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ABSTRACT: Monoacylglycerol lipase (MAGL) is a key enzyme
involved in the metabolism of the endogenous signaling ligand 2-
arachidonoylglycerol, a neuroprotective endocannabinoid intimately
linked to central nervous system (CNS) disorders associated with
neuroinflammation. In the quest for novel MAGL inhibitors, a focused
screening approach on a Roche library subset provided a reversible
benzoxazinone hit exhibiting high ligand efficiency. The subsequent
design of the three-dimensional cis-hexahydro-pyrido-oxazinone (cis-
HHPO) moiety as benzoxazinone replacement enabled the combina-
tion of high MAGL potency with favorable ADME properties.
Through enzymatic resolution an efficient synthetic route of the
privileged cis-(4R,8S) HHPO headgroup was established, providing
access to the highly potent and selective MAGL inhibitor 7o.
Candidate molecule 7o matches the target compound profile of CNS drugs as it achieves high CSF exposures after systemic
administration in rodents. It engages with the target in the brain and modulates neuroinflammatory processes, thus holding great
promise for the treatment of CNS disorders.

■ INTRODUCTION
Serine hydrolase monoacylglycerol lipase (MAGL)1 is an
essential regulator of the endocannabinoid system (ECS). The
ECS encompasses a vast network of receptors and transporter
proteins, endogenous signaling ligands, so-called endocanna-
binoids (eCBs), and enzymes that are responsible for eCB
synthesis and degradation.2 The ECS is an important lipid
signaling system that is highly conserved among vertebrates
and plays a key role in many human health and disease states.
Most important eCBs are 2-arachidonylglycerol (2-AG) and
N-arachidonoylethanolamine (AEA), locally produced and
degraded by a majority of brain cells.3 They bind to and
activate type-1 and type-2 cannabinoid receptors (CB1R and
CB2R, respectively), which are highly important targets for
treating multiple human diseases ranging from metabolic to
neurodegenerative disorders.4 While both AEA and 2-AG
behave as agonists for CB1R, only 2-AG acts as a full agonist
for CB2R.5−10 AEA and 2-AG are the predominant eCBs in the
central nervous system (CNS). Brain 2-AG levels are
significantly higher than AEA levels, e.g., ∼170 fold higher in
murine brain.11 MAGL is the key enzyme that controls the

hydrolysis of 2-AG, and hence its biological activity. In the
mouse brain, MAGL activity is responsible for degrading
approximately 85% of 2-AG,12 while the remainder is
hydrolyzed by α,β-hydrolase domain containing protein 12
(ABHD12) and ABHD6. MAGL is a cytosolic membrane-
bound serine hydrolase with two known isoforms of ∼33 and
∼35 kDa in mice and humans. 2-AG hydrolysis leads to the
formation of glycerol and arachidonic acid (AA). 2-AG is the
main source of AA production in the brain, which is then
available for conversion to pro-inflammatory eicosanoids,
including prostaglandins by cyclooxygenases COX1 and
COX2.13,14 This is in contrast to most peripheral tissues,
where phospholipase A2 (PLA2), hydrolyzing membrane-
bound phospholipids, is the major enzyme responsible for AA
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production.15,16 Acute pharmacological blockade or genetic
inactivation of MAGL in mice increases the levels of 2-AG and
concomitantly reduces the AA concentration. In Mgll−/− mice,
2-AG brain levels increase, e.g., by ∼10-fold, reflecting a near
90% decrease in the rate of 2-AG degradation.17 Due to the
pivotal role of MAGL in the regulation of both eCB and
eicosanoid signaling, MAGL inhibition has emerged as a
promising therapeutic strategy for a range of brain disorders
including (neuro) inflammatory and neuropsychiatric diseases,
as well as conditions involving acute tissue injury and
cancer.18−21 MAGL inhibitors were efficacious in multiple
preclinical models of neuropathic pain, encompassing models
of traumatic nerve injury and chemotherapy-induced periph-
eral neuropathy, and multiple sclerosis via cannabinoid CB1
and CB2 receptor mechanisms.21−23 First-generation MAGL
inhibitors24−26 act irreversibly by forming a covalent bond with
the catalytic Ser122 residue of MAGL.27 Chronic exposure to
irreversible MAGL inhibitors can, however, result in unwanted
CNS-mediated side effects. JZL-184 (Figure 1, 1) induced
pharmacological tolerance, physical dependence, impaired
synaptic plasticity, and CB1R desensitization in the CNS of
rodents, reflecting prolonged exposure to high levels of 2-
AG.28 Furthermore, the irreversible MAGL inhibitor Lu-
AG06466 was evaluated in a phase 2 clinical trial in patients
with Tourette syndrome reporting mild to moderate adverse
events.29 In addition, irreversible hydrolase inhibitors may lack
selectivity if the reactivity of the warhead and the decoration of
the pharmacophore are not sufficiently optimized. This can
lead to adverse effects that can be fatal in some cases.30

Therefore, the development of highly selective reversible
MAGL inhibitors is thought to improve the pharmacological
control of enzyme activity and hence reduce the risk for off-
target and adverse effects.

Different types of MAGL inhibitors have been developed,
and the state of the art has been summarized in recent
reviews.31−33 Many of these molecules are covalent irreversible
inhibitors containing an activated carbamate or urea motif
attached to different leaving groups (compounds 1−2 in
Figure 1). Examples for this are the early tool compound JZL-
184 (1), SAR629 (2) for which the first MAGL cocrystal
structure was determined,34 the clinical MAGL inhibitor Lu-
Ag06466,35 PF-06795071,36 and azetidinone-based irreversible
inhibitors from the Butini group.37 Recently discovered LEI-

515 (3) is a peripherally restricted covalent reversible inhibitor
containing an α-CF2 ketone warhead.21,38 Several noncovalent
inhibitors have also been identified in recent years; however,
they typically suffer from only modest MAGL potency or
contain structural liabilities.39−48 Exceptions to this are
azetidinyl amide 4 from Janssen, which was also the first
reversible inhibitor cocrystallized with MAGL,49 and inhibitors
from Takeda featuring a piperazinyl pyrrolidin-2-one core.50

Recent cyclobutane-carbamate 551 and bicyclopiperazine 652

demonstrated in vivo target engagement by dose-dependently
modulating 2-AG and AA rodent brain levels and stimulated
the discovery of further optimized MAGL inhibitors with
favorable drug-like properties.

Our focus of this work was on identifying novel reversible
MAGL inhibitors with high potency and selectivity for the
target as well as excellent absorption, distribution, metabolism,
and excretion (ADME) properties. We employed a focused
screening approach, followed by structure-guided medicinal
chemistry optimization.

■ RESULTS AND DISCUSSION
To identify novel MAGL inhibitors, we performed a focused
screen of a subset of the Roche compound library. The library
selection process relied on a combination of three approaches:
(a) a diverse subset of ∼51k compounds with lead-like
properties from the Roche screening collection, (b) a focused
subset of ∼18.5k molecules based on several complementary
computational methods, and (c) a diverse subset of ∼1.6k
compounds from a previous internal project targeting a
different lipase (Figure 2). The focused subset included 2D
fingerprint and graph similarity as well as 3D shape similarity
to reference inhibitors, complemented by pharmacophore and
docking searches using crystal structure information. The final
library of ∼71.1k compounds was screened in an enzymatic
assay based on the hydrolysis of 4-nitrophenylacetate by
MAGL and yielded 2398 hits with IC50 < 10 μM (hit rate:
3.4%).

