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1. ABSTRACT 
 

Epidemiological studies have highlighted the ever 
growing use of illegal drugs among teenagers. The negative 
effects of marijuana (a Cannabis sativa extract) on 
reproductive health are poorly known among young people, 
although chronic exposure to delta-9-tetrahydrocannabinol, 
the main psychoactive constituent of marijuana, impairs 
human reproductive potential by disrupting menstrual 
cycle, suppressing oogenesis and impairing embryo 
implantation and development, in women, and by 
increasing ejaculation problems, reducing sperm count and 
motility, and generating loss of libido and impotence, in 
men. Endocannabinoids, their metabolic enzymes and 
target receptors form the so called “endocannabinoid 
system” and they have been demonstrated to respond to 
fertility signals. In addition, they interfere with hormones, 
cytokines and other signalling molecules in both female 
and male reproductive events. In this review, we shall 
summarize the current knowledge on the endocannabinoid 
system, and on the multifaceted roles played by 
endocannabinoids in reproduction along the evolutionary 
axis from invertebrates to mammals. Furthermore, we shall 
discuss the potential use of distinct elements of the 
endocannabinoid system for the diagnosis and/or treatment 
of human infertility. 

 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Smoking marijuana during adolescence is not 
only a social problem that represents the starting point of 
potential health troubles at reproductive age. In fact, it is 
well-known that cannabis (Cannabis sativa), because of its 
euphoric effects, is the most used illegal drug among young 
adults in high-income countries, and more recently also in 
low-income and middle-income countries. Data published 
in the “2007 World Drug Report” (United Nations Office 
on Drugs and Crime) alert that, although there is a slight 
downward trend compared to the past, marijuana is used by 
over 160 million adults, is consumed already at age 12, and 
earlier by males than females. The main reason why most 
teenagers use cannabis is to experience a so-called “high”, 
that is mild euphoria, relaxation and perceptual alterations; 
among the latter are time distorsion and intensification of 
ordinary experiences with benefits in the social behaviours 
(1). One can suppose that the lack of addiction on chronic 
abuse and the federal approval for the use of marijuana in 
US and other Western countries (yet only for medical 
purposes), may encourage consumption in adolescents, who 
may neglect the long lasting effects on physical and mental 
performances like cognitive dysfunction and psychiatric 
illness, as well as cardiorespiratory, dental, immunological 
and reproductive deficits (2-8). Although the impact of 
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Figure 1. Chemical structures of the main plant-derived (THC and CBD), and endogenous (AEA, 2-AG, PEA, OEA) 
cannabinoids. See text for details. 

 
cannabis smoke on female fertility is still controversial, 
tests carried out in women who regularly use marijuana 
have demonstrated in their reproductive organs trace 
amounts of delta-9-tetrahydrocannabinol (THC; Figure 1) 
and cannabidiol (CBD; Figure 1), two components of 
Cannabis sativa extracts (9). Small amounts of THC are 
even secreted in the vaginal fluid, where they over-
stimulate spermatozoa (10). In addition, evidence obtained 
from animal models demonstrates that cannabinoids harm 
preimplantation events, and impact on pregnancy outcome 
(11). Cannabinoids are also able to cross the placental 
barrier during gestation (12), and can be transferred to the 
pups through maternal milk during lactation (13). 
Remarkably, clinical studies reported that children born to 
women who used cannabis during pregnancy have a 
reduced birthweight and show mild development 
abnormalities in both childhood (defective memory and 
poor verbal skills) and adulthood (impulsivity, delinquency 
and drugs addiction) (14, 15). Moreover, THC abuse during 
pregnancy influences gene expression of the neural 
adhesion molecule L1, a fundamental protein in 
synaptogenesis and brain development, and alters the 
development of nigrostriatal and mesolimbic dopaminergic 
neurons (16, 17). Overall, experimental and 
epidemiological studies demonstrate that THC negatively 
affects reproductive events both in females and males, and 
impairs the neurodevelopment and the social and 

psychological behaviour of the offspring born to cannabis 
users. On the other hand, the chronic and intense use of 
cannabis by men at reproductive age decreases testosterone 
release, as well as sperm production, motility and viability. 
In an invertebrate model, it has been demonstrated that 
THC is able to block the acrosome reaction, by affecting an 
event in the stimulus–secretion–mating mechanism of the 
sperm prior to the opening of ion channels; yet, it is unable 
to affect the physiological functions of sperm (18). 
Unfortunately, the lifestyle of chronic cannabis smokers is 
usually associated with abuse of alcohol and/or other drugs, 
and thus the potential hazard of cannabis to fertility and 
offspring’s performance might be underestimated. 
Therefore, investigation of THC analogues like the 
endocannabinoids (eCBs), which act as endogenous ligands 
at cannabinoid receptors and are critically involved in the 
control of human reproduction, could help to better 
understand the molecular events occurring at the sex-
addiction interface. 
 
3. ENDOCANNABINOID SYSTEM  
 

eCBs are endogenous lipids that mimic several 
actions of THC. Until now, the most bioactive eCBs are 
anandamide (N-arachidonoylethanolamine; AEA; Figure 1) 
and 2- arachidonoylglycerol (2-AG; Figure 1), that act 
principally through cannabinoid receptors; these are 
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Figure 2. The binding of AEA and 2-AG to cannabinoid receptors (CBR) triggers different signalling cascades, such as 
reduction of adenylyl cyclase (AC), activation (by CB1) or inhibition (by CB2) of inducible nitric oxide synthase (iNOS), 
activation of cytosolic phospholipase A2 (cPLA2), focal adhesion kinase (FAK) and mitogen-activated protein kinase (MAPK), 
and regulation of ionic (K+ and Ca2+) currents. Binding to the purported CB3 receptor (i.e., GPR55) triggers activation of the 
small GTPase proteins cdc42, rac and rhoA. eCBs might also affect lipid and glucose metabolism, as well as inflammation, 
through activation of PPAR nuclear receptors, whereas the interaction of AEA with the cytosolic binding site of TRPV1 
channels triggers a cascade of intracellular responses that make of AEA a true “endovanilloid”. 

