and invertebrates, being the system highly conserved from evolutionary view point [53].
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Schuel et al. [54] were the first to show in the sea urchin Strongylocentrotus purpuratus that
cannabinoids directly affect the process of fertilization by reducing the fertilizing capacity of sperm.
3. Endocannabinoids and Sperm Cells
A number of reviews on endocannabinoids and their effect on human reproduction have been
published recently [3,9,18,50,55,56]. These reviews were focused on anandamide and another
important endocannabinoid, 2-arachidonoylglycerol (2-AG). These endocannabinoids can perform
multiple roles in reproductive tract fluids by modulating sperm motility, capacitation and acrosome
reaction, regulating reproductive tract function, protecting against infection, and maintaining sperm
viability [9,37,47]. Also recent studies have been focused on these molecules; e.g., Sun et al. [57]
evaluated in vivo effects of sustained high AEA levels on sperm function. FAAH−/− mice with high AEA
levels were used as a model system to mimic conditions of long-term exposure to marijuana. Results
with FAAH−/− sperm have shown a compromised fertilizing capacity both in vivo and in vitro, and are
clinically relevant because long term in vivo exposure to marijuana is implicated in reduced male
infertility. Furthermore, Grimaldi et al. [58] have shown that 2-AG plays a pivotal role in the meiotic
process during spermatogenesis by activating CB2 receptors, and, in mouse epidymis Cobellis et al. [59]
have found a 2-AG gradient which regulates the activity of CB1 present on the sperm cell membrane,
affecting spermatozoa motility.
However, only few studies have been made on the human sperm effects of the congeners of
anandamide, with endocannabinoid-like effects, that have been identified in the biological fluids of
human reproductive tract, PEA and OEA [9].
This review will examine the present knowledge about the effects of these NAEs in human sperm cells.
Ejaculated sperm of mammalians and humans, when bathed in male secretions included seminal
plasma, are initially unable to fertilize oocyte [9,50,55,60]. Sperm cells can acquire fertilizing potential
both in vivo, in the female genital tract or in vitro, following exposure to proper culture
media [60,61]. The first step of fertilization process is called capacitation, that is the fundamental prerequisite for ability of sperm to undergo acrosome reaction which enables it to bind to the egg’s zona
pellucida and to fertilize it. One important aspect of the sperm capacitation is the remodelling of the
glycocalyx on the plasma membrane which explains the dynamic alterations in lateral topology of the
transmembrane proteins [62]. Capacitated sperm cells are characterised by hyperactivated motility (HA)
necessary for fertilization. The molecular mechanism of capacitation and acrosome reaction, remain
elusive [63]. It was suggested the occurrence of multiple signalling pathways that regulate sperm
capacitation [64]. It is known that preparatory modifications, associated with both in vivo and in vitro
capacitation, include multiple molecular changes in plasma membrane proteins/glycoproteins and
sterols (mainly cholesterol) that modifies plasmalemma of spermatozoa [63]. Cholesterol efflux
modifies plasma membrane physicochemical features such as membrane permeability and fluidity
allowing the influx of ions, such as Ca2+ and HCO3−, starting a cascade of signalling events [63]
including activation of adenylyl cyclase activity , production of cAMP, stimulation of PKA and likely
other kinases, protein tyrosine phosphorylation [63]. A lower cholesterol-phospholipids ratio has been
correlated with a faster capacitation time [65] in human sperm cells.
Schuel et al. [50] showed that 0.25 nM R(+)-methanandamide (a stable analogue of AEA)
stimulates sperm hyperactivated motility, that is inhibited by an higher concentration (2.5 nM) of the
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same compound. These biphasic responses are a general feature of cannabinoids and other G-protein
coupled receptors, suggesting presuntive modulatory roles for AEA during sperm transport,
capacitation and fertilization in vivo.
Gervasi et al. [66] have demonstrated that bull sperm and bovine oviductal epithelial cells express
CB1, CB2 and FAAH and that physiological concentration of AEA modulates sperm-oviduct
interaction. By in vitro experiments with AEA, R(+)-methanandamide and CB1 antagonists, they
