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Inhibitors of Fatty Acid Amide Hydrolase and Monoacylglycerol Lipase:
New Targets for Future Antidepressants
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Abstract: Cannabis and analogs of A’-tetrahydrocannabinol have been used for therapeutic purposes,
but their therapeutic use remains limited because of various adverse effects. Endogenous
cannabinoids have been discovered, and dysregulation of endocannabinoid signaling is implicated in
the pathophysiology of major depressive disorder (MDD). Recently, endocannabinoid hydrolytic
enzymes such as fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) have
become new therapeutic targets in the treatment of MDD. Several FAAH or MAGL inhibitors are
reported to have no cannabimimetic side effects and, therefore, are new potential therapeutic options

for patients with MDD who are resistant to first-line antidepressants (selective serotonin and
serotonin-norepinephrine reuptake inhibitors). In this review, we focus on the possible relationships between MDD and
the endocannabinoid system as well as the inhibitors’ therapeutic potential. MAGL inhibitors may reduce inflammatory
responses through activation of cannabinoid receptor type 2. In the hypothalamic—pituitary—adrenal axis, repeated FAAH
inhibitor administration may be beneficial for reducing circulating glucocorticoid levels. Both FAAH and MAGL
inhibitors may contribute to dopaminergic system regulation. Recently, several new inhibitors have been developed with
strong potency and selectivity. FAAH inhibitor, MAGL inhibitor, or dual blocker use would be promising new treatments
for MDD. Further pre-clinical studies and clinical trials using these inhibitors are warranted.
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1. INTRODUCTION

In the Global Burden of Disease Study 2010, major
depressive disorder (MDD) was estimated as the second
largest cause of years lived with disability [1]. MDD is a
common disease with an estimated global point prevalence
of 4.4% in 2010 (95% confidence interval: 4.1-4.4), 1990
(4.2-4.7), and 2005 (4.1-4.7) [2]. Unfortunately, however, a
substantial proportion of patients with MDD failed to
respond to first-line therapeutic drugs such as selective
serotonin reuptake inhibitors (SSRI) and serotonin-
norepinephrine reuptake inhibitors [3]. Therefore, different
classes of antidepressants are much needed.

“Cannabinoids” is a generic term for chemical constituents
contained in Cannabis (C. sativa subsp. sativa, C. sativa
subsp. indica, C. ruderalis). Cannabinoids consist of over 60
chemicals, which include Ag-tetrahydrocannabinol (THO),
cannabinol, and cannabidiol. Mechoulam et al. isolated THC
from cannabis in 1964 [4], and it was later found to be the
major psychoactive constituent among the 60 cannabinoids.
Cannabis has been used for medical purposes in the treatment
of pain, nausea, or seizure. It also promotes sociability,
rewarding feelings, and relaxation [5]. However, therapeutic
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use of cannabis and analogs of THC remain limited because
of their various side effects such as disturbing sensorimotor
and/or cognitive ability or influencing affection [6]. When used
as psychomimetics, direct agonists of cannabinoid receptors
can cause panic or psychosis, while their antagonists can
lead to depression or anxiety symptoms [5].

Endogenous cannabinoids have been discovered, and
endocannabinoid  signaling  dysregulation has been
implicated in the pathophysiology of MDD. Therefore, the
endocannabinoid hydrolytic enzymes have been regarded as
new therapeutic targets for the treatment of MDD. Several
inhibitors of these enzymes are reported to have no
cannabimimetic side effects [7-10]. Here, we review the
literature on the possible relationships between the
endocannabinoid system and MDD pathophysiology as well
as the implication of the inhibitors of endocannabinoid-
degrading enzymes for the amelioration of MDD symptoms.

1.1. Discovery of the Endocannabinoid System

THC acts through G protein-coupled cannabinoid receptor
type 1 (CB1), which was discovered in 1988 [11] and cloned
in a rat cDNA library in 1990 [12]. Subsequently, G protein-
coupled cannabinoid receptor type 2 (CB2) was also identified
in a human promyelocytic leukemia cell cDNA library [13].
These findings promoted investigations to seek endogenous
ligands for these receptors.
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In 1992, N-arachidonoylethanolamine (AEA, also called
“anandamide”) was found to be an endogenous ligand for
cannabinoid receptors from the porcine brain [14]. Subsequently,
another endocannabinoid, 2-arachidonoylglycerol (2-AG),
was identified by two groups, one from a rat brain [15] and
another from a canine intestine [16]. According to Sugiura et
al., 2-AG’s binding affinity to the cannabinoid receptor was
24 times lower than that of AEA (Ki = 99 nM and 2.4 uM,
respectively). However, concentrations of 2-AG were
observed to be about 800 times higher than those of AEA in
the rat brain. AEA was reported to account for 0.7% of the
total N-acylethanolamines (NAEs) (597.3 pmol/g [rat brain
tissue]) [17], while 2-AG accounted for 47.4% of the total
monoacylglycerols (6.86 nmol/g [rat brain tissue]) [15].
Therefore, 2-AG may play more essential physiological roles
than AEA in the brain endocannabinoid system [18].

However, the function of endocannabinoids in synaptic
transmission remains unclear. In the 1990s, it was discovered
that depolarization of the hippocampal CAl pyramidal
neurons or cerebellum Purkinje cells inhibits presynaptic -
amino butyric acid (GABA) release onto these cells [19],
which was termed as “depolarization-induced suppression of
inhibition” [20]. In 2001, three groups discovered that
postsynaptic release of endocannabinoids plays a role in
mediating retrograde signaling through the presynaptic CB1,
which inhibits presynaptic neurotransmitter release [21-23].
When the retrograde signaling occurs at the excitatory
(glutamatergic) synapses, it is called “depolarization-induced
suppression of excitation” [21]. These findings revealed that
endocannabinoids behave as retrograde messengers in
modulating transmitter release at synaptic sites and are key
regulators in the central nervous system (CNS). Several
reviews have described endocannabinoid systems in detail
[6, 18, 24].