 
members of the rhodopsin family of G protein-coupled 
seven-transmembrane spanning receptors (19), and include 
type-1 and type-2 (CB1 and CB2) receptors as the best 
characterized targets of eCBs. CB1 has been found mainly 
in the central nervous system (20), and is present also in 
ovary (21), uterine endometrium (22), testis (23), vas 
deferens (24), urinary bladder (25), and other peripheral 
endocrine and neurological tissues (26). CB2 has been 
found mainly in peripheral and immune cells (22), and is 
also present in neuronal cells (27, 28). CB1 and CB2 
transcripts have been also found in mouse pre-implantation 
embryos (29) and in human placenta (30). Recently, other 
CB receptors, like a purported CB3 (GPR55) receptor (31, 
32), and non-CB1/non-CB2 receptors have been identified. 
Among the latter entities, transient receptor potential 
vanilloid-1 (TRPV1) channel has been shown to be 
activated by AEA, but not by 2-AG, suggesting an 
interplay between the cannabinoid and vanilloid systems 
(33, 34). In addition, AEA, 2-AG and congeners like N-
palmitoylethanolamine (PEA; Figure 1) and N-
oleoylethanolamine (OEA; Figure 1) have been shown to 
activate peroxisome proliferator-activated receptors 

(PPARs) under physiological and pathological conditions, 
thus contributing to the control of energy homeostasis and 
inflammation (see ref. 35 for a recent review). Signal 
transduction pathways triggered by eCBs binding to CB, 
TRPV1 and PPAR receptors (36-38) are schematically 
depicted in Figure 2. 

 
eCBs are released from membrane phospholipid 

precursors through the activation of specific phospholipases 
(39), that are activated “on demand”, i.e. when and where 
needed. Although there are multiple biosynthetic pathways 
involved in the formation of AEA (40-43; reviewed in ref. 
44), the most prominent route engages a transacylation by a 
Ca2+-dependent N-acyltransferase (NAT) to produce N-
arachidonoyl-phosphatidylethanolamine (NArPE) (45), 
with the subsequent conversion of this lipid into AEA 
through the activity of a specific phospholipase D (NAPE-
PLD) (46). Much alike AEA, 2-AG is synthesized in a two-
step pathway, which includes a rapid hydrolysis of inositol 
phospholipids by a specific phospholipase C (PLC) to 
generate diacylglycerol (DAG), sequentially converted into 
2-AG by a sn-1-DAG lipase (DAGL) (47). After re-uptake 
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Figure 3. Biosynthetic and catabolic pathways of AEA. N-Acyltransferase (NAT) transfers arachidonic acid from the sn-1 
position of 1,2-sn-di-arachidonoylphosphatidylcholine (PC) to phosphatidylethanolamine (PE), thus generating N-
arachidonoylphosphatidylethanolamine (NArPE). Then, N-acyl-phosphatidylethanolamines (NAPE)-specific phospholipase D 
(NAPE-PLD) cleaves NArPE, releasing AEA and phosphatidic acid (not shown). Alternatively, cleavage of NArPE by 
phospholipase C (PLC) produces phospho-AEA (p-AEA), which is then dephosphorylated by a phosphatase. Also secretory 
phospholipase A2 (sPLA2) can hydrolyze NArPE to N-arachidonoyl-lyso-phosphatidylethanolamine (lyso-NArPE), that is further 
hydrolyzed to AEA by a lyso-phospholipase D (lyso-PLD). Finally, NArPE can be deacylated by a lyso-phospholipase/ 
phospholipase B named Abh4 (alpha-/beta-hydrolase), thus generating glycero-phospho-AEA (glycero-p-AEA) that is cleaved to 
AEA by a phosphodiesterase. AEA is hydrolyzed to arachidonic acid (AA) and ethanolamine (EtNH2) by FAAH, FAAH-2 or 
the lysosomal N-acylethanolamine-hydrolyzing acid amidase (NAAA). Alternatively, AEA is metabolized to 12-hydroxy-AEA 
(12-HAEA) by 12-lipoxygenase (12-LOX), to PGE2-ethanolamide (PGE2-EA) by cyclooxygenase-2 (COX-2), or to 5,6-
epoxyeicosatrienoic acid ethanolamide (5,6-EET-EA) by members of the cytochrome P450 (CYT-P450) family. Also LOX 
isozymes different from 12-LOX can oxygenate AEA, but were omitted for the sake of clarity. 

 
through a purported specific transporter, called 
endocannabinoid membrane transporter (EMT) (48, 49), 
eCBs signalling is terminated by hydrolysis via enzymes 
showing “amidase signature”: two fatty acid amide 
hydrolases (FAAH and FAAH-2) (50, 51), and the N-
acylethanolamine-hydrolyzing acid amidase (NAAA) (52). 
These hydrolases break the amide bond of AEA to release 
arachidonic acid and ethanolamine. On the other hand, 
FAAH and more importantly a specific monoacylglycerol 
lipase (MAGL) transform 2-AG into arachidonic acid and 
glycerol (53, 54). Also cyclooxygenase-2 (COX-2), 
different lipoxygenase (LOX) isozymes and cytochrome 
P450 are able to accept AEA as a substrate, to generate 

prostaglandin-ethanolamides (55), hydroxy-anandamides 
(56), and epoxy-eicosatrienoyl-glycerols (57), respectively. 
In addition, COX-2 and LOXs can dioxygenate 2-AG to 
produce prostaglandin-glyceryl esters (58) and 
hydroxyleicosatetraenoyl-glycerols (56). Figures 3 and 4 
summarize the metabolic pathways that regulate the 
endogenous tone of AEA and 2-AG, respectively, in 
several organs of the body, including reproductive cells and 
tissues. Taken together eCBs, their receptors, biosynthetic 
and catabolic enzymes, as well as putative transporter(s), 
are collectively termed endocannabinoid system (ECS). 
This system is depicted in Figure 5, and has been detected 
in female and male germ cells at various stages, and 



Endocannabinoids and reproductionendocannabinoids and reproduction   

502 

 
 