speculate that the decrease in sperm binding to oviductal epithelium caused by AEA in vivo is
mediated by CB1 receptors.
An interesting paper by Schuel et al. [9] reports that AEA, but also PEA and OEA, are significantly
decreased in follicular fluid, with respect to seminal plasma and oviductal fluid, indicating that their
concentrations are decreased when the sperm approaches oocyte to be fertilised. It was speculated that,
the presence of AEA and the activation of endocannabinoid system in spermatozoa could be a
mechanism to prevent sperm capacitation before the interaction with oocyte [56]. Our studies, focused
on the effects of endocannabinoid-like PEA and OEA demonstrated that both molecules affect sperm
parameters and as a consequence capacitation process [67–69].
Previous studies of men affected by idiopathic infertility demonstrated that spermatozoa from
oligozoospermic men and some normozoospermic men (as defined by World Health Organization
criteria) are characterized by plasma membrane alterations (decreased membrane polarity or increased
membrane phospholipids packing) [70], which are likely related to altered in vitro-induced
capacitation [68]. It was showed that idiopathic infertility is characterised by spermatozoa plasma
membrane alterations [69 and ref. cited therein], that can be easily evaluated by the fluorescent features
of the membrane probe Laurdan, that was suggested as simple tool for infertility assessment [70]. Data
obtained by sperm samples from oligozoospermic patients and some normozoospermic men (threshold
value of 20 × 106 cells per milliliter for diagnosis of oligospermia) were shown in this paper.
Spermatozoa from patients with< 32 × 106 cells per milliliter were characterised by a markedly
decreased membrane polarity (as measured by Laurdan fluorescence using the parameter defined as
exGP340), with respect to spermatozoa from men with sperm cells> 32 × 106 cells per milliliter [70].
Ambrosini et al. [68] demonstrated that cells with high exGP340 (Laurdan fluorescence) present
physiologically decreased rate in the time pattern of plasma membrane capacitation processes, which
could be related to their infertility.
It was shown that 5 μM PEA affects the time course of in vitro-capacitation, increasing the rate of
this process, in sperm cells from infertile men with high exGP340 [68]. This result brought up the
authors to suggest the possible pharmacological use of this molecule in this pathology [68].
Also 2.5 nM PEA [67–69] significantly affect the capacitation process, as demonstrated by the
PEA- and OEA-induced increase of some motility parameters and HA, that are involved in that
complex mechanism. This effect was evident only in sperm cells characterised by low values of the
kinematic parameters, such as VSL (straight-line velocity), VCL (curvilinear velocity), ALH (lateral
head displacement) and LIN (linearity), whose modification is an important index for the evaluation of
sperm capacitation [67]. When the capacitation process was induced in this group of spermatozoa,
kinematic parameters are only slightly increased and no significant HA was measured [67]. In these
groups of sperm cells, the capacitation process significantly increases kinematic parameters and HA
percentage only when it is performed in the presence of 2.5 nM PEA [67]. PEA and OEA have no
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effect on sperm cells that are characterised by larger kinematic parameters, and by significant HA
percentage in capacitating conditions. Although the mechanism involved in PEA and OEA action on
these altered sperm cells remains to be elucidated, data obtained [67] demonstrated a PEA-induced
increase of extracellular Ca2+-influx and could suggest a modulation of Ca2+-channels by this
endocannabinoid-like molecule.
In fact, an increase of free intracellular Ca2+ alters flagellar beat patterns characteristic of HA [71].
Moreover, the involvement of plasma membrane Ca2+-channels is thought to play a role in initiating
and mantaining hyperactivation [72]. It was demonstrated that [60,73] Ca2+ and HCO3− are involved in
the regulation of SACY, an atypical adenylyl cyclase, that increases cAMP intracellular levels and
activate PKA, that modulates tyrosyne phosphorilation involved in capacitation.
It is interesting to underline that in vitro incubation of normal human spermatozoa, in capacitating
conditions, with 2.5 nM AM-356, an analogue of anandamide, inhibits HA [50]. It was suggested that
