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Abstract 

Endocannabinoids (ECs) are signalling lipids which exert their actions by activation cannabinoid 

receptor type-1 (CB1) and type-2 (CB2). These receptors are involved in many physiological and 

pathological processes in the central nervous system (CNS) and in the periphery. Despite many potent 

and selective receptor ligands have been generated over the last two decades, this class of compounds 

achieved only a very limited therapeutic success, mainly because of the CB1-mediated side effects. The 

endocannabinoid system (ECS) offers several therapeutic opportunities beyond the direct activation of 

cannabinoid receptors. The modulation of EC levels in vivo represents an interesting therapeutic 

perspective for several CNS-related diseases. The main hydrolytic enzymes are fatty acid amide 

hydrolase (FAAH) for anandamide (AEA) and monoacylglycerol lipase (MAGL) and ,-hydrolase 

domain-6 (ABHD6) and -12 (ABHD12) for 2-arachidonoyl glycerol (2-AG). EC metabolism is also 

regulated by COX-2 activity which generates oxygenated-products of AEA and 2-AG, named 

prostamides and prostaglandin-glycerol esters, respectively. Based on the literature and patent literature 

this review provides an overview of the different classes of inhibitors for FAAH, MAGL, ABHDs and 

COX-2 used as tool compounds and for clinical development with a special focus on CNS-related 

diseases. 

 

 



Introduction 

The endocannabinoid system (ECS) comprises different components including two G protein-coupled 

receptors, the type-1 (CB1) and type-2 (CB2) cannabinoid receptor, a class of arachidonoyl-derived 

lipids called endocannabinoids (ECs) which are produced on-demand from membrane phospholipid 

precursors and several enzymes involved in the biosynthesis and degradation of ECs. The more 

abundant and well-studied ECs are N-arachidonoylethanolamine (anandamide, AEA) which is a 

member of the large family of N-acylethanolamines (NAEs) and 2-arachidonoylglycerol (2-AG) that 

belongs to the monoacylglycerol family (1). Both ECs bind to CB1 and CB2 receptors although 2-AG 

behaves as a full agonist while AEA only partially activates the receptors (2). The biological activities 

of these lipid mediators are terminated upon cellular re-uptake and subsequent metabolism. Fatty acid 

amide hydrolase (FAAH) (3) and monoacylglycerol lipase (MAGL) (4) are the main enzymes involved 

in AEA and 2-AG hydrolysis, respectively. More recently, additional endocannabinoid-degrading 

enzymes have been also described. A second hydrolytic enzyme for AEA and NAEs was identified in 

humans (named FAAH-2) with a peculiar tissue distribution (kidney, liver, lung, ovary and heart) (5). 

Two serine hydrolases ,-hydrolase domanin-6 (ABHD6) and ,-hydrolase domain-12 (ABHD12) 

were recently identified as complementary 2-AG-degrading enzymes in the brain (6,7). Although 

MAGL accounts for most of the total 2-AG hydrolysis, ABHD6 and ABHD12 differ in the subcellular 

localization suggesting that they can play distinct roles in regulating 2-AG levels (8). 

The COX-2-mediated oxygenation represents an alternative metabolic route for AEA and 2-AG which 

leads to the formation of prostaglandin-like molecules called prostamides and prostaglandin-glycerol 

esters, respectively (9,10). Although the hydrolysis is the most efficient degradation pathway for ECs, 

in certain tissues (e.g. brain, kidney) and conditions (e.g. inflammation), COX-2-mediated oxygenation 

can significantly contribute to terminate AEA and 2-AG effects. Furthermore, these oxygenated 

products possess peculiar and not yet fully understood biological actions during inflammation (11). 

The direct activation of cannabinoid receptors results in several beneficial effects, in the brain and in 

the periphery, therefore numerous CB1 and CB2 agonists have been developed and tested in vitro and in 

vivo. Unfortunately, none of them reached an advanced stage of clinical development due to several 

drawbacks derived from direct and constant receptor activation which is responsible of numerous 

central nervous system (CNS)-related side effects (mainly via CB1). On the other side, enhancing the 

endocannabinoid levels is expected to preserve the beneficial effects derived from the direct activation 

of CB receptors with more limited side effects (12,13). Therefore, alternative pharmacological 

strategies to raise the levels of AEA and 2-AG in tissues have been extensively investigated. These 

efforts led to the generation of many potent and selective inhibitors of endocannabinoid degradation 

which specifically target one of the main enzymes involved in AEA and 2-AG metabolism.  

Here, we will review the main pharmacological targets of the ECS (FAAH, MAGL, ABHDs, COX-2 

and the putative EMT (endocannabinoid membrane transporter) focusing on the different classes of 

inhibitors described in the literature and patent literature, highlighting the therapeutic applications and 

the potential translation aspects for CNS-related diseases and disorders (Fig. 1).  



 

FAAH inhibitors 

 

FAAH is a membrane-bound homodimer of 64 kDa subunits which belongs to the serine hydrolase 

family bearing an unusual Ser241-Ser217-Lys142 catalytic triad. FAAH is the main hydrolytic enzyme 

for NAEs and efficiently terminates the biological activities of AEA (3,14). The growing 

pharmacological interest in generating potent and selective FAAH inhibitors is connected to the 

observation that increasing levels of AEA in the tissue potentiate the activity of the ECS leading to 

many beneficial effects, like analgesia, anti-depressant, anxiolytic and anti-inflammatory (15). Unlike 

the direct activation of CB1 receptors, FAAH inhibitors devoid the classical central side effects such as 

catalepsy, hypothermia, hypomotility and reinforcing effect (16). For these reasons, FAAH might 

represent an appealing therapeutic target for several central and peripheral diseases. 

Many efforts have been made both by academia and pharmaceutical companies to develop potent and 

selective FAAH inhibitors. Among the numerous scaffolds described in the scientific literature and in 

patents, three main chemical families have been extensively studied: α-ketoheterocycles (17) (Fig. 2), 

carbamate-based (Fig. 3) (18) and urea-derived inhibitors (Fig. 4) (19). 