1.2. Characteristics of Endocannabinoid Receptors and
Ligands

CBI receptors are distributed abundantly in the CNS
(cerebral cortex, hippocampus, amygdala, striatum, substantia
nigra) and peripheral tissues (lung, small intestine, uterus,
testis) [25], and the functional roles of CB1 are relevant to
motor regulation, control of appetites, and memory
processing [26]. CB2 receptors are mainly expressed in the
peripheral tissues (spleen, tonsil, lymph nodes) and immune
cells (macrophages, monocytes, B lymphocytes, natural
killer cells) [25]. A study using postmortem brains reported
that these receptors are expressed only in microglial cells in
the CNS [27]. Subsequently, CB2 receptors were found to be
expressed in neurons in specific brain regions [28]. CB2
receptors are considered to play roles in the regulation of
inflammatory and immune responses. Several recent studies
have shown that activation of the CB2 receptor causes
reversal of experimental memory deficiency in rats [29],
promotes neuroprotective effects in brain infarction model
mice [30], and ameliorates induced inflammatory responses
[31, 32] and experimental autoimmune encephalomyelitis
[33]. However, inconsistent results have also been reported
[34].

The endocannabinoid 2-AG is a full agonist for CB1 and
CB2 receptors, while AEA and THC have less affinity for

Current Neuropharmacology, 2015, Vol. 13, No. 6 761

the CB2 receptor than for the CBI1 receptor [35, 36].
Furthermore, AEA is a known ligand for transient receptor
potential vanilloid type 1 (TRPV1). TRPV1 co-localizes
with the CB1 receptor in neurons in several brain regions
[37], and both proteins are upregulated during inflammation
[38]. TRPV1 also co-localizes with CB1 and CB2 in the
mouse bone marrow-derived dendritic cells and in human
skeletal muscle cells, myometrial smooth muscle cells,
osteoclasts, proximal tubular cells of the kidney, keratinocytes,
melanocytes, and dental pulp cells [37]. Recently, it was
discovered that 2-AG acts as a ligand for TRPV1 [39].

1.3. Fatty Acid Amide Hydrolase and Monoacylglycerol
Lipase

AEA and 2-AG are released by Ca**-driven (postsynaptic
Ca®" elevation) or Ca’" independent receptor-driven
mechanisms at the synaptic sites. These endocannabinoids
are produced on demand and are degraded by hydrolysis and
oxidation. AEA is hydrolyzed by fatty acid amide hydrolase
(FAAH, also called FAAH-1), which was identified in 1993
[40], followed by FAAH-2 in 2006 [41]. From the analysis
of the Expressed Sequence Tags public database, FAAH-1
gene transcript expressions were observed in humans, rats,
mice, cows, and frogs, but FAAH-2 expression was in a
limited number of species such as humans and frogs but not
mice, rats, or cows [41]. In humans, FAAH-1 is distributed
in the brain, kidney, liver, small intestine, lung, prostate, and
testis while FAAH-2 is distributed in the heart, kidney, liver,
lung, and prostate but not in the brain [41]. It was suggested
that 85% of 2-AG is hydrolyzed by monoacylglycerol lipase
(MAGL), and the remaining 15% is catalyzed by abhydrolase
domain-containing protein 6 (ABHD6) or 12 [42]. MAGL
was discovered in 1976. In rats, MAGL mRNA is widely
expressed in the adipose tissue, adrenal gland, ovary, heart,
lung, liver, skeletal muscle, kidney, testis, and brain [43].
Both AEA and 2-AG are oxidized by cyclooxygenases
(COX) or lipoxygenases (LOX). Cyclooxygenase-2 (COX-2)
acts on AEA and 2-AG, which produce prostaglandin (PG)
ethanolamide and prostaglandin glycerol ester, respectively.

We summarized the pathways with a focus on FAAH and
MAGL in Fig. (1). In these pathways, AEA also plays the
role of a weak ligand for peroxisome proliferator-activated
receptor (PPAR) o [44] and PPAR-y [45]. The relationships
between PPARs and NAEs have been discussed in other
reviews [46, 47].

2. THE ENDOCANNABINOID SYSTEM AND MAJOR
DEPRESSIVE DISORDER

2.1. Involvement of Endocannabinoids in MDD

Endocannabinoid signaling modulation is implicated in
MDD pathophysiology. The elevation of CB1 receptor
expression levels and CB1 receptor-stimulated [*S]GTPyS
binding reactivity were observed in the prefrontal cortex of
the postmortem brains of MDD patients who had committed
suicide [48]. Hill et al. imposed a stress task on 15 women
with MDD and 15 healthy women and examined whether
they showed endocannabinoid alterations after the task.
Compared with the control group at baseline, patients with
MDD showed decreased serum levels of AEA and 2-AG but
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Fig. (1). Endocannabinoids, their target receptors, hydrolytic enzymes, and metabolites. Abbreviations: NAAA, N-acylethanolamine-
hydrolyzing acid amidase; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; PEA, N-palmitoylethanolamine; OEA,
N-oleoylethanolamine; AEA, N-arachidonoylethanolamine; 2-AG, 2-arachidonoylglycerol; PPAR-a, peroxisome proliferator-activated
receptor a; PPAR-y, peroxisome proliferator-activated receptor y; TRPV1, transient receptor potential vanilloid type 1; CB1, cannabinoid

receptor type 1; CB2, cannabinoid receptor type 2.

not of N-oleoylethanolamine (OEA) and N-palmitoylethanolamine
(PEA). Increase in serum 2-AG levels—but not AEA—was
higher in patients during the stress tasks than in controls.
After the stress task, serum OEA and PEA levels were
decreased compared with controls [49]. According to another
study by Hill et al., 16 female patients with MDD showed
significantly lower serum 2-AG concentrations compared
with 28 healthy female controls at baseline [50]. Serum 2-AG
levels in the patients with MDD were negatively correlated
with current depressive episode length. Furthermore, patients
with MDD showed significantly negative correlations
between serum AEA levels and both “Cognitive anxiety”
and “Somatic anxiety” subscale scores on the Hamilton
Rating Scale for Depression (HRSD) [50]. We reported that
the cerebrospinal fluid (CSF) level of ethanolamine (EA),
which is a metabolite of AEA, was lower in patients with
MDD than in healthy controls [51]. Additionally, in
accordance with studies by Hill et al., MDD patients with
lower EA concentrations in the CSF scored higher on the
“Somatic anxiety” HRSD subscale. Additionally, those with
lower CSF EA in our study had a higher total HRSD score
than did those with higher CSF EA levels [51].