Figure 4. Biosynthetic and catabolic pathways of 2-AG. Precursors of 2-AG are inositol phospholipids (PI) or phosphatidic acid 
(PA), which are hydrolyzed by a specific phospholipase C (PLC) or by a PA-phosphohydrolase, respectively, to generate 
diacylglycerol (DAG), which in turn is converted to 2-AG by a sn-1-DAG lipase (DAGL). On the other hand, 2-AG can be 
degraded by FAAH, although the main 2-AG hydrolase is the cytosolic monoacylglycerol lipase (MAGL), which releases 
arachidonic acid (AA) and glycerol. In addition, both 12-LOX and COX-2 efficiently catalyze the oxygenation of 2-AG, and  
produce 12-hydroxy-eicosatetraenoic-glycerol (12-HETE-G) and PGE2 glyceryl-ester (PGE2-GE), respectively. Also LOX 
isozymes different from 12-LOX can oxygenate 2-AG, but were omitted for the sake of clarity. 
 
throughout the pre- and postnatal embryonic development 
(59). It should be stressed that the existence of a close link 
between ECS, sex hormones and other fertility signals in 
male and female reproductive organs (29) could be useful 
to exploit distinct members of ECS as novel targets for 
therapeutic intervention against fertility problems. On the 
other hand, the presence of CB1 receptors in reproductive 
cells raises concerns against the use of CB1 agonists (like 
marijuana) during the reproductive age. Not surprisingly, 
the manifold roles of ECS in mammalian reproduction have 
been recently the subject of comprehensive reviews (59-
66). Here, we shall briefly discuss the state of the art and 
the most recent advances on the physiological distribution, 
functional role, dysregulation and therapeutic exploitation 
of ECS in male and female reproductive organs. 
 
4. ECS IN FEMALE FERTILITY 
 
4.1. Physiological distribution 

In order to understand the role of ECS elements 
in female fertility, and the mechanisms whereby they 
influence the outcome of implantation and other aspects of 

reproduction, it is essential to know their localization under 
normal conditions. In the last few years, many studies have 
been performed in different animal models, with the aim of 
characterizing the distribution and function of ECS 
elements in reproductive organs. AEA was found in female 
reproductive fluids (10), as well as in the human ovary, 
where it may play a role in folliculogenesis, preovulatory 
follicle maturation, oocyte maturity and ovulation (67). In 
the same context, it was suggested that high plasma levels 
of AEA are required at ovulation (67), whereas low levels 
are necessary to achieve successful pregnancy (68). 
Conversely, high plasma AEA, paralleled by low FAAH 
activity in peripheral lymphocytes (69), is almost 100% 
predictive of spontaneous miscarriage (70). From these data 
it appears that the positive or negative effect of AEA on 
reproductive events critically depends on a balance 
between synthesis and  degradation (by NAPE-PLD and 
FAAH, respectively). In line with this, a recent study has 
shown that in mouse embryos and oviductal epithelium, a 
locally appropriate “AEA tone” is created to permit a 
normal embryo development and oviductal transport (71). 
Accordingly, the AEA metabolizing enzymes were found 
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Figure 5. Schematic representation of the best characterized members of the endocannabinoid system. N-arachidonoyl-
ethanolamine (AEA) is produced by the sequential activity of N-acyltransferase (NAT, not shown) and NAPE-specific 
phospholipase D (NAPE-PLD), which releases AEA and phosphatidic acid. The biological actions of AEA are terminated by a 
two-step mechanism, consisting of cellular uptake through a purported endocannabinoid membrane transporter (EMT), followed 
by intracellular degradation by fatty acid amide hydrolase (FAAH) to ethanolamine (EtNH2) and arachidonic acid (AA).2-
Arachidonoylglycerol (2-AG) is also released from membrane lipids through the activity of diacylglycerol lipase (DAGL), and 
can be hydrolyzed by a cytosolic monoacylglycerol lipase (MAGL) that releases glycerol and AA. The transport of 2-AG across 
the cell membrane may be mediated by the same EMT that takes up AEA, or by other membrane carriers. Both AEA and 2-AG 
trigger several signal transduction pathways by acting at their targets, CB1, CB2 and purported CB3 receptors. Other targets of 
AEA and 2-AG are the nuclear PPARs, that were omitted for the sake of clarity. AEA, but not 2-AG, binds intracellularly to 
TRPV1, which is the natural target of capsaicin, the pungent ingredient of hot peppers. See also Figures 3-4 for further details on 
metabolic enzymes of AEA and 2-AG, and Figure 2 for receptor-dependent signal transduction. Also note that most proteins of 
the endocannabinoid system are bound to the plasma membrane, whereas FAAH is bound to endomembranes (especially those 
of the endoplasmic reticulum) and MAGL is cytosolic. 

 
in growing secondary and tertiary follicles, and in corpus 
luteum and corpus albicans (21). High levels of FAAH 
were also found in the human villous cytothrophoblast (68) 
and syncytiotrophoblast (72), suggesting that FAAH has a 
protective role by cleaving AEA and preventing its passage 
at the materno-fetal interface. In mouse, FAAH is 
expressed at the 2-cell stage of the early pre-implantation 
embryo (73-75), while NAPE-PLD, CB1 and CB2 are 
expressed at later stages. Also human placenta synthesizes 
AEA through NAPE-PLD and expresses CB1, CB2 and 
FAAH at the mRNA and protein levels, with a cellular 
localization confined to the syncytiotrophoblast layer (21). 
The entire ECS has been detected also in the human ovary, 
where CB receptors were found in oocytes (76) and ovary 
itself, with higher expression of CB2 than CB1 in the latest 
phases of follicle maturation (21). By using CB1 knockout 
(KO) mice, it has been shown that CB1 regulates the 
oviductal transport of embryos, while CB2 is not involved 
in this process (74). Recently, CB1 mRNA has been shown 
to undergo a temporal variation in human Fallopian tubes, 

where a low expression has been detected in women with 
ectopic pregnancy, paralleled by a lower expression in the 
endometrium (77). CB1 and CB2 proteins were found in 
medulla and cortex of the ovary, in particular in the 
granulosa cells of primordial, primary, secondary and 
tertiary follicles, as well as in the theca cells of secondary 
and tertiary follicles (21). Both CB receptors were also 
observed in the corpus luteum and corpus albicans (21), 
and CB2 was also expressed in blastocyst trophoblast with 
an as-yet-unclear function (78, 79). In rat deciduas it has 
been demonstrated that CBs and TRPV1 expression 
fluctuates during pregnancy, showing high levels in the 
early phases of gestation and low levels at later stages (80). 
In the uterus 2-AG showed a similar distribution as AEA 
during early pregnancy, suggesting that also this compound 
could take part in the regulation of implantation (75). 
Consistently, DAGL is highly expressed in both circular 
and longitudinal muscle layers of the uterus, particularly in 
the myometrium, and MAGL is primarily localized in the 
luminal and glandular epithelia (75). Taken together, these 
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findings denote a coordinated activity of NAPE-PLD and 
FAAH, as well as of DAGL and MAGL, in the regulation 
of uterine levels of eCBs during normal pregnancy, 
although details of the regulation of reproductive events by 
2-AG remain elusive.  
 