The lead compound of α-ketoheterocycle-based inhibitors is OL-135 (1, Fig. 2) that blocks FAAH 

activity with an IC50 value of 4.7 nM (20). OL-135 and other α-ketoheterocycles act as reversible 

inhibitors through the formation of a hemiketal species involving the nucleophile Ser241 (21). Despite 

their low nanomolar potency in vitro, high doses of these compounds are necessary to enhance 

endocannabinoid signaling in vivo, probably because of the rapid metabolism in rodents. Starting from 

the lead compound OL-135, Boger’s group at the Scripps Research Institute thoroughly investigated 

the influence of different heterocycles on inhibitors potency (22,23). The tetrahydronaphthalene 

derivative US2012106569 is one of the most stereoselective inhibitors, with the (S)-enantiomer (2, Fig. 

2) to inhibit FAAH activity with a Ki value of 4 nM while the (R)-enantiomer (3, Fig. 2) showed a 60-

fold lower potency. Administration of a single dose (50 mg/kg, po) of the more potent isomer to rats 

induced a significant accumulation of AEA, palmytoil ethanolamide (PEA) and oleoyl ethanolamide 

(OEA) in the brain that lasted for several hours. In a model of neuropathic pain, 1 (S-enantiomer) at the 

same dose exerted significant antinociceptive effects attenuating mechanical and cold allodynia (24). 

Carbamate-based FAAH inhibitors contain the carbamic moiety that is usually used to inhibit serine 

hydrolases in an irreversible manner through the formation of a stable acyl-enzyme complex. URB597 

(4, Fig. 3) (IC50 = 4.6 nM) can be considered the reference compound and the most investigated 

representative of this class of molecules (25–27). Indeed, URB597 dose-dependently inhibit FAAH 

activity in rat brain with an IC50 value of 0.15 mg/kg, leading to a significant increase of AEA and 

other NAEs, without interfering with 2-AG levels. Several pharmacological studies confirmed the anti-

hyperalgesic and anti-allodynic effects of URB597 in different animal models of chronic pain without 

eliciting the typical central CB1-mediated cannabimimetic effects (15,16,28–30).  



URB597 has been recently included in an exploratory phase I clinical trial for the evaluation of new 

compounds with potential use in schizophrenia (NCT00916201) sponsored by the Central Institute of 

Mental Health in Mannheim (Germany). Nonetheless, the pharmacodynamics and pharmacokinetics 

profile of URB597 is not optimal since it inhibits other carboxylesterases and has a short half-life in 

vivo (31); therefore a second generation of carbamate-based FAAH inhibitors was developed. These 

new derivatives were obtained through the insertion of electron-donating polar groups at the phenyl 

ring attached to the carbamate oxygen, thus reducing the electrophilicity of the carbonyl (18). This new 

class of FAAH inhibitors includes URB694, which showed a negligible interaction with 

carboxylesterases, and an improved half-life in vivo compared to the parent compound URB597 (19). 

Recently, URB597/URB694-based inhibitors with an improved selectivity for FAAH and a restricted 

penetration to the central nervous system have been developed. The lead compound URB937 (5, Fig. 3),  

successfully blocked FAAH activity in the periphery without accessing the brain and thus representing 

a pharmacological tool for the treatment of pain, inflammation and immunological disorders (32). 

Two novel classes of carbamate-based inhibitors were developed by Sigma-Tau Pharmaceuticals. The 

first class bears an enol carbamate template (ST-4070 (6, Fig. 3),) and ST-3899 (7, Fig. 3), IC50 value < 

10 nM) (33), while the second is based on an oxime carbamate (ST-4020 (8, Fig. 2), IC50 < 10 nM) (34). 

These compounds were described as highly selective FAAH inhibitors over the main components of 

the ECS (i.e. CB1, CB2, TRPV1, EMT, MAGL, at a concentration equal to 1000-fold their IC50 against 

FAAH). Among the enol carbamates, ST-4070 was the most active compounds against different 

models of neuropathic pain after oral administration (10-100 mg/kg) in rodents (35). Sigma-Tau also 

reported a class of carbamates structurally related to URB597. Compound ST-4068 (9, Fig. 3) blocks 

FAAH activity at subnanomolar concentrations (Ki = 0.49 nM) in vitro but exerts biological activities at 

30 and 100 mg/kg (per os) in a mouse model of mechanical hyperalgesia (36). Other molecules 

belonging to this class of compounds were further studied by Butini et al. (37). The most potent 

inhibitor confirmed the antinociceptive activity after oral administration at the dose of 30 mg/kg 

without exhibiting any significant adverse effect indicating a favourable therapeutic index (36). 

Interestingly, these compounds behaved as reversible FAAH blockers, which is quite unexpected for 

carbamate-based inhibitors.  

Due to their promising pharmacodynamics and pharmacokinetics profile, carbamate-based FAAH 

inhibitors were largely investigated by different pharmaceutical companies. Sanofi-Aventis reported 

different classes of compounds based on various O- and N-substituents including alkyl, piperazinyl, 

azetidinyl or thioazolyl (10-11, Fig. 3). These compounds were described as potent FAAH inhibitors in 

vitro with IC50 values in the nanomolar range and to exert antinociceptive effects in vivo upon oral 

administration of 1-30 mg/kg (38–45). A phase II clinical trial was undertaken to evaluate the FAAH 

inhibitor SSR-411298, for the treatment of major depressive disorders in the elderly patients 

(NCT00822744) and persistent cancer pain (NCT01439919). The long-lasting effects of carbamate-

based inhibitors in elevating AEA levels in vivo, has encouraged researchers to further investigate other 

classes of irreversible FAAH inhibitors. Although the urea function is not usually considered a good 



moiety to bind serine hydrolases because of its low reactivity (46), some pharmaceutical companies 

designed and developed urea-based FAAH inhibitors. Indeed, it was shown that with the introduction 

of a suitable leaving group the urea is converted into a more reactive group (e.g. tetrazole moiety), 

which can covalently bind the catalytic site of the enzyme (47). Pfizer thoroughly investigated this 

class of inhibitors generating valuable tool compounds and drug candidates. PF-3845 (12, Fig. 4) is a 

potent, selective and irreversible FAAH blocker (Ki = 0.23 μM) which covalently binds to the Ser241 at 

the catalytic site, resulting in a prolonged elevation of AEA levels in the brain and plasma in rats (48). 