In an animal study, Hill et al. demonstrated that mice
lacking FAAH showed antianxiety-like behavior and increased
AEA levels in the amygdala compared with wild-type (WT)

mice [52]. In humans [53], the possible association of a
missense single nucleotide polymorphism C385A (rs324420)
of the FAAH gene, which reduces FAAH activity and
expression [54], with stress reactivity was investigated.
Individuals with A/A genotype (homozygosity for the low-
activity allele) showed significantly lower stress reactivity Z
score on the Multidimensional Personality Questionnaire
than did those with A/C or C/C genotypes, indicating that
genetically determined reduction in FAAH activity is
associated with attenuated stress response [53]. Taken
together, these results suggest that the AEA pathway is
involved in anxiety—in particular, somatic anxiety among
MDD symptoms. Ho et al. revealed that diastolic blood
pressure is significantly correlated with both serum AEA and
2-AG levels in individuals with depression but not in controls
[55]. This finding also suggests that endocannabinoids are
involved in autonomic dysregulation in MDD. Since Hill ef al.
and Ho ef al. employed only female participants, further
investigations should be conducted in male participants.

However, contradictive negative results have been
reported in several studies. Giuffrida ef al. found no significant
differences in the CSF AEA levels between 12 patients with
depression and healthy controls, although the levels were
elevated in un-medicated patients with schizophrenia (SZ)
[56]. Among these 12 patients with depression, eight had



Endocannabinoid and Depression

bipolar disorder, and all were medicated with psychotropic
drugs. Further exploration of endocannabinoid dynamics in
non-medicated patients with MDD will be warranted.

2.2. Neuroinflammation and Endocannabinoids

Inflammatory responses are implicated in MDD
pathophysiology. Recently, we reported that MDD and SZ
patient groups showed significantly higher CSF Interleukin-6
(IL-6) concentrations compared to a healthy control group
[57]. Although patients with MDD and SZ in our study did
not show significant differences in IL-6 blood serum levels
compared to controls [57], a meta-analysis of 99 studies
investigating serum or plasma IL-6 levels clearly showed
elevated circulating IL-6 concentrations in patients with
MDD [58]. In another meta-analysis, certain pro-
inflammatory cytokine and related proteins, such as soluble
IL-2 receptor [59] and tumor necrosis factor-a (TNF-a) [59,
60], were elevated in MDD, but other cytokines such as IL-
1B [59, 60], IL-10 [58, 60], IL-2 [60], and interferon-y were
not [60]. Still another meta-analysis reported that antidepressant
SSRI treatment recovered serum IL-6 levels, and other
antidepressant treatments recovered serum IL-1f levels [61].
Taken together, these results seem to indicate that particular
cytokines are significantly related to MDD. We recently
reported in a meta-analysis that plasma concentrations of L-
tryptophan, which is a precursor for serotonin, were
decreased in those with MDD [62]. The mechanism is
assumed to function as follows: pro-inflammatory cytokines
induce indoleamine 2,3-dioxygenase expressed in the
epithelial cells, endothelial cells, macrophages, and dendritic
cells, converting tryptophan to kynurenine. Pro-inflammatory
cytokines may be involved in the decrease of serotonin
caused by tryptophan deficiency. In microglial cells,
kynurenine is predominantly converted to quinolinic acid or
3-hydroxykynurenine, causing a neurotoxic effect by
agonizing the NMDA receptor [63].

Recently, Hodes et al. reported that peripheral IL-6 is
highly relevant to stress vulnerability in mice [64]. Even
before the stress paradigm, leukocytes collected from stress-
susceptible mice produced higher IL-6 than those from
resilient mice when the leukocytes were stimulated with
lipopolysaccharide ~ (LPS). Mice with transplanted
hematopoietic progenitor cells from stress-susceptible mice
showed significantly greater depression-like behaviors
compared to the those with transplanted cells from control
mice [64]. IL-6 is produced by macrophages, endothelial
cells, and microglial cells [65], and the CB2 distribution
site in the CNS overlaps with IL-6 expression. As we
mentioned above, CB2 agonist suppresses the stress-induced
inflammatory response in mice [32]. In vitro studies revealed
that a CB2 blocker reversed the THC effects on pro-
inflammatory cytokines such as IL-6, IL-8, IL-1B, and LPS-
induced TNF-a [66], and a selective agonist for CB2, HU-
308, reduced cytokine productions such as IL-6, IL-1p, and
LPS-induced TNF-a [67]. Collectively, CB2 is involved in
the production of pro-inflammatory cytokines and may be a
therapeutic target to alter the neuroinflammatory state in
MDD. Since 2-AG—and not AEA and THC—is a full
agonist for CB2, inhibition of hydrolysis of 2-AG may be
beneficial for suppressing CNS inflammation through CB2
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signaling. Therefore, MAGL inhibitors may ameliorate
symptoms of neuroinflammation-related MDD.

COX-2 is also relevant to inflammation as a key enzyme
for producing PGs. In the brain, COX-2 is usually expressed
at undetectable levels in the endothelial cells [68]; however,
COX-2 is strongly induced in the brain endothelial cells, and
the number of COX-2 immunoreactive microglial cells is
increased in an inflammatory status [69]. Celecoxib, which is
one of the COX-2 specific non-steroidal anti-inflammatory
drugs (NSAIDs), showed antidepressive effects when combined
with reboxetine (a selective noradrenaline reuptake inhibitor)
[70]. Later, celecoxib’s add-on effects were confirmed by a meta-
analysis [71]. In animal studies, celecoxib’s monotherapeutic
effects on depression-like behavior were examined [72, 73],
and celecoxib showed equivalent effects to other antidepressants
in the rat forced swim test (FST) [73]. Zoppi et al. reported
that mice treated with JWH-133, a selective agonist for CB2,
or CB2 over-expressing mice showed no significant changes
in COX-2 expression levels but showed significantly low
PGE, levels compared to controls after a four-day stress
procedure, whereas CB2 knock-out (KO) mice showed
increased COX-2 expressions and higher PGE, levels in the
brain [32]. Taken together, these results indicate that
endocannabinoid signaling, especially of CB2, could affect
inflammatory responses, and could be a therapeutic target for
inflammation-related depression.