this effect could be linked to a regulation of Ca2+-channels [50]. However, no modifications of
intracellular Ca2+ concentrations were induced by AEA in human sperm during the sperm acrosomal
reaction induced by the calcium ionophore ionomycin [37], ruling out any interfering effect of this
endocannabinoid on Ca2+-signaling.
PEA and OEA are not thought to be ligands of the cannabinoid receptor CB1, which is expressed in
spermatozoa [50]. Although the action on TRPV1 and the “entourage effect” cannot be excluded, their
chemical features suggest that their action can be performed, at least partially, through physical
interactions with the lipid part of the cellular membrane. This possibility is suggested by previous
papers that investigated the interaction of several NAEs, differing for acyl chain length and
unsaturation, with dipalmitoylphosphatidylcholine (DPPC) multilamellar liposomes, by using
fluorescence spectroscopy [74,75]. NAEs modified DPPC main transition temperature (Tm) in different
ways, depending on the characteristic of their acyl chains, suggesting that acyl chains length and
unsaturation may play important roles in the NAE interaction with membranes. Zolese et al. [75]
studied the effect of saturated and monounsaturated NAEs on DPPC large unilamellar vesicles and on
porcine pancreas phospholipase A2 activity, which is dependent on lipid bilayer features. The data
showed that the acyl chain length and the presence or the absence of a single double bond are crucial
for the enzymatic activity modulation by NAEs, in particular PEA was shown to increase PLA2
activity. It is noteworthy that an increase of PLA2 activity by THC has been shown in homogenate of
sea urchin sperm by Chang et al. [76]. The possible preferential localization of NAEs in specific
domains, with different lipid composition, could give rise to microenvironments with different
structural and physicochemical features [74,75,77] which could affect the activity of membrane
enzymes, such as those involved in capacitation process [68] and calcium channels (which modulates
HA) in men with low sperm kinematic parameters[67].
A PEA protective action against ROS cannot be excluded, in fact its antioxidative activities were
shown in low-density lipoproteins [78] and in rat liver mitochondria [79]. Controlled generation of
ROS has physiologic roles in important functions involved in fertilization, such as HA, capacitation
and acrosome reactions [80]. However, increased levels of ROS were demonstrated in semen samples
of infertile men [81] such as patients with idiopathic infertility [80] , suggesting that ROS-induced
damages of spermatozoa, in particular, lipid peroxidation of sperm membrane, could be one of the key
mechanisms involved in the pathophysiology of male infertility [80]. Because uncontrolled and
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excessive ROS concentration has a significant role as one of the major factors leading to the infertile
status [80], it is reasonable to expect that it causes alteration of sperm physiologic functions, such as
HA. In a previous work we have shown that addition of OEA (another NAE with antioxidant
properties) to in vitro capacitated spermatozoa improves sperm kinematic parameters and HA, both in
the presence and in the absence of oxidative stress, conferring, in some measure, protection against
oxidative damage. We suggest that patients with idiopathic infertility, who suffer oxidative stress by
increased levels of ROS [79] and need assisted reproduction procedures, could benefit from OEA in
vitro supplementation during the preparation of their sperm cells for fertilization.
4. Conclusions
Many studies have been performed on the effects of endocannabinoids, such as AEA and 2-AG, on
spermatozoa from different mammalian and non-mammalian species. Extensive and recent reviews
have described [3,9,18,50,55,56] their effects on spermatozoa functions. All these papers indicate an
inhibitory effect of these endocannabinoids on many fundamental sperm functions, although no precise
target of these molecules was identified. This review presents some experimental data on PEA and
OEA, endocannabinoid-like molecules, which appear to exert their action exclusively on sperm cells
with altered features, such as membrane characteristics and kinematic parameters. Their beneficial
effects on these cells could suggest a possible pharmacological use of PEA and OEA on patients
affected by some forms of idiopathic infertility.
References
1.
2.
3.
4.
5.

