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Potential application of endocannabinoid system agents in
neuropsychiatric and neurodegenerative diseases—focusing

on FAAH/MAGL inhibitors

Si-yu Ren', Zhen-zhen Wang?, Yi Zhang® and Nai-hong Chen'?

The endocannabinoid system (ECS) has received extensive attention for its neuroprotective effect on the brain. This system
comprises endocannabinoids, endocannabinoid receptors, and the corresponding ligands and proteins. The molecular players
involved in their regulation and metabolism are potential therapeutic targets for neuropsychiatric diseases including anxiety,
depression and neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson'’s disease (PD). The inhibitors of two
endocannabinoid hydrolases, i.e., fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), have the capacity to
increase the level of endocannabinoids indirectly, causing fewer side effects than those associated with direct supplementation of
cannabinoids. Their antidepressant and anxiolytic mechanisms are considered to modulate the hypothalamic-pituitary-adrenal axis
and regulate synaptic and neural plasticity. In terms of AD/PD, treatment with FAAH/MAGL inhibitors leads to reduction in amyloid
B-protein deposition and inhibition of the death of dopamine neurons, which are commonly accepted to underlie the pathogenesis
of AD and PD, respectively. Inflammation as the cause of depression/anxiety and PD/AD is also the target of FAAH/MAGL inhibitors.
In this review, we summarize the application and involvement of FAAH/MAGL inhibitors in related neurological diseases. Focus on
the latest research progress using FAAH/MAGL inhibitors is expected to facilitate the development of novel approaches with

therapeutic potential.

Keywords: Alzheimer's disease; Parkinson's disease; FAAH; MAGL; depression; anxiety

Acta Pharmacologica Sinica (2020) 41:1263-1271; https://doi.org/10.1038/s41401-020-0385-7

INTRODUCTION

Cannabis has been used in medicine for thousands of years, and
its main active ingredients are cannabinoids. Owing to the
interactions between these active chemicals and the body's
homeostasis system, cannabinoids were initially widely used for
anticonvulsive, anti-inflammatory, and analgesic therapies, espe-
cially to alter neuronal function in the brain [1]. Advances in
medicine led to the discovery of the endocannabinoid system
(ECS), and many diseases that involve this system are receiving
increasing attention [2]. Initially discovered as a complex network
of cannabinoid receptors, the ECS is widely distributed in the
central and peripheral nervous systems. It is involved in the
regulation of several functions, including emotion and motiva-
tional behavior. It has also been shown to play a role in the
pathophysiology of several mental disorders [3]. Its potential role
in the etiology of mental disorders merits further study. Scientists
are exploring this new field via the development of new drugs and
treatment methods. Therefore, the three currently recognized
types of cannabinoids, plant cannabinoids, synthetic cannabinoids
and endocannabinoids, as well three components of the ECS,
endocannabinoids, endocannabinoid receptors, and their corre-
sponding ligands and proteins, have been used as the main

research subjects, and extensive mechanistic and pharmacody-
namics studies have been carried out. The structural and
functional analogs that interact with the ECS and play a role in
the treatment of central nervous system (CNS) disorders are
regarded as potential new CNS drugs. Because the action of
hydrolase on endocannabinoids increases endocannabinoid levels
indirectly and thus causes fewer side effects than direct
exogenous supplementation, two types of hydrolases, fatty acids
amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL),
have been examined as potential new drug targets for CNS
disorders. Most neurodegenerative diseases are characterized by
impaired memory and cognitive and motor function [4]. The
pathogenesis of emotional disorders such as depression is
controversial and has multiple explanations. For example, the
neuroendocrine hypothesis involving the dysfunction of the
hypothalamic-pituitary-adrenal axis (HPA) caused by stimuli such
as stress is widely accepted [5]. Endocannabinoid pathways are
widely believed to be involved in neurodegenerative diseases and
neuropsychiatric diseases [6-8]. The development of FAAH and
MAGL hydrolytic enzyme inhibitors and their extensive applica-
tions in neurological diseases have been a focus of research. The
review explains the endocannabinoid system and eventually
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discusses two key types of enzyme inhibitors of the ECS: FAAH
inhibitors and MAGL inhibitors. The current use of these inhibitors
and relevant research with regard to nervous system diseases are
summarized; based on the findings, these inhibitors exhibit
potential as therapeutic agents in preclinical models of CNS
diseases. The discussion on neurological diseases mainly focuses
on depression/anxiety and Alzheimer’s disease (AD)/Parkinson’s
disease (PD).