2.3. Hypothalamic—Pituitary—adrenal (HPA) Axis and
Endocannabinoids

Dysregulation of the HPA axis, which is considered to be
related to chronic stress, is implicated in MDD
pathophysiology. Both psychological and physiological
stressors activate the HPA axis, followed by an increase in
corticotropin-releasing hormone (CRH) and arginine-
vasopressin production from the paraventricular nuclei
(PVN) of the hypothalamus. So far, several studies have
demonstrated that patients with MDD show hypercortisolism
[74, 75], and HPA axis restoration occurs after MDD
remission [74]. Therefore, HPA axis function can be a state-
dependent marker of MDD. We also reported that a single
nucleotide polymorphism of the IL-1B gene is associated
with glucocorticoid levels after dexamethasone (DEX) but
not CRH administration [76].

In previous studies in rodents, intracerebroventricular
(i.c.v.) or direct injection of URB597, an FAAH inhibitor, to
the brain parenchyma showed significant decrease in blood
corticosterone in an acute stress paradigm [77, 78]. Although
a single intraperitoneal (i.p.) administration (0.1-1.0 mg/kg)
of URB597 resulted in no significant decrease in blood
corticosterone in an acute stress paradigm [79-81],
significantly decreased mRNA expressions of pituitary
proopiomelanocortin (POMC), PVN CRH, and c-Fos in the
amygdala and PVN were observed after administration of
URBS597 in an acute stress paradigm [79]. These results
suggest that URB597 could alter HPA axis functions. Hill et
al. showed that, in nine days of a 30-min repeated stress
paradigm, basal levels of AEA in several brain regions (i.e.,
frontal cortex, hippocampus, hypothalamus, and amygdala)
decreased significantly [82]. Repeated administration of
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URB597 (0.3 mg/kg i.p.) significantly decreased basal levels
of corticosterone after a repeated stress paradigm [82].

These nine days of repeated 30-min restraint stress also
resulted in increased 2-AG levels, but not in the unstressed
or basal state [82]. The corticosterone levels after repeated
stress were significantly lower than after single stress. This
“adaptive” decrease in corticosterone response was blocked
by the CB1 antagonist, AM251, but not by the FAAH
inhibitor, URB597. Furthermore, the 2-AG levels in the
amygdala after 30 min of repeated restraint stress was
significantly and negatively correlated with blood
corticosterone levels [82]. In another report, CB1 KO mice
or CB1 antagonist-treated mice also showed significantly
elevated blood corticosterone levels responding to restraint
stress [80]. These results suggest that the adaptation to stress
(i.e., decreased response of corticosterone after repeated
stress administration) or response of corticosterone levels
after repeated stress is related to brain CB1 and 2-AG rather
than AEA. However, since AM251 also works as a CB2
antagonist [83], we cannot rule out the possibility that CB2
partly contributes to the adaptation effect of corticosterone
levels after a repeated stress paradigm. However, CB1 KO
mice or CBl antagonist-treated mice also showed
significantly elevated blood corticosterone levels [80].

Contradictorily, Roberts et al. showed that male mice
that received JZL184 (16 mg/kg i.p.) showed significantly
enhanced blood corticosterone levels. Similar results were
observed by Aliczki ef al. in mice treated with JZL184 (16
mg/kg 1ip.) [84]. Roberts et al. argued that high-
concentration 2-AG causes rapid desensitization of CBI1
signaling. In addition, we consider several possibilities for
JZ1.184-induced increase in corticosterone levels. First, as
shown in Table 1, JZL184 has a strong sub-ten nanomolar
affinity for the carboxylesterase family of enzymes such as
esterase-1 or triglyceride hydrolase 2 (both 5 nM) [85]. To
rule out this possibility of off-target effects, other selective
and potent inhibitors of MAGL, such as MJN110 or KML29,
should be used to confirm MAGL inhibition on circulating
corticosterone. Second, effects of chronic and acute
administration of MAGL inhibitors may have different
effects on circulating corticosterone. Therefore, it is also
possible that chronic administration of the drug results in
different effects on blood corticosterone levels compared to
acute administration.

Wiebelhaus et al. reported that URB597 administration
increased other NAEs (e.g., PEA and OEA) as well as AEA
in several brain regions [86]. Hence, NAEs might play a role
in the regulation of HPA axis functions through their
receptors (e.g., PPARs) [87]) rather than endocannabinoid
receptors. Moreover, since AEA is a ligand for TRPV1 (Fig.
(1)), the observed effect of URB597 on basal corticosterone
might be caused by TRPVI1 signaling. To clarify the
individual roles of these factors in HPA axis regulation,
further studies are warranted.

Endocannabinoids may be correlated to stress responses
and may alter HPA axis responses to psychological or
physiological stressors. Repeated administration of FAAH
inhibitors may modulate HPA axis function, but effects of
MAGL inhibitors are still elusive. The effects of chronic
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administration of FAAH/MAGL inhibitors and off-target
effects of the inhibitors must also be confirmed extensively.
CB1 may profoundly relate with the stress responsive
corticosterone release and stress adaptation.

2.4. The Dopaminergic System and Endocannabinoids

Abnormality of the dopaminergic system has been
implicated in MDD pathophysiology. Klimek et al. showed
reduced dopamine transporter levels and increasing numbers
of D,/Ds receptors in the amygdala of postmortem brain
samples from MDD patients [88]. Another study investigating
CSF monoamine metabolite levels showed a decrease in CSF
levels of homovanillic acid (HVA), the primary dopamine
metabolite, implying that dopamine turnover is blunted [89].
Sulpiride exerts rapid antidepressive effects at low doses by
activating dopamine transmission through dopamine
autoreceptor blockades [90]. Other studies exist in which
MDD patients received electroconvulsive therapy or vagus
nerve stimulation and showed increases in CSF HVA levels
[91, 92]. We showed that adjunctive administration of a
dopamine agonist pramipexole significantly ameliorated
depression severity in MDD patients who had failed to
respond to treatment with SSRIs [93]. Different classes of
antidepressants are reported to have common effects:
inhibition of dopamine reuptake at synaptosome [94] and
increase of extracellular dopamine levels [95]. Collectively,
these facts support the dopaminergic dysregulation in MDD
pathophysiology.

