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Text: This review describes the development of inhibitors for endocannabinoid 

metabolism and their potential therapeutic benefit. 

Abstract 

The endocannabinoid system, most popularly known as the target of the psychoactive 

component of marijuana, ∆9-tetrahydrocannabinol (THC), is a signaling network that 

modulates a diverse range of physiological processes including nociception, behavior, 

cognitive function, appetite, metabolism, motor control, memory formation, and 

inflammation. While THC and its derivatives have garnered notoriety in the eyes of the 

public, the endocannabinoid system is consists of two endogenous signaling lipids 2-

arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine (anandamide) that 

activate cannabinoid receptors CB1 and CB2 in the nervous system and peripheral 

tissues. This review will focus on recent efforts to chemically manipulate 2-AG signaling, 

through the development of inhibitors of the 2-AG-synthesizing enzyme diacylglycerol 

lipase (DAGL) or the 2-AG-degrading enzyme monoacylglycerol lipase (MAGL), and 

assessing the therapeutic potential of DAGL and MAGL inhibitors in pain, inflammation, 

degenerative diseases, tissue injury, and cancer.  
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1. Introduction 

The endocannabinoid system is a neurotransmission pathway and the primary 

target of the psychoactive ligand in marijuana, ∆9-tetrahydrocannabinol (THC). Marijuana 

has been in use for centuries for both medicinal and recreational purposes and has 

profound effects on nociception, behavior, cognitive function, appetite, metabolism, 

motor control, memory formation, and immune suppression 1, 2. While THC has gained a 

certain notoriety in the public eye, the endogenous physiological function of the 

endocannabinoid system is to respond to the signaling lipids 2-arachidonoylglycerol (2-

AG) and N-arachidonoylethanolamine (anandamide) 3, 4. THC and endocannabinoids act 

through the membrane-bound G-coupled protein receptors cannabinoid receptors type 1 

and 2 (CB1 and CB2) to alter these varied aspects of mammalian physiology.  CB1 is 

highly expressed in the central nervous system and to a lower extent in peripheral 

tissues.  CB1 activation appears to control most of the neurogenic features associated 

with cannabinoid exposure, including hypothermia, hypomotility, anti-nociception, and 

catalepsy.  In contrast, CB2 is expressed predominantly in immune cells such as 

monocytes, macrophages, CD4+ and CD8+ T cells, and B cells. Originally described as 

a peripheral cannabinoid receptor, mounting evidence shows that CB2 is also expressed 

in microglia, which are derived from macrophages, during neuroinflammatory and 

neurodegenerative disease states 4-10.  

In recent decades, innovative chemical approaches and proteomic and 

metabolomic technologies have been applied to the endocannabinoid field towards 

understanding the roles of endocannabinoid signaling lipids in physiology and disease, 

through the development of inhibitors for endocannabinoid synthesis or degradation. 2-

AG is synthesized by diacylglycerol lipase (DAGL) and is degraded by monoacylglycerol 

lipase (MAGL). Anandamide is synthesized by initial generation of N-arachidonoyl 

phosphatidylethanolamine followed by several postulated routes, and degraded by fatty 
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acid amide hydrolase (FAAH). The (patho)physiological roles, biochemical regulation, 

and therapeutic potential of FAAH, FAAH inhibitors, and anandamide have been 

previously extensively studied and reviewed 4, 11. Here, we will focus this review on 

chemical approaches that have been applied to understanding 2-AG signaling and 

metabolism and its (patho)physiological roles in various disease states. We will also 

discuss the therapeutic potential of inhibitors for 2-AG degradation and synthesis.  

 

2. Endocannabinoid signaling 

Endocannabinoid signaling in neurons occurs by a non-vesicular calcium-

dependent retrograde mechanism. Stimulation of the post-synapse triggers synthesis of 

endocannabinoids and their subsequent release, although the mechanism by which the 

endocannabinoid ligand travels to CB1 receptors at the presynaptic interneuron terminal 

is poorly understood 5. CB1 activation inhibits neurotransmitter release by activating Gi/o 

proteins, thereby inhibiting calcium and potassium channels 12. Originally discovered in 

1995 as the second endocannabinoid signaling lipid, 2-AG has been shown to be the 

major mediator of CB1-dependent synaptic plasticity controlling retrograde 

neurotransmission through depolarization-induced suppression of inhibition (DSI) and 

excitation (DSE) 13-19.  Endocannabinoids are lipid messengers rather than water-soluble 

metabolites, thus hydrophobic interactions make their storage in synaptic vesicles 

unlikely.  Instead, endocannabinoids are likely mobilized “on demand” from membrane 

phospholipid precursors or potential storage sites such as lipid rafts 5, 20. 