6.
7.

8.
9.

Wang, H.; Dey, S.K.; Maccarrone, M. Jekyll and Hyde: two faces of cannabinoid signalling in
male and female fertility. Endocr. Rev. 2006, 27, 427–448.
Bifulco, M.; Malfitano, A.M.; Pisanti, S.; Laezza, C. Endocannabinoids in endocrine and related
tumors. Endocr. Relat. Cancer 2008, 15, 391–408.
Lewis, S.E.; Maccarrone, M. Endocannabinoids, sperm biology and human fertility. Pharmacol. Res.
2009, 60, 126–131.
Chapman, K.D. Emerging physiological roles for N-acylphosphatidylethanolamine metabolism in
plants: signal transduction and membrane protection. Chem. Phys. Lipids 2000, 108, 221–230.
Bisogno, T.; Ventriglia, M.; Milone, A.; Mosca, M.; Cimino,G.; Di Marzo, V. Occurrence and
metabolism of anandamide and related acyl-ethanolamides in ovaries of the sea urchin
Paracentrotus lividus . Biochim. Biophys. Acta 1997, 1345, 338–348.
Stella, N.; Piomelli, D. Receptor-dependent formation of endogenous cannabinoids in cortical
neurons. Eur. J. Pharmacol. 2001, 425, 189–196.
Kaufmann, I.; Hauer, D.; Huge,V.; Vogeser, M.; Campolongo, P.; Chouker, A.; Thiel, M.;
Schelling, G. Enhanced anandamide plasma levels in patients with complex regional pain
syndrome following traumatic injury: a preliminary report. Eur. Surg. Res. 2009, 43, 325–329.
Gorzalka, B.B.; Hill, M.N.; Hillard, C.J. Regulation of endocannabinoid signaling by stress:
implications for stress-related affective disorders. Neurosci. Biobehav. Rev. 2008, 32, 1152–1160.
Schuel, H.; Burkman, L.J.; Lippes, J.; Crickard, K.; Forester, E.; Piomelli, D.; Giuffrida, A.
N-acylethanolamines in human reproductive fluids. Chem. Phys. Lipids 2002, 121, 211–227.

Pharmaceuticals 2010, 3

3207

10. Francavilla, F.; Battista, N.; Barbonetti, A.; Vassallo, M.R.C.; Rapino, C.; Antonangelo, C.;
Pasquariello, N.; Catanzaro, G.; Barboni, B.; Maccarrone, M. Characterization of the
endocannabinoid system in human spermatozoa and involvement of transient receptor potential
vanilloid 1 receptor in their fertilizing ability. Endocrinology 2009, 150, 4692–4700.
11. Naccarato, M.; Pizzuti, D.; Petrosino, S.; Simonetto, M.; Ferigo, L.; Grandi, F.C.; Pizzolato, G.D.;
Marzo, V. Possible anandamide and palmitoylethanolamide involvement in human stroke.
Lipids Health Dis. 2010 9, 47–52.
12. Annuzzi, G.; Piscitelli, F.; Di Marino, L.; Patti, L.; Giacco, R.; Costabile, G.; Bozzetto, L.;
Riccardi, G.; Verde, R.; Petrosino, S.; Rivellese A.A.; Di Marzo, V. Differential alterations of the
concentrations of endocannabinoids and related lipids in the subcutaneous adipose tissue of obese
diabetic patients. Lipids Health Dis. 2010, 9,43–46.
13. Godlewski, G.; Offertáler, L.; Wagner, J.A.; Kunos, G. Receptors for acylethanolamides-GPR55
and GPR119. Prostagland. Lipid Mediat. 2009, 89, 105–111.
14. Hansen, H.S. Palmitoylethanolamide and other anandamide congeners. Proposed role in the
diseased brain. Exp. Neurol. 2010, 224, 48–55.
15. Ben-Shabat, S.; Fride, E.; Sheskin, T.; Tamiri, T.; Rhee, M.H.; Vogel, Z.; Bisogno, T.; De
Petrocellis, L.; Di Marzo, V.; Mechoulam, R. An entourage effect: inactive endogenous fatty acid
glycerol esters enhance 2-arachidonoyl-glycerol cannabinoid activity. Eur. J. Pharmacol. 1998,
353, 23–31.
16. Lambert, D.M.; Fowler, C.J. The endocannabinoid system: drug targets, lead compounds and
potential therapeutic applications. J. Med. Chem. 2005, 48, 5060–5087.
17. De Petrocellis, L.; Davis, J.B.; Di Marzo, V. Palmitoylethanolamide enhances anandamide
stimulation of human vanilloid VR1 receptors. FEBS Lett. 2001, 506, 253–256.
18. Taylor, A.H.; Amoako, A.A.; Bambang, K.; Karasu, T.; Gebeh, A.; Lam, P.M.; Marzcylo, T.H.;
Konje, J.C. Endocannabinoids and pregnancy. Clin. Chim. Acta 2010, 411, 921–930.
19. Ho, W.S.; Barrett, D.A.; Randall, M.D. 'Entourage' effects of N-palmitoylethanolamide and
N-oleoylethanolamide on vasorelaxation to anandamide occur through TRPV1 receptors.
Br. J. Pharmacol. 2008, 155, 837–846.
20. Okamoto, Y.; Morishita, J.; Tsuboi, K.; Tonai, T.; Ueda, N. Molecular characterization of a
phospholipase D generating anandamide and its congeners. J. Biol. Chem. 2004, 279, 5298–5305.
21. Schmid, H.H.O. Pathways and mechanisms of nacylethanolamine biosynthesis: can anandamide
be generated selectively? Chem. Phys. Lipids 2000, 108, 71–87.
22. Berdyshev, E.V. Cannabinoid receptors and regulation of immune response. Chem. Phys. Lipids
2000, 108, 169–190.
23. De Petrocellis, L.; Melck, D.; Bisogno, T.; Di Marzo, V. Endocannabinoids and fatty acid amides
in cancer, inflammation and related disorders. Chem. Phys. Lipids 2000, 108, 191–209.
24. Bojesen, I.N.; Hansen, H.S. Binding of anandamide to bovine serum albumin. J. Lipid Res.
2003, 44, 1790–1794.
25. Zolese, G.; Falcioni, G.; Bertoli, E.; Galeazzi, R.; Wozniak, M.; Wypych, Z.; Gratton, E.;
Ambrosini, A. Steady-state and time resolved fluorescence of albumins interacting with
N-oleylethanolamine, a component of the endogenous N-acylethanolamines. Proteins 2000, 4, 39–48.