THE ENDOCANNABINOID SYSTEM

The ECS consists of the following three components: cannabinoid
receptor proteins, corresponding ligands (endocannabinoids), and
proteins involved in endocannabinoid regulation and metabolism.
The ECS has been and is currently being studied extensively. Due
to the presence of cannabinoid binding sites throughout the
central and peripheral nervous systems and the potent effects of
the ECS on neurotransmission, these neuroendocrine interactions
are receiving extensive attention and have been elucidated in
several studies. Endocannabinoid signaling induces the inhibition
of HPA activity. The experimental finding that the exposure of rats
to 30 min of restraint stress leads to increased activity of FAAH in
rats suggests that endocannabinoid signaling within the amygdala
could be an important determinant of neuroendocrine system
function. Moreover, stress decreases the endocannabinoid and
cannabinoid receptor type 1 receptor (CB1) ligand concentrations
and disinhibits excitatory transmission in the basolateral amygdala
[9]. It should be emphasized that the excitation, inhibition, or
initiation of second messenger cascades by endogenous cannabi-
noids is mediated by retrograde signaling based on the interaction
between the transmitter and receptor. This implies that the local
excitation of a postsynaptic neuron, which is prompted by the
release of anandamide (AEA) and 2-arachidonoyl-glycerol (2-AG)
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PAS

into the extracellular space and followed by binding with
receptors, is localized to the presynaptic membrane [10] (Fig. 1).

Endocannabinoids: AEA and 2-AG

Endocannabinoids are lipid signaling molecules that potently act
as cannabinoid receptors. Two representative endocannabinoids
that are widely distributed throughout the central nervous system,
N-arachidonoyl-ethanolamine, called anandamide (AEA), and 2-
arachidonoyl-glycerol (2-AG), were identified in the pig brain and
canine gut [11], respectively. The kidneys are known to be
enriched in AEA and enzymes that metabolize AEA, which are
associated with many different physiological and pathophysiolo-
gical functions, including the regulation of sensory and autonomic
nerve signals, the regulation of energy expenditure and balance,
and the initiation and control of inflammation [12]. The detection
of 2-AG in the CNS has garnered extensive attention from scholars.
Importantly, the levels of 2-AG are 170 times higher than those of
AEA in the brain [13]. The opposing effects of 2-AG and AEA
indicate that an increase in the AEA level is related to the
improvement of decision-making ability and cognitive flexibility,
while an increase in the 2-AG level is related to the destruction of
cognitive flexibility and inhibitory response ability [14]. The
difference in their effects is attributed to the fact that they are
derived from different biosynthetic pathways. The two biosyn-
thetic pathways of 2-AG are the signaling pathway that begins
with phosphatidylinositol-4,5-diphosphate and the metabolic
pathway that involves triglycerides containing sn2-arachidonic
esters [13]. On the other hand, the sequential action of a
Ca®"-dependent or Ca®"-independent N-acyltransferase followed
by N-acyl-phosphatidylethanolamine-specific phospholipase D
appears to be the most relevant biosynthetic pathway of AEA
[15]. In addition, AEA and 2-AG exert their biological effects by
binding to receptors. AEA and 2-AG molecules that are not
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Fig. 1 Schematic diagram of the endocannabinoid system. Endocannabinoid AEA and 2-AG are released after postsynaptic synthesis to
retroactively bind to endocannabinoid receptors (CB1 and CB2) at the presynaptic site. Exogenous cannabinoids such as phytocannabinoids
(CBD and A9-THC) and synthetic cannabinoids (HU-210 and JWH-018) can also be added to the synapse to activate endocannabinoid
receptors. FAAH and MAGL exist simultaneously in presynaptic and postsynaptic regions and hydrolyze endogenous cannabinoids. AEA
anandamide, 2-AG 2-arachidonoyl-glycerol, FAAH fatty acid amide hydrolase, MAGL monoacylglycerol lipase, CBD cannabidiol, A9-THC A9-

tetrahydrocannabinol

SPRINGERNATURE

Acta Pharmacologica Sinica (2020) 41:1263 -1271



involved in the mentioned pathways are degraded by two major
hydrolases: FAAH and MAGL. Other metabolic processes, such as
oxidation by cyclooxygenase-2 (COX-2), lipoxygenases, and
cytochrome P450, have also been indicated [16].