 

3. Generation of Inhibitors for 2-AG Degradation and Synthesis 

Understanding the physiological roles of 2-AG signaling have been greatly accelerated 

in recent years through the development of enzymatic inhibitors for 2-AG metabolism.  
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3.1 Enzymes Controlling 2-AG Degradation and Synthesis 

3.1.1 Monoacylglycerol Lipase (MAGL) 

2-AG is degraded primarily by monoacylglycerol lipase (MAGL) to glycerol and 

arachidonic acid both in vitro and in vivo (Figure 1) 4, 11, 21. MAGL is a soluble serine 

hydrolase that peripherally associates with cell membranes and was originally isolated 

from adipose tissue as the enzyme responsible for the final lipolytic step in triacylglycerol 

catabolism. Immunodepletion of MAGL in rat brain reduced 2-AG hydrolytic activity by 

50 % 22-25. Functional proteomic profiling of 2-AG hydrolytic activity in vitro showed that 

MAGL in the brain is responsible for 85 % of total 2-AG hydrolytic activity 26. MAGL-

deficient mice show dramatically elevated levels of 2-AG levels in brain and peripheral 

tissues 27. Interestingly, these mice show partial desensitization of CB1 in the brain and 

blunted responses to exogenous CB1 agonists due to functional antagonism of the 

endocannabinoid system 27. Pan et al showed that MAGL -/- mice selectively enhanced 

theta burst stimulation-induced long-term potentiation in the CA1 region of hippocampal 

slices 13, 16.  

There are also other serine hydrolases that have been implicated in 2-AG 

hydrolysis. Previous studies using inhibitors of MAGL in mice have found that 

approximately 15% of 2-AG hydrolytic activity persists after MAGL inhibition. Blankman 

et al. established that the serine hydrolases, α/β-hydrolase 6 and 12 (ABHD6 and 12), 

were responsible for the remaining 2-AG hydrolytic activity 26. While it is unclear what 

role ABHD6 and ABHD12 may play in 2-AG metabolism and signaling, recent studies 

indicate that these enzymes may have alternate physiological functions. Thomas et al. 

recently showed that genetic knockdown of ABHD6 protects mice against diet-induced 

obesity and acts as a general lysophospholipid hydrolase that turns over 

lysophosphatidylglycerol, lysophosphatidylethanolamine, lysophosphatidic acid, and 

lysophosphatidylserine 28. Blankman et al. recently discovered that ABHD12 hydrolyzes 

Page 5 of 32 Chemical Society Reviews



lysophosphatidylserine (LPS) and that ABHD12-deficient mice have elevated levels of 

brain LPS lipids, but not 2-AG, leading to increased Toll-like receptor activation and age-

dependent microglial activation and auditory and motor deficits that resemble the 

behavioral phenotypes of the human polyneuropathy, hearing loss, ataxia, retinosis, and 

cataract (PHARC) disorder caused by ABHD12 loss-of-function 29. 

 

3.1.2 Diacylglycerol Lipases (DAGL) 

The biosynthetic pathway for 2-AG relies mainly on two enzymes, diacylglycerol 

lipase-α and -β (DAGLα and DAGLβ), to synthesize 2-AG from hydrolysis of 

arachidonoyl-containing diacylglycerols (DAGs) (Figure 1). DAGs are thought to be 

synthesized from membrane-bound phospholipids, primarily from sn-2 arachidonoyl 

phosphatidylinositol 4,5-biosphosphate by phospholipase Cβ.  Two independent studies 

have confirmed the importance of the two DAGL isoforms in generating 2-AG in vivo. 

Interestingly, these studies have also demonstrated differential contributions of these 

two isoforms to 2-AG synthesis across various tissues. DAGLα primarily regulates 2-AG 

levels in the brain, with DAGLα and DAGLβ knockout mice showing ~80% and 50 % 

reduction in brain 2-AG levels, respectively 17, 19. Interestingly, DAGLα knockout mice 

show dramatic reduction of 2-AG in cortex, cerebellum, hypothalamus, and 

hippocampus while DAGLβ knockout mice showed lower 2-AG levels only in the 

hypothalamus, indicating differential contributions of these two isoforms even within 

different regions in the brain 17, 19. In contrast to the brain, DAGLβ is the dominant 

enzyme for 2-AG synthesis in the liver as evidenced by a ~90 % reduction in liver 2-AG 

levels in DAGLβ knockout mice, compared to ~50-60 % reduction in 2-AG levels in 

DAGLα-deficient livers. Studies using these knockout mice have shown an important 

role for the two isoforms of DAGL in retrograde endocannabinoid signaling and adult 

neurogenesis. The transient suppression of GABA-mediated transmission at inhibitory 
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synapses induced by post-synaptic release of endocannabinoids is lost in DAGLα 

knockout, but not in DAGLβ knockout mice. Both DAGLα and DAGLβ knockout mice 

show compromised control of adult neurogenesis in the hippocampus or subventricular 

zone. These studies thus show that DAGL activity in the brain is essential for regulating 

retrograde synaptic plasticity and adult neurogenesis 17, 19.   

 

3.2 First-generation MAGL and DAGL inhibitors 

3.2.1 First-generation MAGL Inhibitors 

 First-generation MAGL inhibitors were non-selective or had modest in vivo 

activity (Figure 2a). Nonetheless, these inhibitors were initially used to indicate that 

