
REVIEW
published: 29 May 2017

doi: 10.3389/fnmol.2017.00166

Metabolism of the Endocannabinoid
Anandamide: Open Questions after
25 Years
Mauro Maccarrone1,2*

1Department of Medicine, Campus Bio-Medico University of Rome, Rome, Italy, 2European Center for Brain Research,
IRCCS Santa Lucia Foundation, Rome, Italy

Edited by:
Ildikó Ràcz,

University Hospital Bonn, Germany

Reviewed by:
John J. Woodward,

Medical University of South Carolina,
United States
Meliha Karsak,

University Medical Center
Hamburg-Eppendorf, Germany

*Correspondence:
Mauro Maccarrone

m.maccarrone@unicampus.it

Received: 13 March 2017
Accepted: 12 May 2017
Published: 29 May 2017

Citation:
Maccarrone M (2017) Metabolism of
the Endocannabinoid Anandamide:

Open Questions after 25 Years.
Front. Mol. Neurosci. 10:166.

doi: 10.3389/fnmol.2017.00166

Cannabis extracts have been used for centuries, but its main active principle
∆9-tetrahydrocannabinol (THC) was identified about 50 years ago. Yet, it is only
25 years ago that the first endogenous ligand of the same receptors engaged by
the cannabis agents was discovered. This “endocannabinoid (eCB)” was identified as
N-arachidonoylethanolamine (or anandamide (AEA)), and was shown to have several
receptors, metabolic enzymes and transporters that altogether drive its biological
activity. Here I report on the latest advances about AEA metabolism, with the aim of
focusing open questions still awaiting an answer for a deeper understanding of AEA
activity, and for translating AEA-based drugs into novel therapeutics for human diseases.
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FROM PHYTOCANNABINOIDS TO ENDOCANNABINOIDS

Cannabis (Cannabis sativa or Cannabis indica) extracts have been used in folklore medicine
for centuries, and at present the potential benefits and harms to human health of legalizing the
therapeutic and/or recreational cannabis use are a major issue for public authorities and opinion
leaders worldwide. It took almost 30 years after the isolation of the psychoactive ingredient of
cannabis, ∆9-tetrahydrocannabinol (THC) in 1964 (Gaoni and Mechoulam, 1964) to discover
the first endogenous lipophilic molecule able to activate the same G protein-coupled type-1
(CB1) and type-2 (CB2) cannabinoid receptors activated by THC (Pertwee et al., 2010). In
1992 this ‘‘endocannabinoid (eCB)’’ was found to be N-arachidonoylethanolamine, also known as
anandamide (AEA), the ‘‘amide of the inner bliss = ananda’’ (Devane et al., 1992). Shortly after
the identification of AEA, another major eCB was discovered, 2-arachidonoylglycerol (Mechoulam
et al., 1995; Sugiura et al., 1995), and both compounds are still recognized as the two main members
of an ever-growing family of bioactive lipids (Mechoulam et al., 2014). Indeed, other importantω-6
(n-6) fatty acid compounds with cannabimimetic properties, such as N-arachidonoyldopamine,
2-arachidonoylglycerylether (noladin ether) and O-arachidonoylethanolamine (virodhamine),
have been listed among eCBs (Fezza et al., 2014), along with ω-3 (n-3) fatty acid
derivatives like N-docosahexaenoylethanolamine (Brown et al., 2010). Additionally,
‘‘eCB-like’’ compounds such as N-palmitoylethanolamine, N-oleoylethanolamine, and
N-stearoylethanolamine have been shown to exert a CB1/CB2-independent ‘‘entourage
effect’’ that potentiates the activity of eCBs at their receptor targets (Ben-Shabat et al.,
1998). More recently, two novel ‘‘eCB-like’’ compounds derived from juniperonic acid,
the ω-3 structural isomer of arachidonic acid (AA), were identified in the plant kingdom,
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suggesting that distinct N-acylethanolamines may occur in
different monophyletic taxa (Gachet et al., 2017).

In the last 25 years, AEA and congeners have been shown
to play key biological activities, in both the central nervous
system (Maccarrone et al., 2014; Di Marzo et al., 2015;
Soltesz et al., 2015; Curran et al., 2016), and the periphery
(Maccarrone et al., 2015; Benyó et al., 2016; Jourdan
et al., 2016; Sharkey and Wiley, 2016; Wang et al., 2016).
Such a multifaceted ability of AEA to impact on virtually
every system of human body (and well beyond humans
along the phylogenetic tree) depends on a multiplicity
of receptor targets that include, besides CB1 and CB2,
transient receptor potential vanilloid-1 (TRPV1) channels,
G-protein coupled receptors 55 (GPR55) and 119 (GPR119),
and peroxisome proliferator activated receptors (PPARs;
reviewed in Maccarrone et al., 2014, 2015; Di Marzo et al.,
2015; Soltesz et al., 2015; Benyó et al., 2016; Curran et al.,
2016; Jourdan et al., 2016; Sharkey and Wiley, 2016; Wang
et al., 2016). These receptor-mediated activities of AEA, the
underlying signal transduction pathways and the related
target diseases, will not be covered in the present review,
which focuses on metabolism, storage and trafficking
that control endogenous content, and thence biological
activity, of AEA. The aim is to put in a better perspective
open questions that remain to be answered for a deeper
understanding of AEA activity, and for the possible translation
of AEA-based drugs into novel therapeutics for human
diseases.

METABOLISM OF AEA

Shortly after the discovery of AEA, it was found that its
biosynthesis occurs by release from membrane phospholipid
precursors (Di Marzo et al., 1994; Cadas et al., 1997). A striking
feature that emerged in the following years was that AEA
biosynthetic pathways are apparently redundant (for reviews
see Ueda et al., 2013; Fezza et al., 2014; Cascio and Marini,
2015; Battista and Maccarrone, 2017). The best characterized
enzymes that synthesize AEA are shown in Table 1, and their
reactions are schematically depicted in Figure 1. Among these
routes, the sequential action of a Ca2+-dependent (Cadas et al.,
1997; Ogura et al., 2016) or independentN-acyltransferase (NAT
or iNAT, respectively; Jin et al., 2007, 2009), and then of N-
acyl-phosphatidylethanolamine (NAPE)-specific phospholipase
D (NAPE-PLD; Okamoto et al., 2004) appears the most relevant
biosynthetic pathway of AEA.

