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Abstract

Monoacylglycerol lipase (MAGL) is a key enzyme at the interface between the endo‑
cannabinoid system and lipid metabolism, playing a pivotal role in the hydrolysis of the
endocannabinoid 2‑arachidonoylglycerol and in the regulation of lipid mediators involved
in inflammation, pain, neurodegeneration and cancer. Owing to its therapeutic relevance,
MAGL has emerged as an attractive pharmacological target, stimulating extensive research
efforts aimed at the development of potent and selective modulators of its activity. Ad‑
vances in medicinal chemistry, together with the increasing application of innovative com‑
putational approaches and biochemical methods to assess MAGL activity, have signifi‑
cantly expanded the chemical space of compounds capable of modulating this enzyme.
This review provides a comprehensive overview of selective MAGL modulators reported
in the scientific literature from 2020 to the present, excluding compounds described exclu‑
sively in patent literature and MAGL probes, as this area has been recently reviewed else‑
where, ranging from classical enzyme inhibitors to modulators acting through alternative
strategies, such as targeted protein degradation. Overall, this review highlights the struc‑
tural diversity and the main strategies that have emerged in recent years in modulating
MAGL and it aims to guide the rational design of next‑generation MAGL‑targeting agents.

Keywords: monoacylglycerol lipase; MAGL; MAGL modulators; MAGL inhibitors;
anti‑MAGL PROTACs; MAGL degraders

1. Introduction
The endocannabinoid system (ECS) is a widespread modulatory network that reg‑

ulates numerous physiological processes throughout the body. The ECS was identified
through research on bioactive compounds found in Cannabis sativa, from which the system
takes its name. Studies of these compounds, including ∆‑9‑tetrahydrocannabinol (THC),
led researchers to hypothesize the existence of specific cannabinoid receptors, ultimately
resulting in the discovery of the ECS [1,2]. The system is primarily composed of two G‑
protein coupled receptors, cannabinoid receptor 1 (CB1) and 2 (CB2), their endogenous
ligands known as endocannabinoids and the enzymes responsible for maintaining sys‑
tem homeostasis. CB1 and CB2 receptors differ in both amino acidic sequence and tissue
distribution [3]. CB1 receptors are predominantly expressed in the central nervous sys‑
tem (CNS), especially in regions involved in cognitive and physiological functions, such
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as the hippocampus, cerebral cortex, cerebellum, basal ganglia, hypothalamus and amyg‑
dala. They are mainly localized in presynaptic terminals, where they regulate synaptic
transmission. CB1 receptors are also present in glial cells including astrocytes, oligoden‑
drocytes and microglia, as well as in peripheral tissues. In the gastrointestinal tract, for
example, they play a role in controlling motility, gastric acid secretion and epithelial per‑
meability. CB2 receptors share approximately 44% sequence homology with CB1 recep‑
tors and are primarily expressed in immune cells, although they can also be expressed in
neurons, especially in pathological states [4]. They contribute to the analgesic and antinoci‑
ceptive effects associated with cannabinoids [3]. The best‑characterized endocannabinoids
are anandamide (AEA) and 2‑arachidonoylglycerol (2‑AG). Unlike classical neurotransmit‑
ters, endocannabinoids are not stored in vesicles, instead, they are synthesized on demand
from lipid membrane precursors and released into the extracellular space, where they act
through a retrograde signaling mechanism [5]. Functionally, 2‑AG acts as a high‑efficacy
agonist at both CB1 and CB2 receptors, whereas anandamide is a low‑efficacy agonist at
CB1 and exhibits very low efficacy at CB2. Endocannabinoid signaling is tightly regu‑
lated by enzymes involved in both synthesis and degradation. Focusing on 2‑AG degrada‑
tion, this endocannabinoid is primarily hydrolyzed by monoacylglycerol lipase (MAGL),
producing arachidonic acid (AA) and glycerol. Additional enzymes, including α/β hy‑
drolase domain‑containing proteins 6 (ABHD6) and 12 (ABHD12), also contribute to its
metabolism [6]. In particular, MAGL is responsible for approximately 85% of 2‑AG hy‑
drolysis in the brain [6], making it a major regulator of endocannabinoid signaling.

1.1. MAGL: Structural Features and Catalytic Mechanism

Monoacylglycerol lipase (MAGL) is a α/β hydrolase that belongs to the serine hy‑
drolase superfamily and plays a key role in both lipid metabolism and regulation of the
ECS. This enzyme preferentially hydrolyzes monoacylglycerols (MAGs), rather than di‑ or
triglycerides, generating glycerol and free fatty acids (FFAs). MAGL was first fully purified
in 1976 from rat adipose tissue [7]. The initial determination of its primary structure was
carried out in mice, where the enzyme was identified as a protein composed of 302 amino
acids with a molecular weight of approximately 33.2 kDa [8]. Subsequent studies character‑
ized the rat and human forms, both consisting of 303 amino acids and having a molecular
weight of about 33.4 kDa. Like other members of the serine hydrolase family, MAGL con‑
tains a catalytic triad composed of Ser, Asp, and His residues. In human MAGL (hMAGL),
these correspond to Ser122, Asp239 and His269, as confirmed by site‑directed mutagen‑
esis (Figure 1) [9,10]. The three‑dimensional structure of hMAGL has been resolved by
X‑ray crystallography at a resolution of 2.2 Å. Structural analyses describe the enzyme as a
dimer, with the two monomers forming an interface of approximately 884 Å2. This dimeric
organization is supported by mass spectrometry data, which does not show evidence of
a monomeric form [11]. From a structural point of view, MAGL is characterized by two
main elements: the α/β hydrolase fold and the lid domain. The α/β fold consists of a cen‑
tral β‑sheet made up of seven parallel strands and one antiparallel strand, surrounded by
eight α‑helices [12]. The catalytic serine is located within a conserved Gly‑His‑Ser‑Met‑
Gly sequence, a typical feature of this enzyme family. This motif, often referred to as the
“nucleophilic elbow”, forms a sharp γ‑turn that positions the serine residue correctly for
catalysis, allowing optimal interaction with the histidine residue and the substrate [13].
The lid domain represents another important structural feature, as it facilitates substrate
access to the active site. It is positioned at the entrance of a large hydrophobic tunnel that
extends toward the catalytic serine [14]. This tunnel, which ends in a more polar region, is
well suited to accommodate the structure of 2‑AG. It also connects to the solvent through
an opening at the top and a smaller channel near the catalytic site, enabling substrate en‑
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try and product release. In addition, three cysteine residues (Cys201, Cys208 and Cys242)
positioned close to the catalytic triad contribute to the stabilization of the enzyme’s active
conformation. Their presence also offers a strategic advantage for the design of selective
MAGL inhibitors, with more specificity to MAGL compared to other serine hydrolases [15].
Another important region of hMAGL is the “oxyanion hole”, constituted by the backbone
NH group of Ala51 and Met123, that stabilizes the intermediate formed during the hydrol‑
ysis process of the substrate.

Figure 1.Representation of MAGL catalytic site.

The catalytic mechanism of MAGL involves two main stages: substrate binding fol‑
lowed by hydrolysis [16]. Once the substrate enters the active site, the catalytic triad initi‑
ates the reaction. His269 acts as a base to deprotonate and Ser122 for nucleophilic attack,
while Asp239 stabilizes and enhances the basicity of His269. This enables Ser122 to cleave
the ester bond of 2‑AG, forming a transient intermediate that is subsequently degraded,
releasing glycerol and AA, while restoring the enzyme to its original state for further cat‑
alytic cycles.

1.2. MAGL as a Therapeutic Target

The central role of MAGL in regulating 2‑AG levels, together with the wide range
of physiological processes in which this endocannabinoid is involved, has made MAGL a
major target for drug development. Notably, endogenous levels of 2‑AG are substantially
higher than those of AEA [17], further emphasizing its biological relevance. 2‑AG is in‑
volved in several key functions, including pain perception, neuroprotection and appetite
regulation [18–21].

Although multiple enzymes contribute to its metabolism, MAGL is the primary en‑
zyme responsible for 2‑AG hydrolysis into AA and glycerol. This is important because AA
can then be further processed by enzymes such as cyclooxygenases (COX‑1 and COX‑2)
into pro‑inflammatory mediators, including prostaglandins and thromboxanes. Accord‑
ingly, MAGL inhibition can relieve pain through a dual mechanism: involving both en‑
hancement of endocannabinoid signaling and reduction in pro‑inflammatory mediators.
Since cannabinoid‑induced analgesia is primarily mediated by CB1 receptor activation, the
elevation of 2‑AG following MAGL inhibition is considered a key contributor to the result‑
ing antinociceptive effects. Moreover, inhibition of MAGL simultaneously decreases the
formation of AA‑derived pronociceptive mediators [22]. MAGL inhibition also contributes
to neuroprotective effects; firstly, it increases brain 2‑AG levels, which has neuroprotec‑
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tive effects, while reducing AA and, consequently, pro‑inflammatory prostaglandins, lead‑
ing to decreased neuroinflammation [23,24]. Thus, by simultaneously modulating cen‑
tral 2‑AG levels and limiting AA formation, MAGL inhibition plays a key role in regu‑
lating neuroinflammation. This dual mechanism highlights its potential as a therapeu‑
tic strategy for neurodegenerative disorders where inflammation is a major contributing
factor, such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and multiple sclerosis
(MS) [25–27]. In addition, MAGL blockade has also been shown to alleviate withdrawal
symptoms, by increasing endocannabinoid levels, particularly those of 2‑AG [15]. By el‑
evating endocannabinoid levels, MAGL inhibitors enhance CB1‑mediated signaling and
significantly attenuate both behavioral and physiological symptoms of opioid withdrawal
in preclinical models. Compared with direct cannabinoid receptor agonists, MAGL in‑
hibitors may provide anti‑withdrawal and antinociceptive effects with a lower incidence
of cannabimimetic side effects, highlighting their potential as safer modulators of the en‑
docannabinoid system in addiction therapy [28]. Moreover, endocannabinoid signaling
appears to modulate dopaminergic pathways, which play a central role in reward process‑
ing and addicting behaviors. Inhibition of MAGL enhanced 2‑AG‑mediated CB1 receptor
activation, thereby potentiating dopamine D1/D2 receptor‑dependent neuronal firing in
nucleus accumbens (NAc) neurons, and this supports the concept that the 2‑AG/CB1 axis
contributes to the regulation of reward‑related neurocircuitry [29]. MAGL also has a cen‑
tral role in lipid metabolism by hydrolyzing monoacylglycerols (MAGs) into FFAs. In
2010, Nomura and colleagues reported high MAGL expression in aggressive human can‑
cer cells and primary tumors [30], where the enzyme regulates a lipid signaling network
that promotes migration, invasion and overall tumor growth [24,31]. Both pharmacolog‑
ical inhibition and genetic suppression of MAGL activity were shown to increase MAG
levels while reducing FFAs levels in aggressive cancer cells. Notably, this reduction in
FFAs was observed in malignant cells but not in normal tissues, where MAGL mainly reg‑
ulates MAG levels [32]. These findings suggest that this lipid network is particularly im‑
portant in aggressive cancer types. The inhibition of MAGL also leads to a significant de‑
crease in several oncogenic lipids derived from FFAs, including lysophospholipids such as
lysophosphatidic acid (LPA), lysophosphatidylethanolamine (LPE) and lysophosphatidyl‑
choline (LPC), phosphatidic acid (PA) and prostaglandin E2 (PGE2) (Figure 2) [33]. Taken
together, these findings position MAGL as a compelling and versatile therapeutic target
across a wide spectrum of diseases.

Figure 2.Representation of the main therapeutic effects of MAGL inhibition.
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1.3. Representative MAGL Inhibitors Reported Before 2020

Given MAGL central role in regulating 2‑AG levels and its involvement in numer‑
ous physiological and pathological processes, considerable efforts have been focused on
the development of potent and selective MAGL inhibitors to validate this enzyme as a
therapeutic target. These studies led to the identification of several classes of compounds,
generally classified according to their mechanism of action as irreversible or reversible in‑
hibitors, each characterized by distinct pharmacological properties and specific biological
implications [15,34]. This section briefly summarizes MAGL inhibitors reported up to 2020,
highlighting their main structural and pharmacological features, providing the necessary
background to contextualize the compounds developed in subsequent years.

1.3.1. Irreversible Inhibitors

Irreversible inhibitors represent a widely studied class and are generally characterized
by their ability to form stable covalent bonds with key residues of the enzyme, resulting in
prolonged inhibition. Depending on the target residue, these compounds can be classified
into cysteine‑targeting inhibitors or inhibitors directed toward the catalytic serine [34,35].
Cysteine‑targeting inhibitors covalently modify residues located near the catalytic site (no‑
tably Cys201, Cys208 and Cys242), affecting enzyme structure or stabilizing its inactive
conformations. Among these, maleimide derivatives such as N‑ethylmaleimide (NEM,
compound 1, Figure 3A) and N‑arachidonoyl maleimide (NAM, compound 2, Figure 3A)
represent classical examples, as they react with the thiol group of Cys242 via Michael ad‑
dition, forming S‑alkylated adducts [12,35]. Similarly, disulfide‑containing compounds,
such as disulfiram (compound 3, Figure 3A) and its analogues, inhibit MAGL through the
formation of disulfide bonds with cysteine residues (Cys208 and Cys242) [36]. Additional
scaffolds targeting sulfhydryl groups have also been developed, including isothiazolinone
derivatives as compound 4 (Figure 3A) [37], which exhibit a partially reversible mecha‑
nism, aryl thioamide derivatives as compound 5 (Figure 3A) [38] and dithiocarbamates
such as CK16 (6, Figure 3A) [39]. Another important subclass of irreversible inhibitors
consists of compounds targeting the catalytic serine (Ser122), exploiting its nucleophilic‑
ity to form stable covalent adducts with electrophilic groups. Early examples included
sulfonyl fluorides, fluorophosphonates and trifluoromethyl ketones represented by com‑
pounds 7–9, respectively (Figure 3A) [40]. These compounds showed high potency but
also significant non‑specific reactivity toward other serine hydrolases, thereby limiting
their selectivity. Subsequent development of new electrophilic scaffolds led to significant
improvements in pharmacological profiles. In particular, carbamates represented a ma‑
jor breakthrough in this field: JZL184 (compound 10, Figure 3A) is characterized by high
potency, good brain permeability and marked selectivity over FAAH, acting through ir‑
reversible carbamoylation of Ser122 [41]. Further optimization led to derivatives such as
KML29 (11, Figure 3A) [42] and MJN110 (12, Figure 3A) [43], which display excellent se‑
lectivity and in vivo activity. In parallel, urea‑based inhibitors have also made important
contributions, as exemplified by SAR629 (13, Figure 3A), which showed selective inhibitory
activity against other enzymes of the ECS and whose crystal structure confirmed the for‑
mation of a covalent adduct with the catalytic serine [35,44]. Among more recent develop‑
ments, ABX‑1431 (14, Figure 3A) represents a significant advance due to its high selectivity,
favorable pharmacokinetic properties and its evaluation in clinical studies for neurological
disorders [45,46].
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Figure 3. Structures of some representative irreversible (A) and reversible (B) MAGL inhibitors re‑
ported in the literature before 2020.

1.3.2. Reversible Inhibitors

Despite their high efficacy, irreversible inhibition of MAGL may be associated with ad‑
verse effects related to prolonged activation of the endocannabinoid system, including CB1
receptor desensitization, as well as tolerance and dependence [47]. Prior to 2020, research
efforts were primarily focused on the development of irreversible inhibitors, whereas re‑
versible inhibitors received comparatively less attention and were underrepresented in
the literature. Since 2020, however, increasing interest has been directed toward the de‑
velopment of reversible inhibitors, which enable transient modulation of enzymatic activ‑
ity while preserving system homeostasis; these compounds will be discussed in detail in
Section 2.2.

The pre‑2020 scientific literature reports several classes of reversible inhibitors, each
characterized by distinct advantages in terms of efficacy, selectivity and pharmacodynamic
profile. Early examples of this class include natural terpenoids such as Pristimerin (com‑
pound 15, Figure 3B) and Euphol (compound 16, Figure 3B), which exhibit nanomolar
inhibitory activity and interact with the hydrophobic pocket located within the enzyme
“lid” domain, likely involving cysteine residues [48]. The triterpene β‑amyrin (compound
17, Figure 3B) was identified as a reversible inhibitor, although with lower micromolar
potency [49]. In addition to natural compounds, several synthetic reversible inhibitors
with different binding modes have been developed. Among these, piperazinyl‑azetidinyl
amides, including ZYH (compound 18, Figure 3B), represent a notable example [50]. ZYH
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structural characterization enabled a high‑resolution co‑crystal structure with hMAGL,
providing deeper insights into MAGL conformational flexibility, particularly within the
catalytic site upon ligand engagement, and offered a valuable framework for the ratio‑
nal development of novel selective inhibitors [51]. Further advances in the development
of reversible inhibitors have been achieved through the synthesis of several innovative
scaffolds, including salicylketoxime derivatives (compound 19, Figure 3B) [52] and ben‑
zoylpiperidine derivatives (20, Figure 3B) [53]. These compounds display low nanomolar
inhibitory activity along with good selectivity over other enzymes of the ECS.

2. MAGLModulators (2020–2026)
Considering the growing therapeutic relevance of modulating MAGL, significant ef‑

forts have been devoted in recent years to the development of novel strategies capable of
targeting this key enzyme at the interface between the ECS and lipid metabolism. Ad‑
vances in medicinal chemistry, together with the increasing application of innovative com‑
putational approaches and biochemical methods to assess MAGL activity [54], have en‑
abled the identification of a wide range of selective MAGL modulators. These include
not only classical enzyme inhibitors but also emerging strategies such as targeted pro‑
tein degradation (TPD). It should be noted that, throughout this review, the term “selec‑
tive MAGL modulators” refers broadly to compounds developed or investigated with the
aim of modulating MAGL activity. While many of the reported molecules have demon‑
strated selectivity toward MAGL, others remain insufficiently characterized from a selec‑
tivity standpoint or have been shown to interact with additional biological targets.

In this section, we provide a comprehensive overview of selective MAGL modulators
reported in the literature from 2020 to the present, excluding compounds described ex‑
clusively in patent literature and MAGL probes as this area has been recently reviewed
elsewhere [55]. The modulators are first classified according to the type of interaction
with the enzyme, distinguishing irreversible MAGL inhibitors (Section 2.1), reversible
MAGL inhibitors (Section 2.2) and MAGL inhibitors with an undefined mechanism of
action (Section 2.3). For consistency, compound numbering used in this review follows
a sequential order independent of the original numbering reported in the source publi‑
cations, except where specific compound identifiers are commonly used in the literature.
Within each category, compounds are first distinguished according to their origin (natu‑
ral compounds or synthetic molecules) and subsequently organized by chemical scaffold.
Whenever possible, the compounds are discussed in chronological order, from the earliest
reported examples to the most recent ones.

This classification allows a clear overview of the structural diversity and mechanistic
strategies that have emerged in the development of selective MAGL modulators in recent
years and could assist researchers in guiding the rational design and optimization of new
MAGL‑targeting agents with greater potential for successful therapeutic development.

2.1. Irreversible MAGL Inhibitors

Although irreversible MAGL inhibitors have been associated with undesired effects
such as pharmacological tolerance, physical dependence and CB1 receptor desensitiza‑
tion [47] as discussed in the Introduction section, their development remains an active and
relevant area of research. This sustained interest is largely driven by the exceptionally high
inhibitory potency typically achieved by covalent inhibitors, often in the low‑nanomolar
or sub‑nanomolar range. Irreversible inhibition therefore represents an effective strategy
to ensure sustained target engagement and strong in vivo efficacy, even at low concentra‑
tions. As illustrated by several studies published between 2020 and 2026 and analyzed
in the following sections, new irreversible MAGL inhibitors based on fully synthetic small
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molecule scaffolds have been reported, underscoring the continued relevance of this medic‑
inal chemistry approach.

2.1.1. Carbamates

In 2025, Hassen and co‑workers reported an integrated de novo drug design strat‑
egy to identify novel MAGL inhibitors that are readily synthesizable using a limited in‑
house building block library with the aim of reducing costs, leading time and chemical
waste in drug discovery process [56]. Following a multi‑objective generative workflow
combining a MAGL‑targeted Quantitative Structure–Activity Relationship (QSAR) model
with a computer‑aided synthesis planning (CASP)‑based synthesizability score, a small
set of candidate molecules was prioritized for experimental validation. The selected com‑
pounds were synthesized according to CASP‑suggested short synthetic pathways and
subsequently evaluated for their MAGL inhibitory activity using a fluorescence‑based as‑
say with the natural substrate 2‑AG in MAGL overexpressing membrane preparations.
Glycerol production was quantified via glycerol kinase, glycerol‑3‑phosphate oxidase and
horseradish peroxidase system using the fluorescent red dye Amplifu™ Red and IC50 val‑
ues were determined from concentration‑response curves. Among the three de novo de‑
signed and tested compounds, hexafluoroisopropyl carbamate 21 (Figure 4) displayed the
most potent inhibitory activity, with an IC50 value of 1 µM. Although the inhibitory mech‑
anism of compound 21 against MAGL was not investigated through specific mechanistic
studies, its structural similarity to carbamate‑based scaffolds, such as the well‑known ir‑
reversible MAGL inhibitor ABX‑1431 (compound 14, Figure 3A) [45], suggests that it may
behave as an irreversible MAGL inhibitor. Overall, this study underscores the value of in‑
tegrating generative modeling with CASP to enable the efficient identification of synthet‑
ically accessible MAGL inhibitors, highlighting the relevance of computationally guided
synthetic design strategies in drug discovery.

 

Figure 4. Irreversible MAGL inhibitors 21–25 and anti‑MAGL PROTAC 26.
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2.1.2. Disulfides

In 2021, Omran and colleagues reported the design, synthesis and pharmacological
evaluation of new disulfiram‑derived thiuram disulfides as selective MAGL inhibitors [57]
aiming to overcome the limited target selectivity of disulfiram (compound 3, Figure 3A),
a potent irreversible MAGL inhibitor that exerts its activity through the carbamylation
of cysteine residues Cys208 and Cys242 near the catalytic site of the enzyme [58]. No‑
tably, disulfiram displays low selectivity, as it also exhibits significant inhibitory activ‑
ity against FAAH [36]. The structural optimization adopted in this study focused on the
systematic replacement of the four N‑ethyl substituents of disulfiram to modulate steric
bulk, polarity and hydrophobicity. Among the synthesized derivatives, compound 22
(Figure 4), in which the ethyl groups were replaced by iso‑propyl substituents, showed
an improved selectivity profile. In vitro enzymatic assays were performed using hMAGL
and the compounds were compared to the reference irreversible MAGL inhibitor JZL184
(compound 10, Figure 3A) [41] as the positive control. Selectivity was evaluated in parallel
using recombinant human FAAH (hFAAH) in a fluorometric assay based on 7‑amino‑4‑
methylcoumarin (AMC)‑arachidonoyl amide. Disulfiram displayed an IC50 value of 0.95
µM on MAGL, whereas compound 22 showed a slightly higher IC50 value of 1.89 µM, in‑
dicating a reduction in potency. Nevertheless, disulfiram inhibited FAAH with an IC50
of 36.20 µM, while compound 22 showed no detectable inhibition at the tested concentra‑
tions. This result demonstrated a clear increase in selectivity for MAGL over FAAH for
compound 22. The covalent and irreversible mechanism of inhibition was supported by
reversibility experiments performed on a related analogue from the same series, which dif‑
fers from 22 by the presence of an iso‑butyl instead of an iso‑propyl substituent. In the pres‑
ence of the reducing agent 1,4‑dithio‑D,L‑threitol (DTT), enzymatic activity was restored,
consistent with a cysteine‑targeting mechanism characteristic of the parent compound
disulfiram and supporting an irreversible mode of inhibition of the disulfide analogue.