4.2. Functional role 

The ability of ECS elements to critically regulate 
embryo implantation and development has been 
investigated in details. In fact, many studies were designed 
to localize the ECS in the ovary and to dissect processes 
that depend on eCBs in reproductive organs (29, 66, 81-
86). The earliest event in mammalian reproduction at the 
female side is follicologenesis. As described above, many 
elements of ECS were found in oocytes at various stages of 
maturation, and in particular it appeared that AEA levels 
found in follicular fluid may be strongly correlated to 
oocyte quality and maturation (67). In this context, recent 
human studies have shown that plasma levels of AEA 
fluctuate during menstrual cycle, and that FAAH activity is 
upregulated in the period that coincides with the putative 
window of implantation (87). Interestingly, FAAH and 
progesterone showed the same fluctuations during the 
menstrual cycle (87), and it was suggested that AEA may 
be controlled by gonadotrophins, estrogen, or a 
combination of both, during this period (67). After 
fertilization and before implantation the oocyte travels 
through the oviduct to reach the uterus. For mammals 
embryo transport and attachment to the luminal epithelium 
of the uterus are crucial events. In fact, during oviductal 
transport many events concur to ensure that i) blastocyst is 
ready for implantation when it arrives in the uterine cavity, 
and ii) the latter organ is ready to receive the blastocyst. A 
normal oviductal transport is a prerequisite for 
implantation, and indeed any dysfunction of this process 
causes oviductal embryo retention with increased incidence 
of pregnancy failure due to tubal pregnancy and abortion. 
Many observations demonstrate that aberrant cannabinoid 
signalling, either silenced or enhanced, impairs embryo 
transport (74, 88). In fact, eCBs regulate normal embryo 
transport via oviductal CB1 receptors. Then, embryos at the 
late morula or early blastocyst stage enter in the uterus, 
where they differentiate to become implantation-competent. 
In the uterine luminal epithelium low levels of AEA are 
beneficial, because implantation competency requires 
down-regulation of AEA binding to blastocyst CB1 (75, 
83). The mechanism by which uterine AEA levels is kept at 
different concentrations requires a differential expression of 
NAPE-PLD and FAAH: high levels of NAPE-PLD activity 
and expression have been found at inter-implantation sites 
of non-receptive uterus, whereas lower NAPE-PLD levels 
were found at implantation sites of receptive uterus (89). 
Conversely, FAAH activity and expression showed an 
opposite distribution, being high at implantation sites of 
receptive uterus and low at inter-implantation sites of non-
receptive uterus (89). As a consequence, uterine receptivity 
strongly depends on AEA concentration, so that a receptive 
area is marked by low AEA content, whereas a non-
receptive area has high AEA levels. Recent evidence also 
points to the possibility that the implanting blastocyst 
enhances uterine FAAH by releasing a “FAAH activator” 
(90), and concomitantly inhibits uterine NAPE-PLD 

expression (91). A recent study on cow infertility has lent 
support to the role of FAAH in regulating AEA levels 
during implantation (92). In fact, it was demonstrated that 
CB1 or CB2 receptor agonists decrease progesterone levels 
in luteal tissues and, since progesterone upregulates FAAH 
(93), they increase eCBs levels. Evidence that local AEA 
concentrations are critical for implantation was reported 
also in studies on embryos exposed to high levels of AEA, 
showing embryotoxicity, reduced trophoblast proliferation 
and implantation failure (78, 79, 94). Similarly, women 
undergoing an in vitro fertilization (IVF) programme and 
achieving successful implantation, were found to have low 
levels of plasma AEA, associated with elevated levels of 
FAAH in their peripheral lymphocytes (95). Overall, 
decreased activity and expression of FAAH in maternal 
lymphocytes could be used as an early marker for first 
trimester miscarriage, both in normal gestation (69) and 
assisted reproduction (95). This concept has found support 
in recent studies, that showed low levels of AEA in plasma 
of healthy women in the first trimester of gestation (68), 
but high levels in blood (68) and placental tissues (96) of 
women who had spontaneous miscarriage. 

 
Taken together, available data demonstrate that 

under physiological conditions, eCBs signalling through 
CB1 is crucial to various female reproductive events, that 
span from oogenesis to oviductal transport, homing and 
implantation, and  development of embryos. Any aberration 
of eCBs signalling can severely derange these processes.  
 

Further evidence has shown that plasma AEA 
levels, low in the first trimester of normal gestation, 
increase at the onset of labour (68), whereas CB1 
expression has been found to be higher in non-labouring 
than in labouring villi of human placenta (97). It was 
proposed that the latter switch may contribute to 
differentially regulate placental actions of AEA. These data 
were further extended by demonstrating that placental 
tissue from women with spontaneous miscarriage had very 
low levels of FAAH and increased expression of CB1 (96), 
whereas in human placenta  the levels of FAAH increase in 
the first trimester of pregnancy and decline by the early 
second trimester (67). Moreover, CB1, CB2 and FAAH 
mRNAs and proteins have been observed in the human first 
trimester placenta, with cellular localization for all three 
ECS elements confined within the syncytiotrophoblast 
layer (96). These data confirm that high FAAH levels in 
normal placenta, during the first trimester of pregnancy, 
represent a pro-fertility factor at the materno-fetal interface. 
On the other hand, human placenta is able to synthesize 
AEA through NAPE-PLD, whose mRNA expression is 
higher in women undergoing normal termination than in 
those who miscarried (96). It is noteworthy that peripheral 
AEA levels remained relatively low during implantation, 
whereas they increased before and during parturition in 
humans. It remains to be established which advantage can 
be conferred by high NAPE-PLD under these conditions. 
At any rate, these observations add a new dimension to the 
concern that the adverse effects of maternal use of cannabis 
on offspring may be seeded very early in pregnancy. A 
summary of the ECS elements detected in female 
reproductive cells and tissues is reported in Table 1. 
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Table 1. ECS elements detected in female reproductive cells and tissues. See text for abbreviations and details 
Cell/Tissue ECS elements References 
Oocyte CB1; CB2  76 
Blastocyst CB2 78, 79 
Ovary  AEA; CB1; CB2; NAPE-PLD; FAAH  21, 156 