MAGL was a 2-AG hydrolase and that MAGL blockade led to increased brain 2-AG 

levels in mice and rats. Both MAGL and FAAH activity can be attenuated with general 

serine hydrolase inhibitors such as methyl arachidonoylfluorophosphonate, 

phenylmethanesulfonyl fluoride, arachidonoyl trifluoromethylketone, and hexadecyl 

sulfonylfluoride 22, 30.  MAGL, unlike FAAH and other serine hydrolases, is also sensitive 

to sulfhydryl-specific inhibitors, indicative of a free cysteine residue near the active site, 

such as mercury chloride, 4-chloromercuribenzoic acid, and N-ethylmaleimide.  The first 

semi-selective MAGL inhibitors URB602, N-arachidonoyl maleimide (NAM), and 

OMDM169 exhibited modest increases in 2-AG concentration and proved to be effective 

against rodent models of pain.  The carbamate compound URB602 showed an 

approximately two-fold increase in the concentration of 2-AG, but not anandamide, in rat 

central gray matter 31.   URB602 has low potency in vivo and possible overlapping 

selectivity with FAAH in vitro 31-33, making it unsuitable for work distinguishing the 

functions of these two enzymes.   NAM was found to nearly abolish 2-AG hydrolysis in 

vitro using rat cerebellar membranes and was found to have a permissive effect on 

exogenous 2-AG administration in mice 34.  Though NAM is relatively selective for MAGL 
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compared to FAAH and other serine hydrolases, NAM has limited utility since the 

maleimide group is a thiol-reactive electrophile likely to react with many cysteine-

containing residues.  Indeed, CB1-knockout mice treated with NAM plus 2-AG 

administration retained locomotor inhibition similar to wildtype mice, suggesting that 

NAM may have additional mechanisms of action.   OMDM169, a derivative of 

tetrahydrolipostatin, was capable of a modest increase of 2-AG, but not anandamide, 

levels in neuroblastoma cells and in paws of formalin-treated mice.  OMDM169 shared 

similar inhibitory effects for MAGL and pancreatic lipase while having an approximately 

10-fold greater selectivity over FAAH and DAGLα 35. 

 The sarin analog isopropyl dodecylfluorophosphonate (IDFP) and, surprisingly, 

the insecticide chlorpyrifos were also used to study the in vivo effects of inhibiting MAGL 

36. IDFP fully inhibited MAGL in vivo, but this inhibitor was non-selective, inhibiting 

MAGL, FAAH, and several other serine hydrolases. The insecticide chlorpyrifos 

completely blocked MAGL and partially blocked FAAH in vivo in the brain through 

bioactivation of this compound to the chlorpyrifos oxon. While this insecticide was more 

selective than IDFP, it also inhibited the lethal target acetylcholinesterase, Both IDFP 

and chlorpyrifos administration showed many cannabinoid-mediated behaviors including 

catalepsy, which was later found to be caused by dual blockade of MAGL and FAAH. 

IDFP and chlorpyrifos-treated mice showed >10-fold elevations in brain 2-AG and 

anandamide levels, and interestingly also showed a stoichiometric reduction in 

arachidonic acid levels, indicating that 2-AG and arachidonic acid levels may be linked in 

the brain through MAGL 36, 37. Nonetheless, these inhibitors were limited in their ability to 

specifically dissect the roles of MAGL in vivo due to their non-selectivity.  

 

 

3.2.2. First-generation DAGL Inhibitors 
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The synthesis of dual DAGL inhibitors or selective DAGLα or DAGLβ inhibitors 

has been hampered by a lack of resolved crystal structures to provide structural 

knowledge about the target and a dearth of functional assays to assess endogenous 

DAGL activity.  In early studies, in vitro hydrolysis of exogenous sn-1-[14C]-oleoyl-2-

arachidonoyl-glycerol was used as a readout of DAGL activity.  The general lipase 

inhibitor tetrahydrolipostatin (THL, Orlistat) and the compound RHC-80267 inhibit DAGL-

mediated synthesis of 2-AG, although at a higher concentration than needed to inhibit 

other lipases 15, 38 (Figure 2b).  Both DAGL enzymes are also sensitive to treatment with 

the serine hydrolase inhibitors mercury chloride, 4-chloromercuribenzoic acid and methyl 

arachidonoylfluorophosphonate (MAFP) 39.  Bisogno et al also developed MAFP 

organophosphorus analogs O-3640 and O-3841 that showed high selectivity for DAGLα 

over DAGLβ and other lipases but had poor potency, lack of stability, and poor cell 

penetrance 38. Further medicinal chemistry studies improved upon O-3841, yielding the 

similarly potent O-5596 but with better bioavailability and stability in physiological buffers 

40.  Interestingly, O-5596-treated mice displayed a significant decrease in ad libitum 

consumption of sweetened cereal, but not regular chow, compared to vehicle-treated 

mice.  This is in agreement with other studies using CB1 antagonists showing that 

endocannabinoid biosynthesis might be upregulated in response to palatable food 

exposure 41, 42. Indeed, animal models of overnutrition have been linked to elevated 2-

AG levels, suggesting that DAGL inhibitors may be of use as anti-obesity therapeutics 43.   

 

3.3 Activity-Based Protein Profiling (ABPP) for the Development of DAGL and 

MAGL Inhibitors 

The identification and molecular characterization of more potent, selective, and in 

vivo efficacious inhibitors of MAGL and DAGL have been greatly accelerated by the use 

of the chemoproteomic technology, activity-based protein profiling (ABPP) (Figure 3)11, 
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44, 45. ABPP uses active-site directed chemical probes to directly assess the functional 

state of large numbers of enzymes in complex biological systems. Activity-based probes 

consist of a reactive chemical moiety that reacts with the active-site of specific enzyme 

class(es) and is coupled to an analytical handle, such as a fluorophore or biotin, 

enabling the detection of enzyme activities by fluorescence or mass-spectrometry based 

proteomics 11, 44-46. Because these probes bind to the active sites of enzymes, small-

molecule inhibitor libraries can be competed directly against probe labeling of either pure 

enzymes or enzymes in complex native proteomes, enabling an assay strategy for 

inhibitor development. Furthermore, because the probe not only binds to the enzyme of 

interest, but also the active-sites of other proteins in the enzyme class, ABPP facilitates 

the assessment of inhibitor selectivity on a proteome-wide scale. Additionally, with 

compounds that bind active sites irreversibly, target occupancy and selectivity of the 

inhibitors in vivo could be easily assessed ex vivo in any tissue of interest using ABPP 

platforms 47. 