Degradation of AEA into AA and ethanolamine also depends
on multiple enzymes. Shortly after the discovery of the first AEA
amidase activity in different cell types (Koutek et al., 1994; Hillard
et al., 1995), it was found that fatty acid amide hydrolase (FAAH)
is the main responsible for AEA cleavage (Cravatt et al., 1996;
Giang and Cravatt, 1997). Cloning, crystal structure, kinetic
properties and body distribution of FAAH have been extensively
reviewed (Cravatt and Lichtman, 2003; McKinney and Cravatt,
2005), and faah knockout mice have definitively confirmed its
pivotal role in controlling AEA tone in vivo, because these
animals have ∼15-fold higher levels of AEA than wild-types

TABLE 1 | Main biosynthetic, hydrolytic and oxidative enzymes of N-arachidonoylethanolamine (or anandamide (AEA)).

Name (abbreviation) Molecular mass Intracellular localization E.C. number

Ca2+-dependent N-acyltransferase (NAT) Unknown Integral membranes 2.3.1.x

Ca2+-independent N-acyltransferase (iNAT) Unknown Mainly cytoplasm 2.3.1.x

N-Acyl-phosphatidylethanolamine-specific
phospholipase D (NAPE-PLD)

46 kDa Associated to membranes 3.1.4.4

α/β-Hydrolase domain 4 (ABHD4) 39 kDa Associated to membranes 3.1.1.x

Protein tyrosine phosphatase, non-receptor
type 22 (PTPN22)

91 kDa Mainly cytoplasm 3.1.3.48

Secretory phospholipase A2 (sPLA2) 16 kDa Membrane caveolae and perinuclear sites 3.1.1.4

Lysophospholipase D (LysoPLD) 101 kDa - 3.1.4.4

Glycerophosphodiesterase 1 (GDE1) 37 kDa Membranes 3.1.4.46

Glycerophosphodiesterase 4 (GDE4) 36 kDa Membranes and cytoplasm, especially at cell
periphery and perinuclear sites

3.1.4.46

Glycerophosphodiesterase 7 (GDE7) 37 kDa Cytoplasm and partially endoplasmic reticulum 3.1.4.46

Fatty acid amide hydrolase-1 (FAAH-1) 63 kDa Associated to membranes (mainly in the
endoplasmic reticulum), adiposomes

3.5.1.99

Fatty acid amide hydrolase-2 (FAAH-2) 58 kDa Associated to membranes, adiposomes 3.5.1.99

N-Acylethanolamine-hydrolyzing acid amidase
(NAAA)

31 kDa Mainly in lysosomes 3.5.1.4

5-Lipoxygenase (5-LOX) 78 kDa Cytoplasm, adiposomes 1.13.11.34

12-Lipoxygenase (12-LOX) 76 kDa Cytoplasm, adiposomes 1.13.11.31

15-Lipoxygenase (15-LOX) 75 kDa Cytoplasm, adiposomes 1.13.11.33

Cyclooxygenase-2 (COX-2) 69 kDa Mitochondria, adiposomes 1.14.99.1

Cytochromes P450 (P450s)

CytP4504F2 60 kDa Microsomes, mitochondria 1.14.13.30

CytP4503A4 57 kDa 1.14.13.97

CytP4X1 59 kDa 1.14.14.1

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 May 2017 | Volume 10 | Article 166

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Maccarrone Anandamide Metabolism after 25 Years

FIGURE 1 | Metabolic pathways of AEA synthesis, degradation and oxidation. See text for details. Abbreviations: AEA, N-arachidonoylethanolamine (anandamide);
NAT, N-acyltransferase; NAPE, N-acyl-phosphatidylethanolamine; NAPE-PLD, NAPE-specific phospholipase D; NArPE, N-arachidonoyl-phosphatidylethanolamine;
ABHD4, α/β-hydrolase domain 4; GDE, glycerophosphodiesterase; PLC, phospholipase C; PTPN22, non-receptor protein tyrosine phosphatase 22; sPLA2, soluble
phospholipase A2; FAAH, fatty acid amide hydrolase; NAAA, N-acylethanolamine-hydrolyzing acid amidase; COX-2, cyclooxygenase-2; LOX, lipoxygenase; P450s,
cytochrome P450 monooxygenases; PG-EA, prostaglandin-ethanolamide; HETE-EA, hydroxyeicosatetraenoyl-ethanolamide (hydroxy-AEA); EET-EA,
epoxyeicosatrienoyl-ethanolamide.

(Cravatt et al., 2001, 2004). The best characterized enzymes that
degrade AEA are shown in Table 1, and their reactions are
schematically depicted in Figure 1 (see Fezza et al., 2014; and
Battista and Maccarrone, 2017; for extensive reviews).

In addition to hydrolytic pathways, AEA can be subjected
to oxygenation by cyclooxygenase-2 (COX-2; Kozak et al.,
2001, 2002; Rouzer and Marnett, 2011; Hermanson et al.,
2013), 5-,12- and 15-lipoxygenase (5-/12-/15-LOX; Hampson
et al., 1995; Edgemond et al., 1998; Van der Stelt et al.,
2000), as well as by several cytochrome P450 monooxygenases
(P450s; Snider et al., 2010; Urquhart et al., 2015), as shown in
Table 1. COX-2 turns AEA into prostaglandin-ethanolamides
(PGs-EA), while LOXs convert it into hydroxy-anandamides
or hydroxyeicosatetraenoyl-ethanolamides (HETEs-EA), and
P450s into epoxyeicosatrienoyl-ethanolamides (EETs-EA), as
schematically depicted in Figure 1. Accumulated evidence
suggests that oxygenated derivatives of AEA have a biological
activity of their own, but their impact on human health and
disease remains to be clarified. Incidentally, it should be noted

that recent data suggest that in vivo COX-2 might even prefer
eCBs over AA as natural substrates (Hermanson et al., 2013),
widening the spectrum of lipid signals that can be affected
by COX-2 inhibitors like nonsteroidal anti-inflammatory drugs
(Hermanson et al., 2014). Therefore, it seems urgent to further
interrogate the impact of these large and widely consumed
therapeutic drugs on eCB metabolism in pathophysiological
processes of our body.