2.1.3. Ureas

In 2024, Butini and co‑workers reported a new class of irreversible MAGL inhibitors
based on a diphenylazetidin‑2‑one scaffold, designed to mimic the characteristic “Y‑
shaped” arrangement of reference covalent inhibitors such as JZL184 (compound 10,
Figure 3A) [41] and second‑generation triazole‑ureas [35,44,59,60]. The design rationale re‑
lied on the use of a rigid β‑lactam core capable of properly orienting two aryl substituents
within the catalytic pocket of MAGL, while positioning a carbamoylating electrophilic cen‑
ter near the catalytic Ser122. Fine modulation of C3 and C4 substituents, together with
variation in the leaving group (1,2,4‑triazole, 1,2,3‑triazole or 1,2,3‑benzotriazole), enabled
an extensive structure–activity relationship (SAR) analysis. Most compounds displayed
nanomolar or sub‑nanomolar inhibitory potency toward hMAGL and recombinant rat
MAGL (rMAGL). Within this series, compound 23 (Figure 4) emerged as the most promis‑
ing candidate. In its racemic form, (±)‑23 exhibited IC50 values of 12.19 and 0.22 nM against
hMAGL and rMAGL, respectively. Enantiomeric separation revealed a marked stereos‑
elective interaction: the eutomer (3R,4S)‑23 showed IC50 values of 0.021 and 0.240 nM
against hMAGL and rMAGL, respectively, being approximately 900‑fold more potent than
its distomer on both human and murine forms of the enzyme. The eudysmic ratio was sig‑
nificantly higher than that observed for the previously developed reference compound
of this study, highlighting a pronounced chiral cliff associated with the introduction of
the benzotriazole leaving group. Time‑dependent and dilution assays confirmed the ir‑
reversible mechanism of action, as enzymatic activity was not fully recovered 60 min af‑
ter dilution. X‑ray crystallographic structures of closely related analogues of the series in
complex with hMAGL demonstrated covalent carbamylation of Ser122 and confirmed the
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enzyme preference for the (3R,4S) configuration. Concerning selectivity, (±)‑23 displayed
weak affinity for CB1 and CB2 and a favorable profile in a panel of 50 off‑targets. In com‑
petitive activity‑based protein profiling (ABPP) experiments on 44 serine hydrolases in the
murine brain proteome (±)‑23, tested at concentrations ranging from 0.1 to 1 µM, mainly
targeted MAGL, with limited interactions observed for ABHD6, ABHD12 and LYPLA2
(lysophospholipase II). In in vivo experiments, intraperitoneal administration of (±)‑23
(5 mg/kg) resulted in approximately 50% inhibition of brain MAGL activity after 1 h in‑
jection, accompanied by more than a 10‑fold increase in 2‑AG levels and a marked reduc‑
tion in free AA, without significant alterations in other ethanolamides levels. Collectively,
these results support diphenylazetidin‑2‑one derivatives as effective in vivo irreversible
MAGL inhibitors and valuable tools for further pre‑clinical investigation.

2.1.4. Nitrile‑Based Compounds

In 2025, Wang and colleagues discovered a novel class of irreversible MAGL inhibitors
through a virtual screening approach based on the SCARdock protocol, a web free server
for screening covalent ligands [61,62]. Among the 113 selected hits, five compounds were
identified as promising MAGL inhibitors, with compound 24 (Figure 4) emerging as the
most potent in biochemical assays. 24 inhibited MAGL in a concentration‑dependent man‑
ner, displaying a IC50 value of 2.05 µM. Its modest inhibitory activity increased with longer
pre‑incubation times suggesting an irreversible inhibition, and kinetic analysis was con‑
sistent with a covalent mechanism of action. Time‑dependence was confirmed using an
orthogonal high performance liquid chromatography (HPLC)‑based assay in which resid‑
ual substrate was quantified after 0, 30 and 60 min pre‑incubation. Compound 24 induced
a progressive decrease in MAGL catalytic activity, in agreement with the spectrophoto‑
metric data. Functional irreversibility was further evaluated by a jump‑dilution experi‑
ment as no recovery of enzymatic activity was observed after dilution. Target binding
was examined by a gel‑based thermal shift assay: upon incubation with 24 (600 µM), the
melting temperature of MAGL increased, indicating enhanced thermal stability consistent
with ligand binding. Notably, MALDI‑TOF, a mass spectrometry technique that identi‑
fies biomolecules through laser ionization and mass‑to‑charge ratio measurement, did not
reveal a detectable mass shift for compound 24, suggesting either a reversible covalent
interaction or limited stability of the covalent adduct, consistent with the moderate elec‑
trophilicity of the nitrile warhead. Docking analysis suggested that 24 binds within the
MAGL active site through a network of hydrogen bonds and hydrophobic interactions.
In particular, the oxygen atom and the nitrogen atom of the sulfonamide moiety form
hydrogen bonds with His131 and Ala61, respectively, while additional hydrophobic con‑
tacts with Leu215, Leu223, Leu251, and Ile189 may contribute to stabilization of the ligand
within the catalytic pocket. According to the mechanism proposed by the authors, the
nitrile warhead undergoes nucleophilic attack by the catalytic Ser122 residue of MAGL,
leading to the formation of a covalent enzyme‑inhibitor adduct and consequent enzyme
inactivation. However, the proposed mechanism still requires further clarification, since
covalent adduct formation was experimentally confirmed only for one analogue of the se‑
ries, whereas no detectable mass shifts were observed for 24 in the MALDI‑TOF analyses,
possibly due to the reversible nature or lower reactivity of the nitrile warhead. In cellular
models, compound 24 demonstrated antiproliferative activity in triple‑negative breast can‑
cer MDA‑MB‑231 cells, with an EC50 value of 33.23 µM after 72 h of treatment. Moreover,
LC‑MS quantification of intracellular lipids showed a significant increase in 2‑AG levels
following 72 h exposure to compound 24 (50 µM), confirming effective inhibition of the
MAGL pathway in a cellular context. These findings validated the SCARdock protocol
as a powerful strategy for the discovery of MAGL inhibitors. However, the absence of a
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detectable mass shift in MALDI‑TOF analyses underscored the need for further investiga‑
tions to confirm 24’s mechanism of inhibition.

2.1.5. Esters

Alongside the discovery of selective MAGL inhibitors, substantial efforts have been
devoted to the establishment and refinement of robust biochemical methodologies for the
precise evaluation of MAGL enzymatic activity [54]. Accordingly, in 2025 Ottria and col‑
leagues serendipitously discovered a novel class of MAGL inhibitors originating from an
approach initially conceived for the development of chemiluminescent probes for MAGL
assay [63]. The rationale of the study relied on the synthesis of lophine‑based ester deriva‑
tives designed as chemiluminescence pro‑enhancers within the luminol‑H2O2‑horseradish
peroxidase (HRP) system, a sensitive enzymatic detection platform in which HRP catalyzes
the oxidation of luminol by hydrogen peroxide to produce light, expected to release the ac‑
tive enhancer upon MAGL hydrolysis. However, the absence of a chemiluminescent signal
led to a detailed investigation of the interaction between lophine‑based ester derivatives
and the enzyme and revealed a pronounced MAGL inhibitory activity. Among the devel‑
oped lophine‑based esters, compound 25 (Figure 4), corresponding to the octanoic acid
ester of 2‑(4‑hydroxyphenyl)‑4,5‑diphenylimidazole, emerged as the most promising can‑
didate. In fluorometric assays based on the hydrolysis of 7‑hydroxyresorufinyl octanoate
(7‑HRO), compound 25 displayed a concentration‑dependent inhibition of MAGL, with
an IC50 value of 21 µM. The irreversible nature of its inhibition was demonstrated through
dilution experiments, in which hMAGL pre‑incubation with different concentrations of
compound 25, followed by a 15‑fold dilution and a second inhibitor addition, resulted in
no recovery of enzymatic activity. Enzyme kinetic analyses demonstrated a competitive
inhibition mechanism, characterized by a 4‑fold increase inKm without significant changes
in Vmax, as confirmed by Lineweaver‑Burk plots. Molecular docking studies, performed
with KDeep docking tools, supported experimental data, revealing a high predicted bind‑
ing affinity for compound 25, with a ∆G of−10.368 kcal/mol, predicted pKd value of 7.6801
and a ligand efficiency (LE) value of −0.334 kcal/mol. It should be noted that these val‑
ues were obtained from computational predictions and do not represent experimentally
determined binding affinities. At the structural level, compound 25 establishes H‑bond in‑
teractions through its ester moiety with Arg57 while the imidazole core interacts with the
catalytic residue Ser122. In addition, a phenyl ring of the lophine scaffold is involved in a
π‑sigma interaction with Ala51. The aromatic scaffold is further stabilized by hydropho‑
bic interactions with Leu148, Leu213, Leu205, Leu241 and Ile179. The octanoyl aliphatic
chain extends into MAGL lipophilic channel, where it establishes additional hydrophobic
interactions with Leu184, Tyr194, Lys273, supporting favorable accommodation of the lig‑
and within the binding pocket. Taken together, these results identify lophine‑based esters
as a promising new class of irreversible MAGL inhibitors and pave the way for further
structural optimization aimed at improving potency and pharmacological properties.

2.1.6. Miscellaneous

Beyond classical small molecule inhibitors, recent years have witnessed the emer‑
gence of innovative chemical approaches aimed at regulating MAGL function through al‑
ternative mechanisms. In particular, targeted protein degradation (TPD) approaches, such
as PROteolysis TArgeting Chimeras (PROTACs) [64], have broadened the range of phar‑
macological strategies available to study and modulate MAGL activity. PROTAC devel‑
opment consist of an emerging therapeutic approach that induces selective protein degra‑
dation via the ubiquitin‑proteasome system (UPS). PROTACs are bifunctional molecules
that simultaneously engage a protein of interest and an E3 ubiquitin ligase, promoting the
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formation of a ternary complex that facilitates ubiquitination and subsequent proteasomal
degradation of the target protein [65].

In this context, very recently, Yuan and colleagues reported a rationally designed
PROTAC capable of inducing targeted degradation of MAGL in the context of glioblas‑
toma (GBM), the most aggressive and lethal form of primary brain cancer in adults [65].
GBM is characterized by pronounced molecular heterogeneity and the presence of glioblas‑
toma stem cells (GSCs), which play a critical role in tumor initiation, progression and ther‑
apeutic resistance [66]. In this study, MAGL was selected as a therapeutic target due to
its elevated expression in GSCs and its pivotal role in regulating GSC self‑renewal and tu‑
morigenicity [67]. The authors developed JN‑PROTAC (26) (Figure 4), generated through
a computer‑aided rational design approach, representing the first anti‑MAGL PROTAC
ever reported in the literature. The MAGL‑targeting warhead was derived from a struc‑
turally modified analog of JZL184 (compound 10, Figure 3A) [41] in which non‑essential
moieties were adapted to allow linker conjugation while preserving the chemical features
required for MAGL binding. For E3 ligase recruitment, the E3 ubiquitin‑protein ligase
mouse double minute 2 homolog (MDM2) was selected based on bioinformatic analyses
of The Cancer Genome Atlas (TCGA) and the Clinical Proteomic Tumor Analysis Consor‑
tium (CPTAC) databases, demonstrating its high expression in GBM relative to normal
tissues. A Nutlin‑3‑derived MDM2 ligand was conjugated to the MAGL warhead through
an appropriate linker, yielding a bifunctional molecule capable of simultaneously promot‑
ing MAGL degradation and indirectly enhancing p53 signaling via functional engagement
of MDM2. Cellular assays demonstrated that JN‑PROTAC (26) efficiently induced MAGL
degradation in GSCs in a dose‑dependent manner. Quantitative analysis of immunoblot
data revealed a DC50 of 60.28 nM in GSC 528 cells and 373.6 nM in GSC X01 cells, with max‑
imal degradation (Dmax) reaching approximately 95% and 92.95%, respectively. MAGL
degradation occurred rapidly, becoming evident within 8 h of treatment, and was depen‑
dent on the ubiquitin‑proteasome pathway, as confirmed by rescue experiments using the
inhibitor of the ubiquitin‑proteasome system TAK‑243 and the proteasome inhibitor MG‑
132. Functionally, JN‑PROTAC (26) markedly suppressed GSC proliferation, significantly
impaired sphere‑forming capacity and induced apoptosis in a dose‑dependent manner.
Furthermore, in both sub‑cutaneous and orthotopic patient‑derived xenograft GBM mod‑
els, JN‑PROTAC (26) treatment resulted in significant tumor growth inhibition and pro‑
longed survival, accompanied by efficient MAGL degradation and activation of apoptotic
pathways, highlighting the therapeutic potential of MAGL‑directed PROTACs in GBM.
Overall, this study provides the first evidence that MAGL can be effectively targeted for
proteasomal degradation via a PROTAC approach, establishing a foundation for further
development of MAGL‑directed degraders and expanding the potential of TPD strategies
in this field.

2.2. Reversible MAGL Inhibitors

Considering the limitations and adverse effects associated with the chronic blockade
of MAGL produced by irreversible inhibitors, the development of reversible MAGL in‑
hibitors has received growing attention in recent years. Unlike covalent inhibitors, re‑
versible compounds allow a more controlled modulation of enzymatic activity, potentially
preserving the physiological balance of the endocannabinoid system while still achieving
significant pharmacological effects. Consequently, considerable efforts have been devoted
to the identification of reversible MAGL inhibitors displaying high potency and improved
safety profiles. As discussed in the following sections, this class encompasses a large and
structurally diverse set of molecules, including both natural compounds and, more promi‑
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nently, synthetic small molecules. Among the latter, piperidine‑ and piperazine‑based
scaffolds have emerged as some of the most widely explored chemotypes.

2.2.1. Natural Compounds
Flavones

In 2021, Tung and colleagues identified a natural and reversible MAGL inhibitor using
a structure‑based computer‑aided drug design approach. The study exploited the X‑ray
crystal structure of the hMAGL‑E3A complex (PDB ID: 6BQ0) [68], where E3A acts as a
covalent inhibitor, for the generation of a receptor‑ligand pharmacophore model (Phar‑
MAGL), constructed through the analysis of non‑covalent interactions between the en‑
zyme and the co‑crystallized inhibitor [69]. The Phar‑MAGL model defined the essential
pharmacophoric features as one hydrogen bond acceptor and three hydrophobic regions
located within the catalytic pocket of hMAGL and was employed as a primary filter for
the virtual screening of 68,285 natural products. Pharmacophore‑based screening results
were integrated with high‑throughput molecular docking (LibDock), leading to a selection
of candidates based on pharmacophore matching, docking scores, and structural criteria.
Subsequent biochemical validation identified compound 27 (Figure 5) as the most active
compound, exhibiting dose‑dependent inhibition of hMAGL with an IC50 value of 9.5 µM.
Compound 27 was identified as 8‑prenylnaringenin (8‑PN), a prenylated flavonoid iso‑
lated fromHumulus lupulusL. Molecular dynamics simulations followed by computational
studies revealed that 8‑PN (27) establishes a well‑defined interaction pattern within MAGL
active site. In particular, the phenolic hydroxyl group located on the terminal phenyl ring
forms an H‑bond with the catalytic residue Ser122, while the carbonyl group forms an H‑
bond with Tyr194. Moreover, the two hydroxyl substituents on the fused aromatic core
participate in additional H‑bond interactions with Ile179, Leu176 and Gly177. Further sta‑
bilization is provided by hydrophobic contacts involving the aromatic scaffold and the side
aliphatic chain with Ile179, Leu205, Leu213, and Leu241.

Figure 5.Natural reversible MAGL inhibitors.

As a phytoestrogen displaying high affinity for the estrogen receptor α, 8‑PN (27)
has been associated with neuroprotective effects related to estradiol signaling [70]. In the
present study, 8‑PN (27) was also found to inhibit hMAGL activity, and since both estrogen‑
related neuroprotective effects and MAGL inhibition have been associated with reduced
neuroinflammation and neurodegenerative processes, these findings further support the
potential therapeutic role of 8‑PN (27) in Alzheimer’s disease.
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Triterpenoids

Paclitaxel is a widely used chemotherapeutic agent that frequently causes chemother‑
apy induced peripheral neuropathy (CIPN), characterized in particular by paclitaxel‑
induced mechanical allodynia (PIMA) [71]. An increasing number of studies claim that
dysregulation of the endocannabinoid system is implicated in CIPN pathogenesis [72]. Pa‑
clitaxel increases peripherical MAGL activity, which accelerates the degradation of 2‑AG,
thereby reducing endocannabinoid receptor (CB1 and CB2) signaling and enhancing pain
sensitivity [71]. Given that certain plant derived triterpenoids, such as pristimerin (com‑
pound 15, Figure 3B) [48], inhibit MAGL and attenuate neuropathic pain [73], in 2025 Al‑
Musailem and collaborators hypothesized that Notoginsenoside R1 (NGR1, compound 28,
Figure 5), a triterpenoid metabolite extracted from Panax notoginseng, may have antiallo‑
dynic effects through similar mechanisms [74]. The authors investigated whether the pro‑
phylactic administration of NGR1 (28) could prevent the development of PIMA in a murine
model and whether this effect was associated with modulation of MAGL activity. The abil‑
ity of NGR1 (28) to reduce mechanical allodynia was evaluated by assessing nociceptive
responsiveness using validated behavioral tests that quantify paw withdrawal thresholds
in response to gradually increasing mechanical stimuli. Paclitaxel administration induced
a significant reduction in withdrawal thresholds, confirming the development of mechan‑
ical allodynia and validating the experimental model. Prophylactic treatment with NGR1
(28) markedly prevented this decrease in a dose‑dependent manner, restoring withdrawal
thresholds to values comparable to those observed in vehicle‑treated control animals. Im‑
portantly, NGR1 (28) administered in the absence of paclitaxel did not affect baseline
mechanical thresholds, indicating that its protective effects cannot be explained by non‑
specific analgesia. Instead, these data support a context‑dependent effect in which NGR1
(28) selectively counteracts pathological mechanisms underlying paclitaxel‑induced neu‑
ropathic pain. To investigate the underlying mechanisms, the authors examined the inter‑
action between NGR1 (28) and MAGL by performing in silico docking studies based on
the X‑ray crystal structure available in the Protein Data Bank (PDB: 5ZUN) as the start‑
ing model [75]. This analysis revealed that NGR1 (28) had a lower affinity for MAGL
compared to pristimerin (15). However, NGR1 (28) interacted with the same residues
as pristimerin, as well as with additional aminoacids not involved in pristimerin bind‑
ing. Complementary in vitro assays using hMAGL confirmed that NGR1 (28) inhibited
the enzyme activity in a reversible and time‑dependent manner, with a lower inhibition
at longer incubation times. The activity of hMAGL was measured at 2 and 30 min after
incubation with NGR1 (28): after 30 min the inhibitory effect was markedly reduced, sug‑
gesting that the enzyme activity was not permanently blocked and could recover over time.
The concentration‑response relationship was non‑linear, with lower concentrations having
a greater inhibitory effect than higher concentrations, a pattern suggesting allosteric mod‑
ulation rather than classical competitive inhibition. Notably, no IC50 value on the isolated
enzyme was reported for NGR1 (28) in the original study: this is consistent with the atypi‑
cal concentration‑response relationship observed, which does not permit conventional sig‑
moidal curve fitting, thus preventing reliable IC50 estimation.

Despite these findings, ex vivo analysis of peripheral tissue showed that NGR1 (28)
only partially attenuated paclitaxel‑induced increases in MAGL activity, suggesting that
MAGL modulation alone does not fully explain the observed behavioral effects. The au‑
thors proposed that NGR1 (28) exerts its antiallodynic effects through additional neuropro‑
tective mechanisms. Indeed, as shown in prior literature, NGR1 (28) has been shown to re‑
duce oxidative stress, suppress neuroinflammatory signaling and inhibit neuronal apopto‑
sis processes that play central roles in paclitaxel‑induced peripheral nerve damage [76–78].
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Taken together, these findings indicate that NGR1 (28) prevents PIMA through a mul‑
timodal mechanism involving partial modulation of the endocannabinoid system, by in‑
hibiting MAGL, and broader antioxidant and anti‑inflammatory effects.

2.2.2. Synthetic Compounds
Diazetidinyl Diamides

In 2020, Zhu and co‑workers reported the development of a novel class of diazetidinyl
diamides as reversible MAGL inhibitors [79], achieved through the optimization of a po‑
tent reversible scaffold previously reported by the same research group [51]. The first
series of compounds, characterized by a linear diazetidinyl diamide scaffold, showed a
clear SAR, with thiazolyl substitution leading to a marked increase in potency over the
corresponding analogues in which the thiazole was replaced by a phenyl ring. Within this
series, compounds 29 and 30 (Figure 6) emerged as the most active inhibitors, displaying
IC50 values below 5 nM on hMAGL, together with high functional efficacy in the rat brain
2‑AG accumulation assay when tested at 1 µM concentration (460% and 477% for com‑
pounds 29 and 30, respectively). In contrast, the corresponding phenyl analogues showed
substantially lower activity. Moreover, the authors developed a second series of cyclic
diazetidinyl amides. In this series, compound 31 (Figure 6) emerged as the most potent
inhibitor, with biological activity comparable to that of the previously reported deriva‑
tives 29 and 30, exhibiting an IC50 value below 5 nM in the enzymatic assay and inducing a
marked increase in brain 2‑AG levels at 1 µM concentration (449%). X‑ray crystallographic
studies confirmed a non‑covalent binding mode within the MAGL catalytic pocket. The
azetidine‑amide carbonyl is oriented toward the oxyanion hole and forms an H‑bond with
the backbone NH group of Met123, adjacent to the catalytic residue Ser122. Additionally,
the thiazole‑amide carbonyl establishes an H‑bond with the guanidine group of Arg57,
while π–π stacking interactions are observed with Tyr194. All the selected compounds dis‑
played high selectivity for MAGL over FAAH (IC50 > 10 µM) and good blood–brain barrier
(BBB) penetration following oral administration in rats (10 mg/kg). Collectively, these re‑
sults highlight the potential of diazetidinyl diamides‑based scaffolds as effective reversible
MAGL inhibitors with suitable pharmacokinetic properties.

Figure 6. Synthetic reversible MAGL inhibitors, part 1.
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Benzoisothiazolinones

In 2020, Castelli and collaborators, discovered benzisothiazolinone (BTZ) derivatives
as potent MAGL inhibitors [80]. This work started from prior evidence showing that
MAGL activity is regulated by cysteine residues located outside the catalytic site, in par‑
ticular Cys201 and Cys208, which undergo reversible sulfenylation under oxidative condi‑
tions. This modification reduces enzymatic activity by interfering with substrate recruit‑
ment [81]. The authors hypothesized that small molecules selectively targeting these reg‑
ulatory cysteines could act as reversible allosteric MAGL inhibitors, mimicking endoge‑
nous redox regulation. Focusing on the BTZ scaffold, previously shown to interact with
regulatory cysteines [82], they conducted a comprehensive SAR study by systematically
modifying substituents on both the nitrogen atom and the benzene ring of the BTZ core.
The synthesized compounds were evaluated for their ability to inhibit rMAGL in vitro.
Among the tested compounds, the N‑phenethyl BTZ derivative, compound 32 (Figure 6)
emerged as a particularly potent inhibitor (IC50 = 34.1 nM) and was selected for further
mechanistic investigation. Site‑directed mutagenesis of MAGL, in which Cys201, Cys208,
or both residues were replaced by alanine, revealed a marked reduction in inhibitory po‑
tency, indicating that both cysteines contributed to its mechanism of action. Mass spec‑
trometry analysis confirmed that compound 32 forms a reversible covalent adduct with
Cys201, while other cysteine residues remained unmodified. Reactivity studies with glu‑
tathione further supported the ability of BTZ derivatives to undergo reversible thiol‑based
reactions. Molecular modeling and metadynamics simulations showed that the modifi‑
cation of Cys201 by BTZ derivatives stabilizes a closed conformation of the enzyme lid
domain, limiting substrate recruitment from the membrane and reducing enzymatic activ‑
ity. The biological relevance of this mechanism was examined in vitro and in vivo models.
In neuronal cells exposed to oxidative stress, compound 32 reduced cell damage, while sys‑
temic administration in mice led to increased brain levels of 2‑AG, despite limited brain
penetration, indicating effective MAGL inhibition in vivo. Selectivity studies revealed that
compound 32 did not significantly inhibit other key members of the ECS, including CB1
and CB2, DGL‑α (diacylglycerol lipase‑alpha), ABHD6 and FAAH, at concentrations effec‑
tive for MAGL inhibition. Compound 32 showed negligible activity on cysteine‑rich ion
channels such as TRPA1 (transient receptor potential cation channel subfamily A member
1) and TRPV1 (transient receptor potential cation channel subfamily V member 1), indi‑
cating its selectivity on MAGL despite its thiol‑reactive properties. Overall, these findings
show that BTZ derivatives are potent, reversible and selective MAGL inhibitors that target
the regulatory cysteines Cys201 and Cys208; moreover, they highlight the BTZ‑based scaf‑
fold as a promising starting point for the development of redox‑inspired MAGL inhibitors.

Ureas

In 2020, Dato and collaborators identified a new class of reversible MAGL inhibitors
through a structure‑based virtual screening strategy based on molecular docking studies
using a MAGL co‑crystal structure with a known reversible inhibitor, ZYH (compound
18, Figure 3B) (PDB: 3PE6) [51,83]. Based on the in silico results, the authors synthe‑
sized 45 compounds belonging to eight different chemical classes: sulfonacetamides, ox‑
alamides, squaramides, thiazoles, quinazolinones, imidazolinones, triazoles and naph‑
thalenes. These compounds were tested for their inhibitory activity against hMAGL and, to
assess selectivity, against hFAAH and murine cholesterol esterase (mCEase). This prelim‑
inary screening led to the identification of several compounds displaying good inhibitory
activity toward MAGL. To confirm that this inhibition did not arise from non‑specific ag‑
gregation, they also performed the experiments in the presence of the detergent Triton
X‑100, which resulted in a strong loss of inhibitory activity. Only three closely related com‑
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pounds, belonging to the ω‑quinazolinonylalkyl aryl urea class, retained their inhibitory
activity toward hMAGL in the presence of the detergent. Structurally, these compounds
differed only in the length of the alkyl linker connecting the quinazolinone core to the urea
moiety. Among them, compound 33 (Figure 6) was identified as the most potent MAGL
inhibitor with an IC50 value of 19.6 µM. For this reason, compound 33 was subjected to
a more detailed kinetic analysis which showed that its inhibitory potency was indepen‑
dent of pre‑incubation time, providing strong evidence of a reversible mode of inhibition.
Molecular docking experiments further supported these findings by showing that the com‑
pound occupies the substrate‑binding pocket of hMAGL in a binding mode comparable to
that of known reversible inhibitor ZYH (compound 18, Figure 3B) [50]. However, unlike
ZYH, which establishes two hydrogen bonds with the oxyanion hole residues Ala51 and
Met123, compound 33 lacks these interactions relying predominantly on lipophilic interac‑
tions. In particular, the quinazoline ring of compound 33 forms π‑π stacking interactions
with Tyr19, contributing to stabilization within the catalytic site. In conclusion, the authors
demonstrated that theω‑quinazolinonylalkyl aryl urea moiety represents a promising lead
structure for future optimization and biological investigations as MAGL inhibitors.