Pharmaceuticals 2010, 3

3208

26. Zolese, G.; Bacchetti, T.; Masciangelo, S.; Ragni, L.; Ambrosi, S.; Ambrosini, A.; Marini, M.;
Ferretti, G. Effect of acylethanolamides on lipid peroxidation and paraoxonase activity. Biofactors
2008, 33, 201–209.
27. McKinney, M.K.; Cravatt, B.F. Structure and function of fatty acid amide hydrolase. Annu. Rev.
Biochem. 2005, 74, 411–432.
28. Bracey, M.H.; Hanson, M.A.; Masuda, K.R.; Stevens, R.C.; Cravatt, B.F. Structural adaptations in
a membrane enzyme that terminates endocannabinoid signalling. Science 2002, 298, 1793–1796.
29. Kaczocha, M.; Glaser, S.T.; Deutsch, G. Identification of intracellular carriers for the
endocannabinoid anandamide. Proc. Natl. Acad. Sci. USA 2009, 106, 6375–6380.
30. Solorzano, C.; Zhu, C.; Battista, N.; Astarita, G.; Lodola, A.; Rivara, S.; Mor, M.; Russo, R.;
Maccarrone, M.; Antonietti, F; Duranti, A.;Tontini, A.; Cuzzocrea, S.; Tarzia, G; Piomelli, D.
Selective N-acylethanolamine-hydrolyzing acid amidase inhibition reveals a key role for
endogenous palmitoylethanolamide in inflammation. Proc. Natl. Acad. Sci. USA 2009, 106,
20966–20971.
31. Saturnino, C.; Petrosino, S.; Ligresti, A.; Palladino, C.; De Martino, G.; Bisogno, T.; Di Marzo, V.
Synthesis and biological evaluation of new potential inhibitors of N-acylethanolamine
hydrolyzing acid amidase. Bioorg. Med. Chem. Lett. 2010, 20, 1210–1213.
32. Tsuboi, K.; Takezaki, N.; Ueda, N. The N-acylethanolamine-hydrolyzing acid amidase (NAAA).
Chem. Biod. 2007, 4, 1914–1924.
33. Dinh, T.P.; Carpenter, D.; Leslie, F.M.; Freund, T.F.; Katona, I.; Sensi, S.L.; Kathuria, S.;
Piomelli, D. Brain monoglyceride lipase participating in endocannabinoid inactivation.
Proc. Natl. Acad. Sci. USA 2002, 99, 10819-10824.
34. McAllister, S.D.; Glass, M. CB1 and CB2 receptor-mediated signalling: a focus on
endocannabinoids. Prostag. Leukot. Essent. Fatty Acids 2002, 66, 161–171.
35. Gerard, C.M.; Mollereau, C.; Vassart,G.; Parmentier, M. Molecular cloning of a human
cannabinoid receptor which is also expressed in testis. Biochem. J. 1991, 279, 129–134.
36. Matsuda, L.A. Molecular aspects of cannabinoid receptors. Crit. Rev. Neurobiol. 1997, 11, 143–166.
37. Rossato, M.; Popa, I.F.; Ferigo, M.; Clari, G.; Foresta, C. Human sperm express cannabinoid
receptor Cb1 which activation inhibits motility, acrosome reaction and mitochondrial function.
J. Clin. Endocrinol. Metab. 2005, 90, 984–991.
38. Pertwee, R.G.; Ross, A. Cannabinoid receptors and their ligands. Prostag. Leukot. Essent. Fatty
Acids 2002, 66, 101–121.
39. Galiegue, S.; Mary, S.; Marchand, J.; Dussossoy, D.; Carriere, D.; Carayon, P.; Bouaboula, M.;
Shire, D.; Le Fur, G.; Casellas P. Expression of central and peripheral cannabinoid receptors in
human immune tissues and leukocyte populations. Eur. J. Biochem. 1995, 232, 54–61.
40. Wenger, T.; Ledent, C.; Csernus, V.; Gerendai, I. The central cannabinoid receptor inactivation
suppresses endocrine reproductive functions. Biochem. Biophys. Res. Commun. 2001, 284, 363–368.
41. Sarfaraz, S.; Afaq, F.; Adhami, V.M.; Mukhtar, H. Cannabinoid receptor as a novel target for the
treatment of prostate cancer. Cancer Res. 2005, 65, 1635–1641.
42. Wang, H.; Guo, Y.; Wang, D.; Kingsley, P.J.; Marnett, L.J.; Das, S.K.; DuBois, R.N.; Dey, S.K.
Aberrant cannabinoid signaling impairs oviductal transport of embryos. Nat. Med. 2004, 10,
1074–1080.

