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ABSTRACT 

Monoacylglycerol lipase (MGLL) is the primary degradative enzyme for the endocannabinoid 2-

arachidonoylglycerol (2-AG). The first MGLL inhibitors have recently entered clinical 

development for the treatment of neurological disorders. To support this clinical path, we report 

the pharmacological characterization of the highly potent and selective MGLL inhibitor ABD-

1970 (1,1,1,3,3,3-hexafluoropropan-2-yl 4-(2-(8-oxa-3-azabicyclo[3.2.1]octan-3-yl)-4-

chlorobenzyl)piperazine-1-carboxylate). We used ABD-1970 to confirm the role of MGLL in 

human systems and to define the relationship between MGLL target engagement, brain 2-AG 

concentrations and efficacy. As MGLL contributes to arachidonic acid (AA) metabolism in a 

subset of rodent tissues, we further used ABD-1970 to evaluate whether selective MGLL 

inhibition would affect prostanoid production in several human assays known to be sensitive to 

cyclooxygenase (COX) inhibitors. ABD-1970 robustly elevated brain 2-AG content and 

displayed antinociceptive and anti-pruritic activity in a battery of rodent models (ED50 values of 

1-2 mg/kg). The antinociceptive effects of ABD-1970 were potentiated when combined with 

analgesic standards of care and occurred without overt cannabimimetic effects. ABD-1970 also 

blocked 2-AG hydrolysis in human brain tissue and elevated 2-AG content in human blood 

without affecting stimulated prostanoid production. These findings support the clinical 

development of MGLL inhibitors as a differentiated mechanism to treat pain and other 

neurological disorders. 
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INTRODUCTION 

Monoacylglycerol lipase (MGLL, also known as MAG lipase, MAGL and MGL) is a 

serine hydrolase enzyme that regulates endocannabinoid and eicosanoid families of lipid 

signaling molecules (Grabner et al., 2017). MGLL catalyzes the hydrolysis of 2-

arachidonoylglycerol (2-AG), an endogenous ligand of the cannabinoid receptors 1 and 2 (CB1 

and CB2) (Mechoulam et al., 1995; Sugiura et al., 1995), effectively terminating 2-AG signaling 

(Long et al., 2009a). In the nervous system, post-synaptic activity stimulates the biosynthesis and 

mobilization of 2-AG, which then traverses the synaptic cleft in a retrograde manner to agonize 

pre-synaptically localized CB1 (Kano et al., 2009; Katona and Freund, 2008). CB1 activation 

reduces the probability of neurotransmitter release, thus serving as a natural brake for excessive 

neurotransmission in active circuits (Kano et al., 2009). MGLL is co-localized with CB1 in 

presynaptic neurons (Gulyas et al., 2004; Katona et al., 2006) and in neighboring glia (Viader et 

al., 2015), positioning the enzyme to exert tight control of 2-AG signaling.  

Direct pharmacological activation of the CB receptors by Cannabis preparations, 

tetrahydrocannabinol (THC) and synthetic cannabinoids can elicit therapeutically beneficial 

effects on pain, spasticity, appetite, and nausea (Pertwee, 2012); however, dose-limiting central 

nervous system (CNS) effects of such exocannabinoids limit their broad use as pharmaceuticals. 

An alternative strategy to exocannabinoids is amplification of endocannabinoid signaling 

through inhibition of endocannabinoid degradation. MGLL is the major 2-AG hydrolase in the 

CNS and most peripheral tissues, and genetic or pharmacological inactivation of this enzyme 

reduces 2-AG hydrolysis and elevates tissue 2-AG concentrations in rodents (Chanda et al., 

2010; Long et al., 2009b; Schlosburg et al., 2010). MGLL inhibitors produce an array of CB1/2-
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mediated effects in animal models, including antinociceptive (Grabner et al., 2017), anxiolytic 

(Bedse et al., 2018; Patel et al., 2017), and anti-epileptogenic effects (Griebel et al., 2015; 

Sugaya et al., 2016; von Ruden et al., 2015), without inducing the full spectrum of stereotypical 

behaviors observed following administration of direct CB1 agonists (Ignatowska-Jankowska et 

al., 2015; Ignatowska-Jankowska et al., 2014; Long et al., 2009b). These observations may 

reflect that MGLL inhibitors potentiate ongoing 2-AG signaling while preserving the spatial and 

temporal specificity of the endocannabinoid system, unlike exocannabinoids, which 

indiscriminately activate CB1 throughout the brain.  