Sulfonamides

In 2020, Jha and co‑workers identified a novel MAGL inhibitor through a
pharmacophore‑guided virtual screening strategy aimed at capturing the key interaction
requirements of the enzyme catalytic site [84]. In particular, the receptor‑based pharma‑
cophore model was built by mapping the most relevant polar and hydrophobic hotspots
within the binding pocket, highlighting hydrogen bond‑donor and acceptor regions close
to the oxyanion hole, together with hydrophobic features extending along the lipophilic
channel of MAGL. These pharmacophoric elements were subsequently validated by dock‑
ing and molecular dynamics simulations and then used to screen a commercial com‑
pound database, followed by further docking‑based prioritization of the most promising
hits. Among the selected candidates, compound 34 (Figure 6) emerged as the most ac‑
tive derivative and was experimentally confirmed as a MAGL inhibitor, displaying an
IC50 value of 34.7 µM. Structurally, 34 is characterized by an ortho‑chloro,para‑fluoro‑
benzenesulfonamide moiety linked, through a phenyl spacer attached to the sulfonamide
nitrogen, to a 6‑methylpyrimidin‑4(3H)‑one ring. Kinetic studies and dilution experi‑
ments demonstrated a reversible and competitive mode of inhibition, as enzyme activity
was fully restored after dilution of the enzyme‑inhibitor complex, thus excluding an ir‑
reversible binding mechanism. Moreover, the inhibitory activity of 34 was not affected
under reducing conditions (in presence of the thiol‑containing agent DTT), indicating that
the compound does not rely on interactions with cysteine residues for enzyme inhibition.
Molecular modeling analyses were consistent with the pharmacophore‑based predictions,
showing that the sulfonamide moiety of 34 engages the polar region of the catalytic cav‑
ity through hydrogen‑bond interactions while simultaneously occupying the hydrophobic
channel with its aromatic moiety. This proposed binding mode stabilizes the ligand within
the active site and supports its competitive inhibitory behavior. Overall, the identification
of 34 highlights the ability of pharmacophore‑guided virtual screening approaches to cap‑
ture essential binding features of MAGL and to deliver chemically novel hit compounds
suitable for further optimization.

Piperidines and Piperazines

In 2020, Zhi and co‑workers reported the rational development of a novel class of
reversible MAGL inhibitors [85], starting from well‑known irreversible MAGL inhibitors
MJN110 (compound 12, Figure 3A) [43] and SAR629 (compound 13, Figure 3A) [35,44].
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The authors explored a first series of derivatives obtained through targeted scaffold mod‑
ifications aimed at reducing covalent reactivity toward the catalytic Ser122 residue; how‑
ever, this series generally exhibited limited inhibitory activity but provided preliminary
structural insights to guide subsequent optimization. Based on molecular docking analy‑
ses and a refined SAR investigation, a second series of aryl formyl piperidine derivatives
was subsequently designed, characterized by increased conformational rigidity and the
presence of a dual amide system capable of optimal interactions within the MAGL oxyan‑
ion hole. This optimization pathway led to the identification of compound 35 (Figure 7),
in which with the presence of a naphthalene moiety enabled an efficient occupation of
the enzyme’s hydrophobic cavity. Compound 35 emerged as the most promising candi‑
date, displaying potent inhibitory activity on hMAGL (IC50 = 14.75 nM) and high selectivity
over FAAH (6780‑fold) as well as cannabinoid receptors CB1 and CB2 (EC50 > 10 µM for
both receptors). Reversibility was confirmed by dilution and pre‑incubation experiments,
while kinetic analyses demonstrated a competitive mode of inhibition, with a Ki value of
13.4 nM and a α value greater than 10,000. Molecular docking studies elucidated the bind‑
ing mode of compound 35, highlighting the formation of two hydrogen bonds between
the amide carbonyl group linked to the naphthalene ring and the backbones of Ala51 and
Met123. Notably, the m‑chloro‑substituted aniline moiety occupied a closed hydrophobic
pocket of the active site, establishing lipophilic interactions with Val191, Tyr194, Val270,
and Lys273, as well as a π‑π interaction with Tyr194. The naphthalene moiety occupies the
larger hydrophobic cavity, establishing lipophilic interactions with Leu148, Leu213, and
Leu241. From a pharmacological perspective, compound 35 exhibited a favorable profile,
including good stability in human liver microsomes (88.46% remaining after 60 min of incu‑
bation), low cytotoxicity in murine fibroblasts (L929), and suitable in vivo pharmacokinetic
properties. Following intragastric administration in rats (10 mg/kg), compound 35 reached
a plasma Cmax of 83.122 µg/L with a Tmax of 34 min, a plasma half‑life of approximately
5 h, and an oral bioavailability of 21.6%. Importantly, compound 35 demonstrated efficient
BBB penetration, with a brain Tmax of approximately 40 min, a brain half‑life of about 2.5 h,
and a relative brain bioavailability of 36.1%, higher than in plasma. Notably, compound
35 also exhibited significant antidepressant effects in a reserpine‑induced murine model
of depression, significantly reducing immobility time in both the forced swim and tail sus‑
pension tests following intragastric administration (5 mg/kg), with efficacy comparable to
the positive control fluoxetine hydrochloride capsules.

Subsequently to this study, in 2022, Liu and co‑workers further investigated a se‑
lected set of four reversible MAGL inhibitors among the series of the compounds previ‑
ously reported by Zhi and colleagues in 2020 [85], using an integrated computational ap‑
proach combining molecular docking, molecular dynamics simulations and binding free
energy calculations based on the molecular mechanics/Poisson–Boltzmann surface area
(MM/PBSA) method [86]. The rationale of this study was to elucidate how variations in
the aryl formyl piperidine scaffold could affect binding affinity and inhibitor‑enzyme com‑
plex stability. Among the four compounds analyzed, compound 35 (Figure 7) exhibited
the most favorable binding profile, in line with the results previously reported by Zhi and
colleagues. In particular, compound 35 established hydrogen bonds between the carbonyl
oxygen of the naphthalene amide moiety and key residues as Ala51 and Met123 of the
oxyanion hole, as well as a direct interaction with the catalytic residue Ser122. Collectively,
these results defined the structural determinants contributing to the enhanced inhibitory
profile of compound 35 and clarified the molecular basis of reversible MAGL inhibition
within the piperidine‑based framework. The combined kinetic, pharmacological and com‑
putational data supported a coherent mechanistic interpretation for this potent inhibitor.
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Figure 7. Synthetic reversible MAGL inhibitors, part 2.

In 2024, Hao and collaborators reported the discovery a novel class of reversible
MAGL inhibitors, belonging to the (piperazine‑1‑carbonyl)‑quinolin‑2(1H)‑one chemical
class, with the aim of developing new antidepressant candidates [87]. Starting from the
previously reported MAGL inhibitor 35 (Figure 7) [85], which showed good in vivo efficacy
but poor metabolic stability, the authors applied a structure‑based design and molecular
hybridization strategy. Analyzing MAGL crystal structures, they identified key binding
requirements, including a central carbonyl group to interact with the oxyanion hole and
appropriately sized aromatic moieties to occupy the lipophilic tunnel and the hydropho‑
bic pocket of the enzyme. To improve potency, they introduced a quinolin‑2(1H)‑one
scaffold, inspired by the antidepressant brexpiprazole, a second‑generation atypical an‑
tipsychotic drug approved for the treatment of major depressive disorder and schizophre‑
nia [88] and linked it to a piperazine‑based amide moiety. SAR studies revealed that
electron‑withdrawing and bulky substituents on the terminal phenyl ring, particularly at
the para position, were crucial for strong activity. Through this optimization, the para‑
chloro substituted compound 36 (Figure 7) emerged as the most active compound, showing
an IC50 value of 10.3 nM and high selectivity over FAAH and cannabinoid receptors. Com‑
pound 36 was subjected to reversibility analysis in dilution and in pre‑incubation assays,
and both assays confirmed the reversibility of the inhibition mechanism. Compound 36
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also showed high metabolic stability, good brain penetration and overall, a very high oral
bioavailability. These properties translated into a robust in vivo performance, with com‑
pound 36 increasing brain 2‑AG levels and producing antidepressant effects without ad‑
dictive behavior in animal models. Collectively, the authors demonstrated that compound
36 represents a great candidate for antidepressant therapy, supporting the (piperazine‑1‑
carbonyl)‑quinoline‑2(1H)‑one scaffold as a promising moiety for developing MAGL re‑
versible inhibitors.

In 2021, Xiong and colleagues reported the discovery of a novel series of reversible
MAGL inhibitors identified through structure‑based virtual screening combined with bio‑
chemical analysis [89]. The virtual screening workflow involved the application of Lipin‑
ski’s rule of five and pan‑assay interference compounds (PAINS) filtering to eliminate com‑
pounds with poor drug‑likeness or known interfering structural alerts, followed by Glide
SP docking of the compound library into the MAGL active site. The top 10,000 ranked
compounds were clustered into 100 groups, and candidates with unfavorable shapes were
excluded, resulting in the selection of 88 compounds for biological evaluation. Enzymatic
inhibition assays conducted at 50 µM identified 15 compounds exhibiting inhibition rates
greater than 60%, leading to the identification of a hit compound with an IC50 value of
5 µM. To further investigate the SAR, a series of analogues was generated through 2D
similarity searching and then evaluated in enzymatic assays. Among these derivatives,
DC630‑8 (37, Figure 7) emerged as the most potent compound, displaying an IC50 value
of 2.84 µM. The direct binding of DC630‑8 (37) to MAGL was confirmed by surface plas‑
mon resonance (SPR), yielding an equilibrium dissociation constant (Kd) value of 0.71 µM.
Molecular docking studies suggested that DC630‑8 (37) occupies the catalytic pocket of
MAGL, where the amide carbonyl group forms hydrogen bonds with residues Ala51 and
Ser122 while the aromatic ring engages in π‑π stacking interactions with Tyr194. In addi‑
tion, the benzyl moiety is embedded within the hydrophobic cavity, where it establishes hy‑
drophobic interactions with Glu53, Arg57, His121, Ile179, Ser181, Leu184, Glu190, Val191,
Tyr194, Val270 and Lys273. The reversible mechanism of inhibition was supported by
DTT and pre‑incubation assays. Furthermore, DC630‑8 (37) significantly increased intra‑
cellular 2‑AG levels and dose‑dependently suppressed the expression of pro‑inflammatory
cytokines in lipopolysaccharide (LPS) stimulated RAW264.7 macrophages, supporting its
functional activity at the cellular level. Overall, this study provides a solid foundation for
the optimization of novel reversible MAGL inhibitors and offers valuable insight into the
anti‑inflammatory potential associated with MAGL blockade.

In 2021, Granchi and collaborators expanded and optimized the previously developed
class of benzoylpiperidine‑based MAGL inhibitors, originally reported in 2019 [53]. This
effort led to a second‑generation class of benzoylpiperidine‑based MAGL inhibitors and
to the identification of compound 38 (Figure 7) as the most potent derivative of the se‑
ries [90]. Compound 38 is a diphenylsulfide‑benzoylpiperidine derivative bearing two flu‑
orine atoms on the phenolic ring, positioned at the ortho and para positions relative to the
phenolic hydroxyl group. In enzymatic assays, 38 displayed a strong inhibitory activity
against hMAGL, with an IC50 value of 18 nM. Further biochemical investigations demon‑
strated that 38 behaves as a reversible and competitive MAGL inhibitor, as confirmed by
pre‑incubation, dilution and kinetic experiments. Molecular modeling and molecular dy‑
namics simulations provided a structural rationale for this profile, showing that the pheno‑
lic group of 38 establishes a key hydrogen‑bond network within the small polar cavity of
the MAGL catalytic site through interactions with His272 and Glu53. In parallel, the central
carbonyl group engages the oxyanion hole residues Ala51 and Met123 via stable hydrogen
bonds, while the diphenyl‑sulfide moiety deeply occupies the lipophilic channel at the en‑
trance of the binding pocket, forming extensive hydrophobic interactions with residues
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such as Ala151, Phe159, Leu205, Leu213 and Leu241, that stabilize the ligand within the
enzyme cavity. Selectivity toward the serine hydrolase family was further evaluated by
ABPP, which confirmed that 38 selectively inhibits MAGL with negligible off‑target in‑
volvement of other serine hydrolases. The inhibitory activity was also confirmed in intact
cells, where 38 efficiently reduced MAGL activity in human monocytic cell line U937 cells,
indicating effective cellular permeability and intracellular target engagement. Beyond its
enzymatic profile, compound 38 displayed significant antiproliferative effects in differ‑
ent cancer cell lines, including human breast MDA‑MB‑231, colorectal HCT116, ovarian
CAOV3 and SKOV3 cancer cells at micromolar concentrations (IC50 values ranging from
11 to 63 µM). In addition, 38 exerted a remarkable antiproliferative activity against pancre‑
atic ductal adenocarcinoma primary cell cultures (PDAC3) characterized by high MAGL
expression (IC50 = 14.6 µM). Notably, growth inhibition was also confirmed in more ad‑
vanced biological system, such as patient‑derived cancer organoids, further supporting
the translational relevance of this scaffold.

In 2021, Bononi and co‑workers optimized the previously identified diphenylsulfide‑
benzoylpiperidine scaffold [91] and among the newly synthesized derivatives, the meta‑
trifluoromethyl analogue 39 (Figure 7) emerged as the most potent compound, exhibiting
a notable inhibitory activity with an IC50 value of 1.26 nM. Kinetic studies confirmed that
39 acts as a competitive and fully reversible inhibitor. Molecular modeling provided a
structural rationale for its potency, showing that meta‑substituted distal phenyl ring of
the diarylsulfide portion is efficiently accommodated within a hydrophobic sub‑pocket
at the entrance of the catalytic cleft, forming extensive van der Waals interactions with
amino acidic residues such as Leu148, Phe159, Leu213 and Val217. In parallel, the pheno‑
lic hydroxyl group contributes to the anchoring of the molecule by engaging the conserved
hydrogen‑bond network involving Glu53 and His272. Compound 39 displayed an excel‑
lent enzymatic selectivity profile, showing negligible inhibition of FAAH even at high mi‑
cromolar concentrations. Beyond its biochemical potency, 39 also demonstrated antiprolif‑
erative effects in several cancer cell lines, with submicromolar activity in OVCAR5 ovarian
cancer cells (IC50 = 0.32 µM), supporting the potential relevance of this scaffold in oncolog‑
ical contexts where MAGL plays a pathogenic role. In conclusion, compound 39 repre‑
sented a highly optimized reversible MAGL inhibitor combining remarkable potency, se‑
lectivity and preliminary antiproliferative effects, thus consolidating the diphenylsulfide‑
benzoylpiperidine framework as a valuable starting point for further development.

One year later, the same research group developed a new series of benzylpiperidine
MAGL inhibitors through a structure‑based hybridization strategy combining key phar‑
macophoric elements from previously reported MAGL and FAAH inhibitors [92]. In par‑
ticular, the novel scaffold merged the amide phenolic portion of earlier benzoylpiperidine
MAGL inhibitors, known to establish a crucial hydrogen‑bond network within the cat‑
alytic site of the enzyme, with the 2‑(3‑(piperidin‑4‑ylmethyl)phenoxy)‑5‑(trifluoromethyl)
pyridine moiety derived from the FAAH inhibitor PF‑3845 [93]. Within this set of ana‑
logues, compound 40 (Figure 7) displayed the highest inhibitory activity. Its optimized
architecture features a para‑fluoro substituent on the phenolic ring and a trifluoromethyl
group positioned at C4 of the pyridine moiety, modifications that markedly enhanced the
electronic distribution and binding complementarity within the MAGL catalytic site. As a
result, 40 exhibited an IC50 value of 2.0 nM, together with excellent selectivity over FAAH
(IC50 > 10 µM). The inhibitor maintained full activity in the presence of DTT, indicating
no involvement of covalent interactions with cysteine residues. Moreover, pre‑incubation
and dilution experiments confirmed a fully reversible and competitive inhibition profile.
Molecular modeling studies predicted for compound 40 a binding mode characterized by
a slightly shifted orientation toward the entrance of the MAGL catalytic channel due to
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the absence of the ketonic carbonyl group typical of previously developed benzoylpiperi‑
dine derivatives. In this case, the single amide carbonyl group was proposed to establish
the key hydrogen‑bond interactions with the oxyanion hole residues Ala51 and Met123,
while the phenolic group maintained a stable hydrogen bond with His121, thereby con‑
tributing to ligand stabilization within the binding site. Beyond its enzymatic profile, com‑
pound 40 demonstrated a significant antiproliferative effect in pancreatic cancer primary
cultures, including PDAC2 and PDAC3, where it reduced cell viability at low‑micromolar
concentrations (IC50 values of 12.61 and 7.25 µM, respectively). Moreover, compound 40
promoted apoptotic signaling through caspase‑3 activation, reduced the expression of the
anti‑apoptotic factor Bcl‑2 and the migration‑related protein matrix metalloproteinase‑9
(MMP9) and increased the levels of human equilibrative nucleoside transporter 1 (hENT1),
the major transporter involved in gemcitabine uptake, thereby contributing to its synergis‑
tic interaction with gemcitabine. From a pharmacokinetic standpoint, 40 displayed favor‑
able ADME properties, including good passive permeability, high plasma stability and an
acceptable metabolic profile in human liver microsomes.

Building on these findings, in 2024 the same research group further expanded this
chemical scaffold, leading to the identification of a novel generation of benzylpiperidine‑
and benzylpiperazine‑based MAGL inhibitors [94]. Among the synthesized analogues,
benzylpiperazine 41 (Figure 7) was identified as one of the most potent inhibitors, exhibit‑
ing a strong reversible inhibitory activity against hMAGL with an IC50 value in the low‑
nanomolar range (5.2 nM). Compared with previously developed compounds from the
same research group, such as compound 40 (Figure 7), compound 41 is characterized by
the presence of a piperazine ring replacing the piperidine scaffold, as well as by a sulfur
atom instead of an oxygen atom linking the 4‑trifluoromethylpyridine moiety to the rest of
the molecule. The inhibitory profile of 41 was consistently confirmed in cell‑based assays,
where the compound efficiently reduced MAGL activity in intact U937 cells, indicating ade‑
quate cellular permeability and effective target engagement. In parallel, selectivity studies
showed that 41 displayed minimal activity against FAAH and related serine hydrolases,
supporting a selective interaction within the endocannabinoid system. Molecular mod‑
eling studies suggested that the piperazine core enabled the formation of a stable water‑
bridged hydrogen bond between the positively charged nitrogen atom of compound 41
and the backbone carbonyl oxygen of Leu241. This interaction promoted a slight inward
bending and consequent repositioning of the diarylsulfide fragment within the MAGL
binding cavity, thereby altering its interaction pattern compared to its benzoylpiperidine
analogue. From a drug‑likeness perspective, compound 41 exhibited a favorable in vitro
ADME profile, including good metabolic stability in human liver microsomes and human
plasma, increased aqueous solubility and reduced membrane retention rate. Moreover,
benzylpiperazine 41 exhibited a favorable safety profile, as indicated by a high LD50 value
in a Tenebrio molitor coleoptera toxicity model. Altogether, these properties highlight 41 as
a well‑balanced reversible MAGL inhibitor combining potent enzymatic and cellular activ‑
ity with selectivity and suitable pharmacokinetic features, thereby representing a valuable
lead compound for further optimization.

In the same year, Di Stefano and colleagues reported the identification of a novel
MAGL inhibitor by applying an original receptor‑based computational approach named
Watermelon [95]. This strategy, developed to generate pharmacophore models relying ex‑
clusively on the three‑dimensional structure of the target protein, enabled the mapping
of key interaction hotspots within the MAGL catalytic cavity using small molecular frag‑
ments as probes, whose most stable interactions were identified and translated into phar‑
macophoric features for virtual screening. Through the application of this workflow, com‑
pound 42 (Figure 7) was identified as the most active hit and experimentally confirmed
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as a reversible MAGL inhibitor, displaying an IC50 value of 14.6 µM. Enzymatic assays,
performed in the presence of the reducing agent DTT and under different pre‑incubation
times, excluded covalent binding mechanisms, while kinetic studies supported a competi‑
tive mode of inhibition. These findings were further corroborated by molecular modeling
studies, which showed that 42 establishes stable interactions within the MAGL binding
site. In particular, 42 establishes persistent hydrogen‑bond interactions with the oxyan‑
ion hole residues Ala51 and Met123 through its carbonyl group, with these contacts being
maintained for most of the simulation time. In addition, the ligand displayed a face‑to‑
face π‑π stacking interaction with Tyr194, while its ethyloxycarbonyl moiety occupied a
hydrophobic pocket lined by Ala151, Phe159, Leu148, Leu213, and Leu214. Notably, a
water‑mediated hydrogen‑bond interaction involving the piperazine nitrogen of 42 and
the backbone carbonyl of Ala51 was also observed. Beyond its enzymatic inhibitory profile,
42 was also investigated for its ability to modulate the antioxidant response. In cell‑based
assays, the compound induced a significant activation of the Nrf2 pathway at micromo‑
lar concentrations, without affecting cell viability. Overall, these results highlight 42 as a
MAGL inhibitor combining reversible enzymatic inhibition with a promising antioxidant
profile, supporting the potential of the Watermelon approach for the identification of bio‑
logically relevant MAGL modulators.

A more recent study from the same research group reported the design, synthe‑
sis, and preliminary biological evaluation of the first glycoconjugated benzoylpiperidine
MAGL inhibitors [96]. The design rationale of these molecules was to functionalize
the benzoylpiperidine core, in line with previously developed analogues by the same
group [90,91], with a sugar moiety, specifically a glucopyranose unit. This strategy was
intended to enhance cellular uptake in cancer cells by exploiting the overexpression of
glucose transporters (GLUTs) observed in several tumor types. The glycoconjugated ben‑
zoylpiperidine 43 (Figure 7) inhibited hMAGL with an IC50 value of 68.8 µM. Although its
potency in biochemical assays was lower than that of previously reported benzoylpiperi‑
dine MAGL inhibitors, very encouraging results were obtained in cell‑based assays. In
particular, compound 43 exhibited significant inhibitory activity against the PANC‑1 pan‑
creatic cancer cell line, with a GI50 value of 12 µM under low‑glucose conditions, whereas
no detectable activity was observed in a physiological pulmonary fibroblast cell line, thus
supporting the selectivity of these newly developed MAGL inhibitors. While the mecha‑
nism of inhibition of the glycoconjugated derivatives was not investigated through dilution
or pre‑incubation assays, compound 43 retains the benzoylpiperidine pharmacophore, a
scaffold whose reversible inhibition of MAGL has been extensively demonstrated in pre‑
vious studies by the same research group through dedicated mechanistic investigations.
Therefore, while experimental confirmation is still required, it is reasonable to hypothe‑
size that compound 43 also acts as a reversible MAGL inhibitor. Further pharmacological
investigations will be necessary to better elucidate the potential role of GLUT‑mediated
uptake in the cellular internalization of these compounds. Nonetheless, this study repre‑
sents an important step toward the development of the first glycoconjugated inhibitors
specifically designed to target MAGL.

In 2023, Jiang and colleagues reported the discovery of LEI‑515 (compound 44,
Figure 7), a novel and reversible MAGL inhibitor designed to achieve strong peripheral
activity while minimizing central side effects [97]. LEI‑515 (44) was identified through a
large high throughput screening (HTS) of approximately 234,000 molecules, followed by
enzymatic assays and ABPP experiments. One compound emerged as the most promising
lead and was then optimized through a medicinal chemistry program, during which more
than 100 derivatives were synthesized. Throughout this process, the authors noticed that
the ester functionality was crucial for potency, but it also represented a metabolic liability.
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For this reason, they replaced the ester with a α‑CF2 ketone, which acts as an electrophilic
moiety capable of forming a covalent yet reversible interaction with the catalytic serine
of MAGL. This chemical modification ultimately led to the identification of the above‑
mentioned LEI‑515 (44). To assess reversibility, brain membrane proteosomes were pre‑
incubated with LEI‑515 (44) and residual MAGL activity was monitored over time. The
time‑dependent recovery of the enzyme activity demonstrated that LEI‑515 (44) inhibits
MAGL through a reversible mechanism with a pIC50 value of 9.3, corresponding to an
IC50 value of approximately 0.5 nM. Crystallographic analysis confirmed that LEI‑515 (44)
binds in the active site of MAGL as a deprotonated hemiketal, mimicking the enzymatic
tetrahedral intermediate and stabilized by hydrogen bonds with residues of the oxyanion
hole, proving a structural rationale for its high potency. The authors further validated LEI‑
515 (44) through an expanded pharmacological and in vivo characterization [98]. They
confirmed the excellent selectivity of the compound for MAGL over other members of the
serine hydrolase family and pharmacokinetic and tissue distribution studies demonstrated
that it had minimal brain exposure and acted mainly in peripheral tissues, as reflected by
the increase of 2‑AG levels in the intestine, lung and liver, but not in the brain. The au‑
thors demonstrated strong efficacy in multiple in vivo models, including inflammatory
and neuropathic pain as well as liver injury, without inducing tolerance, physical depen‑
dence or CB1‑mediated central side effects. Overall, these studies propose LEI‑515 (44) as a
well‑validated reversible MAGL inhibitor, peripherally restricted and with safe therapeu‑
tic activity in vivo.