STORAGE AND TRAFFICKING OF AEA

The classical ‘‘dogma’’ that AEA is synthesized and released
on demand via hydrolysis of cell membrane phospholipid
precursors has been recently revisited (Maccarrone et al., 2010;
Min et al., 2010), also on the basis of unexpected evidence
for intracellular reservoirs and transporters of eCBs. These new
entities have been shown to drive intracellular trafficking of
eCBs, thus adding a new dimension to the regulation of their
biological activity (Maccarrone et al., 2010).
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Storage of AEA has been documented in adiposomes
(lipid droplets), that constitute a dynamic reservoir for the
sequestration of this eCB (Oddi et al., 2008). Remarkably,
confocal microscopy and biochemical studies revealed that also
FAAH-1 (Oddi et al., 2008) and FAAH-2 (Kaczocha et al.,
2010) are spatially associated with lipid droplets, and that
cells with a larger adiposome compartment have enhanced
AEA catabolism by both enzymes. FAAH-2 displays also a
putative N-terminal hydrophobic region as a functional lipid
droplet localization sequence (Kaczocha et al., 2010). Overall,
these findings suggest that adiposomes may have a critical
role in accumulating AEA, and possibly in connecting plasma
membrane to internal organelles along the metabolic route of
this eCB. In line with these data, depletion of a pre-existing
pool of 2-arachidonoylglycerol has been recently shown as a
key event in sperm activation (Miller et al., 2016), speaking
against the on demand synthesis of this eCB much alike
that of AEA.

Whatever the physiological relevance of AEA accumulation,
the number of alternate targets that a single cell can have for this
eCB poses the question of how AEA can reach the right target
in a timely manner and at a suitable concentration for effective
action. It should be recalled that the lipid nature of AEA hampers
its free movement in aqueous mediums like cytosol. Thus,
intracellular AEA transporters (AITs) should exist that ferry AEA
to the correct final destination, like: (i) endoplasmic reticulum
(ER) for degradation by FAAH-1/FAAH-2; (ii) adiposomes
for accumulation, degradation by FAAH-1/-2 or oxidation by
COX-2 or LOXs; (iii) mitochondria for oxidation by COX-2 or
P450 s, and possible activation of CB1 (Bénard et al., 2012);
(iv) lysosomes for degradation by P450s or NAAA; or (v) nucleus
for activation of PPARs (Figure 2). Interestingly, AITs have
been indeed found in different cell types, and include fatty acid
binding proteins (FABPs; Kaczocha et al., 2009), heat shock
protein 70 (HSP70) and albumin (Oddi et al., 2009), FAAH-1-
like AEA transporter (FLAT-1; Fu et al., 2011), and potentially

FIGURE 2 | Intracellular and extracellular trafficking of AEA. See text for details. 3D structures were drawn by using the following source files: 5TGZ.pdb human
(CB1); 5IRZ.pdb rattus norvegicus (TRPV1); 2I4J.pdb ppar-gamma human (PPARs); 4LKP.pdb apo human epidermal fatty acid binding protein (FABP5); 1MT5.pdb
rattus norvegicus (FAAH-1); 4NRE.pdb human 15-lipoxygenase-2 (LOXs); 4RRW.pdb apo murine COX-2; 2JJN.pdb closed cytochrome P450 EriK (P450 s). Crystal
structures are not yet available for CB2, GPR55 and GPR119, therefore to represent these G protein coupled receptors data of β1-adrenergic receptor (5A8E.pdb)
were used. Finally, for FAAH-2 and NAAA the same 3D structure as FAAH-1 was used, in the absence of crystallographic data. All 3D structures were drawn by
means of the Jsmol software, a JavaScript framework (open source) available at www.RCSB.org. Abbreviations: CB1, type-1 cannabinoid receptor; CB2, type-2
cannabinoid receptor; AEA, N-arachidonoylethanolamine (anandamide); TRPV1, transient receptor potential vanilloid-1; GPR55, G-protein coupled receptor 55;
GPR119, G-protein coupled receptor 119; PPARs, peroxisome proliferator activated receptors; FAAH, fatty 523 acid amide hydrolase; NAAA,
N-acylethanolamine-hydrolyzing acid amidase; COX-2, cyclooxygenase-2; LOXs, lipoxygenases; P450s, cytochrome P450 monooxygenases; AET, AEA extracellular
transporter; AITs, intracellular AEA transporters; AMT, AEA membrane transporter; ER, endoplasmic reticulum; FABP5, fatty acid binding protein 5; LRs, lipid rafts.
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sterol carrier protein 2 (SCP-2; Liedhegner et al., 2014). Of note,
the role of a specific AIT that may deliver AEA where and when
needed has been recently demonstrated in a study showing the
ability of FABP5 to drive AEA to nuclear PPARs (Kaczocha et al.,
2012).

Much alike intracellular trafficking, cell-to-cell transport of
AEA requires AEA extracellular transporters (AETs), as depicted
in Figure 2. The identity of such AETs remains to be elucidated,
but recent data point to microvesicles as good candidates
(Gabrielli et al., 2015). Also FABP4 (Hotamisligil and Bernlohr,
2015), albumin and HSP70 (Shevtsov and Multhoff, 2016) are
known to be secreted extracellularly, thus it is conceivable that
they play a role as AETs. Yet, their actual contribution to AEA
extracellular transport remains to be demonstrated. Noteworthy
AETs might drive AEA to CB1 receptors localized within or
outside cholesterol-enriched membrane microdomains like lipid
rafts (LRs), thus modulating receptor activation. Indeed, it has
been shown that cholesterol present in LRs reduces AEA binding
to CB1, and hence signal transduction triggered thereof (Oddi
et al., 2012).