The number of hits identified by each method and their
respective hit rates are summarized in Table S1. All methods
contributed to the hits with individual hit rates ranging from 2
to 5%. The high number of hits suggests generally high
druggability of the MAGL binding site. Interestingly, the
target-agnostic diversity selection also showed a high hit rate.

Figure 1. Selected MAGL inhibitors.
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However, as was found out later in the hit validation process,
several of the compounds identified in this subset inactivated
MAGL by undesired irreversible inhibition.

The benzoxazinone screening hit 7a (Table 1) attracted our
attention due to its high ligand efficiency (LE) of 0.38. It
inhibits MAGL with an IC50 of 75 nM. Soon after the
discovery of this hit, we were able to determine an X-ray crystal
structure of this compound with human MAGL (Figure 3),
which further guided our optimization efforts. The cocrystal
structure confirmed noncovalent binding to MAGL in which
the central amide is located on top of the catalytic Ser122. Its
carbonyl oxygen atom is engaged in hydrogen bonding
interactions in the oxyanion hole with the backbone NH
donors of Ala51 and Met123, respectively. All three polar
atoms of the benzoxazinone moiety are engaged in hydrogen

Figure 2. Library design for the focused screen. Details of the
computational methods are provided in the Experimental Section.

Table 1. Benzoxazinone Focused Screening Hit 7a and Early Optimizations of This Class

aRapidfire MS native substrate assay on purified human MAGL enzyme (n ≥ 3, values are means).53 bNegative decadic logarithm of MAGL
inhibition IC50 values including standard deviation (SD). cLE stands for ligand efficiency. dOctanol/water distribution coefficient at pH 7.4.
ePredicted log D based on internal machine-learning model. fAqueous solubility at pH 6.5 in 0.05 M phosphate buffer.
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bonds with the protein, either directly or through water
mediation. A hydrophobic pocket formed by several aliphatic
residues is apparent around the terminal phenyl group, and
several close intermolecular carbon−carbon interactions can be
identified. An overlay of our focused screening hit with the X-
ray cocrystal structures of 4 and the covalent irreversible

inhibitor 2, respectively, revealed interesting commonalities
and differences (Figure S1). All three inhibitors occupy the
hydrophobic pocket in which the benzyl group resides,
suggesting a binding hot-spot in MAGL. The central amide
groups of 4 and our inhibitor series nicely overlap and are
engaged in identical hydrogen bonding interactions in the
oxyanion hole. In contrast to the noncovalent inhibitor 4, our
screening hit does not protrude into the induced fit pocket
generated by the piperazinyl pyrimidine fragment.

Based on the X-ray structure analysis, we hypothesized that
we could enhance the binding by improved filling of the
hydrophobic region around the terminal benzyl group. Indeed,
substitution by fluorine or trifluoromethyl, especially at the
para-position, led to a gain in MAGL inhibitory activity
compared to the original screening hit 7a (Table 1). Branching
off of the methylene linker by another phenyl ring, as suggested
by the overlay with the irreversible inhibitor 2 (Figure S1, top),
yielded compounds with subnanomolar MAGL IC50 values and
with even increased LEs of 0.40 (compound 7f). A very potent
replacement of the original benzyl moiety was 3-substituted
indole groups. Attaching an additional chlorine atom in the 5-
position resulted in compound 7i with IC50 = 3 nM and LE =
0.40. The cocrystal structure of this compound with MAGL
shows many favorable dispersion interactions of the Cl
substituent in a hydrophobic pocket (Figure S2).

These limited optimization efforts resulted in very potent
MAGL inhibitors with promising early ADME profiles
including good solubility (cf. 7d and 7h with an aqueous
solubility of 36 and 37 μg/mL, respectively) and exhibiting a

Figure 3. Co-crystal structure of human MAGL (green) with focused
screening hit 7a (cyan, pdb code: 9F8A). Residues of the oxyanion
hole (Ala51 and Met123) which are on top of the catalytic Ser122 are
labeled. Hydrogen bonds between the ligand and the protein or water
are shown as red, dashed lines. Dispersion interactions with short
distances (<4.0 Å) in the hydrophobic pocket on the left are
highlighted as blue lines. Water molecules are removed except for the
ones that form hydrogen bonds with the ligand.

Table 2. Head Group Replacements

aRapidfire MS native substrate assay on purified human MAGL enzyme (n ≥ 3, values are means).53 bNegative decadic logarithm of MAGL
inhibition IC50 values including standard deviation (SD). cLE stands for ligand efficiency. dOctanol/water distribution coefficient at pH 7.4.
ePredicted log D based on the internal machine-learning model. fAqueous solubility at pH 6.5 in 0.05 M phosphate buffer.
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high propensity to reach the brain as they are no substrates of
the P-glycoprotein transporter (cf. human P-glycoprotein efflux
ratios54 of 1.1, 1.2, and 1.2 for compounds 7e, 7g, and 7i,
respectively). To further improve on these properties, we
investigated replacements of the benzoxazinone headgroup.
We explored different ring systems with similar shapes trying
to maintain the intermolecular hydrogen bonding pattern of
the cyclic amide functionality in the reference compound
(Figure 3). Table 2 summarizes MAGL IC50 values and
selected ADME properties with different head groups.
Replacement of the benzoxazinone of reference 7c by
benzothiazinone (7k) or indazole (7l) ring systems resulted
in a >30-fold drop of inhibitory activity, with aqueous
solubility remaining low. A breakthrough in solubility could
be achieved by replacing the phenyl ring of the central
benzamide by a saturated piperidine fragment. For example,
the fully saturated hexahydro-pyrido-oxazinone (HHPO) 7n
had a 55-fold higher aqueous solubility compared to the
analogous benzoxazinone 7c.