PF-3845 reverted the lipopolysaccharide (LPS)-induced tactile allodynia in mice (49). Furthermore, 

PF-3845 promoted neuronal survival, attenuated inflammation and improved functional recovery in 

mice with traumatic brain injury (50) and persistently reduced inflammatory pain in rats through a 

cannabinoid receptor-dependent mechanism (48). As a further step, Pfizer, optimized the urea-based 

scaffold obtaining the compound PF-04457845 (13, Fig. 4), whose improved potency derived from the 

double bond between the biphenyl ether and the piperidine moiety and substitution of the pyridyl group 

with 3-aminopyridazine compared to its closely related analog, PF-3845 (51,52). A single oral 

administration of PF-04457845 produced potent antinociceptive effects in both inflammatory and non-

inflammatory pain models in rats, without eliciting any effects in motility, catalepsy, and body 

temperature. Based on its great potency, selectivity and in vivo efficacy, combined with optimal 

pharmacokinetics properties, PF-04457845 was the first FAAH inhibitor to enter the clinical 

development for the treatment of pain disorders (52). Unfortunately, in a phase II clinical trial, it failed 

to induce analgesia in patients with osteoarthritic pain of the knee (53). Further evaluations of PF-

04457845 are ongoing for the treatment of Tourette syndrome (NCT02134080), fear response 

(NCT01665573) and Cannabis withdrawal (NCT01618656). Pfizer also developed other series of urea-

containing derivatives, including ether benzylidene piperidine (54), benzylidene 3-methylpiperidine 

derivatives (55), and rigid piperidines where the methylene group was replaced with a C4-spirocycle 

(representative compounds 14-18, Fig. 4) (56). With few exceptions, these compounds were less potent 

than the reference compound PF-04457845. Other companies investigated urea-based compounds as 

FAAH inhibitors (57). Vernalis disclosed the structure of different azetidine urea derivatives. Among 

those, compound WO2009109743 (19, Fig. 4) showed a dose-dependent analgesic activity in a rat 

model of thermal pain after oral administration at 1-10 mg/kg (58). Janssen Pharmaceuticals also 

reported several patents covering heteroaryl-substituted ureas (59,60) exemplified by compound 

US2009062294 (20, Fig. 4), which inhibits human and rat FAAH in the nanomolar range but exerting 

only mild effects in a thermal injury model when administered orally to rats at 10 and 20 mg/kg (61). 

Janssen developed a class of spirocyclic diamine ureas, which potently inhibit FAAH activity. Within 

this class, JNJ-42119779 (21, Fig. 4) (62) showed antinociceptive effects in rodent model of 

neuropathic pain at 20 and 60 mg/kg, per os (63). 

Other miscellaneous scaffolds were reported in vitro and in vivo as potent and selective FAAH 

inhibitors. Among them, some imidazole, oxazole and pyrrole-based compounds were developed by 

Merck and reported to inhibit FAAH activity with low nanomolar and subnanomolar potencies (22-25, 



Fig. 5) (64–67). MK-4409 (26, Fig. 5) has been recently reported as a potent and selective, reversible, 

noncovalent FAAH inhibitor and showed excellent efficacy in numerous pain models in mice. In 

addition, no cognitive effects were observed for this brain permeable FAAH inhibitor. Based on its 

promising preclinical profile, MK-4409 was accepted as a lead candidate for further development in 

human clinical trials (68). Ironwood Pharmaceuticals patented several compounds as FAAH inhibitors. 

The indole ketoamide derivative MM-433593 (27, Fig. 5) is a highly potent and selective inhibitor with 

potential utility as an orally available treatment for pain, inflammation, and other disorders (69,70). 

Infinity Pharmaceuticals identified some isoaxazoline heterocycle-based molecules (some examples are 

28-30, Fig. 5 (71)) as novel covalent inhibitors for FAAH. The 5-(4-hydroxyphenyl)pentanesulfonyl 

fluoride (AM3506, 31, Fig. 4) exhibited potent and selective inhibition of both rat and human FAAH. 

Rapid dilution assays and mass spectrometry analyses suggested that the compound is a covalent ligand 

which irreversibly blocks FAAH activity (72). Despite its potential therapeutic effects, AM3506 

produced THC-like impairments in a rodent model of working memory (73). WOBE492 (32, Fig. 5) 

and WOBE491 (33, Fig. 5) are examples of N-alkylcarbamate inhibitors which have been developed 

starting from alkylamides present in different Echinacea species. These compounds showed an unusual 

potency for FAAH inhibition with IC50 values in the picomolar range (74). 

 

MAGL inhibitors  

MAGL is a soluble and ubiquitous enzyme mainly found associated to the inner leaflet of the plasma 

membrane. MAGL is responsible for the hydrolysis of monoacylgylcerols, being the main degrading 

enzyme for 2-AG in vitro and in vivo. Indeed, it has been shown in several animal models that MAGL 

regulates 2-AG levels in the brain and in peripheral tissues (4). The crystal structure of human MAGL 

was solved in 2010 (75) showing that the enzymatic architectures presents the hallmark of the , 

hydrolases superfamily. A cap domain, which varies much more among the members of this 

superfamily, covers the structurally conserved active site. Buried below the cap is the catalytic triad, 

made up of residues Ser122, Asp239 and His269, which is typical of the serine hydrolase family. An 

oxyanion hole stabilizes the tetrahedral anionic intermediate during hydrolysis and allows the 

interaction with cellular membranes creating a lipophilic/hydrophilic environment optimal for the 

accommodation of monoacylglycerols in the catalytic site (75).  