In addition, phytocannabinoids and synthetic cannabinoids are
structural or functional analogs of endocannabinoids. Even today,
phytocannabinoids, encompassing approximately 120 com-
pounds isolated from Cannabis sativa so far, are poorly defined
or have unknown pharmacological profiles [17]. The predominant
compound in Cannabis extracts is A9-tetrahydrocannabinol (A9-
THC), which is paralleled by cannabidiol (CBD), the predominant
component in natural Cannabis [18]. Both compounds have
medical uses and are used as recreational drugs to produce effects
on perception, mood, emotion, and cognition [19]. Synthetic
cannabinoids (SCs) are a class of heterogeneous compounds
developed to explore endogenous cannabinoid systems or for use
as potential therapeutic agents [20]. Currently, the classification of
SCs into three generations is widely accepted; chronologically, the
“JWH group”, “CP group”, and “HU group” are the pioneers, with
the second group containing alkyl derivatives, N-methyl piper-
idine, and benzoylindole. Molecules in which the carbonyl group
or indole ring is replaced with other functional groups are
considered third generation SCs [21]. Most SCs, as structural
analogs of endogenous cannabinoids, can bind to receptors as
agonists and elicit cannabimimetic effects similar to those of
phytocannabinoids. Due to their greater binding affinity for CB1
and CB2 receptors than THC, SCs show more intense antioxidant,
anti-inflammatory, and neuroprotective effects [22].

CB1/CB2 receptor

The discovery and identification of cannabinoid receptor type 1
(CB1) and CB2 were breakthroughs. Their endocannabinoid
ligands were discovered in subsequent research, thereby gen-
erating new frontiers for correlational research on the ECS. Both
CB1 and CB2 receptors are coupled to Gi/o proteins, and they
negatively regulate adenylate cyclase and positively regulate
mitogen-activated protein kinase [23]. Evidence exists that CB1
can also stimulate adenylyl cyclase via Gs, induce receptor-
mediated Ca®" fluxes and stimulate phospholipases in some
experimental models [24]. The distribution of these receptors
varies; CB1 receptors have been found to be ubiquitously
distributed in the CNS, being highly expressed in the hippocam-
pus, amygdala, prefrontal cortex, hypothalamus, and basal ganglia
and expressed at lower level in peripheral neural and other tissues
that participate in the regulation of emotions, stress, and
responsiveness. Consequently, some psychiatric issues, as well as
distress and dysfunction, may be related to the regulation of CB1
activity. For instance, CB1 receptor agonists may cause psychotic
episodes and panic reactions, while antagonism may result in
symptoms indicative of depression and anxiety-related disorders
[25]. In contrast, the CB2 receptor is mainly expressed in peripheral
tissues and is mainly expressed in the immune system. Recent
studies have also revealed the presence of CB2 receptors in the
CNS. The generally accepted and established consensus was that
brain CB2 receptors are expressed predominantly in activated
microglia, astrocytes, and their subpopulations, with the inducible
nature of the CB2 receptor in microglia during neuroinflammation
being uncovered later [26]. CB2 receptors also exist on ventral
tegmental area dopaminergic neurons, modulating dopaminergic
neuronal function and DA-regulated behavior [27]. In addition,
there are other endocannabinoid target receptors, such as the
transient receptor potential vanilloid type-1 channel (TRPV1),
which might be related to the axonal transport and excitability of
retinal ganglion cells, release of cytokines from microglia,
regulation of retinal blood vessels [28], and TRPV1-like receptors,
which can inhibit the release of the excitatory neurotransmitter
glutamate in brain areas such as the hippocampus [23]. GRP55,
which is expressed in regions within the brain, can also interact
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with cannabinoids, and it has been reported that CB1 may
regulate signaling pathways mediated by GRP55 [29, 30]. In terms
of the affinity of endocannabinoids for receptors, 2-AG is a
complete agonist of CB1 and CB2 receptors, while AEA has a lower
affinity for CB2 receptors than for CB1 receptors [31, 32].