Uterus 
CB1 
FAAH; NAPE-PLD 
DAGL; MAGL 

91 
89 
75 

Embryo CB1; CB2; NAPE-PLD (at late stages) 
FAAH (at early stages) 

21 
73-75 

Placenta CB1; CB2; NAPE-PLD; FAAH 
TRPV1 (deciduas) 

21 
80 

Peripheral lymphocytes FAAH; NAPE-PLD; AEA 21, 69 
 
4.3. Dysregulation and therapeutic exploitation 

The involvement of ECS in embryo oviductal 
transport, blastocyst development and implantation in 
females has been deeply discussed, and the reduced level of 
the eCBs-hydrolase FAAH in peripheral lymphocytes has 
been recognized as a predictor of spontaneous miscarriage 
in healthy women (69), as well as of failure to achieve an 
ongoing pregnancy after in vitro fertilization (IVF)-embryo 
transfer in women undergoing assisted reproduction cycles 
(95). It seems that eCBs have the potential to direct human 
fertility towards a positive or negative outcome, and that 
assays of eCBs levels and/or of the activity of their 
metabolic enzymes in human blood hold the promise to 
become reliable markers of natural and assisted 
reproduction. Therefore, defective FAAH in peripheral 
blood has been proposed as a diagnostic marker of human 
infertility, and in line with this a recent study has 
demonstrated that the content of AEA in blood is predictive 
of miscarriage in women at risk (70). In the same context, 
detection of AEA in follicular fluid might be a predictor of 
oocyte maturity (67). On the other hand, the drop of plasma 
AEA level that occurs at ovulation, and less during 
implantation, could be used as a biomarker for the 
appropriate timing of embryo transfer in IVF protocols, 
and/or in intracytoplasmatic sperm injection (ICSI) 
procedures. Furthermore, CB1 holds promise as a 
diagnostic marker of reproduction, because high CB1 
expression in first trimester placenta corresponds to 
spontaneous miscarriage and low CB1 expression in 
Fallopian tubes and endometrium seems to be associated 
with genetic predisposition to ectopic pregnancy. 
Incidentally, the latter defect is the most common cause of 
pregnancy-related first trimester death in the United States. 
Overall, these data demonstrate that eCBs signalling is at 
least one of the pathways determining the fate of 
implantation in all mammals. 
 
5. ECS IN MALE FERTILITY 
 
5.1. Physiological distribution 

The investigation of ECS in male reproductive 
organs has been performed from invertebrate to mammals, 
and the presence of CB receptors in spermatozoa isolated 
from sea urchin (98), sea squirt (99), frog (100), mouse 
(100), rat (100), boar (101), bovine (102) and human (103) 
supported the “evolutionary” theory that ECS (and in 
particular CB1 and FAAH) are check points in reproduction 
(29, 62, 85, 104). The starting point in the investigation of 
ECS in male reproductive organs was the demonstration 
that rat testis is able to synthesize endocannabinoids (105).  

 
Endogenous N-acylethanolamines were 

quantified in the same tissue shortly after (106). Later on, 
the supposedly ancient association between ECS and male 
reproductive events was confirmed by mRNA and protein 
expression of CB1 and FAAH in the gonads of teleosts 
(107) and in the testis of the frog Rana esculenta, collected 
during the annual reproductive cycle (100). Interestingly, 
quantitative and qualitative immunohistochemical analysis 
showed a peak of signals in September-October, when the 
entire process of sperm maturation was completed (100). 

 
The internal structure of the male gland is a net of 

primary cell types within the seminiferous tubule (germ 
cells and Sertoli cells) and interstitial cells, such as Leydig 
cells, macrophages and epithelial cells, supplied by blood 
vessels and lymphatic drainage. Sertoli cells, considered a 
“nurse” of testis, are part of the seminiferous tubule and 
sustain the developing sperm during spermatogenesis 
(108). The presence of several elements of ECS has been 
demonstrated by our group at different developmental 
stages of these cells in mouse (109, 110). In fact, we found 
that immature Sertoli cells, obtained from 4 to 16 day-old 
mice, express CB2 receptors (109). Moreover,  these cells 
are equipped with all metabolic enzymes to synthesize and 
degrade AEA and 2-AG, as demonstrated by functional 
assays (109), quantitative polymerase chain reaction, and 
Western blot analysis (111). Incidentally, also a faint signal 
for CB1 receptor has been detected in rat Sertoli cells, 
particularly at stages VI–X of spermatogenesis, thus it 
cannot be ruled out that this receptor subtype is expressed 
also at other stages of sperm development (23). 
 

Leydig cells, also known as interstitial cells, are 
adjacent to the seminiferous tubules in the testicle and are 
in charge of producing androgens, in particular testosterone 
in the presence of luteinizining hormone (LH). The 
immunohistological demonstration of CB1 receptors in 
mouse Leydig cells has been reported in 2001 by Wenger 
and coworkers (112), and a spatio-temporal expression of 
CB1 in interstitial cells during postnatal development of 
testis has been proposed more recently (113). The 
simultaneous analysis of testosterone and LH levels in 
wild-type mice pretreated with the CB1 antagonist 
SR141716, or in CB1 knockout animals, has shown a CB1-
mediated effect of AEA on the regulation of 
steroidogenesis, through promotion or suppression of 
testicular hormone secretion (112). In fact, the trend of CB1 
immunoreactivity in Leydig cells, isolated from testis at 1, 
2, 4 and 8-week post partum, showed a moderate 
expression in the early stage of cell development, followed 
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Table 2. ECS elements detected in male reproductive cells and tissues. See text for abbreviations and details 
Cells/Tissue ECS elements Animal model Reference 