Our initial choice of nitrogen-linked piperidine as bioisos-
teric replacement of a phenyl ring was motivated by a similar
torsional preference around the bond to the amide carbonyl,
which is a consequence of sp2 conjugation. MAGL activities
could be preserved in this way, with an equal IC50 for 7o vs 7c.
Surprisingly, the racemic mixture of trans-HHPO isomer 7m,
which is more similar in shape to the benzoxazinone reference
7c than the racemic mixture of cis-isomer 7n, was ∼6-fold less
potent. Chiral separation of the racemate 7n yielded the two
enantiomers 7o and 7p, which differed in their MAGL potency
by 2 orders of magnitude. To better understand the reason for
these activity differences, we determined cocrystal structures of
human MAGL with cis- and trans-HHPO’s 7n and 7m,
respectively (Figure 4). For the cis-HHPO racemate, the 4R,8S
isomer could be unambiguously identified from the electron
density, which is the more active of the two cis stereoisomers.
Although the cis-HHPO headgroup is more three-dimensional
than the benzoxazinone, the positions of the central carbonyl
in the oxyanion hole and the ring amide group overlap very
well, with little changes in the protein conformation. The
observed structure−activity relationship becomes clearer when
performing quantum-mechanical (QM) conformational anal-
yses on the ligands shown in Figure 4 (Figure S3). The two
torsional angles connecting the central carbonyl group with the
piperidine ring and headgroup, respectively, are key determi-
nants for the shape of the ligand in a region where many
hydrogen bonds can be formed with the protein. The QM
results show that the preferred torsional angle between the
carbonyl group and the headgroup differs by ∼30° when
connecting to the benzoxazinone vs cis- or trans-HHPO
moiety. Apparently, this shift of torsional preference can be
better compensated by the cis-stereochemistry in the HHPO
ring system, allowing for a similar positioning of the ring
hydrogen bond donors and acceptors in comparison to the
potent benzoxazinone headgroup. It should also be noted that
the ring ether oxygen atom in the cis-HHPO group coordinates
a water molecule in the binding site. Such an interaction is
absent in the trans-HHPO crystal structure, in which the
corresponding oxygen atom points into a lipophilic region.
This is one of the small differences in the X-ray structure
comparison, and we hypothesize that both the additional water
contact and less ligand strain in positioning the ring polar
atoms for hydrogen bond interactions contribute to the ∼6-
fold better IC50 value of the cis isomer.

All HHPO stereoisomers (7m−p) and pyrrolidone 7q
exhibited significantly improved physicochemical properties
compared to the corresponding benzoxazinone 7c. Lip-
ophilicity was lowered by approximately half a log unit.
Solubility was tremendously improved with 7q (377 μg/mL)
being almost 2 orders of magnitude more soluble than 7c (4.1
μg/mL). Interestingly, cis-HHPOs 7n−7p were superior with
regards to their solubility as compared to the trans-congener
7m, which can likely be attributed to a more three-dimensional
shape and better solvent exposure of the polar elements. The
solubility of cis-HHPO 7o was twice as high as that for its less
potent congener 7p. Furthermore, the change of the head
group significantly improved the free fraction in human
plasma, which was ∼9-fold higher for HHPO 7o (4.3%)

Figure 4. Top: overlay of cocrystal structures of human MAGL with
benzoxazinone screening hit 7a (cyan, PDB code: 9F8A) and with cis-
HHPO 7n (yellow, PDB code: 9F8B). Based on the electron density,
a single enantiomer with a cis-(4R,8S) configuration can be
unambiguously defined, which we attribute to the structure 7o.
Bottom: overlay of cocrystal structures of human MAGL with
benzoxazinone screening hit 7a (cyan, PDB code: 9F8A) and with
trans-HHPO 7m (orange, PDB code: 9F8C). Based on the electron
density, a single enantiomer with trans-(4R,8R) configuration can be
unambiguously defined. Water molecules are removed except for the
ones that form hydrogen bonds with the head groups. Hydrogen
bonds between the ligand and the protein or water are shown as red,
dashed lines.
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versus benzoxazinone 7c (0.5%). Overall, cis-HHPO 7o
exhibited the most attractive profile and, therefore, was subject
to more detailed investigations.

Benzoxazinones 7a−j, the corresponding benzothiazinone
7k, and indazole 7l were synthesized from commercially
available piperidines 8a−j and commercially available carbox-

Scheme 1. Synthesis of Benzoxazinones 7a−j, Benzothiazinone 7k, and Indazole 7la

aReagents and conditions: (a) HATU, DIPEA, DMF, rt; 18 h.

Scheme 2. Synthesis of HHPOs 7m−p and Pyrrolidone 7qa

aReagents and conditions: (a) (1) bis(trichloromethyl) carbonate, amine 17a−c, NaHCO3, DCM, 0 °C, 15 min, rt, 16 h, (2) DIPEA, 4-[[4-
(trifluoromethyl)phenyl]methyl]piperidine, 0 °C, 15 min, rt, 2.75 h; (b) chiral separation of racemate 7n on a Chiralcel-OD column using a
gradient of n-heptane and EtOH containing 0.1% NH4OAc. bRacemic mixture.
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ylic acids 9a−b and 10 using standard amide coupling
conditions (Scheme 1).

HHPO-derived novel MAGL inhibitors 7m−p and corre-
sponding pyrrolidone 7q were generated from commercial
racemic HHPO building blocks 17b, 17c, and 17d,
r e s p e c t i v e l y , t h r o u g h c o n d e n s a t i o n w i t h 4 - [ [ 4 -
(trifluoromethyl)phenyl]methyl]piperidine 8c (Scheme 2).
Chiral separation of racemic cis-HHPO 7n allowed for
accessing enantiomerically pure stereoisomers 7p and 7o. In
analogy, the racemic product of 17d was separated on a chiral
column to obtain compound 7q.

For accessing the enantiomerically pure cis-stereoisomer 7o
in larger quantities, a novel asymmetric synthesis using a
dynamic kinetic resolution via an enzymatic ketoreduction as a
key step toward 17a was developed (Scheme 3). The synthesis
commenced from commercial rac-1-(tert-butyl) 3-ethyl 4-
oxopiperidine-1,3-dicarboxylate (CAS RN 98977-34-5) which
was enantioselectively reduced by the alcohol dehydrogenase
ADH-74 to exclusively provide the cis-isomer of piperidine 11
with 100% ee. Subsequent ester hydrolysis and Curtius
rearrangement delivered carbamate 13 in a 66% yield over
two steps. Enantiomerically pure cis-HHPO 17a was accessed
via carbamate hydrolysis, amidation of resulting amino alcohol
14 with chloroacetyl chloride, cyclization of intermediate 15
under basic conditions followed by removal of the Boc
protecting group through acidic workup in 48% yield over four
steps.

HHPO 7o exhibited favorable physicochemical properties
including high kinetic solubility (231 μg/mL) and a low lipid
membrane binding assay (LIMBA) log Dbrain of 1.8 which is
supportive for a significant free fraction in brain tissue and thus
important for neuroscience indications (Table 3).54 Further-
more, MAGL inhibitor 7o permeated well through membranes

(PAMPA Peff = 12.8 cm/s*10 × 10−6) and was chemically
stable at a pH range of 1 to 10 in aqueous buffer systems.