FAAH/MAGL enzymes and their inhibitors

FAAH and MAGL are the principal catabolic enzymes for a class of
bioactive lipids called fatty acid amides and are the key enzymes
for the hydrolysis of endogenous cannabinoids. Based on the
hydrolytic mechanism of FAAH and MAGL, the study of
endocannabinoids and their receptor system, as well as their
potential therapeutic applications in several nervous system
disorders, cancers, and neuroinflammatory diseases, a large
number of irreversible/reversible inhibitors have been used to
explore the different selectivities of these two enzymes. The
reported structures of most reversible FAAH inhibitors contains a-
keto heterocycles, oleoyls-like trifluoromethyl ketones, oxime
carbamates, and selected [-lactams [33]. Piperidine and piper-
azine urea compounds are considered the most promising
irreversible FAAH inhibitors owing to their high selectivity and
potency [34]. Their related roles include reducing inflammation
and regulating myocardial lipid metabolism [35]. For example, in
an in vitro experiment, the knockdown of FAAH suppressed
prostaglandin E2 production and proinflammatory gene expres-
sion. Treatment with FAAH inhibitors also had anti-inflammatory
effects [36]. However, it has been revealed that 85% of total
hydrolyzation of 2-AG in the brain is mediated via another major
inhibitor, MAGL [37], and the bulk of the development of MAGL
inhibitors occurred in the early 2010s. In comparison, the
hydrolase activity of AEA in brain issues can be ascribed to FAAH.
MAGL inhibitors constitute three classes of chemical compounds:
noncompetitive inhibitors, partially reversible inhibitors, serine-
reactive agents, and cysteine-reactive agents [38]. Their functions,
such as the regulation of lipid metabolism and anti-inflammation,
have been reported in several animal experiments. For instance,
they have protective effects in lung ischemia-reperfusion injury
[39] and chronic liver injury [40]. In addition, dual FAAH/MAGL
inhibition has been the focus of a small proportion of the research,
as the individual inhibition of either FAAH or MAGL enzymes is
unable to induce a full spectrum of activities [41]. Furthermore, it
is thought that some of the pharmacological effects of dual FAAH/
MAGL inhibitors are stronger than the complete inhibition of
either FAAH or MAGL [42, 43]. For now, the pharmacological
effects of FAAH inhibitors are being observed and tolerance tests
for their clinical usage are being performed in healthy volunteers
[44, 45]. However, the safety limitations of the usage of FAAH/
MAGL inhibitors in clinical trials should not be overlooked. For
example, the FAAH inhibitor BIA 10-2474 leads to acute and
rapidly progressive neurological symptoms, such as headache and
altered consciousness. One patient even developed brain death
[46]. The underlying mechanism is still unknown. An improper
excessive dose was regarded as the chief culprit [47]. In addition,
gender differences in the effects of FAAH and MAGL inhibitors in
clinical trials need to be further studied, with a focus on females,
especially women of reproductive age [48].

NEUROPSYCHIATRIC DISORDERS REGULATED BY THE
ENDOCANNABINOID SYSTEM

Depression and anxiety

Depression is a mental illness of great concern, with core
symptoms including but not limited to, low mood, anhedonia,
and irregular diet and sleep patterns. Clinically, patients with
depression often have anxiety-like symptoms, implying that the
comorbidity of these two mental diseases is a common
phenomenon. Serotonergic and noradrenergic functional malad-
justment [49] and HPA axis alterations often result in depression
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and anxiety. Several clinical trials and animal experiments have
demonstrated that the endocannabinoid content in the tissues
and serum of patients with depression show marked variation
compared with those in healthy individuals. CB1 receptor
expression and 2-AG levels have been found to be significantly
reduced in the hippocampus following chronic unpredictable
stress [50], which is thought to mimic the behavioral and
endocrinal changes that promote the development of human
clinical depression [51]. An interesting study of alterations in the
ECS revealed that the serum level of 2-AG is significantly
decreased in patients with major depression, while in patients
with mild depression, serum AEA and 2-AG content show an
upward trend [52]; this implies that the ECS could be interpreted
as a buffer and regulator. There is a strong negative correlation
between the serum AEA level and anxiety symptoms in major
depressive disorder patients. These pieces of evidence support an
interaction between ECS and depression/anxiety.