Pharmaceuticals 2010, 3

3209

43. Dennedy, M.C.; Friel, A.M.; Houlihan, D.D.; Broderick, V.M.; Smith, T.; Morrison, J.J.
Cannabinoids and the human uterus during pregnancy. Am. J. Obstet. Gyn. 2004, 190, 2–9.
44. Paria, B.C.; Dey, S.H. Ligand-receptor signaling with endocannabinoids in preimplantation
embryo development and implantation. Chem. Phys. Lipids 2000, 108, 211–220.
45. Kenney, S.P.; Kekuda, R.; Prasad, P.D.; Leibach, F.H.; Devoe, L.D.; Ganapathy, V. Cannabinoid
receptors and their role in the regulation of the serotonin transporter in human placenta.
Am. J. Obstet. Gynecol. 1999, 181, 491–497.
46. Helliwell, R.J.; Chamley, L.W.; Blake-Palmer, K.; Mitchell, M.D.; Wu, J.; Kearn, C.S.; Glass, M.
Characterization of the endocannabinoid system in early human pregnancy. J. Clin. Endocrinol.
Metab. 2004, 89, 5168–5174.
47. Maccarrone, M.; Barboni, B.; Paradisi, A.; Bernabo, N.; Gasperi, V.; Pistilli, M.G.; Fezza, F.;
Lucidi, P.; Mattioli, M. Characterization of the endocannabinoid system in boar spermatozoa and
implications for sperm capacitation and acrosome reaction. J. Cell. Sci. 2005, 118, 4393–4404.
48. Munro, S.; Thomas, K.L.; Abu-Shaar, M. Molecular characterization of a peripheral receptor for
cannabinoids. Nature 1993, 365, 61–65.
49. Brown, S.M.; Wager-Miller, J.; Mackie, K. Cloning and molecular characterization of the rat CB2
cannabinoid receptor. Biochim. Biophys. Acta 2002, 1576, 255–264.
50. Schuel, H.; Burkman, L.J.; Lippes, J.; Crickard, K.; Mahony, M.C.; Giuffrida, A.; Picone, R.P.;
Makriyannis, A. Evidence that anandamide-signaling regulates human sperm functions required
for fertilization. Mol. Repr. Dev. 2002, 63, 376–387.
51. Starowicz, K.; Nigam, S.; Di Marzo, V. Biochemistry and pharmacology of endovanilloids.
Pharmacol. Ther. 2007, 114, 13–33.
52. Brown, A.J. Novel cannabinoid receptors. Br. J. Pharmacol. 2007, 152, 567-575.
53. Fasano, S.; Meccariello, R.; Cobellis, G.; Chianese, R.; Cacciola, G.; Chioccarelli, T.; Pierantoni, R.
The endocannabinoid system: an ancient signaling involved in the control of male fertility.
Trends Comp. Endocrinol. Neurobiol. 2009, 1163, 112-124.
54. Schuel, H.; Schuel, R.; Zimmerman, A.M.; Zimmerman, S. Cannabinoids reduce fertility of sea
urchin sperm. Biochem. Cell Biol. 1987, 65, 130–136.
55. Schuel, H.; Burkman, L.J. A tale of two cells: endocannabinoid-signaling regulates functions of
neurons and sperm. Biol. Reprod. 2005, 73, 1078–1086.
56. Rossato, M. Endocannabinoids, sperm functions and energy metabolism. Mol. Cell Endocrinol.
2008, 286, S31–S35.
57. Sun, X.; Wang, H.; Okabe, M.; Mackie, K.; Kingsley, P.J.; Marnett, L.J.; Cravatt, B.F.; Dey, S.K.
Genetic loss of Faah compromises male fertility in mice. Biol. Reprod. 2009, 80, 235-242.
58. Grimaldi, P.; Orlando, P.; Di Siena, S.; Lolicato, F.; Petrosino, S.; Bisogno, T.; Geremia, R.; De
Petrocellis, L.; Di Marzo, V. The endocannabinoid system and pivotal role of the CB2 receptor in
mouse spermatogenesis. Proc. Natl. Acad. Sci. USA 2009, 106, 11131-11136.
59. Cobellis, G.; Ricci, G.; Cacciola, G.; Orlando, P.; Petrosino, S.; Cascio, M.G.; Bisogno, T.; De
Petrocellis, L.; Chioccarelli, T.; Altucci, L.; Fasano, S.; Meccariello, R.; Pierantoni, R.; Ledent,
C.; Di Marzo, V. A gradient of 2-arachidonoylglycerol regulates mouse epididymal sperm cell
start-up. Biol. Reprod. 2010, 82, 451-458.