To assess the suitability of running in vivo target
engagement and pharmacodynamics studies in animal models,
7o was investigated for its potency on mouse, rat, and
cynomolgus monkey MAGL. For all species, consistent double-
digit nanomolar activity was observed (Table 4). The binding
kinetics of HHPO 7o was examined using the surface plasmon
resonance (SPR) assay. The ligand binds noncovalently to the
immobilized MAGL proteins in SPR real-time monitoring.
Equilibrium dissociation constants (Kd) were 45 and 64 nM
for human and rat MAGL, respectively. Association and
dissociation rate constants (kon, koff) of the ligand−enzyme
complex indicated fast association and dissociation behavior of
the inhibitor. HHPO 7o was tested against a customized panel
of 50 representative off-targets,55 exhibiting an excellent
selectivity profile (Table S2). Selectivity against other hydro-
lases including structurally and functionally similar serine
hydrolases such as ABHD6, ABHD12, FAAH, and DAGL was

Scheme 3. Asymmetric Synthesis of (4aR,8aS)-4a,5,6,7,8,8a-Hexahydro-4H-pyrido[4,3-b][1,4]oxazin-3-one 17a and
Condensation toward Privileged HHPO 7oa

aReagents and conditions: (a) ADH-74, GDH-105, NADP, D(+)-glucose, Kpi, MgCl2, 2-PrOH, NaOH 1 M, rt, 19 h; (b) (1) NaOH 2 M, TBME,
(2) HCl, rt, 1.5 h; (c) DPPA, Et3N, toluene, 80 °C, 3 h; (d) NaOH 2 M, MeOH, 70 °C, 6.5 h; (e) chloroacetyl chloride, Na2CO3, toluene, water, 5
°C, 50 min; (f) KOH, 2-PrOH, 40 °C, 0.5 h; (g) (1) aqueous HCl 25%, 1-PrOH, 70 °C, 2 h, (2) NH2Si column with MeOH/MeCN; and (h) 4-
[[4-(trifluoromethyl)phenyl]methyl]piperidine 8c, HATU, DIEA, DMF, rt, 18 h.

Table 3. Physicochemical Properties of HHPO 7o

MW [g/mol] 425.45
PSA [Å2] 55
solubilitya [μg/mL] 231
log Db 3.3
LIMBA log Dbrain

c 1.8
PAMPA Peff

[cm/s*10 × 10−6]c
12.8

chemical stability in aqueous
buffer

stable at pH 1, 4, 6.5, 8, and 10 for 2 h at
37 °C

aAqueous solubility at pH 6.5 in 0.05 M phosphate buffer. bpH 7.4.
cSee the Experimental Section.
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assessed using a previously reported multiplex activity-based
protein profiling (ABPP) assay in mouse brain proteome56

(see Figure S4). Importantly, HHPO 7o demonstrated
remarkable specificity and selectivity, exclusively blocking
MAGL, with no other potential off-target activity detectable
at a concentration of 10 μM.

Due to its favorable potency, selectivity, and physicochem-
ical properties, MAGL inhibitor 7o was further investigated for
its ADME profile. It showed high stability in microsomal
clearance assays, which translated also into good hepatocyte
stability (Table 5). As a consequence of its increased three-
dimensionality, HHPO 7o exhibited increased fractions
unbound being >3% in all tested species as compared to its
benzoxazinone congener 7c (fraction unbound in human
plasma protein 0.5%). Importantly, 7o demonstrated high
permeability in the P-glycoprotein (P-gp) efflux transporter
assay (human Papp, AB inhibitor = 176.4 nm/s and mouse
Papp, AB inhibitor = 243.8 nm/s, respectively). Due to the high
intrinsic permeability, it was expected to enter the brain
despite being a weak P-gp substrate, which was confirmed in
PK studies with racemic cis-HHPO 7n and enantiomerically
pure 7o in mice and rats, respectively (Table 5). The total
brain-to-plasma ratio of 7n following i.p. administration (24
mg/kg) in mice was 1.7, and the unbound brain (approximated
by CSF concentrations) to unbound plasma (factoring in
plasma protein binding) ratio (Kp,uu) was 0.35, i.e.,
approximately one-third of free systemic plasma concentra-
tions. This difference was expected due to the aforementioned
weak P-gp substrate properties. Overall, 7n showed a very
favorable in vivo mouse PK profile with low clearance and high
bioavailabilities after both i.p and p.o. administration,
rendering it well suited for in vivo target engagement studies.
In vivo clearance of HHPO 7o in rats was around 10% of the
liver blood flow (CL = 4.6 mL/min/kg). Together with a
moderate volume of distribution (Vss = 1.3 L/kg) and a
terminal half-life of 5.1 h, the molecule exhibited a good rat PK
profile. After p.o. and i.p. administration, excellent exposures
and complete bioavailability were obtained. Furthermore, the
data indicated a very fast absorption and after i.p.
administration, a total brain-to-plasma ratio around 1 and a
Kp,uu value of 0.53, again indicating good CNS exposure.
Importantly, no behavioral side effects were observed despite
high brain exposures in the rodent PK studies, thus making
HHPO 7o a suitable candidate for interrogating MAGL
pharmacology in a disease setting.

Prior to running in vivo target engagement studies, in vitro
safety assessments were conducted with MAGL inhibitor 7o.
No risk of drug−drug interactions was observed as 7o did not
inhibit the three most important cytochrome P450 isoenzymes
(Table 6). Furthermore, no glutathione adducts, which would
point to the formation of reactive metabolites, were detected,
and only a weak interaction with the human Ether-a-̀go-go-
related gene (hERG) ion channel58 was observed, which is not
expected to trigger undesired cardiac effects. Finally, the

Table 4. In Vitro Pharmacology Data of HHPO 7o

human/mouse/rat/cyno MAGL
inhibition IC50 [nM]a

32/91/71/16

human/rat MAGL SPR Kd [nM]b 45/64
human/rat MAGL SPR 2.5 × 105/2.6 × 105

kon [1/M/s]/koff [1/s] 7.5 × 10−3/16.8 × 10−3

off-target panel screen against 50
representative proteins at 10 μMc

inhibition <50% except for
serotonin transporter (57%)

hydrolase selectivity in gel-based ABPP
assay at 10 μMd

no off-targets

aRapidfire MS native substrate assay on purified human, mouse, rat
and cynomologus monkey MAGL enzyme (n ≥ 3 for human, mouse
and rat MAGL, values are means; n = 1 for cynomologus monkey
MAGL).53 bExperimental Section. cSee Table S2. Off-target data were
generated at Eurofins Cerep (France). dSee Figure S4. ABPP
selectivity data were generated as previously reported.56

Table 5. ADME and Rat PK Profile of MAGL Inhibitor 7o
as well as Mouse PK Profile of the Racemic Mixture 7n

human/mouse/rat clearance in microsomes
[μL/min/mg protein]a

<10b/<10b/11

human/mouse/rat clearance in hepatocytes
[μL/min/10 × 106 cells]c

1.9/8.9/4.0

human/mouse/rat plasma protein binding [%]d 4.3/4.7/3.2
human/mouse P-glycoprotein efflux ratiod 2.4/4.0
Papp, AB inhibitor [nm/s] 176.3/243.9

mouse PK profilee

CL [mL/min/kg] (i.v.) 23
Vss [L/kg] (i.v.) 3.0
T1/2 [h] 1.5 (i.v.)/2.9 (i.p.)
Cmax [ng/mL] 896 (p.o.)/12,200

(i.p.)
Tmax [h] 2.7 (p.o.)/1.5 (i.p.)
AUClast [h*ng/mL] 4560 (p.o.)/62,100

(i.p.)
F [%] 127 (p.o.)/368 (i.p.)
brain/plasma ratio (average) 1.7 (i.p.)
CSF/plasma ratio (average); Kp,uu 0.0164 (i.p.); 0.35

rat PK profilef

CL [mL/min/kg] (i.v.) 4.6
Vss [L/kg] (i.v.) 1.3
T1/2 [h] 5.1 (i.v.)/2.7 (i.p.)
Cmax [ng/mL] 1290 (p.o.)/12,200