Several CB1/CB2 receptor agonists and antagonists have been
used to explore the possible mechanisms of ECS in depression and
anxiety. The antidepressant and anxiolytic effects of these
compounds in ameliorating the disorder of the HPA axis and
reversing the decline in monoamine neurotransmitter levels have
been demonstrated in animal models. For instance, the admin-
istration of a CB1 receptor antagonist/inverse agonist increases
the concentration of serum corticosterone in a dose-dependent
manner, and pretreatment with receptor agonists, transport
inhibitors, or FAAH inhibitors significantly reduces or eliminates
the inhibition of corticosterone-induced release [53]. CB1 receptor
antagonists can block stress-induced corticosterone oversecretion
by inhibiting FAAH activity within the basolateral amygdala
complex [9]. The amygdala is believed to be a key component
of the excitatory drive of the HPA axis [54]. This provides evidence
that the roles of the HPA axis and EC system in the regulation of
physiological processes in depression highly overlap. Furthermore,
CB1/CB2 receptors are stimulated to increase the activity of
adrenergic, serotonergic, and dopaminergic neurons, as well as
the synthesis and/or release of corresponding neurotransmitters
in specific brain regions. Some specific studies are discussed
below. Low doses of WIN55,212-2, a selective CB1 receptor
agonist, enhance dorsal raphe nucleus 5-HT neuronal activity
through a CB1R-dependent mechanism [55]. Numerous studies
have focused on the role of CB2Rs in pathological pain of immune
origin [56] because CB2 receptors are thought to play a role in the
peripheral immune system. The mode of action of CB2 receptor
agonists and agonists in reversing monoamine neurotransmitter
levels has been poorly characterized. Based on the fact that CB2
receptors are expressed in dopaminergic neurons in the mouse
brain, Liu et al. used dopaminergic neuron-specific CB2 receptor
conditional knockout mice to confirm that CB2 may play
important roles in the modulation of psychomotor behaviors
[57]; the mechanism may be related to decreased activity of CB2-
mediated dopaminergic neurons in the ventral tegmental area
[27]. B-caryophyllene, a naturally available sesquiterpene, has also
been reported to have effects mediated by CB2 receptors on
depression and anxiety [58]. The mechanism can be ascribed to an
increase in the uptake levels or function of glutamate as a
subchronic immobilization and acoustic stress-induced inflamma-
tory regulator. The latter hypothesis was also confirmed by
experiments by Zoppi et al. in which CB2 receptor agonists
inhibited the increase in stress-induced proinflammatory cyto-
kines such as tumor necrosis factor-alpha (TNF-a), nitric oxide
(NO), and COX-2 and regulated depression caused by neuroin-
flammation. However, CB2 and the glucocorticoid mechanism
regulated by the HPA axis were not found to be relevant in this
study [26]. Furthermore, one study found that exogenous
cannabinoids taken up can interact with CB2 receptors and
promote neurogenesis in the hippocampal dentate gyrus in adult
rats, which translates to anxiolytic and antidepressant effects [59].

SPRINGERNATURE

Alzheimer’s disease (AD) and Parkinson'’s disease (PD)

AD and PD are neurodegenerative diseases that share similar
molecular mechanisms and pathological processes: protein
mutation leading to erroneous sorting or misfolding, protein
aggregation due to blocked degradation, and inclusion body
formation at specific sites. A mutation in the amyloid precursor
protein gene that causes the abnormal accumulation of amyloid-3
protein (AP) in the brain [60] and phosphorylated Tau protein [61]
is the focus of attention for AD. It has been observed that CB2
receptors and FAAH are selectively overexpressed in neuritic
plague-associated glia in Alzheimer’s disease brains [62], especially
in reactive astrocytes and activated microglial cells [63]. A CB2
agonist demonstrated the ability to stimulate natural A removal
in frozen human tissue sections and inhibit the synthesis of
pathogenic peptides [64]. The expression patterns of the CB2
receptor and FAAH are closely related to the deposition of AB,
suggesting that CB2 and FAAH may play a regulatory role in the
function of microglial cells in the pathological changes associated
with AD. The expression of CB1 receptors in different brain regions
of AD patients remains controversial; however, research has
indicated that CB1 receptor activity is contingent on the clinical
period of AD, with higher CB1 receptor activity found in the early
stage of AD and decreased levels found in later stages [65].
Additionally, Tau hyperphosphorylation may be affected by CB1
agonism [66] and cannabidiol [67], with the former down-
regulating the expression of inducible nitric oxide synthase and
the production of NO in AB-stimulated C6 cells and the latter
exerting its effect through Wnt/B-catenin pathway rescue in AB-
stimulated PC12 neuronal cells.

PD, also known as tremor paralysis, is a slowly progressing
neurodegenerative disease of largely unknown etiology. The main
biochemical pathology is the significant degeneration and loss of
dopaminergic neurons in the substantia nigra and a significant
decrease in the dopamine concentration in the striatum
accompanied by dysfunction of the basal ganglia [68], a region
that is a crucial regulator of motor activity affected by PD. CB1
receptors are highly distributed in the basal ganglia [69] and exert
complex regulatory effects on some important neurotransmitters,
playing a role in anti-excitatory neural toxicity [70] and
neuroprotection. Clinical observations have reported that the
degeneration of dopaminergic neurons is accompanied by
increased endocannabinoid system activity, and endocannabinoid
system dysfunction is observed in both PD patients and
experimental animal models. The upregulation of the CB2
receptor in glial cells in postmortem tissues obtained from PD
patients has also been investigated [71]. Mounsey et al utilized the
stereotaxic injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), a neurotoxin, to establish a PD rat model by
stereotactic injection and observed an elevated level of 2-AG [72].
In the same model, CB1 agonists improved the survival of
nigrostriatal dopaminergic neurons [73], and CB2 receptor
activation may have blocked blood-brain barrier leakage and the
neuroinflammation caused by the activation of glial cells, leading
to decreased production of proinflammatory chemokines and thus
preventing damage to dopaminergic neurons [74].