Pharmaceuticals 2010, 3

3210

60. Boerke, A; Tsai, P.S.; Garcia-Gil, N.; Brewis, I.A.; Gadella, B.M. Capacitation-dependent
reorganization of microdomains in the apical sperm head plasma membrane: functional
relationship with zona binding and the zona-induced acrosome reaction. Theriogenology 2008, 70,
1188–1196.
61. Gadella, B.M.; Gadella, T.W.J. Jr; Colembrander, B.; van Golde, L.M.G.; Lopes-Cardozo, M.
Visualization and quantification of glycolipid polarity dynamics in the plasma membrane of the
mammalian spermatozoon. J. Cell Sci. 1994, 107, 2151–2163.
62. Flesch, F.M.; Gadella, B.M. Dynamics of the mammalian sperm plasma membrane in the
processo of fertilization. Biochim. Biophys. Acta 2000, 1469, 197–235.
63. Abou-haila, A.; Tulsiani, D.R.P. Signal transduction pathways that regulate sperm capacitation
and acrosome reaction. Arch. Biochem. Biophys. 2009, 485, 72–81.
64. Zeng, H.T.; Tulsiani, D.R. Calmodulin antagonists differentially affect capacitation-associated
protein tyrosine phosphorylation of mouse sperm components. J. Cell Sci. 2003, 116, 1981–1989.
65. Ladha S. Lipid heterogeneity and membrane fluidity in a highly polarized cell, the mammalian
spermatozoon. J. Membr. Biol. 1998, 165, 1–10.
66. Gervasi, M.G.; Rapanelli, M.; Ribeiro, M.L.; Farina, M.; Billi, S.; Franchi, A.M.; Perez Martinez, S.
The endocannabinoid system in bull sperm and bovine oviductal epithelium: role of anandamide
in sperm-oviduct interaction. Reproduction 2009, 137, 403–414.
67. Ambrosini, A.; Zolese, G.; Ambrosi, S.; Bertoli, E.; Mantero, F.; Boscaro, M.; Balercia, G.
Idiopathic infertility: effect of palmitoylethanolamide (a homologue of anandamide) on
hyperactivated sperm cells motility and Ca2+ influx. J. Androl 2005, 26, 429–436.
68. Ambrosini, A.; Zolese, G.; Wozniak, M.; Genga, D.; Boscaro, M.; Mantero, F.; Balercia, G.
Idiopathic infertility: susceptibility of spermatozoa to in vitro capacitation, in the presence and
absence of palmitylethanolamide (a homologue of anandamide), is strongly correlated with
membrane polarity studied by Laurdan fluorescence. Mol. Hum. Reprod. 2003, 9, 381–388.
69. Ambrosini, A.; Zolese, G.; Ambrosi, S.; Ragni, L.; Tiano, L.; Littarru, G.; Bertoli, E.; Mantero, F.;
Boscaro, M.; Balercia, G. Oleoylethanolamide protects human sperm cells from oxidation stress:
studies on cases of idiopathic infertility. Biol. Reprod. 2006,74, 659–665.
70. Ambrosini, A.; Zolese, G.; Balercia, G.; Bertoli, E.; Arnaldi, G.; Mantero, F. Laurdan
fluorescence: a simple method to evaluate sperm plasma membrane alterations. Fertil. Steril.
2001, 76, 501–505.
71. Lindemann, C.B.; Goltz, J.S. Calcium regulation of flagellar curvature and swimming pattern in
triton X-100-extracted rat sperm. Cell. Motil. Cytoskel. 1988, 10, 420–431.
72. Quill,T.A.; Sugden, S.A.; Rossi, K.L.; Doolittle, L.K.; Hammer, R.E.; Garbers, D.L.
Hyperactivated sperm motility driven by CatSper2 is required for fertilization. Proc. Natl. Acad.
Sci. USA 2003, 100, 14869–14874.
73. Visconti, P.E. Understanding the molecular basis of sperm capacitation through kinase design.
Proc. Natl. Acad. Sci. USA 2009, 106, 667–668.
74. Ambrosini, A.; Tanfani, F.; Bertoli, E.; Wozniak, M.; Wypych, Z.; Zolese, G. Effect of Nacylethanolamines with different acyl-chains on DPPC multilamellar liposomes. Chem. Phys. Lipids
1993, 65, 165–169.