(i.p.)
Tmax [h] 6.0 (p.o.)/0.25 (i.p.)
AUClast [h*ng/mL] 19,100 (p.o.)/40,200

(i.p.)
F [%] 115 (p.o.)/111 (i.p.)
brain/plasma ratio (average) 1.1 (i.p.)
CSF/plasma ratio (average); Kp,uu 0.017 (i.p.); 0.53

aMicrosomal clearance data were generated as previously reported by
our group.53 bThe clearance rate was below the assay sensitivity range.
cHepatocyte clearance data were generated as previously reported by
our group.57 dSee the Experimental Section. eIn vivo pharmacoki-
netics of racemic cis-HHPO 7n in mice following a 1.3 mg/kg i.v., 5.1
mg/kg p.o., and 24 mg/kg i.p. administration, respectively. fIn vivo
pharmacokinetics of cis-HHPO 7o in rats following a 1 mg/kg i.v., 5
mg/kg p.o., and 10 mg/kg i.p. administration, respectively. CL,
clearance; F, bioavailability; Vss, volume of distribution; and Kp,uu,
unbound brain-to-plasma partition coefficient.

Table 6. In Vitro Safety Profile of MAGL Inhibitor 7o

CYP inhibition@10 μM (3A4/2C9/2D6) [%]a −195/3/−12
GSH (human liver microsomes) adductsb none detected
hERG IC50 [μM]c 7.7
Ames/MNT/phototoxicity all negative

aCYP assays were conducted as previously described.59 bGSH adduct
formation data were generated as previously described.60 chERG
inhibition data were generated as previously described.61 CYP,
cytochrome P-450; GSH, glutathione; and hERG, human ether-a-̀go-
go-related gene.
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compound did not show activity in the in vitro Ames and
micronucleus test (MNT) genotoxicity assays nor in the in
vitro 3T3 phototoxicity assay.

To investigate the in vivo potential of HHPO 7o, vehicle
(NaCl/DMSO/TW80 [80/10/10]) or the inhibitor, which
was completely dissolved in a vehicle consisting of equal parts
of DMSO and TW80 and diluted in 8 parts normal saline
(NaCl/DMSO/TW80 [80/10/10]), was administered i.p. at
3, 10, and 30 mg/kg to mice. After 4 h, animals were sacrificed,
and a dose-dependent increase of brain 2-AG and a decrease of
AA levels were observed, thereby demonstrating target
modulation of 7o despite being a mouse P-gp substrate
(Figure 5A). 7o exposures increased approximately linearly

reaching a calculated target occupancy of 79% at 10 mg/kg and
almost complete occupancy at 30 mg/kg (Figure 5B).
Subsequently, we performed a time course experiment
monitoring brain 2-AG levels over 24 h after a 30 mg/kg i.p.
injection. 2-AG levels were maximal after 2 h, started to decline
after 8 h, and returned to basal levels after 24 h (Figure 5D).
An ABPP experiment performed on brain proteome of mice
dosed with 30 mg/kg of 7o confirmed the highest MAGL
occupancy at 2 h post-compound administration, which
returned toward baseline (e.g., vehicle condition) from 16 h
post-compound administration, correlating with plasma
exposure (Figure 5C). Importantly, plasma exposure and
calculated brain target occupancy levels were in line with brain

Figure 5. (A,B) Acute target engagement study performed with HHPO 7o dosed at 3, 10, and 30 mg/kg. 2-AG and AA levels were measured in
brain extracts by LC/MS 4 h post ip injection of the compound. Inlet table B shows the corresponding average plasma concentrations, calculated
CSF concentrations (based on average CSF/plasma ratio of 0.0164), and calculated % target occupancy values (based on IC50 of 32 nM). (C)
MAGL target occupancy determination using ABPP on the brain proteome of mice dosed with HHPO 7o. Proteomes were prepared at the
indicated time points. Maximum occupancy was visible at 2 h post compound administration. (D,F) Acute target engagement study performed with
30 mg/kg administered via the i.p. route of HHPO 7o to evaluate 2-AG levels in the brain within a 24 h time period. Graph in part E shows the
PK/PD correlation. Inlet table F shows the corresponding average plasma concentrations, calculated CSF concentrations, and calculated % target
occupancy values (as described in B). (G) Efficacy of HHPO 7o in the LPS model of neuroinflammation. Mice were dosed with vehicle, LPS or
LPS + HHPO 7o (3, 10, 30 mg/kg i.p.). mRNA analyses of LCN2 and Il1b demonstrated the anti-inflammatory properties of HHPO 7o
specifically in the brain.
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2-AG levels, indicating a relationship of CSF exposure with
target engagement (Figure 5E,F). Next, we evaluated the anti-
inflammatory properties of 7o in a lipopolysaccharide (LPS)
model of neuroinflammation. CD-1 mice where dosed with
NaCl + vehicle, LPS + vehicle, or LPS + 7o (30 mg/kg i.p.)
and sacrificed 6 h after compound administration.52 Expression
of LCN2 and IL1b, two markers of neuroinflammation,62,63

were measured by droplet digital qRT-PCR in cortical brain
lysates of dosed mice. 7o significantly prevented LPS-induced
mRNA expression of both pro-inflammatory markers specifi-
cally in the brain but not in peripheral tissue (Figure 5G), thus
demonstrating the anti-inflammatory properties of our
reversible MAGL inhibitor 7o.

■ SUMMARY AND CONCLUSIONS
On the search for novel reversible MAGL inhibitors combining
high potency and selectivity for the target with excellent
ADME properties, we started out from a focused screening
approach on a Roche library subset of ∼71.5k compounds. The
library, which was composed of a diverse subset with lead-like
properties, a selection based on diverse ligand- and structure-
based computational methods, and a lipase-targeting subset,
yielded 2398 hits with IC50 < 10 μM, which corresponded to
an excellent hit rate of 3.4%. Benzoxazinone screening hit 7a
was of particular interest as it reversibly inhibited MAGL with
an IC50 of 75 nM and showed a high LE of 0.38. The X-ray
cocrystal structure with human MAGL confirmed the non-
covalent interaction with the enzyme and enabled structure-
guided optimization efforts. In the first round of optimization,
the inhibitory potency of the ligands against MAGL could be
improved by enhanced protein interactions in a hydrophobic
region around the terminal benzyl group. While this led to very
potent MAGL inhibitors, the ligands did not exhibit optimal
ADME profiles yet. Increasing the carbon sp3 content by
replacing the original benzoxazinone headgroup with a cis-
(4R,8S) hexahydro-pyrido-oxazinone moiety was key to
improving ADME properties. Interestingly, a similar benzox-
azinone screening hit was found previously by Ikeda et al. but
then optimized toward a spiro headgroup.51 Furthermore, Hao
et al. recently reported benzoxazinone analogues as MAGL
inhibitors, exhibiting moderate in vivo target engagement.64