FAAH/MAGL INHIBITOR APPLICATION AS A NEW STRATEGY
FOR FUTURE TREATMENT OF CNS DISORDERS

The use of hydrolase inhibitors has been mentioned as a new drug
strategy with a strong potential for treating CNS disorders. The
direct stimulation of a receptor by an endocannabinoid agonist or
antagonist directly increases the content of endocannabinoids;
this makes the action of the agonist or antagonist on the receptor
less robust than indirect stimulation and causes this strategy to be
prone to side effects. Therefore, inhibitors of FAAH and MAGL
indirectly increase the excitability of the ECS by reducing the
hydrolysis of endocannabinoids. Several FAAH and MAGL
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Fig. 2 The application of FAAH and MAGL inhibitors in depression/anxiety and Parkinson’s disease/Alzheimer’s disease and the related
mechanism. Both endocannabinoid hydrolytic enzyme inhibitors improve the symptoms of depression/anxiety and PD/AD by regulating
neuroinflammation. In addition, FAAH inhibitors can coordinate the function of the HPA axis, and MAGL inhibitors can play a role against
depression and anxiety by blocking the inhibitory effect of astrocyte-mediated GABAergic synapses or glutamatergic synapses, activating the
mTOR signaling pathway, and enhancing neurogenesis and synaptic plasticity. In PD/AD, FAAH and MAGL play a role by inhibiting the death
of dopaminergic neurons, reducing the immunoreactivity of microglial cells, and increasing the expression of GDNF. This affects the formation
of Ap. PD Parkinson’s disease, AD Alzheimer’s disease, Ap amyloid f-protein

Table 1. Key biochemical indicators in CNS diseases after FAAH and
MAGL inhibitors therapy in the animal
Type of the Name Biochemical References
inhibitors indicators
FAAH inhibitors N-arachidonoyl CORT | [76]
serotonin
URB597 CORTJ [75, 81]
COX-2, PGE2, NO | [91]
DOPA 1 [104]
URB694 CORT | [79]
ST4070 CORT | [80]
SSR411298 CORT | [82]
PF-3845 BDNF 1 [106]
MAGL JZL184 CORT | [86]
inhibitors IL-1B, TNF-at | [90]
AB [102, 103]
KML29 DOPA, GDNF 1 [106]
PGE2 prostaglandin E2, NO nitric oxide, DOPA dopamine, BDNF brain-
derived neurotrophic factor, GDNF glial cell line-derived neurotrophic
factor, IL-1B interleukin-1p, TNF-a tumor necrosis factor-o, CORT corticoster-
one, COX-2 cyclooxygenase-2

inhibitors have been assessed in preclinical studies (Fig. 2 and
Table 1).

Depression/anxiety

To produce antidepressant or anxiolytic effects, FAAH inhibitors
may alter the response of the HPA axis and modulate its function,
while MAGL inhibitors may be beneficial in suppressing CNS
inflammation, thus ameliorating the depression or anxiety caused
by different physiological mechanisms [75]. As a dual blocker of
FAAH and TRPV1, N-arachidonoyl serotonin reverses the prolonga-
tion of immobility time in the forced swimming test through a
mechanism associated with the normalization of the HPA axis after
restraint stress by reversing the increase in plasma corticosterone
levels induced by stress [76]. Previous studies suggest that N-
arachidonoyl serotonin increases the levels of anandamide and
facilitates its action on the CB1 receptor [77], resulting in an
anxiolytic-like effect [78]. The above studies suggest that inhibitors
of enzymes that hydrolyze endogenous cannabinoids may
modulate monoaminergic signaling to play a role.
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Similarly, some other FAAH inhibitors, such as URB597, URB694,
and ST4070, also have the same influence on blood corticosterone
levels in stress paradigms and further ameliorate the conditions of
induced stress, such as depression or anxiety [9, 75, 79-81].
SSR411298, a newly synthesized and effective reversible FAAH
inhibitor, has robust antidepressant-like activity in the forced
swimming test and chronic mild stress model. In experimental
anxiety models, anxiolytic-like effects are observed in high-
intensity traumatic events [82]. In addition, an increase in time
spent in a lit arena in the light/dark test [83] and a decrease in
marble burying behavior [84] are observed following treatment
with URB597 and PF-3845, respectively. The MAGL inhibitor
JZL184 also shows similar results, revealing its anxiolytic effects.
A recent study performed comparative profiling of FAAH, MAGL,
and dual inhibitors, and the results demonstrated that acute
selective FAAH or MAGL inhibitors prevent stress-induced anxiety-
like behavior at doses that do not impair cognitive function but
are associated with anxiety-like behavior [85].