A study using a social isolation paradigm, an animal
model of depression [96], in adolescent rats showed decrease
in dopamine D, receptor expressions in the adult rat brain
[97]. In our study, the dopamine D, receptor agonist,
cabergoline, exerted antidepressant-like effects upon acute
and sub-chronic administration in Wistar rats and Wistar
Kyoto rats [98]. Mesocortical and mesolimbic pathways are
considered to be related to depression, and these pathways
originate in the ventral tegmental area (VTA). Since VTA
regulation was related to the projection of brain-derived
neurotrophic factor (BDNF) positive glutamatergic neurons
[99], BDNF expression levels in the other regions that
innervate the VTA (e.g., cortex, hippocampus, and amygdala)
are also thought to be important for the dopaminergic
system. Our study using cabergoline revealed significant
increases in hippocampal BDNF levels after a two-week
administration of the drug [98]. Murillo-Rodriguez et al.
reported that male Wistar rats infused with URB597, OEA,
or PEA by i.c.v injection [100] or microinjection into the
lateral hypothalamus or dorsal raphe nuclei [101] showed
significantly elevated extracellular dopamine concentrations
in the nucleus accumbens (NAc) and wakefulness as well as
significantly decreased slow-wave sleep [100, 101], suggesting
activated dopaminergic functions. As shown in Fig. (1), both
OEA and PEA are catalyzed by FAAH (PEA is also
selectively catalyzed by NAE-hydrolyzing acid amidase),
suggesting the presence of a mediating mechanism other
than cannabinoid receptors, such as PPARs, whose agonists
are OEA and PEA (Fig. (1)). In our study, CSF EA levels
showed significantly positive correlations with CSF HVA
concentrations [51]. Since EA is a component of NAEs, CSF
EA levels might reflect central NAEs or dopamine turnover.
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Table 1. Potencies of leading FAAH and MAGL inhibitors with sub-hundred nanomolar potency.
FAAH Inhibition - MAGL Inhibition - Inhibition of other Enzymes | In Vivo Efficacy
Name Reversibility Reversibility
(ICso, nM) (ICso, nM) or Receptors (ICsy, nM) on Brain
48 (h) [123] .
Irreversible 11,000 (h) [123]
AM3506 [123] 2.8+0.3 (r)[112] N.A. N.A. Yes [123]
[112] 383.1+£42.3 (h) [112]
5.1£0.5 (h) [112]
AM374 . .
13 (r) [124] Irreversible 6,200 + 100 (r) [126] 520 (462-586) (r CB1 agonist
(hexadecylsulfonyl N.A. Lo N.A.
. 10.2£0.1 (r) [125] [124] 241 +17 (r) [127] binding) [124]
fluoride) [124]
1.7 () [118]
Slowly
0.9 (h) [118] . 7.2+2.5 (h NAAA) [130]
AM6701 [118] 1.2+0.13 (h) [128] N.A. reversible N.A.
20 (monkey) [115] 129 7.7+0.2 (h NAAA) [130]
1.2 +0.35 (h) [128] (129]
0.81 (0.56-1.1) (m) 50,000 (21,000-120,000)
Reversible
CAY10435 [131] [132] N.A. N.A. (m KIAA1363) [132] Yes [134]
[133]
17 (h) [133] 83 (69-100) (m TGH) [132]
500 +30 (h) [135]
76 (h) [135] . ;
Irreversible 92 (82-100) (h) [136] Irreversible
CAY10499 [135] 86 (70-110) (r) [136] 90 (h HSL) [136] N.A.
[135] 480 (h) [114] [137, 138]
1,300 (r) [114]
144 £3 (h) [137]
0.8 0.2 (m) [139]
0.107 (r) [140] 6,300 + 2,300 (m AChE) [139]
IDFP [139] 3+2(m)[139] N.A. ) N.A. 2+ 1 (m CBI agonist binding) | Yes [139, 141]
0.219 (m) [140] 141]
1.5 (h) [140] L
0.214 (r) [140]
2,400 (r) [140]
JIKK-048 [140] 4,800 (h) [140] N.A. 0.275 (m) [140] N.A. 229 (h ABHDG6) [140] N.A.
’ 0.363 (h) [140]
10 (r FAAH) [142] .
Partially 5,700 (h FAAH-2) [142]
12 (h FAAH) [142] . s
INJ-1661010 (Takeda- reversible . No inhibition (r COX-1) [142]
15-388 (h FAAH) [142] No inhibition (r) [142] N.A. . Yes [142]
25)[142, 143] 34465 (r) [143] (80% recovery) No inhibition (r COX-2) [142]
S5 (r
[142] No inhibition (r NAAA) [142]
33 +£2.1 (h) [143]
JNJ-40355003 (JNJ- 1.4 +£0.41 (h) [144]
N.A. N.A. N.A. >10,000 (h FAAH-2) [144] Yes [144]
5003) [144] 33 +£8.7 (r) [144]
>50,000 (m) [145] 123 (91-160) (m) [145]
38 (29-50) (m ABHD®6) [145]
JW618 [145] >50,000 (r) [145] N.A. 385 (329-451) (r) [145] N.A. N.A.
13 (8.9-18) (r ABHD®6) [145]
>50,000 (h) [145] 6.9 (4.4-11) (h) [145]
4.5 (m) [146] 10,380 (4,612-23,400) (m
JW651 [146] >50,000 (m) [146] N.A. N.A. Yes [146]
38 (23-64) (m) [146] ABHDG6) [146]
8 (m) [147]
6 (m) [147]
2 (m) [85]
3,270 (m ABHDG6) [148]
4,000 (m) [147] 25 (r) [85]
2,940 (1,441-6,010) (r
4,690 (m) [148] 2 (h) [85] .
Irreversible ABHDG6) [145]
JZ1184 [147] 3,570 (2,540-5,020) (r) N.A. 10 (m) [148] Yes [145, 147]
[85, 138] 5 (uES1) [85]

[145]
>50,000 (h) [145]
36,308 (h) [149]

262 (188-363) (1) [145]
3.9 (1.8-8.1) (h) [145]
37 (h) [149]
2,700 (r) [140]

95 (m) [140]

5 (u TGH2) [85]
>100,000 (u HSL) [85]
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Table 1. contd....
FAAH Inhibition - MAGL Inhibition - Inhibition of other Enzymes | In Vivo Efficacy
Name Reversibility Reversibility )
(ICs0, nM) (ICsp, nM) or Receptors (ICsy, nM) on Brain
50 (m ABHD®6) [150]
>5,000 (m NTE) [150]
19 (m) [150] 50 (r ABHDG6) [150]
13 (m) [150] 100 (r) [150] >5,000 (r NTE) [150]
JZ1.195 [150] 12 (r) [150] N.A. 5 (h) [150] >5,000 (h NTE) [150] Yes [150]
110 (h) [150] 3,700 (r) [140] >20,000 (h CBI1 agonist
3,300 (m) [140] binding) [150]
>20,000 (h CB2 agonist
binding) [150]
No inhibition at 10 uM (bovine
Slowly 16% inhibition at 10 uM (h) COX-1) [133] NA.