Finally, transport of AEA across the plasma membrane has
been highly debated over the last 20 years, with a number of
studies pointing towards the existence of a true AEA membrane
transporter (AMT), but as many pointing against it (see Fowler,
2013; Nicolussi and Gertsch, 2015; Deutsch, 2016). While the
discussion of evidences in favor or against AMT goes beyond
the scope of this review, is worthwhile to stress that a saturable
uptake of AEA can certainly be due to a facilitated transport
or to a passive diffusion driven by intracellular hydrolysis, most
likely by FAAH-1. Yet, a saturable export of AEA, that has been
reported shortly after the discovery of this eCB (Hillard et al.,
1997), and then by several independent studies (see Chicca et al.,
2012, and references therein), cannot depend on a concentration
gradient driven by intracellular hydrolysis. Therefore, a clear
evidence of a saturable bidirectional transport of AEA appears
to strongly speak in favor of the existence of a true AMT. A
reason for the still missing molecular identity of an AMT could
be that it is a multimeric protein rather than a monomer, making
it difficult to identify and isolate all subunits and reconstitute
a functional AMT from them. Preliminary evidence for the
assembly of an AEA uptake machinery within caveolae/lipid rafts
has been indeed reported (McFarland et al., 2004), though its
composition has not yet been determined.

OPEN QUESTIONS AND FUTURE
DIRECTIONS

The previous sections have shown a rather complex AEA
metabolism, storage and trafficking, strongly suggesting that for
every cell it is important to properly synthesize, degrade and
transport this eCB. In fact the multiplicity of pathways that lead
to AEA release from membrane phospholipid precursors, and
then to its cleavage (Table 1; Figure 1), should have not passed
natural selection unless they might have conferred an advantage
for survival. It is apparent that FAAH-1 is a key controller of AEA
tone in vivo, and therefore many inhibitors have been developed

over the last decade to block its activity, thus enhancing content
and biological activity of AEA. Despite the potential of these
compounds as innovative therapeutics (reviewed by Bisogno
and Maccarrone, 2013; Fowler, 2015), better drugs are still
needed for effective cure or slowing down of human pathologies.
In this context, it seems noteworthy that subtle differences
exist between rodent and human FAAH-1 that impact on the
efficacy of inhibitors, thus leading to rodent/human ratios of
IC50 values from ∼0.3 to ∼4.0 (Di Venere et al., 2012). The
consequences on translation of preclinical studies to the patient’s
bedside are apparent. Moreover, the selectivity of an inhibitor
of FAAH-1 should be carefully checked towards effects on
other components of the so-called ‘‘endocannabinoid system
(ECS)’’ which includes different metabolic enzymes and carriers
of AEA, in addition to the proteins that bind, metabolize
and transport 2-arachidonoylglycerol (Maccarrone et al., 2014).
Thus, a valuable FAAH-1 inhibitor should show at least very
little (if any) effects on other ECS proteins, as well as potential
non-ECS off-targets. Yet it is not always obvious that these
tests are performed during new drug development programs (Di
Venere et al., 2012). In this context, a dramatic outcome of a
recent phase I clinical trial with the purported FAAH-1 inhibitor
BIA 10-2474 led to an unanticipated severe toxic cerebral
syndrome whose underlying mechanisms remain unknown
(Kerbrat et al., 2016). This adverse event clearly demonstrates
the importance of a thorough characterization of the specificity
of any new FAAH-1-oriented drug. Indeed, conclusions of an
ad hoc temporary specialized scientific committee and the fact
that phenomena resembling those seen in humans with BIA
10-2474 have not been reported in the literature in any of
the numerous animal studies and clinical trials with various
inhibitors of FAAH (e.g., PF-04457845, JNJ-42165279, SSR-
411298, V-158866 and URB597, just to list those with more
advanced programs), strongly (yet not conclusively) suggest that
off-target effects of BIA 10-2474 itself or a metabolite thereof,
and not FAAH-1 inhibition was the cause of adverse reactions
(Mallet et al., 2016; Edan and Kerbrat, 2017). Moreover, it should
be recalled that unexpected regulators of FAAH-1 activity are
emerging, such as membrane cholesterol that favors the access
of AEA to the enzyme active site (Dainese et al., 2014). Thus
it remains to be clarified to what extent the lipid environment
may tune FAAH-1 activity in vivo, and how it can be exploited to
design more effective FAAH-1 inhibitors.

Unlike degradation, the key enzymes for AEA biosynthesis
are still to be identified, though NAPE-PLD seems to play a
pivotal role. Anyhow selective inhibitors of AEA biosynthetic
enzymes are not yet available, making it difficult to dissect the
contribution of each pathway to the overall synthesis of this
eCB. In addition, as shown in knockout animals the lack of an
enzyme can be compensated by an alternate route. Therefore,
development of effective inhibitors of distinct AEA biosynthetic
enzymes, and of conditional knockout mice where a specific
enzyme can be switched off at will, is deemed necessary to
boost our understanding of AEA biosynthesis. Better methods
and more accurate measurements are required to this aim.
This has been indeed the case for FAAH-1, whereby activity-
based protein profiling has allowed to identify truly selective
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TABLE 2 | Main classes of human fatty acid amide hydrolase-1 (FAAH-1) inhibitors.

Class IC50 value Patent (year)

Carbamates

URB-597 5 nM US2004127518 (2004)

URB-937 (peripherally restricted) 27 nM WO2012015704 (2012)

Ethylaminopyrimidines

JNJ-40413269 5 nM WO2009105220 (2009)

Tetrahydronaphthyridines

RN-450 1 nM WO2009011904 (2009)

Aryl ureas

PF-04457845 7 nM WO2009127944 (2009)

Imidazoles

MK-3168 1 nM WO2010101724 (2010)

α-Ketoheterocycles

OL-135 2 nM WO2010005572 (2010)
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blockers with low or no activity towards off-targets (Simon
and Cravatt, 2010). Additionally, the quest for 3D structures of
AEAmetabolic enzymes should be actively pursued, because this
type of information can certainly favor drug development. To
date, a 3D crystal structure has been obtained only for FAAH-1
(Bracey et al., 2002), for which unsurprisingly different classes of
effective inhibitors have been developed and investigated in detail
(Table 2).