Inside the catalytic site, targeting Cys201 and Cys242 provides a possible mean to regulate MAGL 

activity as it was exploited with the first generation of inhibitors (octhilinone (34, Fig. 6) (76) and N-

arachidonoylmaleimide (35, Fig. 6) (77). An alternative target is the serine122 of the catalytic triad. 

Many recent carbamate-based inhibitors covalently bind this aminoacid residue as for example JZL184 

(36, Fig. 6) (78), JZL195 (37, Fig. 6) (12), CAY10499 (38, Fig. 6) (79), KML-29 (39, Fig. 6) (80), 

MNJ-110 (40, Fig. 6) (81) and SAR127303 (41, Fig. 6) (82). Other inhibitors of miscellaneous 

structures include the -lactone OMDM-169 (42, Fig. 7) (83), the -keto oxiadozole 43, Fig. 7) (84), 

the tetrazolcarboxamide AM6701 (44, Fig. 6) (85) the urea-based compounds (45, Fig.7) (SAR-629) 

(86), (compounds 46-48, Fig. 7) (87–89), ML30 (49, Fig. 7) (90), JJKK-048 (50, Fig. 7) (91) the 



natural-derived triterpenoid -amyrin (51, Fig. 7) (92), euphol (52, Fig. 7) and pristimerin (53, Fig. 7) 

(93) and the recently identified benzodioxole derivative (54, Fig. 7) (94). The pharmacology of MAGL 

inhibitors in the CNS resembles most of the beneficial and detrimental effects associated to the direct 

activation of CB1 receptors unlike the blockage of FAAH. Long et al., showed that JZL184 at the dose 

of 16 mg/kg increases the brain level of 2-AG by a factor 8 upon a single i.p. injection and induces 

analgesia, hypomotility and hypothermia in mice (95). Systemic administration of JZL184 at high 

doses ( 16 mg/kg) reduced nociception behavior in models of neuropathic (96) and inflammatory (97) 

pain and exhibited anxiolytic effects in the murble burying assay (98). Similarly, KML-29 (39, Fig. 6) 

showed CB1-dependent antinoniceptive effects in the chronic constriction of sciatic nerve model of 

neuropathic pain and the carrageneen-mediated inflammatory pain (99) Unlike for JZL184, 

Ignatowska-Jankowska and colleagues reported that KML-29 does not elicit cannabinomimetic effects 

in the tetrad test at 40 mg/kg in C57BL/6J mice (99). More recently, Pasquarelli et al. investigated the 

changes in lipid levels in the brain and peripheral tissues upon injection of KML-29 at 0.5-10 mg/kg. In 

this work, the authors showed that lower doses of the inhibitor (5-10 mg/kg) are needed to increase the 

levels of 2-AG in the brain compared to Ignatowska-Jankowska et al. (20-40 mg/kg). Moreover, 

Pasquarelli et al., reported mild KML-29-induced cannabimimetic effects at 10 mg/kg, such as 

hypothermia, analgesia and hypomotility (100).  

Recently, the structurally distinct carbamate SAR127303 (41, Fig. 6) confirmed the role of potent and 

selective MAGL inhibition as antinociceptive treatment (1-3 mg/kg per os), which is associated with 

worrying CB1-dependent side effects such as the dose-dependent learning impairment and memory 

disruption (82). On the other hand other studies indicated beneficial effects in learning and memory 

upon genetic and pharmacological blockage of MAGL activity. Recently, it was shown that JZL184 

improved synaptic plasticity and memory in a mouse model of Alzheimer’s disease (101). Furthermore, 

MAGL-deficient mice also exhibited increased synaptic plasticity and memory (102), suggesting that 

disruption of MAGL activity could positively affect higher brain functions. Lysenco et al. also reported 

that MAGL inhibition improves the behavior and brain functions of Ts65Dn mice, a genetic model of 

Down Syndrome (103). 

The pharmacological effects induced by potent and selective inhibition of MAGL activity turns into 

CB1 functional antagonist upon chronic treatment. Scholsburg et al, showed that repeated 

administration of JZL184 for 6 days produces tolerance to its antinociceptive effects as a consequence 

of CB1 receptor desensitization (104). Mice treated repeatedly with JZL184 at high doses (16-40 

mg/kg) displayed cross-tolerance to the antinociceptive effects induced by the CB1 agonists 

WIN55,212-2 and 9-THC in neuropathic and thermal pain models (104,105). Similarly, MAGL-

deficient mice exhibited elevated 2-AG levels in the CNS and a subsequent long-term activation of CB1 

receptors leading to receptor desensitization and unaltered pain sensitivity in neuropathic and 

inflammatory mouse models (106). The administration of MAGL inhibitors at low doses retained the 

beneficial CB1-mediated effects even after repeated administrations without leading to cross-tolerance 

and functional antagonism at CB1. Several independent studies reported anxiolytic, antinociceptive, 



anti-nausea, anti-epileptogenic, anti-depressive and anti-inflammatory effects of acute and chronic 

administration of MAGL inhibitors at low doses (97,105,107–112). Abide Pharmaceuticals recently 

started a phase I clinical trial testing safety, pharmacokinetics and pharmacodynamics of ABX-1431, a 

new first-in-class MAGL inhibitor.  

An alternative approach to avoid receptor desensitization consisted in designing potent and reversible 

MAGL inhibitors. Apart from three natural-derived terpenoids (-amyrin (51), euphol (52) and 

pristimerin (53), (Fig. 7) (92,93), only one study has recently described a benzodioxole derivative (54, 

Fig. 7) as a reversible, time-independent MAGL inhibitor with an IC50 value of 240 nM and 75-fold 

selectivity over FAAH inhibition (94). Upon 3-weeks daily i.p. administration at 5 mg/kg, the 

compound ameliorated disease progression in the experimental autoimmune encephalomyelitis (EAE)-

induced multiple sclerosis mouse model without undergoing tolerance and eliciting catalepsy, 

hypomotility and hypothermia (94). 