Pharmaceuticals 2010, 3

3211

75. Zolese, G.; Wozniak, M.; Mariani, P.; Saturni, L.; Bertoli, E.; Ambrosini, A.; Different
modulation of phospholipase A2 activity by saturated and monounsaturated N-acylethanolamines.
J. Lipid Res. 2003, 44, 742–753.
76. Chang, M.C.; Berkery, D.; Laychock, S.G.; Schuel, H. Reduction of the fertilizing capacity of sea
urchin sperm by cannabinoids derived from marihuana. III. Activation of phospholipase A2 in
sperm homogenate by delta 9-tetrahydrocannabinol. Biochem. Pharmacol. 1991, 42, 899–904.
77. Ambrosi, S.; Ragni, L.; Ambrosini, A.; Paccamiccio, L.; Mariani, P.; Fiorini, R.; Bertoli, E.;
Zolese, G. On the importance of anandamide structural features for its interactions with DPPC
bilayers: effects on PLA2 activity. J. Lipid Res. 2005, 46, 1953–1961.
78. Zolese, G.; Bacchetti, T.; Ambrosini, A.; Wozniak, M.; Bertoli, E.; Ferretti, G. Increased plasma
concentrations of palmitoylethanolamide, an endogenous fatty acid amide, affect oxidative
damage of human low-density lipoproteins: an in vitro study. Atherosclerosis 2005, 182, 47–55.
79. Gulaya, N.M.; Kuzmenko, A.I.; Margitich, V.M.; Govseeva, N.M.; Melnichuk, S.D.; Goridko,
T.M.; Zhukov, A.D. Long-chain N-acylethanolamines inhibit lipid peroxidation in rat liver
mitochondria under acute hypoxic hypoxia. Chem. Phys. Lipids 1998, 97, 49–54.
80. Pasqualotto, F.F.; Sharma, R.K.; Nelson, D.R.; Thomas, A.J.; Agarwal, A. Relationship between
oxidative stress, semen characteristics, and clinical diagnosis in men undergoing infertility
investigatio. Fertil. Steril. 2000, 73, 459–464.
81. Wang, X.; Sharma, R.K.; Sikka, S.C.; Thomas, A.J.; Falcone, T.; Agarwal, A. Oxidative stress is
associated with increased apoptosis leading to spermatozoa DNA damage in patients with male
factor infertility. Fertil. Steril. 2003, 80, 531-535.
© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