A novel asymmetric synthesis using a dynamic kinetic
resolution as a key step was developed to access the key
HHPO building block 17a and subsequent condensation with
4-[[4-(trifluoromethyl)phenyl]methyl]piperidine provided
compound 7o. This molecule is a very potent MAGL inhibitor
across species with a fast target kinetics and is highly selective
against common off-targets and brain hydrolases. HHPO 7o
matches the target compound profile for treating CNS
diseases. This includes low lipophilicity, high solubility and
permeability, and low human P-gp efflux. Excellent in vitro
safety properties add further value to this MAGL inhibitor.
Low microsomal and hepatocyte clearance translated to
favorable mouse and rat PK profiles reaching high CSF
exposures following ip and po administration despite some P-
gp efflux in rodents. The combination of excellent in vitro
potency and drug-like CNS ADME properties makes 7o one of
the best reported reversible MAGL inhibitors. Its superior
property profile translated to in vivo target engagement in
mouse brains, where a significant 2-AG increase was found
already at ∼60% calculated target occupancy (based on CSF-
concentrations and CSF/plasma ratios established in previous
PK studies) following the acute administration of 15 mg/kg of

7o. Furthermore, brain AA levels were dose-dependently
lowered, and a time course experiment demonstrated the
correlation of brain 2-AG level increase with plasma exposure.
Importantly, these target engagement data translated into a
significant reduction of brain IL-1β and LCN2 mRNA
expression levels, both being critically involved in neuro-
inflammatory processes. In summary, the novel, highly potent,
and selective reversible MAGL inhibitor 7o shows a very
favorable target compound profile and holds great promise for
the treatment of neuroinflammatory and neurodegenerative
diseases. The value of the reported cis-(4R,8S) HHPO series
has already been further demonstrated by us using radiolabeled
analogues in positron emission tomography (PET) studies of
MAGL target engagement.57,65

■ EXPERIMENTAL SECTION
Selection of Focused Screening Library. The library used for

the focused screen consisted of a preplated diverse subset of the
Roche library with lead-like properties (50,960 compounds), a
diversity selection of 1643 compounds from a previous internal lipase
project, and a focused subset of 18,530 compounds based on several
ligand- and protein structure-based computational approaches (Figure
2). Specifically, the latter included:

• Ligand-based two-dimensional ECFP6 (extended connectivity
fingerprints, diameter of bond distance is 6)66 similarity
searches using key compounds from existing MAGL patents as
references (1010 compounds)

• Ligand-based two-dimensional graph-based MOS (maximum
overlapping spheres)67 similarity searches using the non-
covalent inhibitor 4 (Figure 1) as reference (1241 compounds)

• Three-dimensional shape-based similarity searches with
ROCS,68 again using 4 as reference (3997 compounds)

• MOE pharmacophore searches based on the MAGL-
compound 4 cocrystal structure (PDB code 3PE6)49 resulting
in 9455 molecules

• GOLD docking runs against the MAGL protein structure of
PDB code: 3PE6 (2827 compounds)

• Compounds identified by the individual methods were
typically filtered further for hit-like properties and clustered
to enable a diversity selection.

Crystallography. Purification of Human MAGL. Human MAGL
with the sequence 1−303 containing amino acid variations K26A,
L169S, L176S49 was purified via His-tag and final size exclusion
chromatography in buffer 50 mM HEPES pH 7.5, 200 mM NaCl, 2
mM DTT, 2 mM EDTA, and 2% glycerol.
Crystallization of Human MAGL and Soaking of Compounds.

Human MAGL at a concentration of 10.7 mg/mL was incubated with
ligand in three-fold molar excess overnight at 4 °C. Prior to
crystallization experiments, the protein solution was centrifuged at
20,000g. Crystallization droplets were set up at 21 °C by mixing an
aliquot of 0.1 μL of protein solution with 0.1 μL of crystallization
screen solution (ProComplex Screen, Qiagen) in vapor diffusion
sitting drop plates. Microcrystals were obtained out of 0.1 M HEPES,
pH 7, 10% (w/v) PEG 4000, and 10% (v/v) isopropanol and
subsequently used as seed crystals. Cross-seeding experiments yielded
large rectangular shaped crystals out of 0.1 M MES pH 6.5, 7% w/v
PEG MME 5K, and 15% v/v isopropanol within 2 days after setup
and grew to final size within 1 week. For soaking experiments crystals
were incubated with 10 mM compound for 16 h. Prior to data
collection, crystals were transferred to crystallization buffer
supplemented with 15% ethylene glycol and cryo-cooled in liquid
N2. Diffraction data were collected using a PILATUS 6 M detector at
beamline X10SA of the Swiss Light Source (Villigen, Switzerland).
Structure Determination and Refinement of Human MAGL with

Compounds. Data were processed with XDS69 and scaled with
SADABS (BRUKER). The orthorhombic crystals belonging to the
space group C2221 diffract to resolutions of 1.56 to 1.40 Å. Structures
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were determined by molecular replacement with PHASER70 using the
coordinates of a previously published MAGL structure with pdb
accession code 3PE6 as a search model. With programs from the
CCP4 suite71 and BUSTER72 the coordinates obtained by molecular
replacement were subsequently refined by rigid body and positional
refinement. Difference electron density was used to place the ligand.
Manual rebuilding of protein was done with COOT.73 The
asymmetric unit contains one MAGL molecule. Data collection and
refinement statistics are summarized in Table S3.
MAGL Enzymatic Assays. For the focused screen, an enzymatic

assay was used similar to the one described in the MAGL Inhibitor
Screening Assay Kit (item no. 705192, Cayman chemical company).
The assay is based on the hydrolysis of 4-nitrophenylacetate by
MAGL resulting in 4-nitrophenol with an absorbance of 405−412
nm. The assay buffer used contained 50 mM Tris-HCl pH 7.5 (Gibco,
15567-027) and 1 mM EDTA (Sigma-Aldrich, 03690-100 mL). 4-
Nitrophenylacetate (Sigma-Aldrich, N-8130) was dissolved in ethanol
to give a 10 mM solution.

In the focused screen setup, 0.5 μL of 4 mM compound dilutions in
100% DMSO was plated in 384-well nanoaliquot sample plates
(Weidmann Medical Technology AG). Prior to the enzymatic assay,
the compounds were diluted to 80 μM with 24.5 μL of assay buffer
containing 6.1% DMSO, yielding 1% DMSO in the enzymatic
reaction. 5 μL of the prediluted compounds was transferred into a
black 384-well assay plate with clear bottom (Corning 3655,
nonbinding surface, nonsterile polystyrene) containing 15 μL of
MAGL (2.6 nM in assay buffer, 1 nM final). After a thorough mix
with a 384-well pipettor and 20 min incubation time at rt, 20 μL of
the 4-nitrophenylacetate substrate (600 μM in assay buffer, 300 μM
final) was added to the enzyme-compound mix. After another mix
with the 384-well pipet, the reaction was allowed to incubate for 5
min at rt before reading absorbance at 405 nm on a Spectramax
Paradigm microplate reader equipped with an absorbance cartridge.
The absorbance was measured again after an incubation of 80 min at
rt, and the slope was calculated for analysis using Genedata Screener
software.