Many of the enzymes involved in endocannabinoid metabolism, including MAGL, 

DAGL, and FAAH belong to the serine hydrolase superfamily of enzymes 11, 45.  The 

fluorophosphonate (FP)-activity-based probes, FP-rhodamine and FP-biotin, were 

developed to assess the activities of serine hydrolases (Figure 3a) 48. These and other 

activity based probes have been used successfully in developing selective FAAH, 

MAGL, and DAGL inhibitors (Figure 3b). We will focus this review specifically on the 

development and effects of MAGL and DAGL inhibitors.  

 

3.4 MAGL-selective inhibitors and their effects 

  Using ABPP platforms, Long et al. in 2009 put forth the first selective and in vivo 

active MAGL inhibitor JZL184, which contributed greatly in advancing our understanding 

of the physiological roles of MAGL (Figure 4a) 49, 50. JZL184 was developed through 
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initial screening of a carbamate library of serine hydrolase inhibitors and subsequent 

optimization by traditional medicinal chemistry efforts. JZL184 is a piperidine carbamate 

that inhibits MAGL activity through irreversibly carbamylating the active-site catalytic 

serine nucleophile 49, 50. Competitive ABPP analysis using the FP-rhodamine probe 

revealed that JZL184 displayed 100-fold selectivity for MAGL over FAAH and was very 

selective against other mouse serine hydrolases expressed in the brain. Although highly 

selective in the brain, JZL184 had inhibitory effects on multiple carboxylesterase 

enzymes in peripheral tissues 49, 50. Inhibition of MAGL activity inhibited 2-AG hydrolysis 

by ~85 % in mouse brain membranes and led to dramatic elevations in bulk brain 2-AG 

levels and increases in depolarization-induced interstitial 2-AG levels in vivo. These 

results confirmed that MAGL is the primary enzyme involved in degrading 2-AG in vivo.  

A single dose of JZL184 at 16 mg/kg was capable of inhibiting MAGL for up to 24hr, with 

maximal 8-fold elevation of brain 2-AG levels for at least 8 hours 49, 50. Acute MAGL 

blockade with JZL184 has been shown to exhibit a wide range of beneficial effects 

including alleviation of pain, inflammation, emesis, anxiety, opiate-induced withdrawal 

symptoms, colitis, neurodegeneration, inflammation-induced lung and liver injury, and 

cancer pathogenicity 21, 51-55. These effects are discussed further below. Interestingly, 

MAGL inhibitors do not cause full-blown cannabinoid behaviors such as hypothermia 

and catalepsy, although they lower motility in open-field tests in mice despite apparently 

normal cage behavior 49, 50. Chronic and complete pharmacological blockade of MAGL, 

as observed in MAGL -/- mice, leads to functional antagonism of the cannabinoid 

system, leading to loss of cannabinoid-mediated effects, physical dependency, and 

desensitization of CB1 receptors in the brain. Thus, the MAGL inhibitor has been 

especially useful compared to full genetic knockout mouse models, since the 

cannabinoid effects are ablated upon chronic and complete inactivation of MAGL in 

MAGL -/- mice 27. Subsequent studies have shown that partial and chronic blockade of 

Page 11 of 32 Chemical Society Reviews



MAGL avoids this functional antagonism of CB1 and thus maintains the cannabinoid-

mediated effects 56. 

Recent studies have yielded next-generation MAGL inhibitors with improved 

selectivity and cross-species activity compared to JZL184. These include the O-

hexafluoroisopropyl carbamates and the N-hydroxysuccinimidyl (NHS) carbamates. The 

O-hexafluoroisopropyl leaving group on the newer MAGL inhibitors displayed greater 

selectivity towards MAGL over FAAH and, importantly, carboxylesterase enzymes both 

in vitro and in vivo.  KML29, an O-hexafluoroisopropyl analog of JZL184, was completely 

selective for MAGL over FAAH even in chronically dosed mice using ABPP. This 

hexafluoroisopropyl leaving group of KML29 was found to be bioisoteric with the 2-AG 

substrate, indicating that serine hydrolase inhibitor selectivity may be better achieved my 

developing inhibitors bearing reactive groups resembling the structures of endogenous 

substrates 57. JZL184 had limited efficacy toward rat MAGL both in vitro and in vivo. In 

contrast, KML29 treatment showed near complete MAGL blockade and increased brain 

2-AG levels in rats 57. A subsequent report also showed that a close analog of KML29, 

JW651, also selectively inhibited MAGL in vitro and in vivo 58. Recent studies have also 

uncovered the N-hydroxysuccinimidyl (NHS) carbamates as a promising class of MAGL 

inhibitors. Niphakis et al. reported MNJ110, as a highly potent, selective, and in vivo 

active NHS carbamate inhibitor of MAGL (Figure 4a)58.  