In 2023, Xiang and collaborators evaluated the therapeutic effect of MAGL inhibitor
M‑18C (also named MAGLZ‑18C, compound 45, Figure 7) on acute kidney injury (AKI),
a severe complication of various diseases for which effective treatments remain lim‑
ited [99]. Considering the tissue distribution of MAGL, including kidneys, and the anti‑
inflammatory properties of MAGL inhibitors, the authors hypothesized that M‑18C (45)
may have enhanced potential for anti‑inflammatory effects and protection against AKI. It
should be noted that the original study did not disclose the design or synthetic route of M‑
18C (45), and no such information could be found in patents or other publications. They
only mentioned that the compound (purity > 98%) was commercially obtained from Shan‑
dong New Time Pharmaceutical Co. LTD. (Linyi, China). M‑18C (45) is characterized by a
piperidine core substituted at the 4‑position with an N‑(3‑chlorophenyl)carboxamide and
at the 1‑position with a methylindoline‑2‑carboxy group, and it inhibited hMAGL with an
IC50 value of 662.6 nM. In vitro and in vivo investigations demonstrated that M‑18C (45)
exerted protective effects in LPS‑induced AKI through the attenuation of renal tissue dam‑
age, reinforcement of the intestinal barrier and regulation of gut microbial communities
and serum metabolites, highlighting its potential as promising candidate for further ex‑
ploration. Three years later, the same research group investigated the anti‑inflammatory
activity and lipid‑metabolism regulatory effects of M‑18C (45) in a LPS‑induced sepsis‑
associated liver injury (SALI) mice model [100]. SALI is a severe form of liver damage
associated with sepsis, a systemic hyper inflammatory condition characterized by high
mortality rates. Given the urgent need for effective therapeutic strategies for SALI, to‑
gether with the well‑known anti‑inflammatory properties of MAGL inhibitors, the authors
explored whether M‑18C (45) could exert protective effects in this pathological condition.
The study revealed that treatment with M‑18C (45) significantly alleviated liver injury in
LPS‑treated mice. The hepatoprotective effects were associated with a marked reduction
in pro‑inflammatory cytokines together with an increase in interleukin‑10 (IL‑10). In addi‑
tion, M‑18C (45) contributed to the preservation of mitochondrial structure and function,
modulated the transforming growth factor β/small mother against decapentaplegic (TGF‑
β/Smad) signaling pathway and restored fatty acid metabolism. Altogether, these findings
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demonstrate that MAGL inhibitor M‑18C (45) may represent a potential pharmacological
candidate for the treatment of sepsis‑related complications. Importantly, this piperidine‑
based compound can be classified as a reversible MAGL inhibitor, as reported by the au‑
thors in their most recent work published in 2026 [100]; however, the inhibition mechanism
was not supported by experimental pre‑incubation, dilution or other mechanistic assays.

In 2024, Yu and co‑workers described a series of naphthyl amide derivatives as a novel
class of reversible MAGL inhibitors, identifying the cis‑2,3‑dimethylpiperazine derivative
±46 (Figure 7) as the most potent and selective compound of this series [101]. Structurally,
compound ±46 is characterized by an α‑naphthyl amide core linked to a cis‑2,3‑dimethyl‑
substituted piperazine, a configuration that preserves the amide carbonyl group required
for H‑bond interactions within the MAGL oxyanion hole while optimizing hydrophobic
and π‑π interactions within the enzyme binding pocket. Consistent with these structural
features, ±46 emerged as the most active compound in a colorimetric assay against re‑
combinant hMAGL, exhibiting a pIC50 value of 7.1. The reversible mode of inhibition was
demonstrated by dilution assays, which showed a proportional loss of inhibitory activity
upon compound dilution, as well as by pre‑incubation experiments, in which no time‑
dependent increase in inhibition was observed. The potency and selectivity of ±46 toward
endogenous MAGL were further assessed by ABPP experiments using mouse brain mem‑
brane proteomes (mMAGL), where the compound produced more than 60% reduction in
mMAGL activity at 100 µM while maintaining a favorable selectivity profile over other
serine hydrolases, such as ABHD6. In addition to its enzymatic activity, ±46 displayed
significant antiproliferative effects in multiple cancer cell lines, including H460 (lung can‑
cer), HT‑29 and CT‑26 (colon cancer) and Huh7 and HCCLM‑3 (hepatocellular cancer),
with pIC50 values greater or equal to 5.0; among these, H460 cells were the most sensitive,
with a pIC50 of 6.2. Importantly, ±46 exhibited minimal cytotoxicity in normal human cell
lines (i.e., BEAS‑2B immortalized human bronchial epithelial cell line).

One year later, the same research group identified a novel and potent reversible
MAGL inhibitor based on the previously developed naphthyl amide piperazine scaf‑
fold [102]. Starting from compound ±46 [101], they carried out a systematic medicinal
chemistry optimization focused on two main regions of the molecule: (1) the naphthalene
moiety, which occupies the hydrophobic pocket of the enzyme, and (2) the phenyl group
linked to the piperazine nitrogen. SAR studies clearly demonstrated that the naphthalene
ring is essential for activity, as its replacement or reduction resulted in a strong loss of
potency, thus it was maintained fixed. Conversely, the other side of the molecule was opti‑
mized by introducing a linker between the phenyl and the piperazine ring, leading to the
identification of compound 47 (Figure 7), a naphthyl amide piperazine with a meta‑chloro
substituted phenyl group, as the most potent inhibitor from the series. Compound 47 inhib‑
ited hMAGL with high potency, exhibiting a pIC50 of 8.0 in enzymatic assays. The authors
performed a dilution and pre‑incubation assay to assess reversibility of compound 47: the
inhibition decreased proportionally after a 10‑fold dilution, whereas no time‑dependent
increase in inhibition was observed when the enzyme was pre‑incubated before the ad‑
dition of the substrate, confirming that compound 47 acts as reversible MAGL inhibitor.
To assess the selectivity profile of the newly developed MAGL inhibitor 47, the authors
tested it in mouse brain membrane preparations by using ABPP. Compound 47 effectively
inhibited MAGL, showing only limited activity toward other serine hydrolases. Further‑
more, compound 47 reduced proliferation, induced apoptosis and inhibited migration in
colon cancer cells HT‑29. Taken together, these results identify the naphthyl amide piper‑
azine scaffold as a promising chemical feature for the development of new selective and
reversible MAGL inhibitors.
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Spiro Carbamates

In 2021, Ikeda and colleagues developed a series of spiro carbamates as reversible
MAGL inhibitors, identifying compound 48 (Figure 6) as the most potent derivative [103].
Starting from an initial HTS hit, the authors applied a structure‑based drug design ap‑
proach, supported by co‑crystals structures to understand the key interactions within the
MAGL active site. They identified the central amide carbonyl group as a key anchoring
element within the oxyanion hole, where it establishes hydrogen bonds with Ala51 and
Met123. Based on these findings, the authors designed compound 48, characterized by
a central amide carbonyl group bearing, on one side, a 7‑oxa‑5‑azaspiro [3.4]octan‑6‑one
spirocyclic ring, which preserves the key interactions with His121 and Arg57 while improv‑
ing lipophilic ligand efficiency (LLE), and, on the other side, a 3‑chloro‑4‑methylbenzyloxy
moiety directly linked to the azetidine ring of the amide scaffold. Spiro carbamate 48 com‑
bined a low nanomolar MAGL inhibition (IC50 = 6.2 nM), high selectivity over FAAH and
ABHD6, a low hERG liability (18.1% at 10 µM), good oral exposure and effective brain pen‑
etration in mice after oral dosing. Surface plasmon resonance (SPR) experiments revealed
a slow dissociation rate (Koff = 0.0036 s−1) and a short binding half‑life (t1/2 = 3.3 min), indi‑
cating a non‑covalent binding for compound 48. The LLE also improved compared to the
initial hit, from 4.5 to 5.9 in compound 48. The reversible mechanism of inhibition was also
confirmed by a dilution assay, in which MAGL activity was fully restored after reducing
the inhibitor concentration. Moreover, compound 48 produced the expected in vivo phar‑
macodynamic effects, increasing brain 2‑AG levels and decreasing arachidonic acid levels.
Three years later, Arimura and colleagues reported the in vivo pharmacological character‑
ization of compound 48, to evaluate whether this reversible MAGL inhibitor could still
provide meaningful neuroprotective effects [104]. After oral administration in mice, com‑
pound 48 rapidly reached the brain, with peak concentrations after 1 h, producing a ro‑
bust, dose‑dependent increase in brain 2‑AG levels together with a reduction in AA levels.
Target engagement studies demonstrated that 99% of MAGL occupancy was achieved at
1 mg/kg, demonstrating a good oral bioavailability leading to an efficient inhibition in the
CNS. Using kainic acid (KA)‑induced neurodegeneration model, the authors showed that
48 significantly suppressed neuroinflammatory responses, reducing neuronal cell loss in
the hippocampus and improving cognitive performance. To investigate how compound
48 elicits its neuroprotective effects, the authors tested whether these effects depend on
cannabinoid receptor activation: co‑administration of 48with either a CB1 or CB2 receptor
antagonist reduced the protective effects although these were not completely abolished.
Gene expression and pathway analyses in the hippocampus showed that the compound
normalized inflammation and neurotransmission altered by neurodegeneration. Overall,
the authors presented compound 48 as a reliable and well‑characterized reversible MAGL
inhibitor, with a balanced pharmacological profile that combines strong brain target en‑
gagement and neuroprotective effects. These properties support its use as a valuable tool
compound to further investigate reversible MAGL inhibition in vivo and explored its po‑
tential application in CNS‑related disorders, including neurodegenerative diseases.

cis‑Hexahydro‑Pyrido‑Oxazinones

In 2024, Kuhn and colleagues reported a novel series of reversible MAGL inhibitors
starting from a focused screening of a subset of approximately 71,100 compounds from
the Roche compound library, selected through an integrated approach combining diverse
lead‑like subsets, computationally selected compounds, and compounds derived from a
previous project targeting different lipases [105]. Enzymatic screening yielded 2398 hits
with IC50 values below 10 µM (hit rate: 3.4%). Among these, several benzoxazinone‑
based compounds exhibited high inhibitory potency and favorable ligand efficiency. A
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decisive improvement was achieved replacing the phenyl ring of the benzoxazinone head
group with saturated piperidine, yielding a hexahydropyrido‑oxazinone (HHPO) scaffold.
In this series, the cis‑(4R,8S) HHPO derivative 49 (Figure 6) was identified as the most
promising compound, showing high potency on hMAGL (IC50 = 32 nM), while displaying
markedly improved physicochemical properties. Compound 49 showed a significantly in‑
creased aqueous solubility (231 µg/mL), a low logDbrain of 1.8 in lipid membrane binding
assay (LIMBA), a human plasma free fraction of 4.3%, high permeability through mem‑
branes (PAMPA Peff = 12.8 cm/s*10 × 10−6) and stability across a pH range of 1–10 in
aqueous buffer systems. SPR studies confirmed a reversible, non‑covalent binding mode,
with a Kd value of 45 nM for hMAGL and of 64 nM for rMAGL, accompanied by rapid
association and dissociation kinetics. Compound 49 demonstrated excellent selectivity,
showing no detectable activity on a panel of 50 off‑targets or related serine hydrolases
(ABHD6, ABHD12, FAAH, and DGL) at concentrations up to 10 µM in ABPP assays. Fa‑
vorable absorption, distribution, metabolism, and excretion (ADME) properties were ob‑
served, including high microsomal and hepatocellular stability, low in vivo clearance in
rats (4.6 mL/min/kg, corresponding to approximately 10% of liver blood flow), a moderate
volume of distribution (Vss = 1.3 L/kg) and a terminal half‑life of 5.1 h. After intraperi‑
toneal and oral administration, 49 achieved excellent systemic and brain exposure, with
total brain‑to‑plasma ratio of approximately 1. The ratio of unbound brain concentrations
(estimated from cerebrospinal fluid levels) to unbound plasma concentrations (corrected
for plasma protein binding) reached values up to 0.53, without adverse behavioral effects in
rodent pharmacokinetic studies. In in vivo target engagement studies, 49 induced a dose‑
dependent increase in brain of 2‑AG levels and a concomitant reduction in AA, reaching a
target occupancy of 79% at 10 mg/kg and almost complete occupancy at 30 mg/kg. Further‑
more, in LPS murine model of neuroinflammation, 49 significantly prevented LPS‑induced
mRNA expression of the pro‑inflammatory markers interleukin‑1β (IL‑1β) and lipocalin‑2
(LCN2) specifically in brain. Collectively, these findings identify compound 49 as a highly
promising CNS‑directed MAGL reversible inhibitor, combining favorable brain exposure
and target engagement with effective modulation of neuroinflammatory pathways.

Anilides

Very recently, Bononi and co‑workers reported a novel series of ortho‑hydroxyanilide
derivatives as reversibleMAGL inhibitors [106]. Within this library, the phenylbutanamide
analogue 50 (Figure 6) emerged as the most potent compound, displaying submicromolar
inhibitory activity (IC50 = 0.34 µM) and a competitive, fully reversible mechanism of action.
Molecular modeling studies indicated that the 2‑fluorophenol fragment of compound 50
engages the MAGL oxyanion hole through hydrogen bonds with the backbone NH groups
of Ala51 and Met123 and with the hydroxyl side chain of Ser122, thereby contributing to the
proper stabilization and anchoring of the ligand within the binding site. The biphenyl and
phenylpropyl moieties of the ligand further stabilize the complex by establishing extensive
hydrophobic contacts with residues such as Ala151, Ala156, Phe159, Leu208, Ala216 and
Val217, supporting the predicted binding mode. Compound 50 also exhibited an improved
selectivity profile, showing only moderate inhibition of FAAH and negligible affinity for
CB1 and CB2 receptors. Beyond its enzymatic activity, this derivative demonstrated the
ability to activate the Nrf2 antioxidant pathway at submicromolar concentrations and to
attenuate IL‑1α‑induced NFκB activation, suggesting potential relevance in pathological
conditions where oxidative stress and inflammation are prominent, including neurodegen‑
erative diseases. From an ADME perspective, compound 50 displayed good passive per‑
meability across gastrointestinal and BBB models, together with excellent plasma stability.
However, its metabolic stability in human liver microsomes was limited, with extensive
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degradation attributed to cleavage of the amide bond. Overall, compound 50 represents
a promising lead for the development of MAGL inhibitors with ancillary antioxidant and
anti‑inflammatory properties, although further optimization is required to improve its mi‑
crosomal stability.

2.3. MAGL Inhibitors with Undefined Mechanism of Inhibition

This section focuses on natural and synthetic compounds that have been identified
as MAGL inhibitors, for which the precise mechanism of inhibition, whether reversible or
irreversible, has not yet been fully elucidated. In particular, compounds were included
in this section when no experimental evidence from mechanistic assays (such as dilution
or pre‑incubation studies, DTT sensitivity tests, mass spectrometry‑based investigations
or related approaches) was available to support a definitive classification as reversible or
irreversible inhibitors, or when the available data were inconclusive. In contrast to the
classes of irreversible and reversible inhibitors discussed above, where natural products
are relatively underrepresented compared to synthetic small molecules, compounds with
an undefined mechanism of MAGL inhibition appear to be more evenly distributed be‑
tween natural and synthetic compounds. This reflects the fact that many studies reporting
MAGL inhibition, particularly in the context of natural product research, primarily focus
on the identification of bioactive compounds, while detailed mechanistic characterization
is often not yet available. The main examples reported in the literature, from 2020 to 2026,
are summarized in the following sections.

2.3.1. Natural Compounds

Natural products have emerged as a valuable source of structurally diverse bioac‑
tive molecules with the potential to modulate key enzymatic targets involved in disease
progression. Although detailed mechanistic characterization is often lacking, these works
discussed herein highlight the promise of natural compounds as starting points for the
development of new MAGL‑targeting therapeutic strategies in a variety of pathological
conditions, including inflammation, pain, cancer and metabolic disorders.

Alkaloids

In 2022, Mei and colleagues screened bioactive compounds from herb extracts of tra‑
ditional Chinese medicine (TCM) using a yeast‑based drug discovery strategy [107]. This
ligand‑fishing approach led to the identification of dehydrocorydaline (DHC, compound
51, Figure 8), a quaternary ammonium alkaloid isolated from Corydalis rhizoma extract,
as a promising MAGL inhibitor. Indeed, when evaluated in vitro and co‑incubated with
MAGL‑displaying yeast cells and non‑displaying control yeast cells, DHC (51) exhibited an
IC50 value of 240.1 µM. In addition, molecular docking analyses suggested the formation
of hydrogen bonds between the two methoxy groups of DHC (51) and Asn153 of MAGL,
which may contribute to the binding of DHC (51) within the enzyme active site. Given the
long use ofCorydalis rhizoma in TCM for pain relief, this alkaloid was also evaluated in vivo
in chronic constriction injury (CCI) rats, a widely used animal model of chronic neuro‑
pathic pain. In this model, DHC (51) significantly alleviated mechanical and thermal pain
hypersensitivity by suppressing MAGL activity, thereby inhibiting 2‑AG degradation.
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Figure 8.Natural and synthetic MAGL inhibitors with undefined mechanism of inhibition.

γ‑Lactones

In 2022, Kudo and co‑workers developed an efficient screening strategy aimed at the
identification of novel phosphotriester compounds exhibiting inhibitory activity against
serine hydrolases [108]. This liquid chromatography‑tandem mass spectrometry (LC‑
MS/MS)‑based approach was applied to Salinispora tropicaCNB‑440, a marine actinomycete
known to produce salinipostins (SPTs), enabling the identification of three previously unre‑
ported SPT analogues. Among these new derivatives, salinipostin N (52, Figure 8), charac‑
terized by a long‑chain bicyclic enol‑phosphotriester ring bearing an iso‑pentyl substituent
at C6 position, displayed a nanomolar inhibitory activity toward hMAGL in a colorimetric
in vitro assay, with an IC50 value of 178 nM. The development of this efficient LC‑MS/MS‑
based screening method was confirmed as a valuable strategy to foster the discovery of pre‑
viously unreported natural phosphotriester compounds, which could act as potent MAGL
inhibitors.

Terpenes and Terpenoids

As mentioned in previous sections, in parallel with the identification of selective
MAGL inhibitors, considerable attention has been directed toward the development of re‑
liable biochemical assays capable of accurately measuring MAGL enzymatic activity [54].
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In this context, in 2022 Deng and co‑workers reported the synthesis of a novel fluorogenic
substrate, 6‑hydroxy‑2‑naphthaldehyde‑arachidonate (AA‑HNA) and established an AA‑
HNA‑based assay that enables the rapid identification of MAGL inhibitors [109]. Impor‑
tantly, the integration of this assay with ABPP allowed the efficient screening of a library
of 320 naturally derived organic compounds with potential therapeutic relevance. This
screening campaign led to the identification of several classes of MAGL inhibitors, includ‑
ing flavonoids, diterpenes, and β‑carbolines. Among the active compounds, the quinoid
diterpene cryptotanshinone (compound 53, Figure 8) emerged as the most promising can‑
didate and was therefore selected for further investigation. Cryptotanshinone (53) is a
natural product isolated from the roots of Salvia miltiorrhiza, a medicinal plant widely
used in traditional medicine and has previously been reported to exert multiple benefi‑
cial biological effects, including neuroprotective, anti‑fibrotic, anti‑inflammatory and anti‑
cancer activities [110,111]. In the AA‑HNA‑based enzymatic assays, cryptotanshinone
(53) effectively inhibited MAGL, displaying a pIC50 value of 4.9. Its selectivity profile
was further investigated toward ABHD6 and ABHD12, and both substrate‑based and
ABPP assays suggested that compound 53 preferentially targets MAGL while displaying
lower activity against ABHD6 and ABHD12. Competitive ABPP experiments performed
on endogenous mouse membrane proteomes revealed that compound 53 exhibited sig‑
nificant inhibitory potency toward recombinant hMAGL and retained moderate activity
against endogenous mouse MAGL (approximately 50–60% inhibition); moreover, cryp‑
totanshinone (53) behaves as a relatively broad‑spectrum serine hydrolase inhibitor. Fur‑
thermore, the antiproliferative properties of compound 53 were subsequently evaluated
in a panel of cancer cell lines, including colon (HT‑29), ovarian (OVCAR‑3), lung (A549,
H1975, HCC827), melanoma (B16‑F10), cervical carcinoma (HeLa) and epidermal carci‑
noma (A431). Cryptotanshinone (53) exhibited pronounced cytotoxic activity across all
tested cell lines, with pIC50 values greater than or equal to 5, suggesting an extensive anti‑
tumor potential. However, comparison with the reference MAGL inhibitor KML29 (com‑
pound 11, Figure 3A) [42], which showed antiproliferative activity only in B16‑F10 and
HT‑29 cells, suggested that the cytotoxic profile of compound 53 may involve additional
off‑target effects beyond MAGL inhibition, likely contributing to its broader anticancer ac‑
tivity. Finally, molecular docking studies were performed to elucidate the putative binding
mode of ligand 53 within the MAGL active site. The simulations suggested that the car‑
bonyl group at the C11 position of cryptotanshinone (53) may engage in a hydrogen‑bond
interaction with the side chain of Arg57. In addition, the aromatic ring was predicted to
establish π‑π stacking interactions with Tyr194. The dimethylcyclohexane moiety was lo‑
cated within a hydrophobic pocket formed by residues such as Leu241 and Ala51, whereas
the methyl‑2,3‑dihydrofuran moiety occupied the hydrophobic region delimited by Val270,
Lys273, Val191, and Glu190. Overall, this work highlights the effectiveness of combining
fluorogenic substrate assays with ABPP as a powerful platform for the expedited discovery
of biologically relevant MAGL inhibitors.

Lately, Klawitter and collaborators investigated the mechanism underlying the anal‑
gesic effects of β‑caryophyllene (BCP, trans‑β‑caryophyllene, compound 54, Figure 8), a
highly volatile and lipophilic sesquiterpene abundant in the essential oils of various culi‑
nary and medicinal plants, including rosemary, Cannabis sativa, clove, and hops [112]. De‑
spite its approval by the Food and Drug Administration (FDA) and the European Food
Safety Authority (EFSA) for use as an additive in food and cosmetic products, as well as
its well‑established safety profile and reported therapeutic potential in several conditions
such as chronic pain, inflammation and cancer, the precise mechanism underlying the anal‑
gesic effects of BCP (54) remains poorly understood. The scientific literature has reported
conflicting evidence regarding its interaction with cannabinoid receptor type 2 (CB2), with

https://doi.org/10.3390/molecules31132353

https://doi.org/10.3390/molecules31132353


Molecules 2026, 31, 2353 31 of 48

early studies suggesting CB2 agonism [113], whereas more recent investigations have in‑
dicated weak or negligible binding affinity for this receptor [114–116]. In this study, the re‑
searchers found that BCP‑induced analgesia may be partially attributed to elevated 2‑AG
levels resulting from MAGL inhibition, leading to enhanced endocannabinoid signaling
and subsequent activation of cannabinoid receptors. Indeed, BCP (54) inhibited MAGL
activity in vitro with an IC50 value of 15.8 µM and produced a dose‑dependent increase in
2‑AG concentrations in both plasma and spinal cord tissues in vivo.

Taken together, these findings identify MAGL inhibition as a previously unrecog‑
nized contributor to the analgesic properties of BCP (54), further supporting the potential
role of MAGL inhibitors in pain management.

Another natural compound within the terpenoid class is acetyl‑11‑keto‑β‑boswellic
acid (AKBA, compound 55, Figure 8), a major active compound isolated from the gum
resin of Boswellia serrata, a plant long employed in TCM for its anti‑inflammatory, an‑
timicrobial, antitumor, antioxidant and anti‑aging effects [117,118]. AKBA (55) has also
demonstrated neuroprotective properties and is generally well tolerated in clinical appli‑
cations, particularly in the management of osteoarthritis, a degenerative condition charac‑
terized by articular cartilage degradation for which safer and more effective therapies are
urgently required [119,120]. Given its favorable safety and pharmacological profile, AKBA
(55) has been proposed as a promising therapeutic candidate for nonalcoholic steatohep‑
atitis (NASH), which represents the progressive and inflammatory form of nonalcoholic
fatty liver disease (NAFLD), for which effective treatments remain limited. In this context,
very recently, Luan and colleagues investigated the therapeutic potential of AKBA (55)
in mouse models of NAFLD and investigated its underlying mechanism of action [121].
Their results demonstrated that AKBA (55) exerts protective effects in NAFLD, at least in
part, through inhibition of MAGL activity, thereby modulating lipid metabolism and hep‑
atic metabolic dysfunction. In vitro assays, using lysates from primary mouse hepatocytes
overexpressing MAGL, highlighted a direct interaction of AKBA (55) with the enzyme, ex‑
hibiting a high binding affinity (dissociation constant Kd = 4.06 × 10−5 mol/L). In addition,
molecular docking analyses disclosed the putative binding mode of AKBA (55) within the
MAGL active site, highlighting key interactions with residues Glu60, Met64, Thr279, and
Phe283; however, the specific structural features of AKBA responsible for these interac‑
tions were not detailed in the study. Importantly, mutations in these residues were shown
to impair enzymatic activity, suggesting that they are critical for MAGL’s catalytic function.
In summary, these results emphasize AKBA’s potential to improve NAFLD by inhibiting
MAGL, highlighting both its mechanism of action and the therapeutic value of targeting
MAGL in metabolic liver disorders.