Of basic importance appears to be the identification and
characterization of in vivo activity of distinct AITs and AETs that
may drive AEA to the right target within and outside the cell
(Figure 2). Each AIT and/or AET could be a further regulatory
player within the cell, adding a new dimension to the already
complex AEA-dependent signaling thus representing a target for
novel AEA-based drugs.

Finally, genetic manipulation of the faah-1 gene allowed to
generate not only faah-1 knockout (Cravatt et al., 2001) but
also faah-1 knockdown animals, where this AEA hydrolase has
been deleted from peripheral tissues only (Cravatt et al., 2004).
Studies performed on these allelic variants highlighted a different
susceptibility to drug/alcohol abuse (Sipe et al., 2002; Chiang
et al., 2004; Zhou et al., 2016), supporting a potential link between
functional abnormalities in eCB signaling and drug/alcohol
dependance. This is just an example of the potential impact of
genetic manipulation of eCB system on human health (Zimmer,
2015), for instance on the widespread cannabis use disorder
(Boileau et al., 2016). In addition, accumulating evidence points
to AEA as a unique natural repressor of gene transcription, via
epigenetic mechanisms that include increased DNA methylation
(Paradisi et al., 2008), reduced histone acetylation andmicroRNA
(D’Addario et al., 2013). It should be recalled that DNA
methylation is a fundamental epigenetic modification of the
genome that is involved in a large number of cellular processes,
like embryonic development, transcription, chromatin structure,
X chromosome inactivation, and genomic imprinting and
chromosome stability. Among many other diseases, a role for
altered methylation has been established in cancer, for which
DNA hypomethylation is a hallmark (Paradisi et al., 2008).
Against this background, the potential of AEA as a natural
anti-cancer agent appears very promising, and certainly worth of
urgent investigations.

CONCLUSIONS

After 25 years much has been learned about AEA metabolism
and transport, and this knowledge may serve as a paradigm to
appreciate the complex machinery that can regulate many other
lipid signals. Yet, much remains to be clarified in the next future,

in order to better understand AEA signaling regulation and
then translate basic AEA research into AEA-based therapeutics.
In particular, it seems challenging that AEA and its metabolic
enzymes hold potential also as much desired peripheral (blood)
biomarkers of human diseases affecting tissues not easy to reach.
For instance, FAAH-1 activity and expression are up-regulated
in Alzheimer’s disease patients (D’Addario et al., 2012), unlike
any other ECS element analyzed (including CB1, CB2, and
NAPE-PLD). Moreover, AEA content, NAPE-PLD and FAAH-1
(reviewed by Rapino et al., 2014), and more recently also
FAAH-2 (Tedeschi et al., 2017), have been shown to undergo
distinct changes in distinct human reproductive disorders. In
the new era of nanoscopy, it can be anticipated that also
visualization of AEA and its metabolic machinery will greatly
increase our understanding of signal transduction pathways
triggered by this eCB. Availability of new tools like biotin-AEA
(Fezza et al., 2008), positron-emission tomography (PET) probes
(Boileau et al., 2016), and luciferin nanoparticles (Yuan et al.,
2016) for FAAH-1 visualization, as well as of substrates for
in vivo bioluminescence detection of FAAH-1 enzymatic activity
(Mofford et al., 2015), indicates that the way to accurate location
of distinct elements of AEA signaling within the cell has been
already paved.

AUTHOR CONTRIBUTIONS

MMwrote the manuscript.

FUNDING

This work was supported in part by the Italian Ministry of
Education, University and Research (MIUR), under competitive
grant PRIN 2015.

ACKNOWLEDGMENTS

The author expresses his deep gratitude to his mentor, Professor
Alessandro Finazzi Agrò, for critically reading this manuscript
and for his continuing support. He also thanks all members of his
group, who have contributed over the last 20 years to interrogate
with dedication anandamide metabolism, signaling and impact
on human health and disease. In particular, he wants to thank Dr.
Filomena Fezza andDr. Domenico Fazio (Tor Vergata University
of Rome, Italy), Dr. Sergio Oddi and Dr. Annalaura Sabatucci
(University of Teramo, Italy) for kindly preparing the artwork.
Finally, he apologizes to all colleagues whose excellent work
could not be quoted due to space limitations.

REFERENCES

Battista, N., and Maccarrone, M. (2017). ‘‘Basic mechanisms of synthesis and
hydrolysis of major endocannabinoids,’’ in The Endocannabinoid System:
Genetics, Biochemistry, Brain Disorders, and Therapy, ed. E. Murillo-Rodriguez
( Amsterdam: Elsevier), 1–24.

Bénard, G., Massa, F., Puente, N., Lourenço, J., Bellocchio, L., Soria-
Gómez, E., et al. (2012). Mitochondrial CB1 receptors regulate
neuronal energy metabolism. Nat. Neurosci. 15, 558–564. doi: 10.1038/
nn.3053

Ben-Shabat, S., Fride, E., Sheskin, T., Tamiri, T., Rhee, M. H., Vogel, Z., et al.
(1998). An entourage effect: inactive endogenous fatty acid glycerol esters

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 May 2017 | Volume 10 | Article 166

https://doi.org/10.1038/nn.3053
https://doi.org/10.1038/nn.3053
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Maccarrone Anandamide Metabolism after 25 Years

enhance 2-arachidonoyl-glycerol cannabinoid activity. Eur. J. Pharmacol. 353,
23–31. doi: 10.1016/s0014-2999(98)00392-6

Benyó, Z., Ruisanchez, É., Leszl-Ishiguro, M., Sándor, P., and Pacher, P. (2016).
Endocannabinoids in cerebrovascular regulation. Am. J. Physiol. Heart Circ.
Physiol. 310, H785–H801. doi: 10.1152/ajpheart.00571.2015

Bisogno, T., and Maccarrone, M. (2013). Latest advances in the discovery of
fatty acid amide hydrolase inhibitors. Expert Opin. Drug Discov. 8, 509–522.
doi: 10.1517/17460441.2013.780021

Boileau, I., Mansouri, E., Williams, B., Le Foll, B., Rusjan, P., Mizrahi, R.,
et al. (2016). Fatty acid amide hydrolase binding in brain of cannabis users:
imaging with the novel radiotracer [11C]CURB. Biol. Psychiatry 80, 691–701.
doi: 10.1016/j.biopsych.2016.04.012