MAGL inhibitors provide many of the beneficial effects observed with direct cannabinoid receptor 

agonists. Nonetheless, the clinical development of irreversible inhibitors has been hindered due to 

cannabimimetic side-effects and the development of tolerance upon repeated administrations at high 

doses. Additional studies showed that the use of MAGL inhibitors at low doses leads to a mild increase 

of 2-AG levels in the brain which still retain the therapeutic effects but do not trigger receptor 

desensitization and tolerance after chronic treatment. Similarly, the inhibition of MAGL activity by 

using a potent and reversible compound produced positive effects upon 21 days of treatment. These 

alternative pharmacological strategies can pave the way towards the exploitation of MAGL as 

therapeutic target for clinical development. 

 

ABHD6 

ABHD6 and ABHD12 are other members of the serine hydrolase family that are involved in 2-AG 

hydrolysis. Both ABHDs are integral membrane proteins whose catalytic site is predicted to face the 

intracellular and extracellular space for ABHD6 and ABHD12, respectively (8). MAGL is the most 

efficient 2-AG degrading enzyme being responsible for 80-85% of the total hydrolysis in the brain, 

where ABHDs account for the remaining 15-20% (7,8). Since these three serine hydrolases have 

different distributions and subcellular localizations, it was supposed that they could play distinct roles 

in controlling the duration of action and fate of 2-AG in the brain (6). Full and prolonged inhibition of 

MAGL activity produces an “overflow” of 2-AG which results in psychotropic effects and cannabinoid 

receptor desensitization (8,106,113). Therefore a milder modulation of the enzyme activity might be 

more indicated especially for chronic treatments. This could be achieved by using partial or reversible 

MAGL inhibitors (see previous paragraph) or selectively blocking ABHDs activity. The inhibition of 

ABHD6 leads to a moderate increase of 2-AG in the brain, thus suggesting that selective inhibitors may 

provide an alternative therapeutic option which lacks CNS-related side effects (114–116).  

At present, only a limited number of ABHD6 inhibitors have been described. The first potent and 

selective ABHD6 inhibitor, WWL70 (55, Fig. 8) (IC50 = 70 nM) was discovered in Cravatt’s group 



(117). Marrs and colleagues identified UCM710 (56, Fig. 8) as a dual inhibitor of ABHD6 and FAAH 

(115). Some other non-specific serine hydrolase inhibitors such as methyl arachidonyl 

fluorophosphonate (MAFP) (57, Fig. 8), tetrahydrolipstatin (THL) (58, Fig. 8), RHC-80267 (59, Fig. 8), 

and the triterpene pristimerin (53, Fig. 8) have been identified in vitro as ABHD6 inhibitors (118). 

Recently, Cravatt and colleagues identified a novel carbamate-based compound, WWL123 (60, Fig. 8), 

(119) along with some triazole urea derivatives like KT195 (61, Fig. 8), (120,121) as selective and 

potent ABHD6 inhibitors. 

The inhibition of ABHD6 has been suggested to regulate the 2-AG signaling in the brain and shown to 

be effective in different animal models (7,122–124). In two independent works, Zhang’s group 

investigated the protective effects of WWL70 in a mouse model of traumatic brain injury (TBI) (122), 

and EAE-induced multiple sclerosis (123).  

TBI is a form of brain injury caused by sudden damage of the brain, and it is characterized by an initial 

insult followed by the secondary injury associated with excitotoxicity, inflammation, neuronal death 

and oxidative stress (125,126). In a TBI model, the post-insult chronic treatment with WWL70 at 10 

mg/kg improved motor coordination and restored TBI-induced deficits in working memory in a CB1-

mediated mechanism (122). WWL70 treatment also reduced the lesion volume in the cortex and 

neurodegeneration in the dentate gyrus in a CB1-/CB2-dependent manner (122). In 2015, the same 

group assessed the role of ABHD6 inhibition in a neuroinflammatory mouse model (123). Leucocyte 

migration into the brain is an early event of neuroinflammation (127–129), and it is regulated by the 

increased expression of the leukocyte adhesion molecule (ALCAM) (130). Zhang and colleagues 

demonstrated that ALCAM overexpression in EAE mice was strongly reduced as well as the 

production of pro-inflammatory cytokines (TNF-α and IL-1β) by WWL70 treatment (10 mg/kg) (123). 

These effects were lost upon pre-treatment with a CB2 selective antagonist and in CB2-deficient mice, 

thus suggesting that the neuroprotection occurs via an indirect activation of CB2 receptors in 

microglia/macrophage cells (i.e. increasing 2-AG levels) (123). In 2014, Naydenov and colleagues 

demonstrated that blocking ABHD6 exerts protective effects in an animal model of epileptic seizures 

(124). Indeed, the selective ABHD6 inhibitor WWL123 decreased pentylenetetrazole (PTZ)-induced 

epileptiform seizures and spontaneous seizures in R6/2 mice (124). While this effect resulted CB1- and 

CB2-independent, it was completely abolished by adding a sub-convulsive dose of the GABAA 

antagonist picrotoxin (124), thus suggesting that increased levels of 2-AG might exert beneficial effects 

by directly interacting with this receptor in agreement with the 2-AG positive allosteric properties 

recently described at the GABAA receptor (131,132). GABAA and ABHD6 are both expressed in post-

synaptic neurons, where the 2-AG signalling might be locally amplified (124). Importantly, chronic 

inhibition of ABHD6 activity was not associated either with psychomotor and cognitive effects or 

tolerance, which are both typical features of prolonged and complete MAGL inhibition (124).  

Therefore, ABHD6 inhibition might represent a novel approach to achieve a fine-tuned modulation of 

2-AG signalling in restricted brain areas with potential therapeutic relevance in neurodegenerative and 

neuroinflammatory disorders and as a novel safe antiepileptic strategy. Although some inhibitors have 



been generated, more work is still needed to develop more druggable compounds for potential clinical 

evaluation. 