Phytosterols

In 2024, Sadino and co‑workers combined in silico and in vitro approaches to eval‑
uate the phytoconstituents of Morinda citrifolia, a traditional Polynesian medicinal plant
previously reported for its neuroprotective properties [122], for their potential ability to
bind and inhibit hMAGL [123]. Nine bioactive compounds were identified in M. citrifolia
fruit, including sterols (stigmasterol and β‑sitosterol), lignans (americanin), iridoid gly‑
coside (asperuloside), anthraquinones (damnacanthal), flavonoids (quercetin and rutin),
coumarin (scopoletin) and triterpenoids (ursolic acid), and were subsequently subjected
to molecular docking studies toward MAGL. Among these compounds, β‑sitosterol (com‑
pound 56, Figure 8) emerged as the most promising candidate, as it was predicted to enter
and occupy the catalytic site of MAGL while interacting with key residues. In detail, this
phytosterol was found to reside within the hydrophobic pocket of the enzyme, establish‑
ing hydrophobic or van der Waals interactions with several residues, including Ser122,
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Cys242 and His269, which are known to be involved in MAGL catalytic activity. More‑
over, molecular dynamic simulations disclosed that β‑sitosterol (56) exhibited one of the
most favorable predicted binding energies (−11.20 kcal/mol) and formed a highly stable
β‑sitosterol/MAGL complex. Finally, in vitro enzymatic assays on hMAGL confirmed the
inhibitory activity of β‑sitosterol (56) which displayed an IC50 value of 8.10 µg/mL. In con‑
clusion, the phytosterol fraction of M. citrifolia fruit may contribute to its neuroprotective
and anti‑inflammatory effects through modulation of MAGL activity.

Glycosides

In 2025, Tan and collaborators, after demonstrating the anti‑tumorigenic and anti‑
metastatic role of 2‑AG signaling in bladder cancer (BCa) cells, screened a medicinal‑food
compound library comprising 514 compounds with the aim of identifying novel MAGL
inhibitors with potential anti‑cancer activity [124]. Among the screened compounds, Cis‑
tanoside F (CF, 57, Figure 8), a phenylethanol glycoside isolated from Cistanche herba, was
selected as promising candidate based on its previously reported biological properties, in‑
cluding anti‑oxidant, anti‑inflammatory and anti‑tumor activities [125–127]. In vitro cel‑
lular assays demonstrated that CF (57) efficiently inhibited MAGL activity in SW780 and
RT112 human bladder transitional cell carcinoma lines when tested at 4.0 and 8.0 nM, with‑
out altering cell viability, MAGL protein expression levels or the activity of other serine
hydrolases. The precise mechanism underlying MAGL inhibition by CF (57) still remains
undefined, as mechanistic investigations only proposed several possible modes of action,
including competitive inhibition, irreversible mechanism and/or allosteric modulation. Im‑
portantly, in vivo experiments highlighted a synergistic effect of CF (57) in combination
with 2‑AG, leading to a notable reduction in both tumor growth and metastasis in BCa
mice models.

Indolic Derivatives

Although the natural MAGL inhibitors discussed so far are mainly derived from plant
sources, this category can be reasonably extended to include endogenous small molecules
of natural origin. In this context, melatonin (MLT, compound 58, Figure 8), an indole‑based
hormone biosynthesized in the pineal gland, represents an intriguing example of a non‑
plant natural compound with emerging modulatory activity toward MAGL. Melatonin’s
main function is the regulation of circadian rhythms, but it has been widely reported to
exert antioxidant, anti‑inflammatory, immunomodulatory and antitumor effects, making
it a molecule of increasing interest in cancer research [128–130]. In 2025, Li and colleagues
investigated the involvement of MAGL in pancreatic cancer progression and explored MLT
(58) as a potential endogenous MAGL inhibitor [131]. In this study, MLT (58) was shown to
significantly downregulate MAGL gene expression in PANC‑1 human pancreatic cancer
cell line, confirming its ability to modulate MAGL activity at the transcriptional level.

2.3.2. Synthetic Compounds
Benzimidazoles

In 2020, Dahabiyeh and co‑workers investigated the unknown mechanism of action of
three proton pump inhibitors (PPIs), rabeprazole, lansoprazole and pantoprazole, under‑
lying their ability to regulate glucose‑insulin homeostasis [132]. The authors hypothesized
that the beneficial effect of PPIs on glycemic control in type 2 diabetes could be ascribed
to MAGL inhibition, considering the crucial role of this enzyme in lipolysis and inflam‑
matory processes. The inhibitory activity of the three drugs on hMAGL was evaluated
through a colorimetric in vitro assay, with rabeprazole (compound 59, Figure 8) exerting
the best inhibitory activity, displaying an IC50 value of 4.2µM. In addition, rabeprazole (59)
was successfully docked into MAGL active site (PDB code: 3PE6), using the site‑feature
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docking algorithm LibDock, yielding a score of 148.44, which was comparable to that of
reversible inhibitor ZYH (183.72, compound 18, Figure 3A). Rabeprazole (59) formed five
key hydrogen bonds with residues His272, Arg57, His121, Ser122, and Gly177. Specifically,
the sulfoxide oxygen atoms interacted with the imidazole side chain of His272 through
a water‑mediated contact, while the benzimidazole sp2 nitrogen atoms formed an addi‑
tional water‑bridged interaction with the guanidinium group of Arg57. Furthermore, the
sp2‑ hybridized nitrogen of the methylpyridine linker interacted with His121, the aromatic
oxygen atoms engaged the hydroxyl side chain of Ser122 and the terminal methoxy group
formed a hydrogen bond with the backbone carbonyl of Gly177. In addition, the central
methylpyridine moiety established hydrophobic interactions with Leu184. Overall, these
results support the hypothesis that PPIs may regulate glycemic control in type 2 diabetes
through MAGL inhibition.

Pyrrolidin‑2‑Ones

In 2021, Altamimi and colleagues designed and synthesized benzothiazole‑ and
benzimidazole‑linked pyrrolidin‑2‑ones as potential MAGL inhibitors [133]. Among the
eighteen developed compounds, the benzimidazole‑linked pyrrolidin‑2‑one derivatives
showed the highest inhibition activity against hMAGL. In particular, benzimidazole 60
(Figure 8), characterized by a 4‑methoxyphenyl substitution on the nitrogen atom of the
pyrrolidin‑2‑one ring, was the most potent and selective MAGL inhibitor of this series,
with an IC50 value of 9.4 nM on MAGL versus 52 µM for FAAH. Compound 60was further
investigated to better elucidate its binding pose within the MAGL active site. Molecular
docking studies revealed that the carbonyl group is located in the oxyanion hole, form‑
ing three key hydrogen bonds with Ala51, Met123 and Ser122; the benzimidazole core
resides in the long lipophilic channel, establishing π‑π stacking interactions with Tyr192;
and finally, the 4‑methoxyphenyl ring engages in van der Waals interactions with Leu148,
Leu213 and Leu241. The physiochemical and pharmacokinetic properties of 60, predicted
by using the prediction QikProp program, fell within the optimal range for orally bioac‑
tive CNS drugs. The therapeutic relevance of benzimidazole‑linked pyrrolidin‑2‑one 60
was additionally supported by in vivo antinociceptive studies. In the formalin‑induced
nociception test, a well‑established animal model of neuropathic pain, compound 60, pro‑
duced a dose‑dependent attenuation of pain response in both the acute and late phases,
indicating a dual peripheral and central modulatory action. Notably, oral administration
at 30 mg/kg significantly reduced the pain response and demonstrated greater efficacy
than the reference drug gabapentin (GBP).

Building on these results, the following year the same research group reported a new
series of benzoxazole‑linked pyrrolidin‑2‑ones as potential MAGL inhibitors [134]. Among
these derivatives, benzoxazole 61 (Figure 8) bearing a 4‑sulfamoylphenyl substituent on
the nitrogen atom of the pyrrolidin‑2‑one ring, emerged as the most potent analogue with
an IC50 value of 7.6 nM, surpassing even the parent compound 60 (IC50 = 9.4 nM) [133].
The selectivity of 61 for MAGL over FAAH was confirmed by in vitro enzymatic assay
(IC50 = 68 µM). Moreover, pyrrolidin‑2‑one 61 displayed physicochemical and predicted
pharmacokinetic properties comparable to those of compound 60, along with a similar
binding mode within the MAGL active site, as indicated by computational studies. Evalua‑
tion with the admetSAR 2.0 web tool [135] further supported its favorable drug‑like profile.
Specifically, compound 61 was predicted to possess high BBB permeability and strong hu‑
man intestinal absorption. It was also classified as non‑mutagenic, non‑carcinogenic and
less toxic than its 4‑nitrophenyl substituted analogue, showing and estimated LD50 value
of 2.21 mol/kg. Moreover, in the formalin‑induced nociception test, pyrrolidin‑2‑one 61 re‑
markably attenuated the pain response both in acute and late phases in a dose‑dependent
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manner; in addition, it displayed greater potency than the positive control GBP at 30 mg/kg.
Finally, in vitro antiproliferative screening assays on a panel of 60 cell lines of nine types of
cancers, revealed that MAGL inhibitor 61 exerted a notable anticancer activity, particularly
against the SNB‑75 CNS cancer cell line (percentage of growth inhibition %GI = 31.88), the
UO‑31 renal cancer cell line (%GI = 29.95) and the MDA‑MB‑231/ATCC breast cancer cell
line (%GI = 31.88).

Azaglycinamides

Considering that aza‑analogues of glycine‑containing peptides are widely exploited
in the treatment of neurodegenerative diseases and cancer, in 2021 Shaik and co‑workers
designed and synthesized a new class of heterocyclic azaglycinamides as potential MAGL
inhibitors, functionalized at both theN‑terminal andC‑terminal azaglycinyl moieties [136].
The compounds incorporated different heterocyclic motifs at the C‑terminal position, in‑
cluding pyrrolyl, imidazolyl, and thiazolidine‑2,4‑dione rings. Among these series, the
thiazolidine‑2,4‑dione derivatives displayed the most promising inhibitory activity against
MAGL. In particular, azaglycinamide 62 (Figure 8) emerged as the most active compound,
exhibiting an IC50 value of 21.05 µM on the isolated enzyme. Structurally, compound
62 bears a thiazolidine‑2,4‑dione heterocycle at the C‑terminal azaglycinyl moiety and a
N‑oleoyl chain at the N‑terminal position, two structural features that are proposed to en‑
hance hydrogen‑bonding and hydrophobic interactions within the MAGL binding pocket,
as supported by molecular docking studies. In addition, compound 62 also exerted the
highest cytotoxic activity against the MCF‑7 human breast cancer cell line (IC50 value of
41.13 µM) compared to its corresponding C‑pyrrolyl and C‑imidazolyl analogues. Fur‑
thermore, antinociceptive studies highlighted the effectiveness of azaglycinamides 62 in
attenuating inflammation‑induced pain behaviors. It should be noted that no assays were
performed to determine the mechanism of MAGL inhibition by azaglycinamide 62, which
is why it is classified here among inhibitors with an undefined mechanism of inhibition
(Section 2.3). However, the authors highlighted the structural similarity of 62 to maleimide‑
based scaffolds, which feature a five‑membered ring containing a nitrogen atom and a
dione function, and it can be reasonably hypothesized, by analogy, that 62 may act as an
irreversible MAGL inhibitor.

Piperazines and Their Bioisosteres

In 2023, Andrei and colleagues aimed to repurpose the therapeutic potential of the ap‑
proved drugs cetirizine, an antihistaminic H1 receptor antagonist, and levetiracetam, an
antiepileptic drug targeting the synaptic vesicle glycoprotein 2A (SV2A) [137]. Based on
preliminary SAR analyses of known MAGL inhibitors, they selected cetirizine and leve‑
tiracetam to evaluate their potential as MAGL inhibitors in the treatment of osteoarthritis.
Both compounds inhibited hMAGL in the micromolar range (cetirizine: IC50 = 9.39 µM,
levetiracetam: IC50 = 3.01 µM); however, cetirizine (compound 63, Figure 8) proved to
be more promising than levetiracetam in in vivo experiments assessing anti‑inflammatory
and antinociceptive effects in animal models of osteoarthritis. Molecular modeling studies
revealed that the two aromatic rings of cetirizine occupy the long hydrophobic channel of
MAGL, establishing π‑π interactions with the hydrophobic residues of the enzyme. The
piperazinyl core of the molecule acts as a linker connecting the hydrophobic moiety to the
carboxylic group, which is positioned in the oxyanion hole containing the catalytic triad
and forming hydrogen bonds with Ser122 and Ala51. Based on molecular docking stud‑
ies, it can be hypothesized that cetirizine (63) may act as a reversible MAGL inhibitor, as
the carboxylic group forms a hydrogen bond with Ser122. However, in the absence of
dedicated mechanistic studies, including assays to determine whether inhibition is com‑
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petitive or non‑competitive, the compound must be classified among MAGL inhibitors
with an undefined mechanism of action (Section 2.3). In vivo studies demonstrated that
cetirizine (63) alleviated both mechanical and thermal nociception in a rat model of os‑
teoarthritis induced by complete Freund adjuvant (CFA). Cetirizine (63) also exhibited sig‑
nificant anti‑inflammatory effects, reducing CFA‑induced edema, inflammatory cell infil‑
tration and granuloma formation in the affected paw. These results highlight the potential
of cetirizine as a multitarget therapeutic agent, acting both as a MAGL inhibitor and an H1
receptor antagonist, capable of addressing the key pathological features of osteoarthritis
pain and inflammation.

Very recently, Nippa and collaborators reported a machine‑learning‑based workflow
aimed at accelerating the hit‑to‑lead optimization phase in the discovery of novel MAGL
inhibitors [138]. Using a “machine‑learning funnel”, a virtual library of 26,375 hypothetical
compounds was progressively filtered to identify molecules displaying favorable physico‑
chemical properties, high predicted potency, and good synthetic accessibility. Among the
212 candidates, 34 of them were manually selected and screened using miniaturized high‑
throughput experimentation (HTE), enabling rapid evaluation of their inhibitory activity
against MAGL. This workflow led to the identification of 14 compounds that could be
readily synthesized through simple alkylation reactions and endowed with an enhanced
inhibitory activity on MAGL isoforms, including human, rat, mouse and macaque, com‑
pared to the initial hit compound. Notably, all the 14 compounds feature a central piper‑
azine core or the bioisosteric 2‑azaspiro [3.3]heptane motif. Two representative examples,
the 2‑azaspiro [3.3]heptane derivative 64 and the piperazine 65 (Figure 8), displayed re‑
markable potency, inhibiting hMAGL in the sub‑nanomolar range with IC50 values of 0.1
and 0.6 nM, respectively. Compared with other analogues of this series, compounds 64
and 65 exhibited improved lipophilic efficiency (LipE), with values of 6.27 and 6.21, re‑
spectively, and demonstrated efficient cellular penetration, consistent with their ability to
target the cytosolic enzyme MAGL. To further elucidate the binding mode, compound
64 was co‑crystallized with hMAGL. The cyclopentyl substituent in para position of the
pyridine nitrogen atom causes a flip of the pyridine moiety enabling additional hydro‑
gen bond interaction with a water molecule and facilitating lipophilic contacts within a
hydrophobic sub‑pocket of the enzyme active site. The 3‑(cyclopropyl‑1H‑1,2,4‑triazol‑1‑
yl)‑2‑azaspiro [3.3]heptane fragment forms key hydrogen bonds with Met123, Ala51 and
Arg57, as well as with two water molecules, and establishes π‑π stacking interactions with
Tyr194. Finally, ABPP experiments confirmed the high selectivity of these compounds
toward MAGL. Overall, this study highlights the potential of integrating miniaturized
HTE and deep learning approaches to foster the discovery and optimization of potent
MAGL inhibitors.

N‑Benzyldienamides

In 2025, the research group led by Prof. Manzanares reported the identification of
a novel MAGL inhibitor, MCH11 ((9Z,12Z)‑N‑benzyl‑2‑hydroxyoctadeca‑9,12‑dienamide,
compound 66, Figure 8), as a potential therapeutic agent for the treatment of alcohol use
disorder (AUD) [139]. Notably, the original article neither reports the design or synthetic
route of MCH11 (66), nor provides the IC50 value relative to enzymatic inhibitory activity
on hMAGL. To date, such information has not been reported in other scientific publications
or patent documents. In fact, in this study, the compound MCH11 (66) was commercially
supplied by Medalchemy Laboratories (Alicante, Spain). Regarding its chemical structure,
MCH11 (66) features a long alkyl chain composed of 17 carbon atoms bearing two double
bonds, linked to a polar N‑benzylacetamide group. This amphiphilic architecture closely
resembles that of the endogenous MAGL substrate 2‑AG. From a pharmacological point
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of view, MCH11 (66) was extensively characterized in vivo. The authors first assessed the
pharmacokinetic profile of MCH11 (66) following acute intraperitoneal administration at
different doses, demonstrating that the compound reached peak plasma concentrations
approximately one hour after dosing and preferentially modulated 2‑AG and related en‑
docannabinoids. Behavioral evaluations revealed that MCH11 (66) produced anxiolytic‑
and antidepressant‑like effects without inducing locomotor deficits or impairing cognitive
performance, while also significantly reducing impulsivity. The compound was shown
to markedly decrease ethanol consumption, preference, and motivation to drink in both
voluntary ethanol consumption (VEC) and oral self‑administration (OEA) models. No‑
tably, MCH11 (66) displayed synergistic effects when co‑administered with topiramate
(TPO), an election drug used in clinic to manage AUD. Importantly, pronounced sex‑
dependent differences were observed across MCH11 (66) pharmacological effects, as the
combined treatment with TPO displayed greater efficacy than either agent alone in male
mice, whereas in female mice the improvement associated with the combination therapy
was less pronounced. Collectively, these findings provide the first evidence that MCH11
(66) exerts anxiolytic and antidepressant‑like effects while reducing the propensity to con‑
sume ethanol potentially through MAGL inhibition, supporting its potential as a promis‑
ing pharmacological candidate for the treatment of AUD.

Esters

Very recently, Bononi and co‑workers synthesized a small series of cetylated fatty
acids to investigate their potential as MAGL inhibitors [140]. Cetylated fatty acids have
widely been used in topical formulations for the treatment of musculoskeletal disorders,
although the mechanism of action underlying their analgesic and anti‑inflammatory ef‑
fects has not yet been fully elucidated. Among the nine derivatives developed, the hexade‑
cyl decanoate analogue 67 (Figure 8) emerged as the most potent inhibitor of this series
showing the highest single‑point inhibition (47.1%) when tested at 50 µM concentration.
Owing to this promising result, a full dose–response study was performed, confirming the
inhibitory activity of compound 67 on hMAGL with an IC50 value of 36 µM. Overall, these
findings support the hypothesis that the analgesic and anti‑inflammatory effects exerted
by cetylated fatty acids may in part arise from MAGL inhibition.

3. Conclusions
MAGL has emerged over the last decade as a highly attractive pharmacological target

due to its key regulatory role at the intersection between the ECS and lipid metabolism. By
hydrolyzing 2‑AG and, more generally, MAGs, MAGL is involved in several pathological
processes, including inflammation, pain, neurodegeneration, metabolic disorders and can‑
cer. Consequently, major research efforts have been directed toward the identification of
selective MAGL modulators capable of finely tuning the activity of this enzyme.

As highlighted throughout this comprehensive review, the period from 2020 to the
present has witnessed significant progress in the discovery and development of novel
MAGL‑targeting agents. A wide structural diversity of compounds has been reported,
ranging from classical enzyme inhibitors to more innovative approaches (Sections 2.1–2.3),
including the development of MAGL degraders, particularly anti‑MAGL PROTAC 26. All
selective MAGL modulators discussed in this review are summarized in Table 1, provid‑
ing an organized overview of their classification structural features, mechanisms of action
and origin.
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Table 1. Summary of selective MAGL modulators developed from 2020 to 2026.

MAGL
Modulators

Mechanism of
Inhibition Origin Chemical Class Compound MAGL Inhibition or

Degradation Activity
Selectivity Toward

Other Serine Hydrolases Ref

Inhibitors

Irreversible Synthetic

Carbamates 21 IC50 = 1 µM n.r. [56]

Disulfides 22 IC50 = 1.89 µM FAAH: n.i. [57]

Ureas (3R,4S)‑23 IC50 = 0.021 nM

Off‑targets: carboxyl esterases
(CES), ABHD12, ABHD6 and

LYPLA2
(inhibition values n.r.)

[60]

Nitrile‑based
compounds 24 IC50 = 2.05 µM n.r. [61]

Esters 25 IC50 = 21 µM FAAH: IC50 > 100 µM [63]

PROTAC JN‑PROTAC (26) DC50 = 60.28 nM n.r. [65]

Reversible

Natural
Flavones 8‑PN (27) IC50 = 9.5 µM n.r. [69]

Triterpenoids NGR1 (28) n.r. n.r. [74]

Synthetic

Diazetidinyl
diamides

29
IC50 < 5 nM

n.r.
[79]30 n.r.

31 FAAH: IC50 > 10 µM

Benzothiazolinones 32 IC50 = 34.1 nM FAAH: IC50 = 9.38 µM
ABHD6: IC50 = 3.50 µM [80]

Ureas 33 IC50 = 19.6 µM FAAH: 82% activity at 25 µM [83]

Sulfonamides 34 IC50 = 34.7 µM n.r. [84]

Piperidines and
piperazines

35 IC50 = 14.75 nM FAAH: IC50 > 100 µM [85,86]

36 IC50 = 10.3 nM FAAH: IC50 > 10 µM [87]

DC630‑8 (37) IC50 = 2.84 µM n.r. [89]

38 IC50 = 18 nM FAAH, ABHD6 and
ABHD12: IC50 > 10 µM [90]

39 IC50 = 1.26 nM FAAH: IC50 > 20 µM [91]

40 IC50 = 2.0 nM FAAH, ABHD6 and
ABHD12: IC50 > 10 µM [92]
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Table 1.Cont.

MAGL
Modulators

Mechanism of
Inhibition Origin Chemical Class Compound MAGL Inhibition or

Degradation Activity
Selectivity Toward

Other Serine Hydrolases Ref

41 IC50 = 5.2 nM FAAH, ABHD6 and
ABHD12: IC50 > 10 µM [94]

42 IC50 = 14.6 µM n.r. [95]

43 IC50 = 68.8 µM FAAH: IC50 > 100 µM [96]

LEI‑515 (44) pIC50 = 9.3
(IC50 = 0.501 nM)

FAAH: n.i.
ABHD6, ABHD12 and

DAGL‑α:
>500‑fold selectivity

[97,98]

M‑18C (45) IC50 = 662.6 nM n.r. [99,100]

46 pIC50 = 7.1
(IC50 = 79.4 nM) ABHD6: <50% inhibition [101]

47 pIC50 = 8.0
(IC50 = 10 nM) FAAH and ABHD6: n.i. [102]

Spiro carbamates 48 IC50 = 6.2 nM FAAH and ABHD6: IC50 >
100 µM [103,104]

cis‑Hexahydro‑
pyrido‑oxazinones 49 IC50 = 32 nM FAAH, ABHD6, ABHD12 and

DAGL‑α: IC50 > 10 µM [105]

Anilides 50 IC50 = 0.34 µM FAAH: IC50 = 4.2 µM [106]

Undefined Natural

Alkaloids Dehydrocorydaline
(DHC, 51) IC50 = 240.1 µM n.r. [107]

γ‑Lactones Salinipostin N (52) IC50 = 178 nM n.r. [108]

Terpenes and
terpenoids

Cryptotanshinone
(53)

pIC50 = 4.9
(IC50 = 12.6 µM)

ABHD6 and ABHD12: IC50 >
100 µM [109]

β‑Caryophyllene
(BCP, 54) IC50 = 15.8 µM n.r. [112]

Acetyl‑11‑keto‑β‑
boswellic acid
(AKBA, 55)

n.r. n.r. [121]

Phytosterols β‑sitosterol (56) IC50 = 8.10 µg/mL
(IC50 = 19.5 µM) n.r. [123]
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Table 1.Cont.