The MAGL inhibitor JZL184 has been reported to increase
corticosterone levels and is thought to participate in the
regulation of circulating corticosterone [86]. Nevertheless, the
antidepressant effect of MAGL inhibitors is significant, and several
special mechanisms have been reported. For example, high or low
doses of MAGL may have an antidepressant effect on depressive
states associated with acute stress and chronic corticosterone-
induced stress. The mechanism has been postulated to involve the
disinhibition of the GABAergic synapses or glutamatergic synapses
mediated by astrocytes [87], reversing the downregulation of
mTOR and ERK signals induced by chronic unpredictable stress
[88] and enhancing adult neurogenesis and long-term synaptic
plasticity in the hippocampal dentate gyrus [89].

The endogenous cannabinoid 2-AG, which is dominant in vivo, is
a complete agonist of the CB2 receptor and appears to be
associated with inflammation. As 2-AG is mainly hydrolyzed by
MAGL, MAGL inhibitors can contribute to the improvement of
neuroinflammation-related depression symptoms. For example, as a
MAGL inhibitor, JZL184 inhibits MAGL activity and elevates 2-AG
levels in the spleen but not in the frontal cortex. This can be
explained by the absence of detectable JZL184 levels in the frontal
cortex as opposed to the spleen. However, JZL184 attenuates
lipopolysaccharide (LPS)-induced interleukin-13 (IL-1B), interleukin-
6 (IL-6), interleukin-10 (IL-10) and TNF alpha levels in the frontal
cortex, suggesting the indirect actions of JZL184 on CNS
neuroinflammation [90]. This study also provides further evidence
for the potential of MAGL inhibitors as antidepressants targeting
inflammation. In addition, a study reported that URB597 decreases
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the expression of COX-2 and inducible nitric oxide in LPS-stimulated
microglia and inhibits the release of inflammatory factors such as
prostaglandin E2 and NO, suggesting that its antidepressant effect
may be related to the mediation of neuroinflammation [91]. In
terms of rapid acting antidepressant effects, ketamine and JZL-184
both reverse evolving depressive-like behavior during forced
abstinence from alcohol drinking. According to a review by Ogawa
et al, FAAH and MAGL inhibitors may require chronic administra-
tion for weeks to show clear antidepressant-like effects [75].

Other neuropsychiatric disorders

The FAAH inhibitor AM3506 lowers the percentage of trials with a
correct nonmatching response in the delayed nonmatching-to-
position procedure [92], signifying a possible role in learning and
memory function. However, reports to the contrary are also
available, as the most commonly used inhibitor of FAAH, URB597,
enhances memory acquisition when used in passive avoidance
experiments in rats. This enhancement is impeded by a PPAR-
alpha antagonist, supporting the ability of FAAH inhibitors to
modulate memory by activating PPAR-alpha [93]. In a model of
ethanol-related neuroinflammation and memory decline, the
effect of the FAAH inhibitor on hippocampal-dependent memory
may involve the regulation of hippocampal microglial cell
recruitment and activation [94]. In addition, URB597 has a positive
effect on cognitive function in male rats [95] and prevents
epileptic-induced changes in short-term plasticity and long-term
potentiation (LTP) [96].

Alterations in learning performance induced by the MAGL
inhibitor SAR127303 in multiple tests are related to episodic,
working and spatial memory, particularly a reduction in LTP of
hippocampal CA1 synaptic transmission and acetylcholine release,
two features of memory function [97]. In recent years, the
potential effects of FAAH inhibitors in several other stress-related
disorders, such as post-traumatic stress disorder (PTSD), have also
been explored. Chronic treatment with URB597 prevents posts-
tress symptoms (extinction and startle response), while acute
delivery ameliorates depressive-like symptoms (anhedonia and
reduced locomotion) in addition to PTSD-like symptoms (impaired
fear extinction and enhanced fear retrieval) through the
upregulation of CB1 induced by the return of shock/situational
reminders to the normal level and by improving performance in
hippocampal-dependent memory impairment and amygdala-
dependent memory enhancement in PTSD [98-100]. Chronic
traumatic encephalopathy, a disease that was recently regarded as
a target for MAGL, has neuropathological features such as
neurodegeneration, TAR DNA-binding protein 43 protein aggre-
gation, and tau phosphorylation, all of which may be significantly
inhibited [101].