Both Niphakis et al. and Chang et al. recently also used click-chemistry-ABPP 

using alkyne-bearing “clickable” analogs of highly selective MAGL inhibitors to confirm 

the selectivity of these compounds across the entire proteome by comprehensively 

mining all covalent probe-protein interactions (Figure 4a) 58, 59. The alkyne-bearing 

inhibitor protein targets are detected by conjugation with rhodamine-azide reporter tag 

using copper-catalyzed azide-alkyne cycloaddition chemistry. The click-chemistry 

carbamate probes, such as JW651yne and MJN110yne showed selective labeling of 
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MAGL at low concentrations with FAAH, ABHD6, as well as other enzymes not detected 

by ABPP, as off-targets at higher concentrations 59.  

Chang et al. also developed a fluorescent imaging probe for MAGL and ABHD6, 

based on the O-hexafluoroisopropyl carbamates that showed highly specificity for these 

two enzymes, resulting in the BODIPY-containing O-hexafluoroisopropyl carbamate 

JW912 (Figure 4a). This probe selectively labeled MAGL and ABHD6 as determined by 

in-gel fluorescence and the authors subsequently used this probe to visualize MAGL and 

ABHD6 localization in various cancer cells. To distinguish cellular localization of MAGL 

versus ABHD6, the authors used MAGL and ABHD6-selective inhibitors. They were able 

to show that MAGL in certain cancer cells display fluorescent signal on intracellular 

membranes and punctate staining patterns indicating localization to endosomes and 

other organelles 59.   

These selective MAGL inhibitors have been invaluable in elucidating the 

biochemical and physiological roles of MAGL in vivo as well as establishing the 

therapeutic potential of MAGL inhibitors in various pathological states. The insights 

attained from these inhibitors are described in more detail below.  

 

3.4.1. MAGL Also Controls Arachidonic Acid Pools that Generate Pro-

Inflammatory Eicosanoids in Select Tissues 

In addition to the role of MAGL in terminating 2-AG signaling, studies using both 

non-selective and highly selective MAGL inhibitors and MAGL knockout mice have found 

that MAGL is the primary source of arachidonic acid for the generation of pro-

inflammatory eicosanoids in certain tissues, including the brain, liver, and the lung 51. 

Both pharmacological blockade with JZL184 and genetic ablation of MAGL lowers basal 

and lipopolysaccharide-induced arachidonic acid and eicosanoid levels in these tissues. 

These results were surprising, since cytosolic phospholipase A2 (cPLA2) has been 
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historically considered to be the primary source of arachidonic acid for eicosanoid 

synthesis 51. Using MAGL inhibitors and MAGL -/- and cPLA2 -/- mice, Nomura et al 

found that MAGL contributes ~80 % of LPS-stimulated eicosanoids in mouse brain while 

cPLA2 contributes ~20 %. However, in spleen and the gastrointestinal tract, the authors 

showed that cPLA2 is the dominant enzyme that controls arachidonic acid release for 

prostaglandin production. Thus, MAGL, cPLA2, and potentially other enzymes 

differentially control arachidonic acid release in a tissue-specific manner 51.   

 

3.4.2 The Effect of MAGL Inhibitors in Pain, Inflammation, and Mood  

MAGL blockade with JZL184 has been shown by many studies to elicit CB1-

dependent antinociceptive effects in various mouse models of pain, including noxious 

chemical, inflammatory, thermal, and neuropathic pain 49, 60, 61. MAGL blockade reduces 

mechanical and acetone-induced cold allodynia in mice with sciatic nerves that had 

previously undergone chronic constriction injury 60. MAGL blockade is also protective in 

mouse models of inflammatory bowel disease, in which MAGL blockade by JZL184 

reduces colon cytopathology, inflammatory cytokine levels, and restores intestinal barrier 

function in a trinitrobenzene sulfonic acid-induced colitis model, thereby reducing 

endotoxemia and systemic inflammation in a CB1 or CB2-dependent manner 62. 

Multiple studies have shown that MAGL blockade by JZL184 also exerts effects 

upon mood and reward behavior. In a marble burying model of repetitive and compulsive 

behavior inherent to anxiety disorders, MAGL blockade reduced marble burying 63. 

MAGL blockade also exerts anxiolytic effects in an elevated plus-maze paradigm for 

anxiety 64. Chronic MAGL blockade with JZL184 also prevented chronic stress-induced 

anxiety-like behavior and long-term depression of GABAergic transmission, indicating 

that MAGL inhibition prevents behavioral and synaptic adaptations to chronic stress that 

may lead to the worsening of affective disorders 65.  MAGL inhibitors also improve 
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withdrawal symptoms from naloxone-preciptated morphine withdrawal in a CB1-

dependent manner 66.  

 

3.4.3 The Effect of MAGL Inhibitors in Neuroinflammation and Neurodegenerative 

Diseases 

Both pharmacological and genetic ablation of MAGL show anti-inflammatory 

effects in the brain and neuroprotective effects in mouse models of Parkinson’s and 

Alzheimer’s disease 51, 53, 54. MAGL inhibition lowers LPS-stimulated pro-inflammatory 

cytokine levels in the brain through lowering neuroinflammatory eicosanoids, in a CB1 

and CB2-independent manner 51. MAGL blockade with JZL184 or MAGL deficiency also 

protects against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced 

dopaminergic neurodegeneration and dopamine loss through lowering pro-inflammatory 

eicosanoids and suppressing neuroinflammation 51.  