For the routine profiling of compounds, a Rapidfire MS native
substrate assay on purified human MAGL enzyme was used, as
described previously.53

SPR Measurements. SPR experiments were performed on the
T200 SPR instruments (Cytiva, Uppsala, Sweden) at 18 °C in 10 mM
HEPES, 150 mM NaCl, 0.05% P20, pH 7.4, and 50 μM EDTA
supplemented with 1% (v/v) DMSO. Protein was immobilized via
standard amino coupling without ethanolamine quenching. Binding
assay was performed at a flow rate of 30 μL/min with five
concentration single-cycle kinetics (max conc. One μM, 2-fold
dilutions steps).
Determination of Distribution Coefficients (Log D). The

distribution coefficient log D was determined in a water/1-octanol
system by the CAMDIS method (CArrierMediated DIstribution
System),74 which is based on the classical “shake flask” method. The
compound of interest was prepared as 10 mM stock solution in
DMSO, and a fixed aliquot size of 14 μL was added to 1.4 mL of
water containing 25 mM phosphate buffered at pH 7.4. The
experiment continued with the accurate coating of a hydrophobic
layer (0.45 μm PVDF membrane), which was fixed on the bottom of
each well in a 96-well filter plate. Each membrane was impregnated
with 4 μL of 1-octanol. The coated membrane was covered with a
predefined volume of the prepared aqueous sample solution described
above. The plate was then sealed and shaken for 1.5 h at 21 °C.
During this time, the substance was distributed between the
membrane impregnated with octanol and the buffer solution. After
distribution equilibrium, the filter plate was placed in the autosampler
of the LC/MS instrument so that the remaining sample concentration
in the aqueous phase can be analyzed. This method was carried out at
two different 1-octanol/water ratios: one with excess buffer (200 μL),
and the other with a small volume of buffer (50 μL). In both cases,
the volume of the octanol phase was 4 μL. For each analyte, both
octanol/water ratios were applied and carried out in triplicates. The
distribution coefficient for a given analyte was then calculated from

the difference in concentrations in the aqueous phase with and
without octanol-coating and the derived concentration ratio of the
two phases.
Determination of Brain-Polar-Lipids/Water Distribution Coef-

ficients (LIMBA Log Dbrain). Compounds of interest were added to
buffer (50 mM Tris·HCl/114 mM NaCl/pH 7.4) as DMSO stock
solutions (10 mM), resulting in sample solutions of 25 μM and
DMSO content of 0.25%/vol. The solutions were filtered (NUNC
cat. no. 278752), and aliquots of the filtrate (Vaq = 50 μL) were
transferred into an in-house made Teflon plate. In parallel, DIFI tubes
(Weidmann Plastics Technology AG, Rapperswill, Switzerland,
23358) were coated with a defined volume of a microemulsion
(Vemulsion = 4 μL in quadruplicate) consisting of 2.7%/w of porcine
brain polar lipids extract (Avanti Polar Lipids Inc., 141101P, CAS
number 86088-88-2), buffer (10.8%/w), dodecane (27.0%/w), and
59.5%/w of a mixture of 2-propanol and 1-butanol (1/1 vol) and
dipped into the aqueous drug solution. The assay kit was sealed and
allowed to stand at room temperature for 8 h. The selected incubation
time of 8 h was based on prior experiments showing that distribution
equilibrium was achieved after this time. After removal of the DIFI
tubes, the equilibrium drug concentration in the aqueous phase was
analyzed by LC−UV/MS as described below. In parallel, a reference
experiment was carried out in the same plate without microemulsion
to obtain the initial aqueous drug concentration, Caq

0 . The log DBPL
(pH 7.4) value was obtained by mass balance according to

= ·D
C C

C

V

V
log BPL

aq
0

aq
eq

aq
eq

aq

emulsion

Drug concentrations in aqueous solutions were quantified using an
Agilent 1290 Infinity HPLC-MS system (Agilent Technologies, CA,
USA) equipped with a DAD detector and an API single quadruple
mass spectrometer (Agilent 6140). An aliquot of each sample (4 μL)
was injected onto a Kinetex XB 1.7 μm, 2.1 mm × 30 mm analytical
column (Phenomenex, Germany, Part. no. 00A-4498-AN) operated at
60 °C. The mobile phase consisted of A (water) and B (acetonitrile),
both containing 0.1%/vol formic acid. The gradient elution was
performed with a flow rate of 1.0 mL/min as follows: initial 5%/vol B,
0−0.35 min linear gradient from 5%/vol B to 95%/vol B, 0.35−0.65
min 95%/vol B, and post time 0.5 min.
Determination of PAMPA Values. The parallel artificial membrane

permeability assay (PAMPA) is a technique used to assess the passive
permeability of substances. This method involves transferring
substances from a donor compartment through a lipid-infused
artificial membrane into an acceptor compartment. The permeability
coefficient (Peff) of the drug and the concentrations of the test
compound in the donor and acceptor compartments are measured. In
this assay, a 96-well microtiter plate filled with aqueous buffer
solutions (pH 7.4) was used. This plate was covered with a microtiter
filter plate, creating a sandwich-like structure. The hydrophobic filter
material was preimpregnated by a lipid/oil/lipid trilayer.75 The donor
compartment was filled with 300 μL of sample solution in triplicate
and with an initial sample concentration of 20 μM. The acceptor plate
(filter plate) contained 200 μL of blank solution. In both cases,
phosphate-buffered saline, 50 mM, pH 7.4, was used. The working
solutions had a maximum DMSO content of 5%. The sandwich
construct was then incubated without shaking for 18 h at 21 °C. After
incubation, the test sandwich was carefully disassembled to analyze
the reference, donor, and acceptor solutions using LCMS.
Determination of Solubility Values. Kinetic solubilities were

determined using a high-throughput lyophilization solubility assay
(LYSA). The starting point of the assay was a 10 mM stock solution
in DMSO. After removing the DMSO by centrifugal vacuum
evaporation, 0.05 M phosphate buffer at pH 6.5 was added, and the
samples were sonicated. After being filtered, the solutions were
analyzed by MS/MS and/or HPLC. A 4- to 7-point calibration curve
was also prepared in order to calculate the solubility value.
Determination of P-gp Values. P-glycoprotein (P-gp), also known

as multidrug-resistance protein 1 (MDR1), is one of the most
extensively studied and well-characterized drug transporters. The P-gp

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.4c01769
J. Med. Chem. 2024, 67, 18448−18464