 

ABHD12 

Since ABHD12 has been recently identified as a 2-AG hydrolytic enzyme which marginally contributes 

to its degradation in the brain (5-10 %), it was explored as a potential pharmacological target similarly 

to the ABHD6 (see above) (6,8). Subsequent genetic studies performed in humans demonstrated that 

mutations in the Abhd12 gene represent the main cause of a progressive, autosomal-recessive 

neurodegenerative disease, first discovered in a Norwegian family (133). This disorder was named 

polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and cataract, or PHARC (134).  

The minor role of ABHD12 in 2-AG hydrolysis in contrast with the serious PHARC phenotype in the 

brain and eye suggests either that ABHD12 is of crucial importance only in certain cell types or that its 

major endogenous substrates is not 2-AG (133). With the goal of understanding the role that ABHD12 

in the CNS, Blankman and coworkers generated ABHD12-deficient mice, as a model for studying 

PHARC disease discovering that these animals have significant elevations of a series of 

lysophosphatidylserine lipids, which were then identified as the major ABHD12 substrates (135). 

Although the bioactive functions of lysophosphatidylserines in the brain are not clear, the work of 

Blankmann and coworkes suggested that these lipids can play a relevant role in microglial functions 

and activation (133). As the role of ABHD12 in lysophosphatidylserines metabolism and 2-AG 

hydrolysis is still poorly characterized, selective inhibitors may represent a valid tool to further 

investigate the pharmacological role of this enzyme in the CNS. At present not many selective 

inhibitors of ABHD12 have been described. An initial profiling showed that the general lipase/serine 

hydrolase inhibitors MAFP (57, Fig. 8)  and THL (58, Fig. 8) are relatively potent inhibitors of 

ABHD12, although being not selective (118). Recently, Parkkari and co-workers, identified a series of 

natural compounds and their synthetic derivatives as the first selective inhibitors for ABHD12 (136). 

These compounds structurally belong to the class of triterpenoids that are known to possess a wide-

range of therapeutic actions. Some of these compounds behaved as reversible inhibitors with IC50 

values in the submicromolar range, without any major cross-reactivity with the other components of the 

ECS (136). These data might support the development of the first pharmacophore model for ABHD12, 

which can be used in further studies aiming at the discovery of novel lead structures to generate more 

selective inhibitors. 

 

Endocannabinoid membrane transport (EMT) inhibitors 

The underlying molecular mechanisms of endocannabinoid membrane transport (i.e. release into the 

extracellular space and cellular uptake) are not yet completely understood. Among the different 

proposed mechanisms, a facilitated diffusion process mediated by a putative EMT is the most 

supported model by in vitro and in vivo evidence (for review see Nicolussi & Gertsch, 2015 (137). 

Recently, we showed that the EMT specifically mediates the bidirectional movement of both major 



endocannabinoids over other related lipids (i.e. NAEs and monoacylglycerols), suggesting that it can 

represent an alternative target in the ECS (138). The pharmacology elicited by pure EMT inhibitors is 

expected to only partially overlap with FAAH and MAGL inhibitors. Unfortunately, the first generation 

EMT inhibitors (UCM707 (62), OMDM-2 (63), AM404 (64) and VDM11 (65), Fig. 9) that have been 

characterized in vitro and in vivo were not very potent (IC50 values in micromolar range) and exhibited 

a limited selectivity over the other components of the ECS (i.e. CB receptors, degrading enzymes, 

TRPV1 receptors, intracellular carrier proteins) leading to a biased evaluation of their pharmacology.  

More recently, we described guineensine (66, Fig. 9) and BSL-34 (67, Fig. 9) , two natural-derived 

compounds, as potent and selective inhibitors of AEA and 2-AG uptake (IC50 in the nanomolar range) 

with a good selectivity over FAAH, MAGL and CB receptors ( 50 fold) (74,139). In mice, 

guineensine elicited indirect cannabimimetic effects including hypomotility, decreased body 

temperature, catalepsy and analgesia (2.5-10 mg/kg) indicating that by blocking the cell membrane 

transporter, both AEA and 2-AG levels are increased (12).  

The possibility to handle selective inhibitors of AEA and 2-AG uptake which do not interact with any 

of the known metabolic enzymes or AEA-binding proteins, will strongly contribute to shed light on the 

functional role of the EMT and the possibility to exploit the modulation of EC trafficking across the 

plasma membrane as an alternative therapeutic approach. While excellent tool compounds have been 

synthesized for most targets within the ECS (31), novel and more potent (ideally low nanomolar) 

chemical probes are needed to ultimately study endocannabinoid membrane transport.  

 

New pharmacological strategies to modulate the ECS 

Endocannabinoids are arachidonoyl-containing molecules, making them suitable to be directly and 

indirectly involved in the generation of oxygenated lipids via COX-2-mediated oxygenation (i.e. 

prostaglandins). In the brain and  spinal cord,  COX-2  is  constitutively  expressed  in neurons and  

plays  a  role  in  the  early  hyperalgesic  response  to  tissue  injury (140).  Nomura et al. convincingly 

demonstrated that 2-AG represents the main source of free arachidonic acid in the brain and that the 

pharmacological and genetic blockage of 2-AG hydrolysis leads to a complete inhibition of LPS-

induced PGE2 formation unlike in phospholipase A2-deficient mice (141). MAGL blockade exerted 

protective effects against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of 

Parkinsonism, in which COX inhibitors are known to be neuroprotective. Pharmacologic or genetic 

inactivation of MAGL prevented MPTP-induced dopaminergic neuronal loss and dopamine reductions 

in the substantia nigra. Intriguingly, these neuroprotective effects were accompanied by the blockade of 