Two studies recently showed that MAGL inhibition with JZL184 or MAGL 

deficiency both lower amyloid-β plaque levels in Alzheimer’s disease mouse models in-

part through lowering eicosanoids and suppressing microglial and astrocyte activation 53, 

54. Piro et al. showed that MAGL -/- mice crossed with the presinilin/amyloid precursor 

peptide (PS/APP) transgenic Alzheimer’s disease mouse model possessed significantly 

lower amyloid-β peptide and plaque levels concomitant with reduced neuroinflammation. 

JZL184 administration recapitulated the lowering of inflammatory cytokines in PS/APP-

transgenic mice and CB1 or CB2 receptor antagonists did not attenuate this reduction. 

Chen et al. also showed that JZL184 robustly suppressed the production and 

accumulation of amyloid-β through downregulating β−site amyloid precursor protein 

cleaving enzyme 1, concomitant with a suppression of neuroinflammation, in the 5X FAD 

APP transgenic mice. They also confirmed that this phenomenon was CB1 and CB2-
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independent. Quite provocatively, Chen et al. also showed that JZL184 also reduced 

neurodegeneration, maintained integrity of hippocampal synaptic structure and function, 

and improved long-term synaptic plasticity, spatial learning, and memory in this 

Alzheimer’s disease mouse model.  

 Thus, several studies have shown the potential therapeutic utility of MAGL 

inhibitors in attenuating neuroinflammation and protecting against neurodegeneration in 

both Parkinson’s and Alzheimer’s disease mouse models and indicates that MAGL 

inhibitors may even improve memory and learning function, likely through lowering the 

arachidonic acid and pro-inflammatory eicosanoid levels in the brain, and not through 

enhancing endocannabinoid signaling.  

 

3.4.4. The Effect of MAGL Inhibitors on Inflammatory Tissue Injury 

 Recent studies have also shown that MAGL inhibitors may have therapeutic 

windows not only in neuroinflammatory or neurodegenerative diseases, but also in 

peripheral inflammatory tissue injury as well. Cao et al. showed that the 

endocannabinoid and eicosanoid levels in liver are elevated upon ischemia-reperfusion 

injury in mice and that pharmacological or genetic MAGL inactivation significantly 

protects against hepatocellular cell death as evidenced by lower hepatic necrosis, 

reduction in liver-damage blood serum markers ALT and AST, and lower levels of liver 

cell death markers. MAGL inactivation also lowered hepatic inflammation caused by 

ischemia-reperfusion injury through lowering neutrophil infiltration, inflammatory 

cytokines, and reactive oxygen stress. Quite intriguingly, in contrast to the previously 

described models where the phenotypes observed were either due to enhanced 

CB1/CB2 signaling or lower eicosanoid levels, this hepatoprotective phenotype 

appeared to be due to a combination of enhanced CB2 signaling and lower eicosanoid 

levels. The authors also provocatively demonstrated that JZL184 could even protect 
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against liver injury when provided 3 h after reperfusion. Cao et al. also showed that 

JZL184 was protective in the carbon tetrachloride and galactosamine/LPS models of 

liver injury in mice 52. 

 Costola-de-Souza et al. recently showed that JZL184 protected against lung 

injury in a LPS-induced acute lung injury model. The authors showed that an acute 

treatment with JZL184 reduced leukocyte migration into the lungs, vascular permeability, 

and inflammatory cytokine and chemokine levels in bronchoalveolar lavage fluid. These 

protective effects appeared to be mediated through CB1 and CB2 receptors, as the 

effects were attenuated with CB1 and CB2 selective antagonists 55. 

 

3.4.5. The Effect of MAGL inhibitors on Cancer 

Using ABPP platforms, Nomura et al. showed that MAGL is highly upregulated 

across multiple types of aggressive human cancer cells and primary high-grade tumors 

67, 68. Both genetic and pharmacological ablation of MAGL in aggressive cancer cells 

impaired cellular migration, invasiveness, serum-free cell survival, and in vivo tumor 

growth. Metabolomic analysis showed that MAGL in aggressive cancer cells controls the 

lipolytic release of free fatty acids which are in turn remodeled into various 

lysophosholipids and eicosanoids. MAGL blockade lowered cellular fatty acid levels and 

downstream tumor-promoting lipid signaling molecules such as eicosanoids and 

lysophosphatidic acid, leading to impairments in cancer pathogenicity67, 68. In ovarian, 

breast, and melanoma cancer cells, the anti-cancer effects of MAGL were through 

reducing the fatty acid network of oncogenic signaling lipids, but not through CB1 or 

CB2-dependent mechanisms. In contrast, in aggressive prostate cancer cells, the anti-

tumorigenic phenotypes associated with MAGL blockade were due to a combination of 

heightened CB1 signaling and reduced fatty acid and fatty acid-derived lipid signaling 67, 
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68. Ye et al. also showed that MAGL blockade impairs colorectal cancer cell 

pathogenicity and tumor growth through downregulation of cyclin D1 and Bcl-2 69.  

MAGL blockade has also been shown to alleviate pain associated with cancer 

through heightened CB2 signaling in a mouse model of mechanical hyperalgesia evoked 

by the growth of a fibrosarcoma tumor in the calcaneus bone 70. MAGL blockade also 

shows anti-emetic effects in a lithium chloride model of vomiting 71.  