Testis AEA and other N-acylethanolamines 
FAAH; CB1  

Rat 
Frog, Rat 

106 
100, 105, 107 

Sertoli cells FAAH; EMT; CB2 
CB1 

Mouse 
Mouse 

109 
111 

Leydig cells CB1  Mouse, Rat 23, 112, 113 

Spermatozoa 
AEA; NAPE-PLD; EMT; 
FAAH; CB1; TRPV1 
2-AG; DAGL; MAGL 

Boar, Bovine, Frog, Human, 
Invertebrate, Mouse, Rat, 
Mouse 

100-103, 117, 146, 156, 
157 
111 

 
by a decrease during the passage from undifferentiated cells 
to adult Leydig cells up to the detection of a strong 
immunochemical signal at the beginning of puberty and 
during adulthood (113). The normal development of these 
soma cells was corroborated by the identification of a 
conventional marker for adult type Leydig cells, 17-beta-
hydroxysteroid dehydrogenase (17-beta-HSD-3), whose 
expression pattern was closely overlapping on that of CB1 
(113, 114). 
 

Similarly, temporal expression of CB1 in rat 
Leydig cells showed that CB1-dependent signalling 
negatively regulates adult Leydig cells proliferation 
between postnatal days 28 and 56. In fact, at this stage 
immature Leydig cells undergo mitotic division before their 
final differentiation into adult cells, and it seems that only 
immature mitotic, but not non-mitotic, Leydig cells express 
CB1 (23). These data support the hypothesis that CB1 
signalling is a positive effector in the regulation of cell 
differentiation, whereas it plays a negative role on cell growth 
(23). This concept was further supported by the observation 
that the number of adult Leydig cells in CB1 KO mice was 
lower than in wild-type mice (23). Spermatozoa are 
continuously produced throughout the life of adult male 
primates, a time-span that encompasses a few years in some 
non-human primates, but 50 or more years in man (115). This 
process is called spermatogenesis and begins with the division 
of cells, usually identifiable morphologically as primary 
spermatogonia (116), which in turn proliferate and 
differentiate into type A1 spermatogonia. The latter cells 
undergo a series of synchronized mitotic divisions, giving 
rise to type B spermatogonia, that develop into 
spermatocytes and then undergo meiotic division to 
produce spermatids. Spermiogenesis represents the 
morphological transformation from spermatids to elongated 
and highly motile cells, spermatozoa, the latter cells are 
differentially released from Sertoli cells (spermiation), 
depending on the species (115). As reported above, a fully 
active ECS, or at least some of its components, has been 
identified in spermatozoa obtained from human (103, 117), 
bovine (102), boar (101), mouse (111, 113), frog (100) and 
sea urchin (118). Recently, it has been demonstrated that 
ECS might be modulated in the phases of spermatogenesis 
(111). The same authors showed different translational and 
transcriptional levels of both CB receptors and TRPV1 at 
the postmeiotic stage of sperm maturation. In particular, 
CB2 mRNA and protein expression was detectable in 
spermatogonia, spermatocytes and spermatids, while at the 
end of spermatogenesis its immunofluorescence staining 
was negative in mature spermatozoa and was localized in 
the residual bodies of cytoplasm only (111). Interestingly, 
functional experiments in the presence of the potent

 
selective CB2 agonist JWH133, and biochemical analysis of 
AEA and 2-AG metabolism and content, performed at all 
stages of spermatogenesis, unveiled a key-role for CB2 in 
promoting meiotic progression of male germ cells, through 
a 2-AG-dependent pathway (111). The metabolic control of 
2-AG tone was demonstrated by showing that the highest 
levels of 2-AG in spermatogonia (compared to 
spermatocytes and spermatids) were due to increased 
transcriptional and translational levels of DAGL, and 
decreased levels of MAGL (111). On the other hand, AEA 
levels remained unaltered during spermatogenesis, and its 
biosynthetic and catabolic enzymes (NAPE-PLD and 
FAAH, respectively) were both increased during germ cell 
meiosis (111). It was suggested that a steady AEA tone in 
testes might allow TRPV1 activation, that protects germ 
cells against the effects of heat stress (119). In fact, 
experiments performed on mice lacking TRPV1 
demonstrated that this ion channel interferes with 
spermatogenesis, by promoting apoptosis of spermatogonia 
and blocking meiosis of germ cells as a defensive 
mechanism in response to abnormally elevated testicular 
temperatures (119). The ECS elements detected in male 
reproductive cells and tissues from different animal models 
are reported in Table 2.  
 
5.2. Functional role 

The spermatogenic output of mammals is strictly 
controlled by estrogens, which are produced mainly by 
Sertoli cells (120), and by the follicle stimulating hormone 
(FSH), that is a member of the glycoprotein hormone 
family essential for normal reproduction, both in males and 
females. FSH is required during puberty, in order to assure 
the initiation of spermatogenesis, and in adulthood, in order 
to guarantee sperm production. Additionally, FSH can 
contribute to estrogen production (121), and controls 
normal Sertoli cell functions, by binding to FSH receptors 
in testis (122). Activation of FSH receptors on Sertoli cells 
triggers several signal transduction pathways that regulate 
gene expression and cell differentiation and proliferation 
(65). For instance, phosphorylation of protein kinase B by 
FSH enhances gene promoter activity of the androgen-
converting enzyme aromatase (123), thus affecting the 
balance between estrogen and testosterone along male 
reproduction. Recently, an elegant ECS-mediated 
mechanism has been proposed for the modulation of Sertoli 
cell number by FSH, that is based on the control of the pro-
apoptotic activity of AEA. The latter is triggered by 
activation of TRPV1 and is prevented by activation of CB2 
(109). FSH dose-dependently enhances FAAH activity and 
expression, thus reducing the endogenous content of AEA, 
and hence TRPV1 binding and subsequent apoptosis (109). 
Remarkably, none of the other eCBs-related metabolic 