Bracey, M. H., Hanson, M. A., Masuda, K. R., Stevens, R. C., and Cravatt, B. F.
(2002). Structural adaptations in a membrane enzyme that terminates
endocannabinoid signalling. Science 298, 1793–1796. doi: 10.1126/science.
1076535

Brown, I., Cascio, M. G., Wahle, K. W., Smoum, R., Mechoulam, R.,
Ross, R. A., et al. (2010). Cannabinoid receptor-dependent and -independent
anti-proliferative effects of omega-3 ethanolamides in androgen receptor-
positive and -negative prostate cancer cell lines. Carcinogenesis 31, 1584–1591.
doi: 10.1093/carcin/bgq151

Cadas, H., di Tomaso, E., and Piomelli, D. (1997). Occurrence and
biosynthesis of endogenouscannabinoid precursor, N-arachidonoyl
phosphatidylethanolamine, in rat brain. J. Neurosci. 17, 1226–1242.

Cascio, M. G., and Marini, P. (2015). Biosynthesis and fate of endocannabinoids.
Handb. Exp. Pharmacol. 231, 39–58. doi: 10.1007/978-3-319-20825-1_2

Chiang, K. P., Gerber, A. L., Sipe, J. C., and Cravatt, B. F. (2004).
Reduced cellular expression and activity of the P129T mutant of human
fatty acid amide hydrolase: evidence for a link between defects in the
endocannabinoid system and problem drug use. Hum. Mol. Genet. 13,
2113–2119. doi: 10.1093/hmg/ddh216

Chicca, A., Marazzi, J., Nicolussi, S., and Gertsch, J. (2012). Evidence for
bidirectional endocannabinoid transport across cell membranes. J. Biol. Chem.
287, 34660–34682. doi: 10.1074/jbc.M112.373241

Cravatt, B. F., and Lichtman, A. H. (2003). Fatty acid amide hydrolase: an emerging
therapeutic target in the endocannabinoid system. Curr. Opin. Chem. Biol. 7,
469–475. doi: 10.1016/s1367-5931(03)00079-6

Cravatt, B. F., Demarest, K., Patricelli, M. P., Bracey, M. H., Giang, D. K.,
Martin, B. R., et al. (2001). Supersensitivity to anandamide and enhanced
endogenous cannabinoid signaling in mice lacking fatty acid amide hydrolase.
Proc. Natl. Acad. Sci. U S A 98, 9371–9376. doi: 10.1073/pnas.161191698

Cravatt, B. F., Giang, D. K., Mayfield, S. P., Boger, D. L., Lerner, R. A., and
Gilula, N. B. (1996). Molecular characterization of an enzyme that degrades
neuromodulatory fatty-acid amides. Nature 384, 83–87. doi: 10.1038/384083a0

Cravatt, B. F., Saghatelian, A., Hawkins, E. G., Clement, A. B., Bracey, M. H.,
and Lichtman, A. H. (2004). Functional disassociation of the central and
peripheral fatty acid amide signaling systems. Proc. Natl. Acad. Sci. U S A 101,
10821–10826. doi: 10.1073/pnas.0401292101

Curran, H. V., Freeman, T. P., Mokrysz, C., Lewis, D. A., Morgan, C. J., and
Parsons, L. H. (2016). Keep off the grass? cannabis, cognition and addiction.
Nat. Rev. Neurosci. 17, 293–306. doi: 10.1038/nrn.2016.28

D’Addario, C., Di Francesco, A., Arosio, B., Gussago, C., Dell’Osso, B., Bari, M.,
et al. (2012). Epigenetic regulation of fatty acid amide hydrolase in Alzheimer’s
disease. PLoS One 7:e39186. doi: 10.1371/journal.pone.0039186

D’Addario, C., Di Francesco, A., Pucci, M., Finazzi-Agrò, A., and Maccarrone, M.
(2013). Epigenetic mechanisms and endocannabinoid signalling. FEBS J. 280,
1905–1917. doi: 10.1111/febs.12125

Dainese, E., De Fabritiis, G., Sabatucci, A., Oddi, S., Angelucci, C. B.,
Di Pancrazio, C., et al. (2014). Membrane lipids are key modulators
of the endocannabinoid-hydrolase FAAH. Biochem. J. 457, 463–472.
doi: 10.1042/BJ20130960

Deutsch, D. G. (2016). A personal retrospective: elevating anandamide (AEA) by
targeting fatty acid amide hydrolase (FAAH) and the fatty acid binding proteins
(FABPs). Front. Pharmacol. 7:370. doi: 10.3389/fphar.2016.00370

Devane, W. A., Hanus, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G.,
et al. (1992). Isolation and structure of a brain constituent that binds
to the cannabinoid receptor. Science 258, 1946–1949. doi: 10.1126/science.
1470919

DiMarzo, V., Fontana, A., Cadas, H., Schinelli, S., Cimino, G., Schwartz, J. C., et al.
(1994). Formation and inactivation of endogenous cannabinoid anandamide in
central neurons. Nature 372, 686–691. doi: 10.1038/372686a0

Di Marzo, V., Stella, N., and Zimmer, A. (2015). Endocannabinoid signalling
and the deteriorating brain. Nat. Rev. Neurosci. 16, 30–42. doi: 10.1038/
nrn3876

Di Venere, A., Dainese, E., Fezza, F., Angelucci, B. C., Rosato, N., Cravatt, B. F.,
et al. (2012). Rat and human fatty acid amide hydrolases: overt similarities
and hidden differences. Biochim. Biophys. Acta 1821, 1425–1433. doi: 10.1016/j.
bbalip.2012.07.021

Edan, G., and Kerbrat, A. (2017). Inhibitor of fatty acid amide hydrolase—learning
from tragic failures.N. Engl. J. Med. 376, 393–394. doi: 10.1056/NEJMc1615417

Edgemond, W. S., Hillard, C. J., Falck, J. R., Kearn, C. S., and Campbell, W. B.
(1998). Human platelets and polymorphonuclear leukocytes synthesize
oxygenated derivatives of arachidonylethanolamide (anandamide): their
affinities for cannabinoid receptors and pathways of inactivation. Mol.
Pharmacol. 54, 180–188.