 

3.5 DAGL-selective inhibitors and their effects 

 Recently, the first specific and in vivo active DAGLβ inhibitors were reported, 

based on the triazole urea scaffold (Figure 4b) 72, 73. Using competitive ABPP platforms, 

Hsu et al. screened recombinantly expressed DAGL enzymes against a synthetic library 

of 1,2,3-triazole ureas, a chemotype that was previously shown to possess well-suited 

features for serine hydrolase inhibitor development. Two compounds from this screen, 

KT109 and KT172, potently inhibited DAGLβ with a ~60-fold selectivity over DAGLα. 

These inhibitors showed high selectivity for DAGLβ over other serine hydrolases, but 

both inhibitors showed ABHD6 as an off-target. KT109 and KT172 inhibit DAGLβ with an 

IC50 of 82 and 71 nM, respectively. At higher concentrations, KT109 and KT172 showed 

some inhibitory activity against PLA2G7 (IC50 1000 nM) and MAGL (IC50 5000 nM), 

respectively. To exclude the effects of ABHD6 off-target effects from their studies, Hsu et 

al. also developed a control inhibitor KT195 that was a close structural analog of KT109 

and KT172 that did not inhibit DAGLβ but inhibited ABHD6 72, 73.  

While the serine hydrolase activity-based FP-rhodamine probes were able to 

easily assess recombinantly overexpressed DAGL activity, the low endogenous 

expression level of DAGLβ in cells and tissues prohibited its detection by broad-based 

probes such as FP-rhodamine. To easily confirm target-engagement of KT109 and 

KT172 in vitro, in situ, and in vivo, Hsu et al. also developed a tailored activity-based 
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probe for DAGLβ based on the 1,2,3-triazole urea scaffold, HT-01, a BODIPY-

conjugated 1,2,3-triazole urea probe that selectively labeled endogenous DAGLβ in 

complex proteomes (Figure 4b). Using this HT-01 probe, Hsu et al. showed that KT109 

and KT172 inhibited DAGLβ in situ in Neuro2A cells and in vivo in mouse macrophages. 

The authors also used ABPP using the FP-biotin probe coupled to proteomic-based 

methods to confirm target occupancy and selectivity of KT109 and KT172 in situ and in 

vivo. Hsu et al. in a subsequent study also developed “clickable” analogs of KT172, 

confirming the selectivity of this inhibitor for DAGLβ and ABHD6 using click-chemistry-

ABPP (Figure 4b) 72, 73.  

 

3.5.1. Effects of DAGL Inhibitors on Endocannabinoids, Eicosanoids, and 

Inflammation 

KT109 and KT172 were used to show that DAGLβ blockade lowers the levels of 

2-AG, arachidonic acid, and prostaglandins in Neuro2A cells, mouse peritoneal 

macrophages, mouse liver, and human prostate cancer cells (Hsu 2013), indicating that 

the DAGL/MAGL and cPLA2 pathways both play complementary roles in arachidonic 

acid release for eicosanoid biosynthesis. While DAGLβ blockade alone lowers LPS-

stimulated TNF-α release, which was also recapitulated in DAGLβ-deficient mice, 

DAGLβ and cPLA2 dual inactivation leads to an increase in TNF-α release 72. 

Until now, understanding the role of DAGLs in mammalian physiology and 

pathophysiology has been hindered by a lack of inhibitors that are not just specific for 

DAGLs over other serine hydrolases, but are specific to only one isoform.  These newest 

DAGL inhibitors will be immensely useful in future studies on understanding the nodal 

role of DAGL in regulating diacylglycerol, endocannabinoid, and eicosanoid signaling 

networks. 
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4. Potential Liabilities of DAGL and MAGL Inhibitors 

 With the many beneficial effects associated with DAGL and MAGL blockade, a 

key question is whether there may be any adverse effects associated with DAGL and 

MAGL inhibitors. One potential liability that may be associated with DAGL inhibitors is a 

potential impairment in adult neurogenesis as has been shown in DAGL knockout mice 

17.  Another potential adverse effect that may arise from DAGL blockade may be those 

phenotypes associated with functional antagonism of CB1. Previous studies have shown 

that CB1 antagonists show beneficial effects towards weight loss and improved serum 

lipid profiles, insulin sensitivity, and cardiometabolic parameters 74. However, CB1 

antagonists were discontinued and clinical trials were terminated due to increased 

anxiety and depression75.  One can conceivably avoid these potential adverse effects by 

developing either reversible DAGL inhibitors or small-molecules that do not cross the 

blood-brain barrier.  

 Liabilities that may be associated with MAGL inhibitors also include potential 

psychiatric effects that may arise from functional antagonism of CB1 in the brain. 

Previous studies have demonstrated that complete and chronic blockade of MAGL leads 

to a functional antagonism of CB1 in the brain, leading to reduced sensitivity to 

exogenous CB1 agonists and physical dependence as well as a loss of CB1-mediated 

phenotypes associated with acute MAGL blockade 27. This occurs due to prolonged 

heightening of 2-AG levels and CB1 stimulation, leading to desensitized brain CB1.  