MPTP-induced increase of arachidonic acid, prostaglandins and pro-inflammatory cytokines in the 

brain (141).The COX-2-mediated oxygenation of AEA and 2-AG generates two families of 

prostaglandin molecules which bear the ethanolamide and the glycerol ester head group which are 

named prostaglandin-ethanolamides (PG-EAs, prostamides) and prostaglandin-glycerol esters (PG-

GEs), respectively (9,10,142,143). Unlike arachidonic acid, AEA and 2-AG cannot be metabolized by 

the constitutive COX-1 isoform due to the strict requirement for a free carboxyl group in the substrate 



(144). The  biological  activities  of  PG-EAs and PG-GEs are  distinct  from  those  of  the  

corresponding  PGs  and  are  probably  mediated  by  distinct  receptors. The membrane target of 

PGF2-EA (68, Fig. 9) and its analog bimatoprost (69, Fig. 10) was identified as a heterodimer of the 

wild type FP receptor and a particular splice variant (Alt4) of this receptor (145). Selective antagonists 

of this receptor (AGN204396 (70), AGN-21135 (71) AGN-21136 (72) , Fig. 10) blocked PGF2-EA 

effects without altering those of PGF2α (145–148). Among the pharmacological actions of FP-FP(Alt4) 

receptor activation, the hyperexcitation of spinal cord nociceptive neurons has been showed to 

contribute sustaining pain under conditions of inflammation (149). Recently, Ligresti et al. described 

that two of the PGF2-EA antagonists (AGN-21135 (71) AGN-21136 (72) , Fig. 10) inhibit FAAH 

activity with low micromolar IC50 values (150). Since  AEA  exerts  analgesic  effects,  whereas  its  

COX-2  metabolite  PGF2-EA is  hyperalgesic (149) AGN-211335 and AGN-211336 might result in 

synergistic effects. Indeed, both compounds increased AEA  levels  in  vitro  and exerted 

antinociceptive effects  in  the  formalin-induced  pain  model  in  mice (150). COX-2 is a functional 

heterodimer with an allosteric and a catalytic monomer (151) and it was shown that some of the classic 

non-steroidal anti-inflammatory drugs (NSAIDs) inhibit the oxygenation of 2-AG with 100-fold lower 

IC50 values compared to arachidonic acid oxygenation, and were defined as COX-2 substrate-specific 

inhibitors (SSIs) (152). (R)-Flurbiprofen (73, Fig. 10) represents a typical example of this class of 

inhibitors that potently blocked endocannabinoid oxygenation with negligible effects on arachidonic 

acid metabolism (152). The morpholine derivative of indomethacin, LM-4131 (74, Fig. 10) was 

recently described as a COX-2 SSI and showed to selectively increase the levels of AEA and 2-AG in 

the brain over other related lipids (153). Additionally, LM-4131 induced CB1-dependent anxiolytic 

effects without eliciting other unwanted cannabimimetic side effects. COX-2 SSIs might achieve 

synergistic effects by inhibiting the formation of pro-inflammatory prostamides and PG-GEs and 

increasing the levels of AEA and 2-AG. On the other hand, PG-GEs  and  PG-EAs  do  not  mediate  

the same biological effects, with PGE2-EA  and  PGD2-GE  being  anti-inflammatory  while  PGF2-EA  

and  PGE2-GE  being  pro-inflammatory and  hyperalgesic (154,155). Indeed, using the selective PGD 

synthase inhibitor HQL79 (75, Fig. 9), Alhouayek et al., could show that PGD2-GE exerts anti-

inflammatory effects in human macrophages and in mice. In the same setting (R)-flurbiprofen, but not 

CB1 and CB2 antagonists counteracted the 2-AG-induced decrease of macrophage activation, 

suggesting that PGD2-GE is the main “transducer” of 2-AG effects (154). In light of the different roles 

as pro- and anti-inflammatory cytokines it would be desirable to selectively modulate one of the 

biosynthetic enzymes or alternatively blocking the receptor interaction of specific PG-EAs or PG-GEs. 

The main open questions are related to the possibility to develop substrate-specific PG synthase 

inhibitors and to gain a thorough understanding of the target receptors of the main PG-EAs and PG-

GEs.  

 Alternative strategies to modulate the ECS include the multi-target approach which consists in 

developing compounds that hit 2 or more components of the system. We recently reported a class of -



caryophyllene-derived amides (76-78, Fig. 11) bearing interesting different polypharmacology features 

(156). The trishomo seco-caryophyllene propyl (76, Fig. 11) and 2-propenylamide (77, Fig. 11) behave 

as CB2 receptor agonists and simultaneously inhibit FAAH activity thus potentially leading to 

synergistic effects. Slight modifications of the amide group by replacing the short alkyl chain of 76 and 

77 with a vanillimide group (78, Fig. 11) led to a different polypharmacology. Indeed compound 78 

simultaneously inhibit FAAH activity and COX-2-mediated oxygenation of ECs. Interestingly, the 

latter combination might be particularly relevant in tissues that constitutively express COX-2 (i.e. the 

brain) or under inflammatory conditions, where inhibiting FAAH activity can re-direct AEA 

metabolism toward the COX-2-mediated oxygenation, thus potentially generating contrasting effects 

(156). Along the same lines, recent preclinical data indicated that combining COX-2 and FAAH 

inhibition produces enhanced antinociceptive effects in a variety of pain models. Different groups 

showed that the dual inhibition of COX-2 and FAAH enzymes offers a novel therapeutic strategy to 

attenuate inflammatory and neuropathic pain states (157,158). Specifically, combination of sub-

threshold doses of PF-3845 and diclofenac produced marked anti-allodynic effects in neuropathic and 

inflammatory pain models which are associated with increased AEA levels and decreased PG levels in 

the brain. Therefore, the development of dual FAAH/COX-2 inhibitors would be of great potential 

value as a therapeutic strategy to treat different types of pain. 6-methyl-pyridin-2-yl analogue of 

ibuprofen ("ibu-am5") (79, Fig. 11) (159,160), the corresponding amide analogue of flurbiprofen Flu-

AM1 (80, Fig. 11) (157) and carprofen (81, Fig. 11) (161) are prototypes of this class of compounds. 