Fezza, F., Bari, M., Florio, R., Talamonti, E., Feole, M., andMaccarrone, M. (2014).
Endocannabinoids, related compounds and their metabolic routes. Molecules
19, 17078–17106. doi: 10.3390/molecules191117078

Fezza, F., Oddi, S., Di Tommaso, M., De Simone, C., Rapino, C., Pasquariello, N.,
et al. (2008). Characterization of biotin-anandamide, a novel tool for the
visualization of anandamide accumulation. J. Lipid Res. 49, 1216–1223.
doi: 10.1194/jlr.M700486-JLR200

Fowler, C. J. (2013). Transport of endocannabinoids across the plasma membrane
and within the cell. FEBS J. 280, 1895–1904. doi: 10.1111/febs.12212

Fowler, C. J. (2015). The potential of inhibitors of endocannabinoid metabolism
for drug development: a critical review. Handb. Exp. Pharmacol. 231, 95–128.
doi: 10.1007/978-3-319-20825-1_4

Fu, J., Bottegoni, G., Sasso, O., Bertorelli, R., Rocchia, W., Masetti, M., et al. (2011).
A catalytically silent FAAH-1 variant drives anandamide transport in neurons.
Nat. Neurosci. 15, 64–69. doi: 10.1038/nn.2986

Gabrielli, M., Battista, N., Riganti, L., Prada, I., Antonucci, F., Cantone, L.,
et al. (2015). Active endocannabinoids are secreted on extracellular membrane
vesicles. EMBO Rep. 16, 213–220. doi: 10.15252/embr.201439668

Gachet, M. S., Schubert, A., Calarco, S., Boccard, J., and Gertsch, J. (2017).
Targeted metabolomics shows plasticity in the evolution of signaling lipids
and uncovers old and new endocannabinoids in the plant kingdom. Sci. Rep.
7:41177. doi: 10.1038/srep41177

Gaoni, Y., and Mechoulam, R. (1964). Isolation, structure and partial synthesis
of an active constituent of hashish. J. Amer. Chem. Soc. 86, 1646–1647.
doi: 10.1021/ja01062a046

Giang, D. K., and Cravatt, B. F. (1997). Molecular characterization of human and
mouse fatty acid amide hydrolases. Proc. Natl. Acad. Sci. U S A 94, 2238–2242.
doi: 10.1073/pnas.94.6.2238

Hampson, A. J., Hill, W. A., Zan-Phillips, M., Makriyannis, A., Leung, E.,
Eglen, R. M., et al. (1995). Anandamide hydroxylation by brain lipoxygenase:
metabolite structures and potencies at the cannabinoid receptor. Biochim.
Biophys. Acta 1259, 173–179. doi: 10.1016/0005-2760(95)00157-8

Hermanson, D. J., Gamble-George, J. C., Marnett, L. J., and Patel, S.
(2014). Substrate-selective COX-2 inhibition as a novel strategy for
therapeutic endocannabinoid augmentation. Trends Pharmacol. Sci. 35,
358–367. doi: 10.1016/j.tips.2014.04.006

Hermanson, D. J., Hartley, N. D., Gamble-George, J., Brown, N., Shonesy, B. C.,
Kingsley, P. J., et al. (2013). Substrate-selective COX-2 inhibition decreases
anxiety via endocannabinoid activation. Nat. Neurosci. 16, 1291–1298.
doi: 10.1038/nn.3480

Hillard, C. J., Edgemond, W. S., Jarrahian, A., and Campbell, W. B. (1997).
Accumulation of N-arachidonoylethanolamine (anandamide) into cerebellar
granule cells occurs via facilitated diffusion. J. Neurochem. 69, 631–638.
doi: 10.1046/j.1471-4159.1997.69020631.x

Hillard, C. J., Wilkison, D. M., Edgemond, W. S., and Campbell, W. B.
(1995). Characterization of the kinetics and distribution of
N-arachidonylethanolamine (anandamide) hydrolysis by rat brain. Biochim.
Biophys. Acta 1257, 249–256. doi: 10.1016/0005-2760(95)00087-s

Hotamisligil, G. S., and Bernlohr, D. A. (2015). Metabolic functions of
FABPs—mechanisms and therapeutic implications. Nat. Rev. Endocrinol. 11,
592–605. doi: 10.1038/nrendo.2015.122

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 May 2017 | Volume 10 | Article 166

https://doi.org/10.1016/s0014-2999(98)00392-6
https://doi.org/10.1152/ajpheart.00571.2015
https://doi.org/10.1517/17460441.2013.780021
https://doi.org/10.1016/j.biopsych.2016.04.012
https://doi.org/10.1126/science.1076535
https://doi.org/10.1126/science.1076535
https://doi.org/10.1093/carcin/bgq151
https://doi.org/10.1007/978-3-319-20825-1_2
https://doi.org/10.1093/hmg/ddh216
https://doi.org/10.1074/jbc.M112.373241
https://doi.org/10.1016/s1367-5931(03)00079-6
https://doi.org/10.1073/pnas.161191698
https://doi.org/10.1038/384083a0
https://doi.org/10.1073/pnas.0401292101
https://doi.org/10.1038/nrn.2016.28
https://doi.org/10.1371/journal.pone.0039186
https://doi.org/10.1111/febs.12125
https://doi.org/10.1042/BJ20130960
https://doi.org/10.3389/fphar.2016.00370
https://doi.org/10.1126/science.1470919
https://doi.org/10.1126/science.1470919
https://doi.org/10.1038/372686a0
https://doi.org/10.1038/nrn3876
https://doi.org/10.1038/nrn3876
https://doi.org/10.1016/j.bbalip.2012.07.021
https://doi.org/10.1016/j.bbalip.2012.07.021
https://doi.org/10.1056/NEJMc1615417
https://doi.org/10.3390/molecules191117078
https://doi.org/10.1194/jlr.M700486-JLR200
https://doi.org/10.1111/febs.12212
https://doi.org/10.1007/978-3-319-20825-1_4
https://doi.org/10.1038/nn.2986
https://doi.org/10.15252/embr.201439668
https://doi.org/10.1038/srep41177
https://doi.org/10.1021/ja01062a046
https://doi.org/10.1073/pnas.94.6.2238
https://doi.org/10.1016/0005-2760(95)00157-8
https://doi.org/10.1016/j.tips.2014.04.006
https://doi.org/10.1038/nn.3480
https://doi.org/10.1046/j.1471-4159.1997.69020631.x
https://doi.org/10.1016/0005-2760(95)00087-s
https://doi.org/10.1038/nrendo.2015.122
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Maccarrone Anandamide Metabolism after 25 Years