These potential adverse effects may be avoided by either lowering the dose of currently 

available irreversible inhibitors to ensure that MAGL is not completely inactivated or by 

developing potent and selective reversible MAGL inhibitors. Kinsey et al. have already 

shown that repeated low-dose administration of JZL184 retains CB1-mediated 

antinociceptive and gastroprotective effects in mice. Cisneros et al. recently described 
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the structure-activity relationships of a new series of reversible dual MAGL and FAAH 

inhibitors (±)-oxiran-2ylmethyl 6-(1,1’-biphenyl-4-yl)hexanoate and (2R)-(-)-oxiran-2-

ylmethyl(4-benzylphenyl)acetate. While the selectivity of these inhibitors across other 

proteins is not known, developing reversible and selective MAGL inhibitors will be of 

future importance in understanding the therapeutic potential of MAGL inhibitors in 

relation to the currently available selective irreversible inhibitors.   

 Furthermore, it is important that any future MAGL inhibitor therapy that crosses 

the blood brain barrier be selective for MAGL over FAAH, since studies have shown that 

dual MAGL and FAAH blockade results in effects reminiscent of THC, such as 

catalepsy, not observed with either MAGL or FAAH inhibition alone76.   

 

5. Future Therapeutic Potential of MAGL and DAGL Inhibitors 

There are still many unanswered questions in the endocannabinoid field that will 

hopefully be addressed with the development and utilization of even more advanced 

MAGL and DAGL inhibitors. While Hsu et al. developed the first selective and in vivo 

active DAGLβ inhibitors (that also show DAGLα inhibition at higher concentrations), 

KT172 does not appear to cross the blood-brain barrier72. Thus, it will be of future 

interest to develop highly selective in vivo active and brain penetrant DAGLα inhibitors 

and to test their effects upon memory, synaptic plasticity, neuroinflammation, and in 

neurodegenerative disease models. With previous studies showing the importance of the 

endocannabinoid system in satiety, lipid metabolism, obesity, diabetes, and 

cardiovascular disease, it will also be of future interest to understand the effects of the 

newer and selective MAGL and DAGL inhibitors obesity and diabetes paradigms.  

With the diverse roles of diacylglycerol, 2-AG, and eicosanoid signaling 

pathways, DAGL and MAGL inhibitors are likely to be critical in future investigations into 
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dissecting the individual roles of these lipid signaling pathways as well as the 

complementary roles of cPLA2 and other phospholipases in eicosanoid metabolism, 

signaling, and associated (patho)physiological effects.  

We have reviewed here the utility of modern chemical proteomic technologies 

such as ABPP in developing highly selective inhibitors for 2-AG degradation and 

synthesis. Studies using highly selective and in vivo active MAGL inhibitors have shown 

that these inhibitors may have potential therapeutic utility towards attenuating pain, 

inflammation, drug-withdrawal symptoms, anxiety, neurodegenerative diseases, 

ischemia-reperfusion tissue injuries, inflammation-induced injuries in liver and lung, and 

cancer and cancer-associated symptoms. DAGLβ inhibitors have been shown to elicit 

anti-TNF-α effects, which may have therapeutic utility in inflammatory disease such as 

rheumatoid arthritis where anti-TNF-α antibodies have shown favorable effects (Figure 

5). The next steps in the clinical development of MAGL and DAGL inhibitors will be to 

test their toxicological properties, optimize pharmacokinetic parameters, and further 

show their efficacy in pre-clinical models towards advancing these inhibitors into the 

clinic to treat various human diseases that show dysregulated diacylglycerol, 

endocannabinoid, or eicosanoid signaling pathways.  
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Figures and Figure Legends 

Figure 1. 

 

Figure 1. Pathways that Control 2-AG Degradation and Synthesis. DAGL 

synthesizes 2-AG through hydrolysis of diacylglycerols and MAGL generates 

arachidonic acid for eicosanoid biosynthesis through the hydrolysis of 2-AG 
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Figure 2. 

 

Figure 2. First-generation MAGL and DAGL Inhibitors. First-generation MAGL (a) 

and DAGL (b) inhibitors were non-selective, not potent, or not in vivo active.  
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Figure 3. 

 

Figure 3. Activity-Based Protein Profiling (ABPP) for Developing MAGL and DAGL 

Inhibitors. (a) Activity-based probes for serine hydrolases, fluorophosphonate (FP)-

rhodamine and FP-biotin. (b) Competitive ABPP has been used to develop highly 

selective MAGL and DAGL inhibitors. ABPP uses active-site directed probes to assess 

the activities of large numbers of enzymes either by in-gel fluorescence (i) or by mass-

spectrometry-based proteomics (ii). Because the probes bind to the active-sites, small-
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molecule inhibitor libraries can be competed against probe binding, facilitating an 

inhibitor-discovery platform. Selectivity can also be assessed across the entire enzyme 

class since probe-bound enzyme activities can be read-out in parallel.  
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Figure 4. 

 

Figure 4. Selective MAGL and DAGL Inhibitors and Probes. Selective MAGL (a, 

JZL184, KML29, MJN110, JW651) and DAGL (b, KT109, KT172) inhibitors, MAGL 

imaging probe (JW912), MAGL and DAGL clickable probes (MJN110yne, JW651yne, 

KT172yne 1 and 2), and the DAGL activity-based probe (HT-01). 
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Figure 5. 

 

Figure 5. Metabolic and Biological Effects of MAGL and DAGL Inhibitors.  
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