MAGL
Modulators

Mechanism of
Inhibition Origin Chemical Class Compound MAGL Inhibition or

Degradation Activity
Selectivity Toward

Other Serine Hydrolases Ref

Glycosides Cistanoside F (CF,
57) n.r. n.r. [124]

Indolic derivatives Melatonin (MLT, 58) n.r. n.r. [131]

Synthetic

Benzimidazoles Rabeprazole (59) IC50 = 4.2 µM n.r. [132]

Pyrrolidin‑2‑ones
60 IC50 = 9.4 nM FAAH: IC50 > 50 µM [133]

61 IC50 = 7.6 nM FAAH: IC50 = 68 µM [134]

Azaglycinamides 62 IC50 = 21.05 µM n.r. [136]

Piperazines and their
bioisosteres

Cetirizine (63) IC50 = 9.39 µM n.r. [137]

64 IC50 = 0.1 nM Selective for MAGL
(inhibition values n.r.) [138]

65 IC50 = 0.6 nM

N‑Benzyldienamides MCH11 (66) n.r. n.r. [139]

Esters 67 IC50 = 36 µM n.r. [140]
n.r. = not reported. n.i.= no inhibition.
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Our analysis of the literature indicates that the most recently developed irreversible
MAGL inhibitors are predominantly based on fully synthetic small‑molecule scaffolds
(Section 2.1). A similar trend has been observed for recently developed reversible MAGL
inhibitors, which are largely represented by piperidine‑ and piperazine‑based derivatives,
with only a few examples derived from natural sources (Section 2.2). In contrast, com‑
pounds with an undefined mechanism of MAGL inhibition appear to be more evenly dis‑
tributed between natural and synthetic compounds (Section 2.3). This observation likely
reflects the fact that many studies reporting MAGL inhibition primarily focus on the iden‑
tification of bioactive compounds, while detailed mechanistic characterization is often per‑
formed at a subsequent stage. At the same time, these findings highlight the continued
interest in natural products as valuable starting points for the development of new MAGL‑
targeting therapeutic strategies.

Notably, the class of reversible MAGL inhibitors appears to be more populated than
that of irreversible inhibitors, reflecting the growing interest in reversible modulation of
MAGL activity. This trend is driven by the increasing awareness of potential long‑term
effects associated with chronic MAGL blockade, which has prompted the identification of
compounds capable of achieving a more controlled modulation of enzyme activity without
affecting the ECS.

Importantly, recent years have also seen the emergence of innovative strategies aimed
at modulating MAGL through mechanisms that go beyond classical enzyme inhibition
(Section 2.1, Section 2.1.6. Miscellaneous). Approaches based on TPD, such as PROTAC
technology, are opening new perspectives for both the pharmacological modulation and
the biological investigation of MAGL. These strategies may provide complementary op‑
portunities to better understand the complex physiological and pathological roles of this
enzyme. In addition, increasing attention is being directed toward combinatorial thera‑
peutic approaches involving MAGL modulation with the aim of simultaneously affecting
lipid metabolic pathways and the tumor microenvironment [141].

Overall, the rapid expansion of the chemical space of MAGL modulators has been
strongly supported by advances in medicinal chemistry, including machine learning and
improved biochemical methods for assessing MAGL activity. Indeed, the integration
of these multidisciplinary approaches plays a crucial role in the identification of next‑
generation MAGL modulators with improved potency, selectivity and pharmacologi‑
cal profiles.

Several emerging research directions may further broaden the therapeutic opportu‑
nities offered by targeting MAGL. For example, the identification of allosteric modulators
of MAGL remains an unexplored research area that could expand the range of pharma‑
cological strategies available for regulating this enzyme. Furthermore, growing interest
is being directed toward multi‑target strategies, as exemplified by the development of
dual MAGL/FAAH inhibitors, with the aim of simultaneously modulating complemen‑
tary pathways involved in endocannabinoid signaling and disease progression. Recent ad‑
vances in artificial intelligence and machine learning are also beginning to impact MAGL
drug discovery. For example, AI‑assisted hit‑to‑lead optimization workflows integrating
graph neural networks, reaction outcome prediction, potency estimation, and ADMET
modeling have recently enabled the rapid identification of highly potent MAGL inhibitors,
highlighting the potential of data‑driven approaches to accelerate future ligand discovery
and optimization [138].

From a translational perspective, clinical development of MAGL‑targeting agents re‑
mains limited. Although the clinical evaluation of ABX‑1431 (14) has demonstrated the
feasibility of advancing MAGL inhibitors into human studies, the vast majority of MAGL
modulators reported to date, including those discussed in this review, remain at the pre‑
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clinical stage. This translational gap highlights the need for continued efforts to improve
pharmacokinetic and safety profiles, together with a deeper mechanistic characterization
of newly identified compounds, in order to facilitate their progression toward clinically rel‑
evant therapeutic strategies. Addressing these challenges will be essential to fully exploit
the therapeutic potential of MAGL modulation.

Taken together, the studies analyzed in this review provide an exhaustive overview
of the current landscape of MAGL modulators (2020–2026) and highlight promising direc‑
tions for future research aimed at the rational design of novel agents targeting this impor‑
tant enzyme.

Author Contributions: Conceptualization, G.B. and C.G.; methodology, G.B., E.L. and C.G.; vali‑
dation, G.B. and C.G.; formal analysis, G.B., E.L. and C.G.; investigation, G.B., E.L., C.L. and T.B.;
data curation, G.B., E.L., C.L. and T.B.; writing—original draft preparation, G.B., E.L., C.L. and C.G.;
writing—review and editing, G.B., E.L., C.L. and C.G.; visualization, S.B., M.M. and C.G.; super‑
vision, S.B., M.M. and C.G.; project administration, C.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Devane, W.A.; Dysarz, F.A.; Johnson, M.R.; Melvin, L.S.; Howlett, A.C. Determination and Characterization of a Cannabinoid

Receptor in Rat Brain. Mol. Pharmacol. 1988, 34, 605–613. [CrossRef]
2. Devane, W.A.; Hanuš, L.; Breuer, A.; Pertwee, R.G.; Stevenson, L.A.; Griffin, G.; Gibson, D.; Mandelbaum, A.; Etinger, A.; Me‑

choulam, R. Isolation and Structure of a Brain Constituent That Binds to the Cannabinoid Receptor. Science 1992, 258, 1946–1949.
[CrossRef] [PubMed]

3. Pertwee, R.G. Pharmacology of Cannabinoid CB1 and CB2 Receptors. Pharmacol. Ther. 1997, 74, 129–180. [CrossRef] [PubMed]
4. Atwood, B.K.; Mackie, K. CB2: A Cannabinoid Receptor with an Identity Crisis. Br. J. Pharmacol. 2010, 160, 467–479. [CrossRef]

[PubMed]
5. Piette, C.; Cui, Y.; Gervasi, N.; Venance, L. Lights on Endocannabinoid‑Mediated Synaptic Potentiation. Front. Mol. Neurosci.

2020, 13, 132. [CrossRef] [PubMed]
6. Ueda, N.; Tsuboi, K.; Uyama, T.; Ohnishi, T. Biosynthesis and Degradation of the Endocannabinoid 2‑arachidonoylglycerol.

BioFactors 2011, 37, 1–7. [CrossRef] [PubMed]
7. Tornqvist, H.; Belfrage, P. Purification and Some Properties of a Monoacylglycerol‑Hydrolyzing Enzyme of Rat Adipose Tissue.

J. Biol. Chem. 1976, 251, 813–819. [CrossRef]
8. Karlsson, M.; Contreras, J.A.; Hellman, U.; Tornqvist, H.; Holm, C. CDNA Cloning, Tissue Distribution, and Identification of

the Catalytic Triad of Monoglyceride Lipase. J. Biol. Chem. 1997, 272, 27218–27223. [CrossRef] [PubMed]
9. Dinh, T.P.; Carpenter, D.; Leslie, F.M.; Freund, T.F.; Katona, I.; Sensi, S.L.; Kathuria, S.; Piomelli, D. Brain Monoglyceride Lipase

Participating in Endocannabinoid Inactivation. Proc. Natl. Acad. Sci. USA 2002, 99, 10819–10824. [CrossRef] [PubMed]
10. Scalvini, L.; Piomelli, D.; Mor, M. Monoglyceride Lipase: Structure and Inhibitors. Chem. Phys. Lipids 2016, 197, 13–24. [Cross‑

Ref] [PubMed]
11. Labar, G.; Bauvois, C.; Borel, F.; Ferrer, J.; Wouters, J.; Lambert, D.M. Crystal Structure of the Human Monoacylglycerol Lipase,

a Key Actor in Endocannabinoid Signaling. ChemBioChem 2010, 11, 218–227. [CrossRef] [PubMed]
12. Zvonok, N.; Pandarinathan, L.; Williams, J.; Johnston, M.; Karageorgos, I.; Janero, D.R.; Krishnan, S.C.; Makriyannis, A. Covalent

Inhibitors of Human Monoacylglycerol Lipase: Ligand‑Assisted Characterization of the Catalytic Site by Mass Spectrometry and
Mutational Analysis. Chem. Biol. 2008, 15, 854–862. [CrossRef] [PubMed]

13. Dinh, T.P.; Freund, T.F.; Piomelli, D. A Role for Monoglyceride Lipase in 2‑Arachidonoylglycerol Inactivation. Chem. Phys. Lipids
2002, 121, 149–158. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31132353

https://doi.org/10.1016/S0026-895X(25)09876-1
https://doi.org/10.1126/science.1470919
https://www.ncbi.nlm.nih.gov/pubmed/1470919
https://doi.org/10.1016/S0163-7258(97)82001-3
https://www.ncbi.nlm.nih.gov/pubmed/9336020
https://doi.org/10.1111/j.1476-5381.2010.00729.x
https://www.ncbi.nlm.nih.gov/pubmed/20590558
https://doi.org/10.3389/fnmol.2020.00132
https://www.ncbi.nlm.nih.gov/pubmed/32848597
https://doi.org/10.1002/biof.131
https://www.ncbi.nlm.nih.gov/pubmed/21328621
https://doi.org/10.1016/S0021-9258(17)33857-7
https://doi.org/10.1074/jbc.272.43.27218
https://www.ncbi.nlm.nih.gov/pubmed/9341166
https://doi.org/10.1073/pnas.152334899
https://www.ncbi.nlm.nih.gov/pubmed/12136125
https://doi.org/10.1016/j.chemphyslip.2015.07.011
https://doi.org/10.1016/j.chemphyslip.2015.07.011
https://www.ncbi.nlm.nih.gov/pubmed/26216043
https://doi.org/10.1002/cbic.200900621
https://www.ncbi.nlm.nih.gov/pubmed/19957260
https://doi.org/10.1016/j.chembiol.2008.06.008
https://www.ncbi.nlm.nih.gov/pubmed/18721756
https://doi.org/10.1016/S0009-3084(02)00150-0
https://www.ncbi.nlm.nih.gov/pubmed/12505697
https://doi.org/10.3390/molecules31132353


Molecules 2026, 31, 2353 42 of 48

14. Riccardi, L.; Arencibia, J.M.; Bono, L.; Armirotti, A.; Girotto, S.; De Vivo, M. Lid Domain Plasticity and Lipid Flexibility Modulate
Enzyme Specificity in Human Monoacylglycerol Lipase. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2017, 1862, 441–451.
[CrossRef] [PubMed]

15. Mulvihill, M.M.; Nomura, D.K. Therapeutic Potential of Monoacylglycerol Lipase Inhibitors. Life Sci. 2013, 92, 492–497. [Cross‑
Ref] [PubMed]

16. Casas‑Godoy, L.; Duquesne, S.; Bordes, F.; Sandoval, G.; Marty, A. Lipases: An Overview. In Methods in Molecular Biology;
Springer: Berlin/Heidelberg, Germany, 2012; pp. 3–30.

17. Baggelaar, M.P.; Maccarrone, M.; van der Stelt, M. 2‑Arachidonoylglycerol: A Signaling Lipid with Manifold Actions in the
Brain. Prog. Lipid Res. 2018, 71, 1–17. [CrossRef] [PubMed]

18. Rajesh, M.; Pan, H.; Mukhopadhyay, P.; Bátkai, S.; Osei‑Hyiaman, D.; Haskó, G.; Liaudet, L.; Gao, B.; Pacher, P. Pivotal Advance:
Cannabinoid‑2 Receptor Agonist HU‑308 Protects against Hepatic Ischemia/Reperfusion Injury by Attenuating Oxidative Stress,
Inflammatory Response, and Apoptosis. J. Leukoc. Biol. 2007, 82, 1382–1389. [CrossRef] [PubMed]

19. Sánchez, A.J.; García‑Merino, A. Neuroprotective Agents: Cannabinoids. Clin. Immunol. 2012, 142, 57–67. [CrossRef] [PubMed]
20. Di Marzo, V.; Goparaju, S.K.; Wang, L.; Liu, J.; Bátkai, S.; Járai, Z.; Fezza, F.; Miura, G.I.; Palmiter, R.D.; Sugiura, T.; et al. Leptin‑

Regulated Endocannabinoids Are Involved in Maintaining Food Intake. Nature 2001, 410, 822–825. [CrossRef] [PubMed]
21. Maldonado, R.; Valverde, O.; Berrendero, F. Involvement of the Endocannabinoid System in Drug Addiction. Trends Neurosci.

2006, 29, 225–232. [CrossRef] [PubMed]
22. Buisseret, B.; Alhouayek, M.; Guillemot‑Legris, O.; Muccioli, G.G. Endocannabinoid and Prostanoid Crosstalk in Pain. Trends

Mol. Med. 2019, 25, 882–896. [CrossRef] [PubMed]
23. Xu, J.‑Y.; Chen, C. Endocannabinoids in Synaptic Plasticity and Neuroprotection. Neuroscientist 2015, 21, 152–168. [CrossRef]

[PubMed]
24. Nomura, D.K.; Morrison, B.E.; Blankman, J.L.; Long, J.Z.; Kinsey, S.G.; Marcondes, M.C.G.; Ward, A.M.; Hahn, Y.K.; Lichtman,

A.H.; Conti, B.; et al. Endocannabinoid Hydrolysis Generates Brain Prostaglandins That Promote Neuroinflammation. Science
2011, 334, 809–813. [CrossRef] [PubMed]

25. Zhang, J.; Hu, M.; Teng, Z.; Tang, Y.‑P.; Chen, C. Synaptic and Cognitive Improvements by Inhibition of 2‑AG Metabolism
Are through Upregulation of MicroRNA‑188‑3p in a Mouse Model of Alzheimer’s Disease. J. Neurosci. 2014, 34, 14919–14933.
[CrossRef] [PubMed]

26. Pasquarelli, N.; Porazik, C.; Bayer, H.; Buck, E.; Schildknecht, S.; Weydt, P.; Witting, A.; Ferger, B. Contrasting Effects of Selective
MAGL and FAAH Inhibition on Dopamine Depletion and GDNF Expression in a Chronic MPTP Mouse Model of Parkinson’s
Disease. Neurochem. Int. 2017, 110, 14–24. [CrossRef] [PubMed]

27. Hernández‑Torres, G.; Cipriano, M.; Hedén, E.; Björklund, E.; Canales, Á.; Zian, D.; Feliú, A.; Mecha, M.; Guaza, C.; Fowler, C.J.;
et al. A Reversible and Selective Inhibitor of Monoacylglycerol Lipase Ameliorates Multiple Sclerosis. Angew. Chem. Int. Ed.
2014, 53, 13765–13770. [CrossRef] [PubMed]

28. Ramesh, D.; Ross, G.R.; Schlosburg, J.E.; Owens, R.A.; Abdullah, R.A.; Kinsey, S.G.; Long, J.Z.; Nomura, D.K.; Sim‑Selley, L.J.;
Cravatt, B.F.; et al. Blockade of Endocannabinoid Hydrolytic Enzymes Attenuates Precipitated Opioid Withdrawal Symptoms
in Mice. J. Pharmacol. Exp. Ther. 2011, 339, 173–185. [CrossRef] [PubMed]

29. Seif, T.; Makriyannis, A.; Kunos, G.; Bonci, A.; Hopf, F.W. The Endocannabinoid 2‑Arachidonoylglycerol Mediates D1 and D2
Receptor Cooperative Enhancement of Rat Nucleus Accumbens Core Neuron Firing. Neuroscience 2011, 193, 21–33. [CrossRef]
[PubMed]

30. Nomura, D.K.; Long, J.Z.; Niessen, S.; Hoover, H.S.; Ng, S.‑W.; Cravatt, B.F. Monoacylglycerol Lipase Regulates a Fatty Acid
Network That Promotes Cancer Pathogenesis. Cell 2010, 140, 49–61. [CrossRef] [PubMed]

31. Pagano, E.; Borrelli, F.; Orlando, P.; Romano, B.; Monti, M.; Morbidelli, L.; Aviello, G.; Imperatore, R.; Capasso, R.; Piscitelli, F.;
et al. Pharmacological Inhibition of MAGL Attenuates Experimental Colon Carcinogenesis. Pharmacol. Res. 2017, 119, 227–236.
[CrossRef] [PubMed]

32. Long, J.Z.; Nomura, D.K.; Cravatt, B.F. Characterization of Monoacylglycerol Lipase Inhibition Reveals Differences in Central
and Peripheral Endocannabinoid Metabolism. Chem. Biol. 2009, 16, 744–753. [CrossRef] [PubMed]

33. Mills, G.B.; Moolenaar, W.H. The Emerging Role of Lysophosphatidic Acid in Cancer. Nat. Rev. Cancer 2003, 3, 582–591. [Cross‑
Ref] [PubMed]

34. Gil‑Ordóñez, A.; Martín‑Fontecha, M.; Ortega‑Gutiérrez, S.; López‑Rodríguez, M.L. Monoacylglycerol Lipase (MAGL) as a
Promising Therapeutic Target. Biochem. Pharmacol. 2018, 157, 18–32. [CrossRef] [PubMed]

35. Bertrand, T.; Augé, F.; Houtmann, J.; Rak, A.; Vallée, F.; Mikol, V.; Berne, P.F.; Michot, N.; Cheuret, D.; Hoornaert, C.; et al.
Structural Basis for Human Monoglyceride Lipase Inhibition. J. Mol. Biol. 2010, 396, 663–673. [CrossRef] [PubMed]

36. Kapanda, C.N.; Muccioli, G.G.; Labar, G.; Poupaert, J.H.; Lambert, D.M. Bis(Dialkylaminethiocarbonyl)Disulfides as Potent and
Selective Monoglyceride Lipase Inhibitors. J. Med. Chem. 2009, 52, 7310–7314. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31132353

https://doi.org/10.1016/j.bbalip.2017.01.002
https://www.ncbi.nlm.nih.gov/pubmed/28088576
https://doi.org/10.1016/j.lfs.2012.10.025
https://doi.org/10.1016/j.lfs.2012.10.025
https://www.ncbi.nlm.nih.gov/pubmed/23142242
https://doi.org/10.1016/j.plipres.2018.05.002
https://www.ncbi.nlm.nih.gov/pubmed/29751000
https://doi.org/10.1189/jlb.0307180
https://www.ncbi.nlm.nih.gov/pubmed/17652447
https://doi.org/10.1016/j.clim.2011.02.010
https://www.ncbi.nlm.nih.gov/pubmed/21420365
https://doi.org/10.1038/35071088
https://www.ncbi.nlm.nih.gov/pubmed/11298451
https://doi.org/10.1016/j.tins.2006.01.008
https://www.ncbi.nlm.nih.gov/pubmed/16483675
https://doi.org/10.1016/j.molmed.2019.04.009
https://www.ncbi.nlm.nih.gov/pubmed/31160168
https://doi.org/10.1177/1073858414524632
https://www.ncbi.nlm.nih.gov/pubmed/24571856
https://doi.org/10.1126/science.1209200
https://www.ncbi.nlm.nih.gov/pubmed/22021672
https://doi.org/10.1523/JNEUROSCI.1165-14.2014
https://www.ncbi.nlm.nih.gov/pubmed/25378159
https://doi.org/10.1016/j.neuint.2017.08.003
https://www.ncbi.nlm.nih.gov/pubmed/28826718
https://doi.org/10.1002/anie.201407807
https://www.ncbi.nlm.nih.gov/pubmed/25298214
https://doi.org/10.1124/jpet.111.181370
https://www.ncbi.nlm.nih.gov/pubmed/21719468
https://doi.org/10.1016/j.neuroscience.2011.07.055
https://www.ncbi.nlm.nih.gov/pubmed/21821098
https://doi.org/10.1016/j.cell.2009.11.027
https://www.ncbi.nlm.nih.gov/pubmed/20079333
https://doi.org/10.1016/j.phrs.2017.02.002
https://www.ncbi.nlm.nih.gov/pubmed/28193521
https://doi.org/10.1016/j.chembiol.2009.05.009
https://www.ncbi.nlm.nih.gov/pubmed/19635411
https://doi.org/10.1038/nrc1143
https://doi.org/10.1038/nrc1143
https://www.ncbi.nlm.nih.gov/pubmed/12894246
https://doi.org/10.1016/j.bcp.2018.07.036
https://www.ncbi.nlm.nih.gov/pubmed/30059673
https://doi.org/10.1016/j.jmb.2009.11.060
https://www.ncbi.nlm.nih.gov/pubmed/19962385
https://doi.org/10.1021/jm901323s
https://www.ncbi.nlm.nih.gov/pubmed/19883085
https://doi.org/10.3390/molecules31132353


Molecules 2026, 31, 2353 43 of 48

37. King, A.; Lodola, A.; Carmi, C.; Fu, J.; Mor, M.; Piomelli, D. A Critical Cysteine Residue in Monoacylglycerol Lipase Is Targeted
by a New Class of Isothiazolinone‑based Enzyme Inhibitors. Br. J. Pharmacol. 2009, 157, 974–983. [CrossRef] [PubMed]

38. Kapanda, C.N.; Muccioli, G.G.; Labar, G.; Draoui, N.; Lambert, D.M.; Poupaert, J.H. Search for Monoglyceride Lipase Inhibitors:
Synthesis and Screening of Arylthioamides Derivatives. Med. Chem. Res. 2009, 18, 243–254. [CrossRef]

39. Kapanda, C.N.; Masquelier, J.; Labar, G.; Muccioli, G.G.; Poupaert, J.H.; Lambert, D.M. Synthesis and Pharmacological
Evaluation of 2,4‑Dinitroaryldithiocarbamate Derivatives as Novel Monoacylglycerol Lipase Inhibitors. J. Med. Chem. 2012,
55, 5774–5783. [CrossRef] [PubMed]

40. Saario, S.M.; Savinainen, J.R.; Laitinen, J.T.; Järvinen, T.; Niemi, R. Monoglyceride Lipase‑like Enzymatic Activity Is Responsible
for Hydrolysis of 2‑Arachidonoylglycerol in Rat Cerebellar Membranes. Biochem. Pharmacol. 2004, 67, 1381–1387. [CrossRef]
[PubMed]

41. Long, J.Z.; Li, W.; Booker, L.; Burston, J.J.; Kinsey, S.G.; Schlosburg, J.E.; Pavón, F.J.; Serrano, A.M.; Selley, D.E.; Parsons, L.H.;
et al. Selective Blockade of 2‑Arachidonoylglycerol Hydrolysis Produces Cannabinoid Behavioral Effects. Nat. Chem. Biol. 2009,
5, 37–44. [CrossRef] [PubMed]

42. Chang, J.W.; Niphakis, M.J.; Lum, K.M.; Cognetta, A.B.; Wang, C.; Matthews, M.L.; Niessen, S.; Buczynski, M.W.; Parsons,
L.H.; Cravatt, B.F. Highly Selective Inhibitors of Monoacylglycerol Lipase Bearing a Reactive Group That Is Bioisosteric with
Endocannabinoid Substrates. Chem. Biol. 2012, 19, 579–588. [CrossRef] [PubMed]

43. Niphakis, M.J.; Cognetta, A.B.; Chang, J.W.; Buczynski, M.W.; Parsons, L.H.; Byrne, F.; Burston, J.J.; Chapman, V.; Cravatt, B.F.
Evaluation of NHS Carbamates as a Potent and Selective Class of Endocannabinoid Hydrolase Inhibitors. ACS Chem. Neurosci.
2013, 4, 1322–1332. [CrossRef] [PubMed]

44. Hoor‑Naert, C. Triazolopyridine Carboxamide Derivatives, Preparation Thereof and Therapeutic Use Thereof. WO2008145842,
4 December 2008.