Jin, X. H., Okamoto, Y., Morishita, J., Tsuboi, K., Tonai, T., and
Ueda, N. (2007). Discovery and characterization of a Ca2+-independent
phosphatidylethanolamine N-acyltransferase generating the anandamide
precursor and its congeners. J. Biol. Chem. 282, 3614–3623. doi: 10.1074/jbc.
M606369200

Jin, X. H., Uyama, T., Wang, J., Okamoto, Y., Tonai, T., and Ueda, N. (2009).
cDNA cloning and characterization of human and mouse Ca2+-independent
phosphatidylethanolamine N-acyltransferases. Biochim. Biophys. Acta 1791,
32–38. doi: 10.1016/j.bbalip.2008.09.006

Jourdan, T., Godlewski, G., and Kunos, G. (2016). Endocannabinoid regulation
of β-cell functions: implications for glycaemic control and diabetes. Diabetes
Obes. Metab. 18, 549–557. doi: 10.1111/dom.12646

Kaczocha, M., Glaser, S. T., and Deutsch, D. G. (2009). Identification of
intracellular carriers for the endocannabinoid anandamide. Proc. Natl. Acad.
Sci. U S A 106, 6375–6380. doi: 10.1073/pnas.0901515106

Kaczocha,M., Glaser, S. T., Chae, J., Brown, D. A., andDeutsch, D. G. (2010). Lipid
droplets are novel sites of N-acylethanolamine inactivation by fatty acid amide
hydrolase-2. J. Biol. Chem. 285, 2796–2806. doi: 10.1074/jbc.M109.058461

Kaczocha, M., Vivieca, S., Sun, J., Glaser, S. T., and Deutsch, D. G. (2012). Fatty
acid-binding proteins transport N-acylethanolamines to nuclear receptors
and are targets of endocannabinoid transport inhibitors. J. Biol. Chem. 287,
3415–3424. doi: 10.1074/jbc.M111.304907

Kerbrat, A., Ferré, J. C., Fillatre, P., Ronzière, T., Vannier, S., Carsin-Nicol, B.,
et al. (2016). Acute neurologic disorder from an inhibitor of fatty acid amide
hydrolase. N. Engl. J. Med. 375, 1717–1725. doi: 10.1056/NEJMoa1604221

Koutek, B., Prestwich, G. D., Howlett, A. C., Chin, S. A., Salehani, D., Akhavan, N.,
et al. (1994). Inhibitors of arachidonoyl ethanolamide hydrolysis. J. Biol. Chem.
269, 22937–22940.

Kozak, K. R., Crews, B. C., Morrow, J. D., Wang, L. H., Ma, Y. H., Weinander, R.,
et al. (2002). Metabolism of the endocannabinoids, 2-arachidonoyglycerol
and anandamide, into prostaglandin, tromboxane and prostacyclin glycerol
esters and ethanolamides. J. Biol. Chem. 277, 44877–44885. doi: 10.1074/jbc.
m206788200

Kozak, K. R., Crews, B. C., Ray, J. L., Tai, H. H., Morrow, J. D., and
Marnett, L. J. (2001). Metabolism of prostaglandin glycerol esters and
prostaglandin ethanolamides in vitro and in vivo. J. Biol. Chem. 276,
36993–36998. doi: 10.1074/jbc.M105854200

Liedhegner, E. S., Vogt, C. D., Sem, D. S., Cunningham, C. W., and Hillard, C. J.
(2014). Sterol carrier protein-2: binding protein for endocannabinoids. Mol.
Neurobiol. 50, 149–158. doi: 10.1007/s12035-014-8651-7

Maccarrone, M., Bab, I., Bíró, T., Cabral, G. A., Dey, S. K., Di Marzo, V., et al.
(2015). Endocannabinoid signaling at the periphery: 50 years after THC.Trends
Pharmacol. Sci. 36, 277–296. doi: 10.1016/j.tips.2015.02.008

Maccarrone, M., Dainese, E., and Oddi, S. (2010). Intracellular trafficking of
anandamide: new concepts for signaling. Trends Biochem. Sci. 35, 601–608.
doi: 10.1016/j.tibs.2010.05.008

Maccarrone, M., Guzmán, M., Mackie, K., Doherty, P., and Harkany, T. (2014).
Programming of neural cells by (endo)cannabinoids: from physiological
rules to emerging therapies. Nat. Rev. Neurosci. 15, 786–801. doi: 10.1038/
nrn3846

Mallet, C., Dubray, C., and Dualé, C. (2016). FAAH inhibitors in the limelight, but
regrettably. Int. J. Clin. Pharmacol. Ther. 54, 498–501. doi: 10.5414/CP202687

McFarland, M. J., Porter, A. C., Rakhshan, F. R., Rawat, D. S., Gibbs, R. A., and
Barker, E. L. (2004). A role for caveolae/lipid rafts in the uptake and recycling
of the endogenous cannabinoid anandamide. J. Biol. Chem. 279, 41991–41997.
doi: 10.1074/jbc.M407250200

McKinney, M. K., and Cravatt, B. F. (2005). Structure and function of fatty acid
amide hydrolase. Annu. Rev. Biochem. 74, 411–432. doi: 10.1146/annurev.
biochem.74.082803.133450

Mechoulam, R., Ben-Shabat, S., Hanus, L., Ligumsky, M., Kaminski, N. E.,
Schatz, A. R., et al. (1995). Identification of an endogenous 2-monoglyceride,
present in canine gut, that binds to cannabinoid receptors. Biochem. Pharmacol.
50, 83–90. doi: 10.1016/0006-2952(95)00109-D
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