PD/AD

However, no reports specifically focused on the use of MAGL
inhibitors for depression related to neuroinflammation are avail-
able, although the capacity of MAGL to reduce the neuroin-
flammatory response has been implicated in several other related
nervous system diseases. For instance, Rea et al. demonstrated that
JZL184 treatment significantly reduces the levels of inflammation-
induced Ibal-immunoreactive microglia and total AB burden in the
hippocampus and temporal and parietal cortices in APPSwe/
PSEN1AE9 mice, a model of Alzheimer's disease. Thus, neuroin-
flammatory responses produced by hyperactive glial cells can be
alleviated, dramatically affecting the course of AD, including the
formation of neurotoxic AP [102, 103]. In PD, some scholars found
that URB597 can inhibit the death of dopaminergic neurons,
reduce the immunoreactivity of microglial cells, and improve the
protective effect of MPTP-induced motor changes, thereby
improving the symptoms of PD [104]. Johnston et al. reported
that when L-DOPA and URB597 were coadministered to determine
if URB597 hinders the effects of L-DOPA therapy on PD, URB597
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reduced total L-DOPA-induced activity and the magnitude of
hyperactivity by 32% and 52%. The lack of effects of URB597 on the
antiparkinsonian actions of L-DOPA shows that FAAH inhibitors
may play an effective role in treating the side effects of L-DOPA
without impeding its therapeutic benefits [105]. Comparative
profiling of FAAH and MAGL inhibitors has also been performed. In
this study, scientists selected KML29 and PF-3845 as MAGL and
FAAH inhibitors with the purpose of investigating the differential
influence of dopamine and BDNF in a PD rat model. The final result
demonstrated that treatment with KML29 for over five weeks
attenuated striatal dopamine depletion in MPTP/probenecid mice,
preserved MPTP-induced CB2 expression and elevated the
expression of glial-derived neurotrophic factor. While PF-3845 did
not show some degree of protection, it reduced CB2 expression.
Thus, MAGL inhibition is a better choice for PD treatment [106].

CONCLUSIONS AND PERSPECTIVES

We comprehensively summarized cannabinoid compounds, the
ECS, and their applications in diseases of the nervous system. We
also reviewed reports on the two hydrolysis enzymes (FAAH and
MAGL) and their effect on nervous system diseases and
depression/anxiety, with a special focus on PD/AD. Although the
application of FAAH/MAGL inhibitors in learning and memory,
PTSD and other processes has been assessed, the literature survey
shows that limited studies on these aspects have been conducted,
and further progress should be made. Since MAGL is still widely
accepted to be associated with peripheral inflammation, only
limited studies have explored the therapeutic potential of MAGL
inhibitors for the treatment of neurological diseases. For example,
in depression, despite the availability of reports on the mechanism
of MAGL inhibitors, the lack of concrete evidence in animal
behavioral experiments remains a challenge to be overcome.
Currently, the two inhibitors are obtained by chemical synthesis or
structural modification, and we suggest that the extraction of
active compounds from natural products should be considered as
a good source of the inhibitors; additionally a more general
in vitro screening model should be established because active
substances produced by the metabolism of plants and other
organisms can be used for defense or other physiological
functions. The chemical structure of many natural products is so
complex that it is difficult or impossible to obtain drug candidates
by synthetic methods; most natural products have naturally
generated chirals, whereas the chiral synthesis of most com-
pounds is more medicinal. The above characteristics indicate that
natural products are the original biological “design” and that
biological macromolecules/drug targets (enzymes, proteins, etc.)
have a natural affinity. Although the efficacy of existing inhibitors
has been summarized, the inhibitors to evaluate efficacy at the
experiment level in animals, such as URB597 and JZL184, are
similar. Hence, the actual effects of other inhibitors need to be
further verified in animals. Additionally, comparative studies of the
interactions and relationships between these inhibitors and
current antidepressants are limited. N-arachidonoyl serotonin
has an antidepressive effect as a FAAH inhibitor, and we expect
drug combinations involving currently available drugs that
increase monoamine release to treat depression and FAAH/MAGL
inhibitors to be more effective. From the overall perspective of the
endogenous cannabinoid system, the role of receptors besides
CB1/CB2 receptors, such as TRPV1, remains poorly understood.
Since AEA and 2-AG are two endocannabinoids without any
apparent specialty, we believe that compounds other than the
enzymes FAAH and MAGL may modulate the metabolism of
endocannabinoids in animals, and this should be further explored.
For numerous proteins, extracting the substance that conforms to
the characteristics of the enzyme can improve the limitations of
the current studies conducted on the ECS, and this will serve as an
interesting and challenging task for researchers.
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