Endocannabinoids and reproductionendocannabinoids and reproduction   

507 

enzymes of Sertoli cells (e.g., NAT, NAPE-PLD, DAGL 
and MAGL) was under control of FSH (110), identifying 
FAAH as one of the few specific targets of this 
gonadotropin as yet known (65). Also protein kinase A 
(PKA) and aromatase are engaged by FSH to modulate 
FAAH in Sertoli cells: the PKA-dependent pathway acts 
directly on FAAH activity, possibly by phosphorylating 
transcription factors and accessory proteins; the aromatase-
dependent pathway increases FAAH expression at the 
transcription and translation levels (110). Incidentally, 
these data are in keeping with the presence of an estrogen 
response element in the mouse faah promoter (124), and 
corroborate the hypothesis of a tight link between ECS and 
sex hormones also in male reproductive events. After 
ejaculation, and during sperm transit through the female 
reproductive tract, sperm motility is initiated and then 
hyperactivated to allow the spermatozoa to penetrate 
through the viscous oviductal mucus and the egg’s 
protective vestments, thus completing a successful 
fertilization. The acquisition of fertilizing ability, termed 
capacitation (125), includes reorganisation of membrane 
proteins, metabolism of membrane phospholipids, 
reduction of membrane cholesterol (126), and changes in 
sperm motility, which altogether are thought to aid sperm 
progression to the oviduct (127) and to improve its ability 
to break the egg’s extracellular coat (the so-called zona 
pellucida; ZP) (128). As reported above, it is well-
documented that the phytocannabinoid THC decreases 
testicular weight (129), has adverse actions on the release 
of testosterone (7), disrupts spermatogenesis when 
administrated for a long time (130), induces anomalies in 
sperm morphology, and affects sperm motility  and 
viability (118). Overall, THC negatively impacts the 
fertilizing potential of man (131). In mammals, acquisition 
of sperm motility is a two step mechanism, that starts in the 
epididymus and continues in the female reproductive tract. 
In fact, after spermiation immotile spermatozoa reach the 
epididymus by passive transport, and on their way from 
caput to cauda they become motile (132). Remarkably, 
eCBs are present in reproductive fluids along evolution, 
from cloacal fluid of amphibians (100) to seminal plasma 
of humans (10); across species eCBs inhibit the 
biochemical and physiological changes needed for sperm 
capacitation, through a CB1-mediated mechanism (101, 
117, 133, 134). In this context, preliminary data were 
obtained by comparing the percentage of motile 
spermatozoa in the caput and cauda of wild-type and CB1 
KO mice (133). The count of motile sperm in wild-type 
mice was significantly lower in the caput than in the cauda, 
whereas a dramatic increase of motile sperm, comparable 
to that observed in the cauda, was detected in the caput of 
transgenic mice; therefore, it was suggested that acquisition 
of progressive motility by sperm is under control of eCBs 
through CB1 signalling in the epididymus (133, 135).  

 
More recently, a regulatory role of 2-AG has 

been identified in mouse epididymial sperm start up, 
showing that throughout their transit from caput to cauda 
spermatozoa are in close contact with decreasing 
concentrations of 2-AG itself (136). The resulting gradient 
is maintained by a putative EMT, and is controlled by a 
tight equilibrium between DAGL and MAGL activity in the 

epididymal tissue and cauda; this gradient is likely to be 
necessary to counteract the CB1-dependent inhibition of 
motility, and to keep the spermatozoa quiescent until their 
final release (136). Although some aspects of eCBs 
signalling in male reproduction are overlapping in different 
species along the evolutionary axis, the 2-AG gradient 
seems to be regulated in different manners: mammals use 
an autocrine mechanism, whereas amphibians take 
advantage of an “acquatic dilution” of eCBs, that makes the 
spermatozoa motile (100). The effects of AEA on human 
sperm motility have been ascertained both at 
pharmacological (117) and physiological (134) doses, and 
in all cases it has been demonstrated a dose-dependent 
reduction, mediated by CB1, of sperm viability and 
mitochondrial activity, paralleled by modulation of lipid 
and glucose metabolism (134). Altered levels of 
intracellular tryglycerides, increased activity of lipase and 
glucose-6-phosphate dehydrogenase (G6PDH), and 
modulation of insulin release after treatment with the non-
hydrolyzable AEA analogue methanandamide (Met-AEA), 
might indeed contribute to the control of sperm energy 
homeostasis by eCBs, which in turn affects critical sperm 
functions like motility, capacitation and acrosome reaction 
(61). On the other hand, capacitated sperm show a general 
down-regulation of the expression of ECS elements 
compared to non-capacitated sperm (101). Additionally, 
under capacitating conditions Met-AEA reduces tyrosine 
phosphorylation of sperm proteins, an event which marks 
the capacitation status in mouse (134, 137). These 
inhibitory effects of Met-AEA are also attributable to its 
ability to reduce, in a CB1-dependent manner, the 
intracellular levels of cyclic adenosine monophosphate 
(cAMP), that are necessary for the capacitation process (61, 
101, 138). Another well-known effect of AEA is the 
inhibition of ZP-induced acrosome reaction (AR) (101).  

 
In mammals AR is the fusion, at multiple points, 

of the outer acrosomal membrane with the overlying sperm 
plasma membrane. This fusion causes the release of 
acrosomal contents and the exposure of the inner acrosomal 
membrane (139), as well as of other membrane domains 
known to be essential for fertilization (140). The 
recognition and binding of capacitated spermatozoa to ZP 
in a receptor-ligand manner is the starting point of this 
process (126, 141, 142), and in humans it engages at least 
two different sperm receptors : a Gi-coupled receptor, that 
activates phospholipase C (PLC) and is able to regulate 
adenylyl cyclase activity to produce cAMP and to activate 
protein kinase A (PKA); and a tyrosin-kinase receptor, that 
is coupled to PLC and activates, through an inositol 
triphosphate (IP3)-dependent cascade, the opening of a 
voltage-dependent Ca2+ channel in the outer acrosomal 
membrane. The latter event allows the release of Ca2+ from 
the interior of the acrosome to the cytosol (140), where the 
subsequent phosphorylation of proteins leads to AR (143). 
Although ZP provides the primary ligand site(s) for the 
receptor(s) present on the surface of the anterior head of 
capacitated spermatozoa (126, 141, 142), a number of 
physiological and non-physiological substances are also 
known to induce AR in the cauda epididymal or ejaculated 
spermatozoa. The physiological inducers are substances 
that sperm will encounter during in vivo fertilization (144), 
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Figure 6. Main  effects of AEA on female and male fertility, mediated by CB1, CB2 or TRPV1 receptors. See text for details. 
 