JZP-327A [133]

11 (h) [133]

reversible [133]

[133]

20% inhibition at 10 uM (h
COX-2) [133]

>50,000 (m) [145]

2.5 (m) [145]

15 (11-21) (m) [145]
43 (36-52) (1) [145]

5.9 (4.0-9.9) (h) [145]

4,870 (4,120-5,760) (m
ABHD6) [145]

Yes [145, 151]

148 (1) [140]
324 (m) [140]

KML29 [145] >50,000 (r) [145] N.A. 0.14 (h) [145] 1,600 (1,260-2.040) (r
>50,000 (h) [145]
2.5 (r) [140] ABHDG6) [145]
0.851 (m) [140]
3.6 (h) [140]
2.1 (r)[115] 0.27 + 0.029 (AEA uptake in
12.4 (8.3-18.6) (m) 8,100 (monkey) [115] RBL-2H3 cells) [152]
LY2183240 [153] Irreversible 5.3(3.9-7.3) (u) [153] 0.09 (0.07-0.10) (u ABHD6) Ves (152, 153
[152] 14.0 £ 0.662 (r) [154] [153] 54.445.2 (h) [155] [153] es (152, 153]
37.3+5.4 (h) [155] 290 (h) [114] 8.2 (6.1-11) (u KIAA1363)
5(r)[114] [153]
2-3 (porcine) [158]
800 +50 (r) [126]
2.5 (m) [157] L
1-3 (m, 1) [156] 2.2+0.3 (1) [127] 20 (r CBI1 agonist binding)
MAFP [156, N Irreversible 76 +4 (h) [135] [157]
157] 6 (porcine) [138] [156, 157] 26.3+9.95 (h) [155] 0.60+0.10 (m NTE) [113] Yes [134]
0.10+0.02 (m) [159] ’ ) ) ’ )
62-160 (h) [160] 124 + 17 (m AChE) [159]
0.33£0.07 (h) [155]
1.0 (r) [140]
1.8 (m) [140]
2.1 (m) [161]
>50,000 (m) [161]
9.1 (h) [161] 260 (174-394) (m ABHD6)
MIN110 [161] >50,000 (h) [161] N.A. Yes [161]
0.43 (h) [161] [146]
>100,000 (m) [146]
9.5 (5.7-15.8) (m) [146]
0.54 (h) [149]
4.4 (r) [140] Irreversible
ML30 [149] 562 (h) [149] N.A. N.A. N.A.
1.9 (m) [140]
1.5 (h) [140]
140 (r) [162]
10,500 + 3,800 (h) [135]
. 2,800 (h) [118]
N-arachidonoyl .
L. >10,000 (r) [114] 1,120 £ 140 (h) [155] Irreversible
maleimide N.A. N.A. Yes [10]
162] 2,180 + 620 (h) [155] 46 £7 (r) [163] [138, 164]
[ No inhibition at 10 uM (h) [114]




Endocannabinoid and Depression

Current Neuropharmacology, 2015, Vol. 13, No. 6 767

Table 1. contd....

FAAH Inhibition - MAGL Inhibition - Inhibition of other Enzymes or In Vivo Efficacy
Name Reversibility Reversibility .
(ICs0, nM) (ICs0, nM) Receptors (ICsy, nM) on Brain
13.4 (11.3-15.9) (h FAAH-2) [41]
206 (126-336) (h FAAH-1) 4 (h FAAH-2) [142]
(41] . 620 (490-780) (m TGH) [120]
108297 (1) (166 Reversibl >100,000 (m AAD) [120]
OL-135[165] | (1; 3 0() () [) [1;0] [166"56“1‘66; >100,000 (m) [120] N.A. >100,000 (m CE-1) [120] Yes [120]
g (h FAAE ik ’ >100,000 (m LPL) [120]
o cell ) 1671 >100,000 (m KIAA1363) [120]
‘whole cell assa
Y 22% inhibition at 10 uM (r CB1) [120]
30% inhibition at 10 uM (h CB2) [120]
>100,000 (m TGH) [120]
Reversib] >100,000 (m AAD) [120] No. not active i
OL-92 [165] | 0.28 (0.15-0.52) (m) [120] evlezr(s)‘ € | >100,000 (m) [120] NA. >100,000 (m CE-1) [120] 0. 1o alczl(‘)’e "
[120] >100,000 (m LPL) [120] vivo [120]
17000 (9500-28000) (m KIAA1363) [120]
30,000 (h CYP1A2) [168]
PE-04457845 7.2-50.4 (h) [169] No inhibition at 10 9,800 (h CYP2C9) [168]
. 7.4-43.1 (r) [169 i M (m) [170
(PF-7845) (©) [169] Irreversible KM (m) [170] NA 12600 (h CYP2C19) [168] Yes [169. 170]
[168] 2.5 (m) [170] [168] No inhibition at 10 14,500 (h CYP2D6) [168]
1.0 (h) [170] uM (h) [170] 30,000 (h CYP3A4) [168]
No inhibition at 10 pM (m ABHD6) [170]
PF-3845 18 (14-23) (h FAAH-1) | Irreversible NA NA 10,000 ( FAAEL2) [171] Yes [86. 171]
171 71 171
PF-750 [166] 16.2-595 (h) [166] Irreversible NA. NA. No inhibition at 50 pM (m liver serine Yes [166]
320 (h) [133] [166] hydrolases) [166]
SA-57 [170] 3.2 (m) [170] Irreversible 410 (m) [170] Irreversible 850 (m ABHD6) [170] Yes [170]
1.9 (h) [170] [1701. 1,400 (h) [170] [170]
>10,000 (m CB1 agonist binding) [172]
>10,000 (m CB2 agonist binding) [172]
ST4070 [172] 9 (m) [172] Reversible |14 600 (m) [172] N.A. >10,000 (m TRPV1) [172] Yes [173]
[172] 100 (h AMT) [172]
>10,000 (m NAPE-PLD) [172]
>10,000 (m DAGL) [172]
3.8 (2.9-5.0) (v) [127]
45 (31-65) (m) [174]
33.5 (by [175] 196 (119-322) (m CE-6) [174]
: >100,000 (m ES31) [174
26.3 () [175] 50263 (t(ln;AAH )25 [41]]
109 (h) [176] R )
7 (h FAAH-2) [142]
119 @ [176] 192 (96-320) (m TGH) [120]
—. m
RB597 4.6+1.6(1)[7
(K[f)S 4103) 0520 05((0)[[7]] Trreversible [7, | >100,000 (m) [120] NA >100,000 (m AAD) [120] Yes [153, 166,
= . N I AL
ol 113 (79-170) (m) [120] 142, 166] >30,000 (r) [7] >100,000 (m CE-1) [120] 174,177
— m
>100,000 (m LPL) [120
101-505 (h FAAH-1) [41] >100 00(3 ( gllAA13)6[3) [1]20]
157 £5.23 (1) [154] 230 ng] (b AMD [7]
109-986 (h) [166] >100,000 ( CB1 agonist bindi Y[7]
7.7+1.5 @) [177] 100,000 (r B2 agom.st bl.ndl.ng) i
31 (h FAAH-HEK whole U0 (B2 agomst binding
cell assay) [167]
URB880 0.63+0.04 (1) [117] NA. No inhibition at 100 NA. NA. NA.
[117] pM () [117]
. No, peripherally
Ve | asssasons | TNERE 00000007y | NA, NA. restricted effects
[178]