18458

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c01769/suppl_file/jm4c01769_si_001.pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c01769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


assay evaluates the capability of test compounds to be transported
across cells as P-gp substrates.76 This assay employed transfected
LLC-PK1 cells (porcine kidney epithelial cells sourced from The
Netherlands Cancer Institute) that express either human or mouse P-
gp. These cells were cultured on a 96-well semipermeable filter
membrane plate, forming a polarized monolayer with tight junctions,
effectively acting as a barrier between the apical and basolateral
compartments. To test substrates, the unidirectional permeability
(Papp) of a test compound was measured by dosing the compound
separately to the apical side (for A > B Papp) and the basolateral side
(for B > A Papp) of the cell monolayer. The movement of the
compound into the respective receiver compartments was then
monitored over a 3 h incubation period at 37 °C. The effect of P-gp
was quantified by calculating the efflux ratio (ER) of the unidirec-
tional apparent permeability coefficient (Papp). To determine the
mean permeability in the absence of P-gp activity, the selective
inhibitor zosuquidar was added at a concentration of 1 μM.
Determination of Plasma Protein Binding Values. Pooled and

frozen plasma from human and mouse sources were procured from
BioreclamationIVT.77,78 The Teflon equilibrium dialysis plate (96-
well, 150 μL half-cell capacity) and cellulose membranes with a
molecular weight cutoff of 12−14 kDa were obtained from HT-
Dialysis (Gales Ferry). On the day of the experiment, both the
biological matrix and the phosphate buffer were adjusted to a pH of
7.4. The determination of unbound compounds was carried out using
a 96-well format equilibrium dialysis device equipped with a 12−14
kDa molecular-weight cutoff membrane. The device, made of Teflon,
was designed to minimize nonspecific binding of the test substances.
Compounds were tested at an initial total concentration of 1000 nM,
with diazepam included as a positive control. Equal volumes of matrix
samples containing the test substances and blank dialysis buffer
(Soerensen buffer at pH 7.4) were loaded into the opposite
compartments of each well. The dialysis block was then sealed and
incubated for 5 h at 37 °C in a 5% CO2 environment. After this
period, equilibrium was typically reached for most small-molecule
compounds with a molecular weight of less than 600. The seal was
then removed, and samples from both the matrix and buffer
compartments were prepared for analysis using LC−MS/MS. All
protein binding determinations were performed in triplicate. The
integrity of the membranes was verified by determining the unbound
fraction values for the positive control, diazepam, in each well. At
equilibrium, the unbound drug concentration in the biological matrix
compartment was equal to the concentration in the buffer
compartment. The percentage of the unbound fraction (fu) was
calculated using the following formula: % fu = 100 × (buffer
concentration after dialysis/matrix concentration after dialysis).
Device recovery was assessed by measuring the compound
concentrations in the matrix before dialysis and calculating the
percent recovery (mass balance), which needed to be within 80−
120% for the data to be accepted.
Pharmacokinetic Studies in Male C57BL/6 Mice. The pharmaco-

kinetics (PK) of the test compound was assessed in male C57BL/6
mice following intravenous (i.v.) administration at 3 mg/kg [as
solution in N-methyl-2-pyrrolidone/NaCl-solution (0.9%) 30:70, 2
mL/kg], peroral (p.o.) administration at 5 mg/kg and intraperitoneal
(i.p.) administration at 25 mg/kg (both as a suspension in N-methyl-
2-pyrrolidone/hydroxypropyl methylcellulose/diisooctyl sulfosucci-
nate 10:90, 4 mL/kg). A total of 12 mice (N = 3 per i.v. and p.o.
group, 6 in the i.p. group) received a single i.v., p.o., or i.p. dosing.
Blood samples were collected at 0.083 (i.v. only), 0.25, 0.5, 1, 2, 4,
and 7 h postdose. Brain and CSF samples were collected at 0.5, 2, and
7 h postdose in the i.p. group only with 2 animals sacrificed per time
point (and consequently blood sampling times as described before
with a decreasing number of animals over time). Blood samples were
collected by using K2EDTA as the anticoagulant and placed on wet
ice. Within half an hour of collection, the blood samples were
processed for plasma by centrifugation at 3000g for 15 min at 4 °C.
Following centrifugation, the plasma was separated and stored at −70
°C until analysis. Brain samples were homogenized with 3 volumes
(w/v) of homogenization buffer (water). The compound concen-

trations in the plasma, CSF and brain were determined using LC−
MS/MS. The pharmacokinetic parameters were obtained by non-
compartmental analysis.
Pharmacokinetic Studies in Male Wistar Rats. The pharmacoki-

netics of the test compound was assessed in male Wistar rats following
intravenous (i.v.) administration at 1 mg/kg (as solution in NMP/
NaCl-solution (0.9%) 30:70, 2 mL/kg), peroral (p.o.) administration
at 5 mg/kg, and intraperitoneal (i.p.) administration at 15 mg/kg
(both as a solution in N-methyl-2-pyrrolidone/hydroxypropyl
methylcellulose/diisooctyl sulfosuccinate 10:90, 4 mL/kg). A total
of 12 rats (N = 3 per i.v. and p.o. group, 6 in the i.p. group) received a
single i.v., p.o., or i.p. dosing. Blood samples were collected at 0.083
(i.v. only), 0.25, 0.5, 1, 2, 4, 7, and 24 (i.v. and p.o. only) hours
postdose. Brain and CSF samples were collected at 1, 2, and 7 h
postdose in the i.p. group only with 2 animals sacrificed per time point
(and consequently blood sampling times as described before with a
decreasing number of animals over time). Blood samples were
collected using K2EDTA as the anticoagulant and placed on wet ice.
Within half an hour of collection, the blood samples were processed
for plasma by centrifugation at 3000g for 15 min at 4 °C. Following
centrifugation, the plasma was separated and stored at −70 °C until
analysis. Brain samples were homogenized with 3 volumes (w/v) of
homogenization buffer (water). The compound concentrations in the
plasma, CSF and brain were determined using LC−MS/MS. The
pharmacokinetic parameters were obtained by noncompartmental
analysis.
Chemistry. Chemistry procedures are detailed in the Supporting

Information (S11−S105). All compounds are >95% pure by HPLC
analysis.
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■ ABBREVIATIONS
2-AG, 2-arachidonylglycerol; AA, arachidonic acid; ABHD12
and ABHD6, α,β-hydrolase domain containing protein 12 and
6; ABPP, activity-based protein profiling; ADME, absorption,
distribution, metabolism, and excretion; AEA, N-arachidonoy-
lethanolamine; AUC, area under the curve; B/P ratio, brain-to-
plasma ratio; CB1R, CB2R, type-1 and type-2 cannabinoid
receptors; CL, clearance; CNS, central nervous system; eCB,
endocannabinoid; ECFP-6, extended connectivity fingerprints,
diameter of bond distance 6; ECS, endocannabinoid system; F,
bioavailability; FAAH, fatty acid amide hydrolase; hERG,
human ether-a-̀go-go-related gene; HHPO, hexahydro-pyrido-
oxazinone; IL1b, interleukin 1beta; i.p., intraperitoneal; i.v.,
intravenous; LCN2, lipocalin-2; LE, ligand efficiency; LIMBA,
lipid membrane binding assay; LPS, lipopolysaccharide; LYSA,
lyophilization solubility assay; MAGL, monoacylglycerol
lipase; MNT, micronucleus test; MOS, maximum overlapping
spheres; PAMPA, parallel artificial membrane permeability
assay; Papp, apparent permeability; PET, positron emission
tomography; PK, pharmacokinetics; PLA2, phospholipase A2;
p.o., per os; QM, quantum-mechanical; qRT-PCR, quantitative
reverse transcription polymerase chain reaction; SPR, surface
plasmon resonance; T1/2, half-life; Vss, volume of distribution
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