Recently, Gouveia-Figueira et al., described that the (R)-enantiomer of Flu-AM1 behaves as a COX-2 

SSI similarly to the parent compound (R)-flurbiprofen (162). Together, these data support the 

development of dual FAAH/COX-2 inhibitors as a potential therapeutic strategy for the treatment of 

neuropathic and inflammatory pain states. Further investigations are needed to generate more 

efficacious and selective probes and potential druggable candidates with distinct chemical structures 

from the current FAAH inhibitors and NSAIDs. 

A recent study investigated the effects of combining low doses of the MAGL inhibitor JZL184 with the 

COX-2 inhibitor diclofenac. In a mouse model of neuropathic pain, the combination showed to 

synergistically reduce chronic constriction injury-induced mechanical allodynia and additively reduced 

cold allodynia in a CB1-dependent manner. Interestingly, the combination of drugs significantly 

decreases PGE2 and PGF2 levels but does not affect the levels of 2-AG in the spinal cord (163). Dual 

inhibition of COX-2 and MAGL activity might represent an alternative promising therapeutic approach 

for reducing neuropathic pain with minimal side effects.  

The natural compound (4’-methoxy-5,3’-di-(2-propenyl)-biphenyl-2-ol (82, 4’-O-methylhonokiol , MH, 

Fig. 11) represents the prototype of a novel polypharmacology within the ECS. We and others reported 

that MH behaves as a potent and selective CB2 agonist that elicits a concentration-dependent inhibition 

of intracellular Ca2+ release and forskolin-induced cAMP formation (164–166). 

Recently, we reported that MH can specifically inhibit COX-2-mediated oxygenation of AEA and 2-

AG at concentrations that also activate CB2 receptors (165). Furthermore, MH dose-dependently 



increased 2-AG levels in the brain without affecting either arachidonic acid or PGE2 levels (165). In 

hippocampal neurons, COX-2 inhibition rather than FAAH blockage led to a prolonged depolarization-

induced suppression of inhibition (DSI) suggesting a prominent role of 2-AG in the retrograde signal 

and COX-2-mediated oxygenation as relevant mechanism of reducing 2-AG levels at the synaptic level 

(167). Straiker et al. also reported the relevant role of COX-2 activity in reducing EC-mediated 

retrograde signalling (168). In animal models, low doses of MH produced weak anxiolytic effects (169) 

similar to the COX-2 SSI LM-4131 (153). MH also showed beneficial effects in an Alzheimer’s 

disease model by reducing LPS-induced β-amyloid accumulation, pro-inflammatory cytokine 

production, and memory impairment (170,171). In addition to the direct activation of CB2 receptors, 

MH also elevates 2-AG levels, and inhibits the formation of pro-inflammatory PG-EAs and PG-GEs. 

Therefore, synergistic effects for attenuating the inflammatory process are expected to represent one of 

the main underlying mechanisms of the neuroprotective actions exerted by MH, indicating that the 

double CB2 activation and COX-2 SSI might represent a promising polypharmacology strategy to be 

further explored. 

 

Conclusions 

The endocannabinoid system offers several therapeutic opportunities for CNS-related disorders beyond 

the direct activation of cannabinoid receptors (Fig. 12). The inhibition of FAAH activity represents a 

safe and effective pharmacological strategy to treat neurological disorders. Potent and prolonged 

MAGL inhibition is associated to cannabimimetic effects and receptor desensitization upon repeated 

administrations. Nonetheless, recent studies showed that brain levels of 2-AG can be mildly increased 

by partially blocking MAGL activity (using low doses of covalent and reversible inhibitors) or 

inhibiting other serine hydrolases (ABHD6), which retain the beneficial effects but lack the unwanted 

side effects. One of the main drawbacks related to FAAH and MAGL inhibition is the non-specific 

increase of many bioactive lipids (NAEs and monoacylgylcerols) beyond AEA and 2-AG. The 

inhibition of endocannabinoid trafficking across the cell membrane specifically modulates AEA and 2-

AG levels over other related lipids. Unfortunately, potent and selective inhibitors for this process are 

still missing. The inhibition of COX-2-mediated endocannabinoid oxygenation might represent a novel 

promising therapeutic option to augment AEA and 2-AG levels and to prevent the formation of 

bioactive prostamides and prostaglandin-glycerol esters. The simultaneous inhibition of two or more 

targets within the endocannabinoid system might offer a superior pharmacological profile over the 

single treatment. Several possibilities of multi-target approach have been proposed and investigated in 

vitro and in vivo and represent one of the most promising future therapeutic options to modulate the 

endocannabinoid system.  
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Figure Legends 

 

Figure 1. Development stage for the inhibitors hitting different targets of the endocannabinoid system. 

Inhibitors for ABHD-6, COX-2 (substrate specific) and EMT already showed some beneficial effects in 

different animal models. Nonetheless further investigations are needed to generate more drug-like 

compounds and to identify suitable indications to be pursued in clinical development. For ABHD-12 

selective inhibitors are still missing. 

Figure 2. Chemical structures of α-ketoheterocycle-based FAAH inhibitor 

Figure 3. Chemical structures of carbamate-based FAAH inhibitor 

Figure 4. Urea-type FAAH inhibitors 

Figure 5. Miscellaneous FAAH inhibitors 

Figure 6. Chemical structures of MAGL inhibitors 

Figure 7. Miscellaneous MAGL inhibitors 

Figure 8. Selective and nonselective ABHDs inhibitors 

Figure 9. Endocannabinoid transporter inhibitors 

Figure 10. COX-2 substrate specific inhibitors and PGF2-receptor antagonists 

Figure 11. Inhibitors targeting 2 or more components of the ECS 

Figure 12. Targeting the endocannabinoid system beyond the cannabinoid receptors 

 

 

 

 

 

 

 

 

 

 