Abbreviations: FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; IC50, 50% inhibitory concentration; N.A., not available; h, human; r, rat; m, mouse; u,
undescribed species; CB, cannabinoid receptor; NAAA, N-acylethanolamine-hydrolyzing acid amidase; HSL, hormone-sensitive lipase; AChE, acetylcholinesterase; ABHD, o/f3-
hydrolase domain 6; COX, cyclooxygenase; ES, esterase; TGH, triacylglycerol hydrolase; NTE, neuropathy target esterase; KIAA1363, ether-lipid metabolic enzyme; RBL, rat
basophilic leukemia; HEK, human embryonic kidney; AAD, arylacetamide deacetylase; CE, carboxylesterase; LPL, lipoprotein lipase; CYP, cytochrome P450; AMT, anandamide
membrane transporter

The data are presented as mean, mean + standard deviation, or mean (range).
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Wiebelhaus et al. reported that, even in systemic injection,
inhibition of FAAH increased AEA, PEA, and OEA levels in
several brain regions. On the other hand, MAGL inhibitors
increased 2-AG in the NAc and VTA [86]. Notably, when
MAGL inhibitors were administered, AEA concentrations in
the NAc decreased significantly.

Nader et al. found that URB597 or JZL184 administration
prevented methamphetamine-induced neurotoxicity. CB2
antagonist blocked such neuroprotective effects, but CBI
antagonist in mice did not [102]. Zhang et al. reported that
CB2 receptors were expressed in the VTA dopamine
neurons, and CB2 agonists inhibited the VTA dopamine
neuron firing in WT or CB1”" mice but not in CB2"" mice
[28]. These results suggest that CB2 signaling may prevent
excitotoxicity in the VTA dopaminergic neurons. In the
intracranial self-stimulation (ICSS) paradigm using an
electrode implanted at the right middle forebrain bundle, the
FAAH inhibitor, MAGL inhibitors, and FAAH/MAGL co-
inhibitor all caused a dose-dependent reduction in the
number of ICSS in mice while cocaine induced a dose-
dependent increase [86]. In the food restriction paradigm,
extracellular dopamine levels increased drastically (about
400%) [103], and the elevation of dopamine levels was
completely blocked by CBl antagonist SR141716,
suggesting that CB1 is essential for dopamine elevation in
food restriction.

These indicate that administrations of FAAH inhibitors
might elevate dopaminergic transmission in the mesolimbic/
mesocortical pathways. CB2 may have protective effects
against excitotoxicity in dopamine neurons and addictive
behavior. In other words, CB2 may have suppressive effects
on the dopaminergic system. However, for “triggered”
induction of dopamine, CB1 plays a pivotal role. CB1 and
CB2 might work in the opposite direction, in which case the
balance of both receptors might be important.

3. PHARMACOLOGICAL APPLICATION

3.1. Future Prospects of FAAH and MAGL Inhibitors

To date, numerous compounds have been synthesized as
FAAH/MAGL inhibitors, and several of these have been
used for pre-clinical studies. Vinod et al. reported that sub-
chronic URB597 administration (0.3 mg/kg i.p. for seven
days) exerts antidepressant-like effects on the Wistar Kyoto
rat, which is a genetic animal model for MDD [104].
Adamczyk et al. reported that a single administration of
URB597 (0.03-0.3 mg/kg 1i.p.) significantly reduced
immobility time in the FST, and this reduction was nullified
by the CB1 antagonist rimonabant [105]. Bortolato et al.
reported that chronic URB597 (0.3 mg/kg i.p. for five
weeks) reversed decrease of sucrose intake induced by
chronic unpredictable mild stress in the sucrose preference
(or consumption) test [106]. The same research group
reported that repeated administration of JZL184 (8 mg/kg
ip. every two days for three or four weeks) rescued the
increase in immobility time in the FST induced by chronic
unpredictable mild stress [107, 108]. Naidu et al. reported
that a single administration of URB597 (0.1 mg/kg i.p.)
significantly decreased immobility time in a modified tail
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suspension test in mice [109]. However, contradictive
negative results have been reported. Lomazzo et al. reported
that a repeated administration (one week or more) of
URBS597 (1 mg/kg/day i.p.) and/or JZL184 (8 mg/kg/day
i.p.) significantly increased immobility time in the FST in
mice [110]. Since chronic, but not acute, administration of
URBS597 reduced basal corticosterone levels [82], chronic
administration of inhibitors seems to be more effective in
inducing their antidepressant-like effects. Because Bortolato
et al. showed that URB597 required at least five weeks to
show its antidepressant-like effect, we expect that the FAAH
and/or MAGL inhibitors may require several weeks for clear
antidepressant-like effects.