45. Cisar, J.S.; Weber, O.D.; Clapper, J.R.; Blankman, J.L.; Henry, C.L.; Simon, G.M.; Alexander, J.P.; Jones, T.K.; Ezekowitz, R.A.B.;
O’Neill, G.P.; et al. Identification of ABX‑1431, a Selective Inhibitor of Monoacylglycerol Lipase and Clinical Candidate for
Treatment of Neurological Disorders. J. Med. Chem. 2018, 61, 9062–9084. [CrossRef] [PubMed]

46. Jiang, M.; van der Stelt, M. Activity‑Based Protein Profiling Delivers Selective Drug Candidate ABX‑1431, a Monoacylglycerol Li‑
pase Inhibitor, To Control Lipid Metabolism in Neurological Disorders. J. Med. Chem. 2018, 61, 9059–9061. [CrossRef] [PubMed]

47. Schlosburg, J.E.; Blankman, J.L.; Long, J.Z.; Nomura, D.K.; Pan, B.; Kinsey, S.G.; Nguyen, P.T.; Ramesh, D.; Booker, L.; Burston,
J.J.; et al. Chronic Monoacylglycerol Lipase Blockade Causes Functional Antagonism of the Endocannabinoid System. Nat.
Neurosci. 2010, 13, 1113–1119. [CrossRef] [PubMed]

48. King, A.R.; Dotsey, E.Y.; Lodola, A.; Jung, K.M.; Ghomian, A.; Qiu, Y.; Fu, J.; Mor, M.; Piomelli, D. Discovery of Potent and
Reversible Monoacylglycerol Lipase Inhibitors. Chem. Biol. 2009, 16, 1045–1052. [CrossRef] [PubMed]

49. Chicca, A.; Marazzi, J.; Gertsch, J. The Antinociceptive Triterpene β‑amyrin Inhibits 2‑arachidonoylglycerol (2‑AG) Hydrolysis
without Directly Targeting Cannabinoid Receptors. Br. J. Pharmacol. 2012, 167, 1596–1608. [CrossRef] [PubMed]

50. Chevalier, K.M.; Dax, S.L.; Flores, C.M.; Liu, L.; Macielag, M.J.; McDonnel, M.E.; Nelen, M.I.; Prouty, S.; Todd, M.; Zhang, S.;
et al. Heteroaromatic and Aromatic Piperazinyl Azetidinyl Amides as Monoacylglycerol Lipase Inhibitors. WO2010124121, 28
October 2010.

51. Schalk‑Hihi, C.; Schubert, C.; Alexander, R.; Bayoumy, S.; Clemente, J.C.; Deckman, I.; DesJarlais, R.L.; Dzordzorme, K.C.; Flores,
C.M.; Grasberger, B.; et al. Crystal Structure of a Soluble Form of Human Monoglyceride Lipase in Complex with an Inhibitor
at 1.35 Å Resolution. Protein Sci. 2011, 20, 670–683. [CrossRef] [PubMed]

52. Bononi, G.; Granchi, C.; Lapillo, M.; Giannotti, M.; Nieri, D.; Fortunato, S.; Boustani, M.E.; Caligiuri, I.; Poli, G.; Carlson, K.E.;
et al. Discovery of Long‑Chain Salicylketoxime Derivatives as Monoacylglycerol Lipase (MAGL) Inhibitors. Eur. J. Med. Chem.
2018, 157, 817–836. [CrossRef] [PubMed]

53. Granchi, C.; Lapillo, M.; Glasmacher, S.; Bononi, G.; Licari, C.; Poli, G.; el Boustani, M.; Caligiuri, I.; Rizzolio, F.; Gertsch, J.; et al.
Optimization of a Benzoylpiperidine Class Identifies a Highly Potent and Selective Reversible Monoacylglycerol Lipase (MAGL)
Inhibitor. J. Med. Chem. 2019, 62, 1932–1958. [CrossRef] [PubMed]

54. Bononi, G.; Landucci, E.; Di Stefano, M.; Piazza, L.; Bertini, S.; Macchia, M.; Granchi, C. Methods for Assessing MAGL Enzymatic
Activity: An Extensive Review of Past and Emerging Approaches. Int. J. Mol. Sci. 2025, 26, 9829. [CrossRef] [PubMed]

55. O’Hara, F.; Kuhn, B.; Grether, U. Exploring The Therapeutic Landscape Of Monoacylglycerol Lipase (MAGL) Inhibitors: Ad‑
vances In Small‑Molecule Discovery. In Medicinal Chemistry Reviews; American Chemical Society: Washington, DC, USA, 2025;
pp. 59–81.

56. Hassen, A.K.; Šícho, M.; van Aalst, Y.J.; Huizenga, M.C.W.; Reynolds, D.N.R.; Luukkonen, S.; Bernatavicius, A.; Clevert, D.‑A.;
Janssen, A.P.A.; van Westen, G.J.P.; et al. Generate What You Can Make: Achieving in‑House Synthesizability with Readily
Available Resources in de Novo Drug Design. J. Cheminform. 2025, 17, 41. [CrossRef] [PubMed]

57. Omran, Z. New Disulfiram Derivatives as MAGL‑Selective Inhibitors. Molecules 2021, 26, 3296. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31132353

https://doi.org/10.1111/j.1476-5381.2009.00276.x
https://www.ncbi.nlm.nih.gov/pubmed/19486005
https://doi.org/10.1007/s00044-008-9123-2
https://doi.org/10.1021/jm3006004
https://www.ncbi.nlm.nih.gov/pubmed/22651858
https://doi.org/10.1016/j.bcp.2003.12.003
https://www.ncbi.nlm.nih.gov/pubmed/15013854
https://doi.org/10.1038/nchembio.129
https://www.ncbi.nlm.nih.gov/pubmed/19029917
https://doi.org/10.1016/j.chembiol.2012.03.009
https://www.ncbi.nlm.nih.gov/pubmed/22542104
https://doi.org/10.1021/cn400116z
https://www.ncbi.nlm.nih.gov/pubmed/23731016
https://doi.org/10.1021/acs.jmedchem.8b00951
https://www.ncbi.nlm.nih.gov/pubmed/30067909
https://doi.org/10.1021/acs.jmedchem.8b01405
https://www.ncbi.nlm.nih.gov/pubmed/30354159
https://doi.org/10.1038/nn.2616
https://www.ncbi.nlm.nih.gov/pubmed/20729846
https://doi.org/10.1016/j.chembiol.2009.09.012
https://www.ncbi.nlm.nih.gov/pubmed/19875078
https://doi.org/10.1111/j.1476-5381.2012.02059.x
https://www.ncbi.nlm.nih.gov/pubmed/22646533
https://doi.org/10.1002/pro.596
https://www.ncbi.nlm.nih.gov/pubmed/21308848
https://doi.org/10.1016/j.ejmech.2018.08.038
https://www.ncbi.nlm.nih.gov/pubmed/30144699
https://doi.org/10.1021/acs.jmedchem.8b01483
https://www.ncbi.nlm.nih.gov/pubmed/30715876
https://doi.org/10.3390/ijms26199829
https://www.ncbi.nlm.nih.gov/pubmed/41097094
https://doi.org/10.1186/s13321-024-00910-4
https://www.ncbi.nlm.nih.gov/pubmed/40155970
https://doi.org/10.3390/molecules26113296
https://www.ncbi.nlm.nih.gov/pubmed/34070869
https://doi.org/10.3390/molecules31132353


Molecules 2026, 31, 2353 44 of 48

58. Labar, G.; Bauvois, C.; Muccioli, G.G.; Wouters, J.; Lambert, D.M. Disulfiram Is an Inhibitor of Human Purified Monoacylglycerol
Lipase, the Enzyme Regulating 2‑Arachidonoylglycerol Signaling. ChemBioChem 2007, 8, 1293–1297. [CrossRef] [PubMed]

59. Aaltonen, N.; Savinainen, J.R.; Ribas, C.R.; Rönkkö, J.; Kuusisto, A.; Korhonen, J.; Navia‑Paldanius, D.; Häyrinen, J.; Takabe, P.;
Käsnänen, H.; et al. Piperazine and Piperidine Triazole Ureas as Ultrapotent and Highly Selective Inhibitors of Monoacylglycerol
Lipase. Chem. Biol. 2013, 20, 379–390. [CrossRef] [PubMed]

60. Butini, S.; Grether, U.; Jung, K.‑M.; Ligresti, A.; Allarà, M.; Postmus, A.G.J.; Maramai, S.; Brogi, S.; Papa, A.; Carullo, G.; et al.
Development of Potent and Selective Monoacylglycerol Lipase Inhibitors. SARs, Structural Analysis, and Biological Characteri‑
zation. J. Med. Chem. 2024, 67, 1758–1782. [CrossRef] [PubMed]

61. Wang, J.; Shi, X.; Wang, J.; Zheng, Q.; Shao, P.; Liu, S. Discovery of New Covalent Inhibitors of Monoacylglycerol Lipase with
the Nitrile Warhead via SCARdock. Bioorg. Chem. 2025, 159, 108378. [CrossRef] [PubMed]

62. Song, Q.; Zeng, L.; Zheng, Q.; Liu, S. SCARdock: A Web Server and Manually Curated Resource for Discovering Covalent
Ligands. ACS Omega 2023, 8, 10397–10402. [CrossRef] [PubMed]

63. Ottria, R.; Casati, S.; Xynomilakis, O.; Veselinović, A.; Ciuffreda, P. Discovery of MAGL Inhibition by Lophine Derivatives: An
Unexpected Finding from Chemiluminescent Assay Development. Molecules 2025, 30, 1605. [CrossRef] [PubMed]

64. Kubryń, N.; Fijałkowski, Ł.; Nowaczyk, J.; Jamil, A.; Nowaczyk, A. PROTAC Technology as a New Tool for Modern Pharma‑
cotherapy. Molecules 2025, 30, 2123. [CrossRef] [PubMed]

65. Yuan, Z.; Guo, M.; Zhang, Y.; Deng, Y.; Sun, B.; Hou, Y.; Wang, X.; Jin, X.; Liu, Y.; Shi, B.; et al. MAGL Targeted PROTAC
Degrader Simultaneously Enhances P53 for Synergistic Treatment of Glioblastoma Stem Cell. Cell Death Discov. 2025, 11, 109.
[CrossRef] [PubMed]

66. Prager, B.C.; Bhargava, S.; Mahadev, V.; Hubert, C.G.; Rich, J.N. Glioblastoma Stem Cells: Driving Resilience through Chaos.
Trends Cancer 2020, 6, 223–235. [CrossRef] [PubMed]

67. Yin, J.; Kim, S.S.; Choi, E.; Oh, Y.T.; Lin, W.; Kim, T.‑H.; Sa, J.K.; Hong, J.H.; Park, S.H.; Kwon, H.J.; et al. ARS2/MAGL Signaling
in Glioblastoma Stem Cells Promotes Self‑Renewal and M2‑like Polarization of Tumor‑Associated Macrophages. Nat. Commun.
2020, 11, 2978. [CrossRef] [PubMed]

68. McAllister, L.A.; Butler, C.R.; Mente, S.; O’Neil, S.V.; Fonseca, K.R.; Piro, J.R.; Cianfrogna, J.A.; Foley, T.L.; Gilbert, A.M.; Harris,
A.R.; et al. Discovery of Trifluoromethyl Glycol Carbamates as Potent and Selective Covalent Monoacylglycerol Lipase (MAGL)
Inhibitors for Treatment of Neuroinflammation. J. Med. Chem. 2018, 61, 3008–3026. [CrossRef] [PubMed]

69. Tung, M.‑C.; Fung, K.‑M.; Hsu, H.‑M.; Tseng, T.‑S. Discovery of 8‑Prenylnaringenin from Hop (Humulus lupulus L.) as a
Potent Monoacylglycerol Lipase Inhibitor for Treatments of Neuroinflammation and Alzheimer’s Disease. RSC Adv. 2021,
11, 31062–31072. [CrossRef] [PubMed]

70. Böttner, M.; Christoffel, J.; Wuttke, W. Effects of Long‑Term Treatment with 8‑Prenylnaringenin and Oral Estradiol on the GH–
IGF‑1 Axis and Lipid Metabolism in Rats. J. Endocrinol. 2008, 198, 395–401. [CrossRef] [PubMed]

71. Thomas, A.; Okine, B.N.; Finn, D.P.; Masocha, W. Peripheral Deficiency and Antiallodynic Effects of 2‑Arachidonoyl Glycerol
in a Mouse Model of Paclitaxel‑Induced Neuropathic Pain. Biomed. Pharmacother. 2020, 129, 110456. [CrossRef] [PubMed]

72. Cavaletti, G.; Marmiroli, P.; Renn, C.L.; Dorsey, S.G.; Serra, M.P.; Quartu, M.; Meregalli, C. Cannabinoids: An Effective Treat‑
ment for Chemotherapy‑Induced Peripheral Neurotoxicity? Neurotherapeutics 2021, 18, 2324–2336. [CrossRef] [PubMed]

73. Al‑Romaiyan, A.; Masocha, W. Pristimerin, a Triterpene That Inhibits Monoacylglycerol Lipase Activity, Prevents the Develop‑
ment of Paclitaxel‑Induced Allodynia in Mice. Front. Pharmacol. 2022, 13, 944502. [CrossRef] [PubMed]

74. Al‑Musailem, M.; Masocha, W.; Al‑Romaiyan, A. Notoginsenoside R1, a Metabolite from Panax Notoginseng, Prevents
Paclitaxel‑Induced Peripheral Neuropathic Pain in Mice. Molecules 2025, 30, 3613. [CrossRef] [PubMed]

75. Aida, J.; Fushimi, M.; Kusumoto, T.; Sugiyama, H.; Arimura, N.; Ikeda, S.; Sasaki, M.; Sogabe, S.; Aoyama, K.; Koike, T. Design,
Synthesis, and Evaluation of Piperazinyl Pyrrolidin‑2‑Ones as a Novel Series of Reversible Monoacylglycerol Lipase Inhibitors.
J. Med. Chem. 2018, 61, 9205–9217. [CrossRef] [PubMed]

76. Luo, H.; Bao, Z.; Zhou, M.; Chen, Y.; Huang, Z. Notoginsenoside R1 Alleviates Spinal Cord Injury by Inhibiting Oxidative
Stress, Neuronal Apoptosis, and Inflammation via Activating the Nuclear Factor Erythroid 2 Related Factor 2/Heme Oxygenase‑
1 Signaling Pathway. Neuroreport 2022, 33, 451–462. [CrossRef] [PubMed]

77. Wang, M.; Liu, H.; Xu, L.; Li, M.; Zhao, M. The Protective Effect of Notoginsenoside R1 on Isoflurane‑Induced Neurological
Impairment in the Rats via Regulating MiR‑29a Expression and Neuroinflammation. Neuroimmunomodulation 2022, 29, 70–76.
[CrossRef] [PubMed]

78. Meng, X.; Sun, G.; Ye, J.; Xu, H.; Wang, H.; Sun, X. Notoginsenoside R1‑Mediated Neuroprotection Involves Estrogen Receptor‑
Dependent Crosstalk between Akt and ERK1/2 Pathways: A Novel Mechanism of Nrf2/ARE Signaling Activation. Free Radic.
Res. 2014, 48, 445–460. [CrossRef] [PubMed]

79. Zhu, B.; Connolly, P.J.; Zhang, S.‑P.; Chevalier, K.M.; Milligan, C.M.; Flores, C.M.; Macielag, M.J. The Discovery of Diazetidinyl
Diamides as Potent and Reversible Inhibitors of Monoacylglycerol Lipase (MAGL). Bioorg. Med. Chem. Lett. 2020, 30, 127198.
[CrossRef] [PubMed]

https://doi.org/10.3390/molecules31132353

https://doi.org/10.1002/cbic.200700139
https://www.ncbi.nlm.nih.gov/pubmed/17579916
https://doi.org/10.1016/j.chembiol.2013.01.012
https://www.ncbi.nlm.nih.gov/pubmed/23521796
https://doi.org/10.1021/acs.jmedchem.3c01278
https://www.ncbi.nlm.nih.gov/pubmed/38241614
https://doi.org/10.1016/j.bioorg.2025.108378
https://www.ncbi.nlm.nih.gov/pubmed/40107037
https://doi.org/10.1021/acsomega.2c08147
https://www.ncbi.nlm.nih.gov/pubmed/36969452
https://doi.org/10.3390/molecules30071605
https://www.ncbi.nlm.nih.gov/pubmed/40286255
https://doi.org/10.3390/molecules30102123
https://www.ncbi.nlm.nih.gov/pubmed/40430296
https://doi.org/10.1038/s41420-025-02392-1
https://www.ncbi.nlm.nih.gov/pubmed/40113745
https://doi.org/10.1016/j.trecan.2020.01.009
https://www.ncbi.nlm.nih.gov/pubmed/32101725
https://doi.org/10.1038/s41467-020-16789-2
https://www.ncbi.nlm.nih.gov/pubmed/32532977
https://doi.org/10.1021/acs.jmedchem.8b00070
https://www.ncbi.nlm.nih.gov/pubmed/29498843
https://doi.org/10.1039/D1RA05311F
https://www.ncbi.nlm.nih.gov/pubmed/35498911
https://doi.org/10.1677/JOE-08-0127
https://www.ncbi.nlm.nih.gov/pubmed/18499805
https://doi.org/10.1016/j.biopha.2020.110456
https://www.ncbi.nlm.nih.gov/pubmed/32603895
https://doi.org/10.1007/s13311-021-01127-1
https://www.ncbi.nlm.nih.gov/pubmed/34668147
https://doi.org/10.3389/fphar.2022.944502
https://www.ncbi.nlm.nih.gov/pubmed/36016571
https://doi.org/10.3390/molecules30173613
https://www.ncbi.nlm.nih.gov/pubmed/40942138
https://doi.org/10.1021/acs.jmedchem.8b00824
https://www.ncbi.nlm.nih.gov/pubmed/30251836
https://doi.org/10.1097/WNR.0000000000001803
https://www.ncbi.nlm.nih.gov/pubmed/35775321
https://doi.org/10.1159/000518215
https://www.ncbi.nlm.nih.gov/pubmed/34515180
https://doi.org/10.3109/10715762.2014.885117
https://www.ncbi.nlm.nih.gov/pubmed/24437944
https://doi.org/10.1016/j.bmcl.2020.127198
https://www.ncbi.nlm.nih.gov/pubmed/32334914
https://doi.org/10.3390/molecules31132353


Molecules 2026, 31, 2353 45 of 48

80. Castelli, R.; Scalvini, L.; Vacondio, F.; Lodola, A.; Anselmi, M.; Vezzosi, S.; Carmi, C.; Bassi, M.; Ferlenghi, F.; Rivara, S.; et al.
Benzisothiazolinone Derivatives as Potent Allosteric Monoacylglycerol Lipase Inhibitors That Functionally Mimic Sulfenylation
of Regulatory Cysteines. J. Med. Chem. 2020, 63, 1261–1280. [CrossRef] [PubMed]

81. Scalvini, L.; Vacondio, F.; Bassi, M.; Pala, D.; Lodola, A.; Rivara, S.; Jung, K.‑M.; Piomelli, D.; Mor, M. Free‑Energy Studies Reveal
a Possible Mechanism for Oxidation‑Dependent Inhibition of MGL. Sci. Rep. 2016, 6, 31046. [CrossRef] [PubMed]

82. Matuszak, N.; Es Saadi, B.; Labar, G.; Marchand‑Brynaert, J.; Lambert, D.M. Benzisothiazolinone as a Useful Template for the
Design of New Monoacylglycerol Lipase Inhibitors: Investigation of the Target Residues and Comparison with Octhilinone.
Bioorg. Med. Chem. Lett. 2011, 21, 7321–7324. [CrossRef] [PubMed]

83. Dato, F.M.; Neudörfl, J.‑M.; Gütschow, M.; Goldfuss, B.; Pietsch, M. ω‑Quinazolinonylalkyl Aryl Ureas as Reversible Inhibitors
of Monoacylglycerol Lipase. Bioorg. Chem. 2020, 94, 103352. [CrossRef] [PubMed]

84. Jha, V.; Biagi, M.; Spinelli, V.; Di Stefano, M.; Macchia, M.; Minutolo, F.; Granchi, C.; Poli, G.; Tuccinardi, T. Discovery of
Monoacylglycerol Lipase (MAGL) Inhibitors Based on a Pharmacophore‑Guided Virtual Screening Study. Molecules 2020, 26, 78.
[CrossRef] [PubMed]

85. Zhi, Z.; Zhang, W.; Yao, J.; Shang, Y.; Hao, Q.; Liu, Z.; Ren, Y.; Li, J.; Zhang, G.; Wang, J. Discovery of Aryl Formyl Piperi‑
dine Derivatives as Potent, Reversible, and Selective Monoacylglycerol Lipase Inhibitors. J. Med. Chem. 2020, 63, 5783–5796.
[CrossRef] [PubMed]

86. Liu, C.; Guan, S.; E, J.; Yang, Z.; Zhang, X.; Ju, J.; Wang, S.; Zhang, H. Insight into the Inhibitory Mechanism of Aryl Formyl Piperi‑
dine Derivatives on Monoacylglycerol Lipase through Molecular Dynamics Simulations. Molecules 2022, 27, 7512. [CrossRef]
[PubMed]

87. Hao, Q.; Shi, J.; Zhang, Z.; Yang, G.; Zhi, Y.; Wang, K.; Ma, D.; Fu, S.; Dong, H.; Zhi, Z.; et al. Discovery of a Novel Class of
Reversible Monoacylglycerol Lipase Inhibitors for Potential Treatment of Depression. Eur. J. Med. Chem. 2024, 268, 116285.
[CrossRef] [PubMed]

88. Eaves, S.; Rey, J.A. Brexpiprazole (Rexulti): A New Monotherapy for Schizophrenia and Adjunctive Therapy for Major Depres‑
sive Disorder. Pharm. Ther. 2016, 41, 418.

89. Xiong, F.; Ding, X.; Zhang, H.; Luo, X.; Chen, K.; Jiang, H.; Luo, C.; Xu, H. Discovery of Novel Reversible Monoacylglycerol
Lipase Inhibitors via Docking‑Based Virtual Screening. Bioorg. Med. Chem. Lett. 2021, 41, 127986. [CrossRef] [PubMed]

90. Granchi, C.; Bononi, G.; Ferrisi, R.; Gori, E.; Mantini, G.; Glasmacher, S.; Poli, G.; Palazzolo, S.; Caligiuri, I.; Rizzolio, F.; et al. De‑
sign, Synthesis and Biological Evaluation of Second‑Generation Benzoylpiperidine Derivatives as Reversible Monoacylglycerol
Lipase (MAGL) Inhibitors. Eur. J. Med. Chem. 2021, 209, 112857. [CrossRef] [PubMed]

91. Bononi, G.; Tonarini, G.; Poli, G.; Barravecchia, I.; Caligiuri, I.; Macchia, M.; Rizzolio, F.; Demontis, G.C.; Minutolo, F.; Granchi,
C.; et al. Monoacylglycerol Lipase (MAGL) Inhibitors Based on a Diphenylsulfide‑Benzoylpiperidine Scaffold. Eur. J. Med. Chem.
2021, 223, 113679. [CrossRef] [PubMed]

92. Bononi, G.; Di Stefano, M.; Poli, G.; Ortore, G.; Meier, P.; Masetto, F.; Caligiuri, I.; Rizzolio, F.; Macchia, M.; Chicca, A.; et al.
Reversible Monoacylglycerol Lipase Inhibitors: Discovery of a New Class of Benzylpiperidine Derivatives. J. Med. Chem. 2022,
65, 7118–7140. [CrossRef] [PubMed]

93. Ahn, K.; Johnson, D.S.; Mileni, M.; Beidler, D.; Long, J.Z.; McKinney, M.K.; Weerapana, E.; Sadagopan, N.; Liimatta, M.; Smith,
S.E.; et al. Discovery and Characterization of a Highly Selective FAAH Inhibitor That Reduces Inflammatory Pain. Chem. Biol.
2009, 16, 411–420. [CrossRef] [PubMed]

94. Di Stefano, M.; Masoni, S.; Bononi, G.; Poli, G.; Galati, S.; Gado, F.; Manzi, S.; Vagaggini, C.; Brai, A.; Caligiuri, I.; et al. De‑
sign, Synthesis, ADME and Biological Evaluation of Benzylpiperidine and Benzylpiperazine Derivatives as Novel Reversible
Monoacylglycerol Lipase (MAGL) Inhibitors. Eur. J. Med. Chem. 2024, 263, 115916. [CrossRef] [PubMed]

95. Di Stefano, M.; Galati, S.; Piazza, L.; Gado, F.; Granchi, C.; Macchia, M.; Giordano, A.; Tuccinardi, T.; Poli, G. Watermelon: Setup
and Validation of an in Silico Fragment‑Based Approach. J. Enzym. Inhib. Med. Chem. 2024, 39, 2356179. [CrossRef] [PubMed]

96. Bononi, G.; Bertini, F.; Masoni, S.; Stefano, M.D.; Mosca, R.; Felice, F.; Signore, G.; Minutolo, F.; Granchi, C.; Tuccinardi, T.; et al.
Development of Glycoconjugated MAGL Inhibitors with Glucose‑Dependent Antiproliferative Activity. Int. J. Mol. Sci. 2026,
27, 2666. [CrossRef] [PubMed]

97. Jiang, M.; Huizenga, M.C.W.; Wirt, J.L.; Paloczi, J.; Amedi, A.; van den Berg, R.J.B.H.N.; Benz, J.; Collin, L.; Deng, H.; Di, X.; et al.
A Monoacylglycerol Lipase Inhibitor Showing Therapeutic Efficacy in Mice without Central Side Effects or Dependence. Nat.
Commun. 2023, 14, 8039. [CrossRef] [PubMed]

98. Jiang, M.; Huizenga, M.C.W.; Mohr, F.; Amedi, A.; Bakker, R.; van den Berg, R.J.B.H.N.; Deng, H.; van der Wel, T.; van Boeckel,
C.A.A.; van der Stelt, M. Structure–Activity Relationship Studies of Aryl Sulfoxides as Reversible Monoacylglycerol Lipase
Inhibitors. J. Med. Chem. 2024, 67, 12331–12348. [CrossRef] [PubMed]