such as progesterone that enhances both sperm binding to 
ZP and ZP-mediated induction of AR (145). Substantially 
homogeneous data exist indicating that CB1 activation 
reduces the ability of sperm to undergo AR, from 
invertebrates to vertebrates (101, 104, 117, 138, 146). In 
particular, data on boar sperm, whose reproductive biology 
resembles several aspects of that of humans, have shown 
that Met-AEA reduces sperm capacitation, and hence the 
ability of sperm to react with ZP proteins and lead to 
acrosome exocytosis (101). It is noteworthy that CB1 
controls the effect of Met-AEA on ZP-induced AR, while 
the effect of this AEA anologue on spontaneous AR was 
under control of TRPV1 receptor (101). This ion channel is 
expressed also by human sperm (103), where it prevents 
spontaneous AR and favours the sperm/oocyte interaction 
stimulated by physiological inducers of AR (103). In 
addition, TRPV1 has been detected in murine sperm, where 
it contributes to control the choice between survival and 
death during spermatogenesis (111). On the other hand, 
CB2 has been shown to be involved in shifting the number 
of motile cells to slow motile/sluggish spermatozoa (147), 
suggesting that the two cannabinoid receptor subtypes may 

regulate different aspects of sperm physiology in vivo: 
motility versus immotility (CB1), and fast motility versus 
slow motility (CB2). In addition, activation of CB2 by 2-AG 
has been recently demonstrated to represent the true key-
point in the regulation of spermatogenesis in mammals 
(111). It can be speculated that the two CB receptors may 
be engaged differently in response to eCBs gradients along 
the male and female tracts, because they differ significantly 
for their affinity towards AEA and 2-AG (19).  
 
5.3. Dysregulation and therapeutic exploitation 

The reasons for male infertility remain, most 
often, unknown and it cannot be ruled out that 
dysregulation of the ECS may perturb the finely tuned 
events associated with male fertilizing ability (81). We can 
speculate that the presence of an eCBs gradient through the 
male tract, and the need for a precise spatio–temporal 
activation of cannabinoid and vanilloid receptors in sperm, 
might control the quality of semen, and might affect 
negatively the interaction between sperm and oocyte, 
ultimately impairing male reproductive potential (64). Here 
it seems noteworthy that, in male idiopathic infertility, the 
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AEA congener PEA modulates some kinematic parameters 
of spermatozoa, and makes them more susceptible to 
develop hyperactivated motility (148). These effects could 
be due to perturbations in the physico-chemical properties 
of the lipid bilayer of membranes (149, 150), or to a direct 
interaction between PEA and membrane-bound enzymes. 
All together, these findings seem to point to PEA as a 
potential therapeutic target for idiopathic infertility. On the 
other hand, elevated AEA levels may compromise sperm 
viability, motility and capacitation, thus a tight control of 
AEA tone in male reproductive tissues could have 
therapeutic relevance to treat infertility in man. To date, 
most studies have been focused on CB1 as the main 
responsible for the activity of eCBs (in particular of AEA) 
on male reproduction; however, very recently it has been 
demonstrated that mice lacking FAAH have reduced 
fertilizing ability and slow spermatozoa, that are unable to 
adhere to and penetrate the ZP of the egg (151). 
Interestingly, these defects associated with FAAH 
deficiency could be relapsed by the simultaneous genetic 
loss of CB1, lending support to the critical role of the 
metabolic control of AEA content (and, hence, of its 
signalling through CB1) for the design of eCBs-oriented 
drugs as novel anti-infertility therapeutics. Taken together, 
it should be recalled that the risk of altered semen 
parameters and infertility is associated, mainly in obese 
men, to an imbalance in hormone profile and to a 
deregulation of the hypothalamus-pituitary-gonadal axis 
(152). The presence of ECS elements along this axis (59, 
81), and their involvement in hormonal control, adds a new 
dimension to the intricate network of autocrine, endocrine 
and paracrine signals that regulate reproductive events, and 
open new perspectives for the treatment of male fertility 
problems. 
 
6. CONCLUSIONS 
 

Mammalian reproduction is a complex process, 
involving germ cell development (spermatogenesis and 
oogenesis), sperm activation, oocyte fertilization, 
preimplantation embryo development, timely passage of 
embryos through the oviduct, their implantation in the 
uterus, and further development aided by a functional 
placenta. Each step in the reproductive process is spatio-
temporally regulated by various networks of hormones, 
endocrine, paracrine, autocrine modulators, as well as by 
other critical signals like cytokines. A further level of 
complexity in these networks is represented by 
endocannabinoids, and the proteins that bind, synthesize, 
transport, transform or degrade them. Molecular, genetic, 
functional and pharmacological approaches have 
demonstrated that apparently all steps of reproduction, both 
at the female and male side, engage to some extent 
endocannabinoids, either to enhance or to reduce a certain 
signalling pathway. Remarkably, some alterations of the 
endocannabinoid system in blood cells mirror defects in the 
reproductive organs, and thus promise to have a potential 
diagnostic value. For instance, from the data reviewed 
above, it appears that assays of AEA levels in blood (153, 
154), and/or of the activity and expression of the AEA-
hydrolyzing enzyme FAAH (e.g., through a simple 
immunochemical test like ELISA), can be predictive of 

spontaneous miscarriage in healthy women, both under 
physiological conditions and during assisted reproduction 
techniques. On the other hand, ECS-oriented drugs may 
become useful therapeutics to combat female and male 
infertility, for instance by enhancing FAAH activity in those 
pathological conditions where it is too low. On a final note, it 
should be stressed that research efforts should be supported by 
funding agencies, in order to further our understanding of 
fertility defects, so that the ever-declining human reproductive 
potential may be restored, and then preserved against 
exogenous insults. Once the value of “natural” reproduction is 
re-established, research efforts should be focused on a better 
understanding of the mechanisms that underlie assisted 
reproduction technologies, thus improving their safety. Finally, 
the manifold roles of endogenous cannabinoids on 
reproduction raise caution on the potential thread represented 
by marijuana (155), especially for female consumers bearing a 
child, and for their offspring during childhood and adulthood. 
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