We summarize in Table 1 the inhibitors of FAAH and/or
MAGL with the sub-hundred nanomolar potencies that are
currently available and have general names. The detailed
potencies of first-generation inhibitors were described in
Minkkild’s review [111]. Hundreds of chemicals other than
the compounds presented in Table 1 were developed as
analogs of previously developed or originally synthesized
compounds [111-117]. We also excluded those compounds
with no confirmed detailed information from this table such
as SSR411298, MM-433593, and JNJ-42165279. Among the
compounds listed in Table 1, URB597 and JZL184 are the
most frequently used drugs in pre-clinical studies. Recently,
inhibitors have been developed with higher potencies and
selectivity, and these newly developed drugs can be useful
tools for clinical or preclinical studies. Among MAGL
inhibitors, for example, KML29, JW651, and MJN110
showed superior potency and selectivity for MAGL over
FAAH compared with previously developed compounds
(e.g., JZL184). Among FAAH inhibitors, OL-135, JNIJ-
1661010 (Takeda-25), and ST4070 showed highly selective
potentials for FAAH over MAGL. URBS597 inhibits FAAH
in an irreversible manner, whereas OL-135 and ST4070
inhibition is reversible, and JNJ-1661010 (Takeda-25)
inhibition is covalent but partially reversible. Although both
URB597 and OL-135 inhibit FAAH-2 as well as FAAH-1,
INJ-1661010 has a hundred times more selectivity for
FAAH-1 over FAAH-2. Therefore, JNJ-1661010 (Takeda-
25) can be a useful tool for testing functions of FAAH-1 and
-2. Selectivity of ST4070 for FAAH-2 should be confirmed.
Many compounds inhibit both FAAH and MAGL and are
high potency drugs that can be used as “dual blockers” for
FAAH and MAGL. Fluorophosphonates such as MAFP and
IDFP have strong inhibitory potency for FAAH and MAGL.
However, these fluorophosphonates also inhibit CB1 receptor
agonist binding and other serine hydrolases, as shown in
Table 1. These characteristics could be complicating factors
in experiments. AM6701 [118] and N,N-dimethyl-5-(4-
phenoxyphenyl)-2H-tetrazole-2-carboxamide [114] were
developed as potent dual blockers of FAAH and MAGL.
Selectivity of these new inhibitors toward other serine
hydrolases needs to be clarified. In addition, for other
FAAH/MAGL inhibitors, information regarding potencies
toward enzymes other than target enzymes remains insufficient.

Inhibitors belong to two large classes: reversible and
irreversible action. Covalent, irreversible inhibitors generally
have strong potency but also have a greater risk of off-target
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effects. Currently, non-covalent and reversible or covalent
but partially reversible inhibitors with high potency and
selectivity are being developed. These may reduce the risks
of off-target effects and side effects due to enzyme
inhibition; therefore, reversible drugs have advantages in
drug development. In addition, in vivo efficacies of all
compounds have not been determined for the brain. For
example, URB937 has good potency for FAAH in the
periphery but not in the brain because of ATP-binding
cassette sub-family G member 2 (ABCG2) transporter
functions at the blood-brain barrier [119]. OL-92 also
showed good potency for FAAH in vitro; however, there was
no evidence for its pharmacological action in the brain [120].
Therefore, confirmation of brain efficacy of compounds in
vivo is important.

In humans, a clinical trial using an FAAH inhibitor for
MDD was performed from 2008 to 2010 by Sanofi (Sanofi-
Aventis) in which older patients with MDD were treated
orally with the FAAH inhibitor SSR411298 for eight weeks
[121]. Of these patients, 106 were in the placebo arm, 316
the SSR411298 arms (10 mg arm: 105 patients; 50 mg arm:
106; 200 mg arm: 105), and 103 the 10 mg escitalopram
arm. After the trial period, the severity of depression in
patients with MDD was assessed using the 17-item HRSD.
According to the results published on Sanofi’s website [122],
no significant differences were observed in the changes of
mean HRSD scores between any doses of SSR411298 and
placebo from baseline to Day 56. However, we do not know
detailed information of SSR411298 and statistical outcomes
of the clinical trial. AEA could alter anxiety symptoms, and
FAAH inhibitors may have anxiolytic effects in MDD.
Moreover, AEA could affect blood glucocorticoid levels in
response to psychological or physiological stress, and FAAH
inhibitors may be effective in altering stress responses. Since
dominant endocannabinoid is 2-AG, MAGL may exert more
potent effects on MDD symptoms than FAAH. Clinical trials
using MAGL inhibitor for MDD should be performed. In
parallel with the pre-clinical studies using FAAH or MAGL
inhibitors, further clinical trials are needed.

CONCLUSION

We have reviewed possible relationships between MDD
and the endocannabinoid system and potential therapeutic
effects of FAAH or MAGL inhibitors on the illness.
However, the number of relevant studies is still limited in
both humans and animals. Accumulation of further extensive
evidence is needed. Since AEA has low affinity for CB2, and
the main physiological role for CB2 is through 2-AG,
MAGTL inhibitor can be considered to play a principal role
with CB2. On the other hand, since FAAH inhibitors also
suppress degradation of other NAEs, the efficacy of FAAH
may be affected by the elevation of NAEs. TRPV1 might
also mediate the effects of FAAH/MAGL inhibitors because
both AEA and 2-AG are ligands for TRPVI1. Further
investigation into their detailed roles is needed in the future.

We have discussed several hypotheses for the
pathophysiology of MDD. First, since the levels of several
pro-inflammatory cytokines such as IL-6 and TNF-o are
elevated in patients with MDD, CB2 activation may reduce
stress-induced inflammatory responses. Therefore, MAGL
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inhibitors may alter inflammation-related MDD symptoms.
Second, patients with MDD show disturbance in the
HPA axis compared to healthy participants. Repeated
administration of FAAH inhibitors may be beneficial for
alteration of HPA axis functions, but details are elusive. In
future research, the effects of drugs (i.e., FAAH and MAGL
inhibitors) with high selectivity toward HPA axis functions
in repeated and acute administrations should be investigated.
Third, the pathophysiology of MDD is known to be related
to dopaminergic dysregulation. Several lines of evidence
suggest that endocannabinoids regulate the dopaminergic
system by suppression and/or activation. CB1 plays a key
role in activating the dopaminergic system, while CB2 may
prevent excessive activation of dopaminergic neurons. The
use of selective inhibitors may be beneficial for regulating
the dopaminergic system through activation or suppression.

Although several new inhibitors with strong potency and
selectivity have been developed as summarized in Table 1,
more non-covalent reversible and potent inhibitors should be
developed and tested in pre-clinical and clinical studies. Not
only FAAH inhibitors but also MAGL inhibitors or dual
blockers should be examined in future clinical trials.
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