99. Xiang, H.; Wang, Y.; Yang, L.; Liu, M.; Sun, C.; Gu, Y.; Yao, J. Novel MAGL Inhibitors Alleviate LPS‑Induced Acute Kidney Injury
by Inhibiting NLRP3 Inflammatory Vesicles, Modulating Intestinal Flora, Repairing the Intestinal Barrier, and Interfering with
Serum Metabolism. Molecules 2023, 28, 7245. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31132353

https://doi.org/10.1021/acs.jmedchem.9b01679
https://www.ncbi.nlm.nih.gov/pubmed/31714779
https://doi.org/10.1038/srep31046
https://www.ncbi.nlm.nih.gov/pubmed/27499063
https://doi.org/10.1016/j.bmcl.2011.10.026
https://www.ncbi.nlm.nih.gov/pubmed/22056744
https://doi.org/10.1016/j.bioorg.2019.103352
https://www.ncbi.nlm.nih.gov/pubmed/31668797
https://doi.org/10.3390/molecules26010078
https://www.ncbi.nlm.nih.gov/pubmed/33375358
https://doi.org/10.1021/acs.jmedchem.9b02137
https://www.ncbi.nlm.nih.gov/pubmed/32429662
https://doi.org/10.3390/molecules27217512
https://www.ncbi.nlm.nih.gov/pubmed/36364337
https://doi.org/10.1016/j.ejmech.2024.116285
https://www.ncbi.nlm.nih.gov/pubmed/38428273
https://doi.org/10.1016/j.bmcl.2021.127986
https://www.ncbi.nlm.nih.gov/pubmed/33766770
https://doi.org/10.1016/j.ejmech.2020.112857
https://www.ncbi.nlm.nih.gov/pubmed/33045662
https://doi.org/10.1016/j.ejmech.2021.113679
https://www.ncbi.nlm.nih.gov/pubmed/34218085
https://doi.org/10.1021/acs.jmedchem.1c01806
https://www.ncbi.nlm.nih.gov/pubmed/35522977
https://doi.org/10.1016/j.chembiol.2009.02.013
https://www.ncbi.nlm.nih.gov/pubmed/19389627
https://doi.org/10.1016/j.ejmech.2023.115916
https://www.ncbi.nlm.nih.gov/pubmed/37976705
https://doi.org/10.1080/14756366.2024.2356179
https://www.ncbi.nlm.nih.gov/pubmed/38864179
https://doi.org/10.3390/ijms27062666
https://www.ncbi.nlm.nih.gov/pubmed/41898528
https://doi.org/10.1038/s41467-023-43606-3
https://www.ncbi.nlm.nih.gov/pubmed/38052772
https://doi.org/10.1021/acs.jmedchem.4c01037
https://www.ncbi.nlm.nih.gov/pubmed/38988250
https://doi.org/10.3390/molecules28217245
https://www.ncbi.nlm.nih.gov/pubmed/37959665
https://doi.org/10.3390/molecules31132353


Molecules 2026, 31, 2353 46 of 48

100. Wang, Y.; Li, M.; Liang, Z.; Wang, Y.; Li, H.; Li, S.; Jiao, X.; Guo, N.; Dai, G.; Zhang, G.; et al. MAGL‑18c Attenuates LPS‑
Induced Sepsis‑Associated Liver Injury by Inhibiting TGF‑β/Smad Signaling and Remodeling Medium‑ and Long‑Chain Fatty
Acid Metabolism. Front. Immunol. 2026, 17, 1712807. [CrossRef] [PubMed]

101. Yu, Q.; Song, C.; Bi, L.; Zhao, S.; Lei, Q.; Yang, N.; Chen, H.; Wang, Y.; He, Y.; Deng, H. Design, Synthesis and Biological
Evaluation of Naphthyl Amide Derivatives as Reversible Monoacylglycerol Lipase (MAGL) Inhibitors. Bioorg. Med. Chem. 2024,
111, 117844. [CrossRef] [PubMed]

102. Song, C.; Yang, N.; Deng, H.; Lei, Q. Optimization of a Naphthyl Amide Class Identifies Potent and Selective Reversible Monoa‑
cylglycerol Lipase (MAGL) Inhibitors. Bioorg. Med. Chem. 2025, 128, 118237. [CrossRef] [PubMed]

103. Ikeda, S.; Sugiyama, H.; Tokuhara, H.; Murakami, M.; Nakamura, M.; Oguro, Y.; Aida, J.; Morishita, N.; Sogabe, S.; Dougan, D.R.;
et al. Design and Synthesis of Novel Spiro Derivatives as Potent and Reversible Monoacylglycerol Lipase (MAGL) Inhibitors:
Bioisosteric Transformation from 3‑Oxo‑3,4‑Dihydro‑2H‑Benzo[b][1,4]Oxazin‑6‑Yl Moiety. J. Med. Chem. 2021, 64, 11014–11044.
[CrossRef] [PubMed]

104. Arimura, N.; Maeda, C.; Aoyama, K.; Yamaguchi, N.; Sugiura, A.; Takahashi, Y.; Maeda, R.; Ando, T.; Kamata, M.; Matsui, H.;
et al. Compound 4f, a Novel Brain‑Penetrant Reversible Monoacylglycerol Inhibitor, Ameliorates Neuroinflammation, Neuronal
Cell Loss, and Cognitive Impairment in Mice with Kainic Acid‑Induced Neurodegeneration. PLoS ONE 2024, 19, e0312090.
[CrossRef] [PubMed]

105. Kuhn, B.; Ritter, M.; Hornsperger, B.; Bell, C.; Kocer, B.; Rombach, D.; Lutz, M.D.R.; Gobbi, L.; Kuratli, M.; Bartelmus, C.; et al.
Structure‑Guided Discovery of cis‑Hexahydro‑Pyrido‑Oxazinones as Reversible, Drug‑like Monoacylglycerol Lipase Inhibitors.
J. Med. Chem. 2024, 67, 18448–18464. [CrossRef] [PubMed]

106. Bononi, G.; Gado, F.; Masoni, S.; Scalabrini, D.; Vedova, L.D.; Di Stefano, M.; Piazza, L.; Poles, C.; Lonzi, C.; Landucci, E.; et al.
Discovery of Reversible Monoacylglycerol Lipase (MAGL) Inhibitors Based on Ortho‑Hydroxyanilide Scaffold. Bioorg. Chem.
2025, 163, 108698. [CrossRef] [PubMed]

107. Mei, J.; Guo, R.; Zhang, F.; Zhang, H.; Yang, X.; Yu, B.; Liu, J.; Liu, X. Identification of Bioactive Natural Products Using Yeast:
Application to Monoacylglycerol Lipase Inhibitor Extraction from Corydalis Rhizoma. Biomed. Pharmacother. 2022, 149, 112798.
[CrossRef] [PubMed]

108. Kudo, Y.; Konoki, K.; Yotsu‑Yamashita, M. Mass Spectrometry–Guided Discovery of New Analogs of Bicyclic Phosphotriester
Salinipostin and Evaluation of Their Monoacylglycerol Lipase Inhibitory Activity. Biosci. Biotechnol. Biochem. 2022, 86, 1333–1342.
[CrossRef] [PubMed]

109. Deng, H.; Zhang, Q.; Lei, Q.; Yang, N.; Yang, K.; Jiang, J.; Yu, Z. Discovering Monoacylglycerol Lipase Inhibitors by a Com‑
bination of Fluorogenic Substrate Assay and Activity‑Based Protein Profiling. Front. Pharmacol. 2022, 13, 941522. [CrossRef]
[PubMed]

110. Yang, Y.; Cao, Y.; Chen, L.; Liu, F.; Qi, Z.; Cheng, X.; Wang, Z. Cryptotanshinone Suppresses Cell Proliferation and Glucose
Metabolism via STAT3/SIRT3 Signaling Pathway in Ovarian Cancer Cells. Cancer Med. 2018, 7, 4610–4618. [CrossRef] [PubMed]

111. Wu, Y.‑H.; Wu, Y.‑R.; Li, B.; Yan, Z.‑Y. Cryptotanshinone: A Review of Its Pharmacology Activities and Molecular Mechanisms.
Fitoterapia 2020, 145, 104633. [CrossRef] [PubMed]

112. Klawitter, J.; Weissenborn, W.; Gvon, I.; Walz, M.; Klawitter, J.; Jackson, M.; Sempio, C.; Joksimovic, S.L.; Shokati, T.; Just, I.;
et al. β‑Caryophyllene Inhibits Monoacylglycerol Lipase Activity and Increases 2‑Arachidonoyl Glycerol Levels In Vivo: A New
Mechanism of Endocannabinoid‑Mediated Analgesia? Mol. Pharmacol. 2024, 105, 75–83. [CrossRef] [PubMed]

113. Gertsch, J.; Leonti, M.; Raduner, S.; Racz, I.; Chen, J.‑Z.; Xie, X.‑Q.; Altmann, K.‑H.; Karsak, M.; Zimmer, A. Beta‑Caryophyllene
Is a Dietary Cannabinoid. Proc. Natl. Acad. Sci. USA 2008, 105, 9099–9104. [CrossRef] [PubMed]

114. Finlay, D.B.; Sircombe, K.J.; Nimick, M.; Jones, C.; Glass, M. Terpenoids From Cannabis Do Not Mediate an Entourage Effect by
Acting at Cannabinoid Receptors. Front. Pharmacol. 2020, 11, 359. [CrossRef] [PubMed]

115. Heblinski, M.; Santiago, M.; Fletcher, C.; Stuart, J.; Connor, M.; McGregor, I.S.; Arnold, J.C. Terpenoids Commonly Found
in Cannabis sativa Do Not Modulate the Actions of Phytocannabinoids or Endocannabinoids on TRPA1 and TRPV1 Channels.
Cannabis Cannabinoid Res. 2020, 5, 305–317. [CrossRef] [PubMed]

116. Santiago, M.; Sachdev, S.; Arnold, J.C.; McGregor, I.S.; Connor, M. Absence of Entourage: Terpenoids Commonly Found in
Cannabis Sativa Do Not Modulate the Functional Activity of ∆9‑THC at Human CB1 and CB2 Receptors. Cannabis Cannabinoid
Res. 2019, 4, 165–176. [CrossRef] [PubMed]

117. Raja, A.F.; Ali, F.; Khan, I.A.; Shawl, A.S.; Arora, D.S.; Shah, B.A.; Taneja, S.C. Antistaphylococcal and Biofilm Inhibitory Activi‑
ties of Acetyl‑11‑Keto‑β‑Boswellic Acid from Boswellia Serrata. BMCMicrobiol. 2011, 11, 54. [CrossRef] [PubMed]

118. Han, L.; Xia, Q.; Zhang, L.; Zhang, X.; Li, X.; Zhang, S.; Wang, L.; Liu, C.; Liu, K. Induction of Developmental Toxicity and
Cardiotoxicity in Zebrafish Embryos/Larvae by Acetyl‑11‑Keto‑β‑Boswellic Acid (AKBA) through Oxidative Stress. Drug Chem.
Toxicol. 2022, 45, 143–150. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31132353

https://doi.org/10.3389/fimmu.2026.1712807
https://www.ncbi.nlm.nih.gov/pubmed/41727475
https://doi.org/10.1016/j.bmc.2024.117844
https://www.ncbi.nlm.nih.gov/pubmed/39106652
https://doi.org/10.1016/j.bmc.2025.118237
https://www.ncbi.nlm.nih.gov/pubmed/40403414
https://doi.org/10.1021/acs.jmedchem.1c00432
https://www.ncbi.nlm.nih.gov/pubmed/34328319
https://doi.org/10.1371/journal.pone.0312090
https://www.ncbi.nlm.nih.gov/pubmed/39570850
https://doi.org/10.1021/acs.jmedchem.4c01769
https://www.ncbi.nlm.nih.gov/pubmed/39360636
https://doi.org/10.1016/j.bioorg.2025.108698
https://www.ncbi.nlm.nih.gov/pubmed/40554889
https://doi.org/10.1016/j.biopha.2022.112798
https://www.ncbi.nlm.nih.gov/pubmed/35286964
https://doi.org/10.1093/bbb/zbac131
https://www.ncbi.nlm.nih.gov/pubmed/35918181
https://doi.org/10.3389/fphar.2022.941522
https://www.ncbi.nlm.nih.gov/pubmed/36105202
https://doi.org/10.1002/cam4.1691
https://www.ncbi.nlm.nih.gov/pubmed/30094960
https://doi.org/10.1016/j.fitote.2020.104633
https://www.ncbi.nlm.nih.gov/pubmed/32445662
https://doi.org/10.1124/molpharm.123.000668
https://www.ncbi.nlm.nih.gov/pubmed/38195158
https://doi.org/10.1073/pnas.0803601105
https://www.ncbi.nlm.nih.gov/pubmed/18574142
https://doi.org/10.3389/fphar.2020.00359
https://www.ncbi.nlm.nih.gov/pubmed/32269529
https://doi.org/10.1089/can.2019.0099
https://www.ncbi.nlm.nih.gov/pubmed/33376801
https://doi.org/10.1089/can.2019.0016
https://www.ncbi.nlm.nih.gov/pubmed/31559333
https://doi.org/10.1186/1471-2180-11-54
https://www.ncbi.nlm.nih.gov/pubmed/21406118
https://doi.org/10.1080/01480545.2019.1663865
https://www.ncbi.nlm.nih.gov/pubmed/31656113
https://doi.org/10.3390/molecules31132353


Molecules 2026, 31, 2353 47 of 48

119. Hamidpour, R.; Hamidpour, S.; Hamidpour, M.; Shahlari, M. Frankincense (乳香 R� Xiāng; Boswellia Species): From the Se‑
lection of Traditional Applications to the Novel Phytotherapy for the Prevention and Treatment of Serious Diseases. J. Tradit.
Complement. Med. 2013, 3, 221–226. [CrossRef] [PubMed]

120. Ricci, M.; Micheloni, G.M.; Berti, M.; Perusi, F.; Sambugaro, E.; Vecchini, E.; Magnan, B. Clinical Comparison of Oral Adminis‑
tration and Viscosupplementation of Hyaluronic Acid (HA) in Early Knee Osteoarthritis. Musculoskelet. Surg. 2017, 101, 45–49.
[CrossRef] [PubMed]

121. Luan, K.; Fan, Y.; Yang, Q.; Yang, H.; Zhou, Z.; Huang, J.; She, Z.; Zou, T.; Xiong, H.; Mei, Z. Acetyl‑11‑Keto‑β‑Boswellic Acid
Alleviates Hepatic Metabolic Dysfunction by Inhibiting MGLL Activity. J. Lipid Res. 2025, 66, 100812. [CrossRef] [PubMed]

122. Ali, M.; Singh, P.; Singh, L.; Pandey, R.K.; Soni, P.; Singh, A. Neuroprotective Effect of Morinda citrifolia on Behavioural and
Biochemical Deficits in PTZ‑Induced Kindled Mice. Infect. Disord. Drug Targets 2023, 23, e050623217670. [CrossRef] [PubMed]

123. Sadino, A.; Saptarini, N.; Levita, J.; Ramadhan, D.; Fristiohady, A.; Jiranusornkul, S. Identifying Potential Human Monoacyl‑
glycerol Lipase Inhibitors from the Phytoconstituents of Morinda citrifolia L. Fruits by in Silico Pharmacology and in vitro Study.
J. Exp. Pharmacol. 2024, 16, 295–309. [CrossRef] [PubMed]

124. Tan, Y.; Ren, Y.; Lv, J.; Zhao, P.; He, Q.; Lei, X.; Liang, Q.; Zhang, H.; Na, S.; Yao, J.; et al. Cistanoside F Acts as a Monoacylglycerol
Lipase Inhibitor That Synergizes the Anti‑Tumor Effect of 2‑Arachidonoyl Glycerol on Bladder Cancer. Phytomedicine 2025,
145, 157046. [CrossRef] [PubMed]

125. Li, T.; Cao, L.; Tang, H.; Li, J.; Tu, P.; Song, Q.; Song, Y. Liquid Chromatography–Three‑Dimensional Mass Spectrometry En‑
ables Confirmative Structural Annotation of Cistanoside F Metabolites in Rat. J. Chromatogr. B 2021, 1162, 122457. [CrossRef]
[PubMed]

126. Li, X.; Ullah, I.; Hou, C.; Liu, Y.; Xiao, K. Network Pharmacology and Molecular Docking Study on the Treatment of Polycystic
Ovary Syndrome with Angelica Sinensis‑ Radix Rehmanniae Drug Pair. Medicine 2023, 102, e36118. [CrossRef] [PubMed]

127. Morikawa, T.; Xie, H.; Pan, Y.; Ninomiya, K.; Yuan, D.; Jia, X.; Yoshikawa, M.; Nakamura, S.; Matsuda, H.; Muraoka, O. A Review
of Biologically Active Natural Products from a Desert Plant Cistanche tubulosa. Chem. Pharm. Bull. 2019, 67, 675–689. [CrossRef]
[PubMed]

128. Asemi, R.; Omidi Najafabadi, E.; Mahmoudian, Z.; Reiter, R.J.; Mansournia, M.A.; Asemi, Z. Melatonin as a Treatment for
Atherosclerosis: Focus on Programmed Cell Death, Inflammation and Oxidative Stress. J. Cardiothorac. Surg. 2025, 20, 194.
[CrossRef] [PubMed]

129. Minari, T.P.; Pisani, L.P. Melatonin Supplementation: New Insights into Health and Disease. Sleep Breath. 2025, 29, 169. [Cross‑
Ref] [PubMed]

130. Sheibani, M.; Hosseinzadeh, A.; Fatemi, I.; Naeini, A.J.; Mehrzadi, S. Practical Application of Melatonin for Pancreas Disorders:
Protective Roles against Inflammation, Malignancy, and Dysfunctions. Pharmacol. Rep. 2025, 77, 315–332. [CrossRef] [PubMed]

131. Li, W.; Qian, J.; Yang, H.; Wu, J.; Wang, Z.; He, C.; Li, G. MGLL Promotes Pancreatic Cancer Progression and Invasion: Potential
Therapeutic Inhibition by Melatonin. Ann. Clin. Lab. Sci. 2025, 55, 10–18. [PubMed]

132. Dahabiyeh, L.A.; Abu‑rish, E.Y.; Taha, M.O. Inhibition of Monoglyceride Lipase by Proton Pump Inhibitors: Investigation Using
Docking and in Vitro Experiments. Pharmacol. Rep. 2020, 72, 435–442. [CrossRef] [PubMed]

133. Altamimi, A.S.A.; Bawa, S.; Athar, F.; Hassan, M.Q.; Riadi, Y.; Afzal, O. Pyrrolidin‑2‑one Linked Benzofused Heterocycles
as Novel Small Molecule Monoacylglycerol Lipase Inhibitors and Antinociceptive Agents. Chem. Biol. Drug Des. 2020,
96, 1418–1432. [CrossRef] [PubMed]

134. Afzal, O.; Altamimi, A.S.A.; Shahroz, M.M.; Sharma, H.K.; Riadi, Y.; Hassan, M.Q. Analgesic and Anticancer Activity of Benzox‑
azole Clubbed 2‑Pyrrolidinones as Novel Inhibitors of Monoacylglycerol Lipase. Molecules 2021, 26, 2389. [CrossRef] [PubMed]

135. Yang, H.; Lou, C.; Sun, L.; Li, J.; Cai, Y.; Wang, Z.; Li, W.; Liu, G.; Tang, Y. AdmetSAR 2.0: Web‑Service for Prediction and
Optimization of Chemical ADMET Properties. Bioinformatics 2019, 35, 1067–1069. [CrossRef] [PubMed]

136. Shaik, A.B.; Begum, S.; Dodoala, S.; Koganti, B. Design, Synthesis and Evaluation of Functionalized Azaglycinamides as Cyto‑
toxic and Antinociceptive Agents. Iran. J. Pharm. Sci. 2021, 17, 129–158.

137. Andrei, C.; Mihai, D.P.; Nitulescu, G.; Ungurianu, A.; Margina, D.M.; Nitulescu, G.M.; Olaru, O.T.; Busca, R.M.; Zanfirescu,
A. Cetirizine and Levetiracetam as Inhibitors of Monoacylglycerol Lipase: Investigating Their Repurposing Potential as Novel
Osteoarthritic Pain Therapies. Pharmaceuticals 2023, 16, 1563. [CrossRef] [PubMed]

138. Nippa, D.F.; Atz, K.; Stenzhorn, Y.; Müller, A.T.; Tosstorff, A.; Benz, J.; Binch, H.; Bürkler, M.; Haider, A.; Heer, D.; et al.
Expediting Hit‑to‑Lead Progression in Drug Discovery through Reaction Prediction and Multi‑Dimensional Optimization. Nat.
Commun. 2025, 16, 11646. [CrossRef] [PubMed]

139. Torregrosa, A.B.; García‑Gutiérrez, M.S.; Navarro, D.; Navarrete, F.; Manzanares, J. MCH11, a New Monoacylglycerol Lipase In‑
hibitor, Reduces Ethanol Consumption and Motivation to Drink in Mice, with Sex‑Dependent Differences. Biomed. Pharmacother.
2025, 192, 118662. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31132353

https://doi.org/10.4103/2225-4110.119723
https://www.ncbi.nlm.nih.gov/pubmed/24716181
https://doi.org/10.1007/s12306-016-0428-x
https://www.ncbi.nlm.nih.gov/pubmed/27681813
https://doi.org/10.1016/j.jlr.2025.100812
https://www.ncbi.nlm.nih.gov/pubmed/40245985
https://doi.org/10.2174/1871526523666230605160222
https://www.ncbi.nlm.nih.gov/pubmed/37282657
https://doi.org/10.2147/JEP.S477956
https://www.ncbi.nlm.nih.gov/pubmed/39345798
https://doi.org/10.1016/j.phymed.2025.157046
https://www.ncbi.nlm.nih.gov/pubmed/40645071
https://doi.org/10.1016/j.jchromb.2020.122457
https://www.ncbi.nlm.nih.gov/pubmed/33310479
https://doi.org/10.1097/MD.0000000000036118
https://www.ncbi.nlm.nih.gov/pubmed/37986355
https://doi.org/10.1248/cpb.c19-00008
https://www.ncbi.nlm.nih.gov/pubmed/31257323
https://doi.org/10.1186/s13019-025-03423-9
https://www.ncbi.nlm.nih.gov/pubmed/40221806
https://doi.org/10.1007/s11325-025-03331-1
https://doi.org/10.1007/s11325-025-03331-1
https://www.ncbi.nlm.nih.gov/pubmed/40278958
https://doi.org/10.1007/s43440-024-00683-5
https://www.ncbi.nlm.nih.gov/pubmed/39604705
https://www.ncbi.nlm.nih.gov/pubmed/40089287
https://doi.org/10.1007/s43440-019-00013-0
https://www.ncbi.nlm.nih.gov/pubmed/32048247
https://doi.org/10.1111/cbdd.13751
https://www.ncbi.nlm.nih.gov/pubmed/32575154
https://doi.org/10.3390/molecules26082389
https://www.ncbi.nlm.nih.gov/pubmed/33924091
https://doi.org/10.1093/bioinformatics/bty707
https://www.ncbi.nlm.nih.gov/pubmed/30165565
https://doi.org/10.3390/ph16111563
https://www.ncbi.nlm.nih.gov/pubmed/38004429
https://doi.org/10.1038/s41467-025-66324-4
https://www.ncbi.nlm.nih.gov/pubmed/41290653
https://doi.org/10.1016/j.biopha.2025.118662
https://www.ncbi.nlm.nih.gov/pubmed/41124861
https://doi.org/10.3390/molecules31132353


Molecules 2026, 31, 2353 48 of 48

140. Bononi, G.; Granchi, C.; Tuccinardi, T.; Minutolo, F. Identification of a Possible Endocannabinoid‑Mediated Mechanism of Action
of Cetylated Fatty Acids. Biomolecules 2025, 15, 363. [CrossRef] [PubMed]

141. Ning, W.; Shen, B.; Hong, Y.; Du, Y.; Ga, L. The Dual Role of Monoacylglycerol Lipase (MAGL) in Cancer: From Oncogenesis to
Tumor Suppression and Therapeutic Targeting: A Review. Int. J. Biol. Macromol. 2026, 364, 152316. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au‑
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules31132353

https://doi.org/10.3390/biom15030363
https://www.ncbi.nlm.nih.gov/pubmed/40149899
https://doi.org/10.1016/j.ijbiomac.2026.152316
https://www.ncbi.nlm.nih.gov/pubmed/42069198
https://doi.org/10.3390/molecules31132353

	Introduction 
	MAGL: Structural Features and Catalytic Mechanism 
	MAGL as a Therapeutic Target 
	Representative MAGL Inhibitors Reported Before 2020 
	Irreversible Inhibitors 
	Reversible Inhibitors 


	MAGL Modulators (2020–2026) 
	Irreversible MAGL Inhibitors 
	Carbamates 
	Disulfides 
	Ureas 
	Nitrile-Based Compounds 
	Esters 
	Miscellaneous 

	Reversible MAGL Inhibitors 
	Natural Compounds 
	Synthetic Compounds 

	MAGL Inhibitors with Undefined Mechanism of Inhibition 
	Natural Compounds 
	Synthetic Compounds 


	Conclusions 
	References