The product of MGLL-mediated 2-AG hydrolysis, arachidonic acid (AA), is the 

precursor for prostanoid signaling molecules (Funk, 2001). MGLL-mediated 2-AG hydrolysis 

serves as one of the sources of AA in the rodent nervous system (Long et al., 2009b) and 

contributes to brain levels of pro-inflammatory prostanoids (Nomura et al., 2011). MGLL 

inactivation in mice reduces molecular and cellular signs of neuroinflammation and is protective 

in models of neurodegeneration and status epilepticus, through CB-independent mechanisms, 

suggesting involvement of prostanoid suppression (Chen et al., 2012; Nomura et al., 2011; Piro 

et al., 2012; Terrone et al., 2018; Zhang and Chen, 2018). The contribution of MGLL to AA 

metabolism in the mouse is tissue-dependent (Nomura et al., 2011). This anatomical segregation 

suggests that inhibition of MGLL may afford some of the anti-inflammatory effects associated 

with a reduction in prostanoid signaling without the side effects caused by non-steroidal anti-

inflammatory drugs (NSAID) or coxibs, which reduce prostanoid signaling through the 

inhibition of COX1 and/or COX2 enzymes. In rodents, MGLL inhibition is devoid of 

gastrointestinal effects and, instead, protects from NSAID-induced gastric hemorrhages via CB1 

(Crowe and Kinsey, 2017; Kinsey et al., 2011). The effects of MGLL blockade on prostaglandin 
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production and signaling in human cellular systems have, to our knowledge, not been reported, 

but could potentially further differentiate MGLL inhibitors from COX1/2 inhibitors. 

To support clinical investigation of endocannabinoid modulation, we report herein the 

pharmacological characterization of an advanced compound ABD-1970 (Cisar et al., 2018) that 

serves as a highly potent and selective MGLL inhibitor. We show that oral administration of 

ABD-1970 to rodents leads to potent and sustained inhibition of MGLL and accumulation of 2-

AG in the brain, which is accompanied by dose-dependent antinociceptive and anti-pruritic 

activity. The antinociceptive effects of ABD-1970 combine beneficially with analgesic standards 

of care and occur without overt cannabimimetic effects. Studies with ABD-1970 confirm that 

MGLL is a principle regulator of 2-AG in human brain and demonstrate that in stimulated 

human blood and endothelial cells, blockade of this enzyme does not affect prostanoid 

production, and thus clearly differentiates from COX inhibition. Together, these results support 

the pursuit of MGLL inhibitors for the safe and differentiated treatment of neurological disorders 

in humans. 

MATERIAL AND METHODS 

Drugs and reagents 

ABD-1970 was synthesized at Abide Therapeutics, as previously described (Cisar et al., 2018). 

Synthesis of the potential hydrolysis product ABD-0038 (3-(5-chloro-2-(piperazin-1-

ylmethyl)phenyl)-8-oxa-3-azabicyclo[3.2.1]octane) was performed at Abide Therapeutics and is 

described in the Supplemental Methods. The rhodamine-tagged fluorophosphonate (FP-Rh) 

(Patricelli et al., 2001), FP-biotin (Jessani et al., 2005), HT-01 (Hsu et al., 2012) and JW912 
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(Chang et al., 2013) activity-based probes were synthesized at Abide Therapeutics, as previously 

described. Other drugs and reagents were obtained as follows: CFA from Chondrex Inc 

(Redmond, WA), buprenorphine from China Resources Pharmaceutical Commercial Group Co. 

(Beijing, China), morphine from Johnson Matthey MacFarlan Smith (Edinburgh, UK), 

pregabalin from Sequoia (Pangbourne, UK) or Pfizer (Lyrica™ 50 mg capsules, Lot J30252), 

and WIN 55,212-2 from Tocris Bioscience (Bristol, UK). Lipids, deuterated lipid standards, 

indomethacin and rofecoxib were purchased from Cayman Chemical (Ann Arbor, MI). All other 

reagents were obtained from Sigma, unless stated otherwise. For in vitro studies, drugs were 

dissolved in dimethyl sulfoxide (DMSO). For in vivo studies, drugs were prepared daily in 0.5% 

methylcellulose (w/v),  7:2:1: PEG400/ethanol/PBS (v/v/v), 0.9% saline, or 1% Tween 80/99% 

saline (v/v), as specified in the relevant method sections.  

Biochemical studies 

Determination of inhibitor potency and selectivity by activity-based protein profiling 

(ABPP). The potency and selectivity of ABD-1970 were assessed by competitive ABPP using 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Simon and Cravatt, 

2010) in membrane homogenates prepared from male mouse, rat, rabbit, dog, monkey and 

human brain tissue, human prostate carcinoma cells (PC3) (ATCC, Manassas, VA; CRL-1435, 

mycoplasma negative), and peripheral blood mononuclear cells (PBMC) isolated from human 

whole blood. ABPP selectivity profiling was also performed in total homogenates prepared from 

human brain, liver, kidney, skin, lung and PBMC. The activity of the potential hydrolysis 

product ABD-0038 was evaluated in mouse, rat and human brain homogenates. A detailed 
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description of the preparation of tissue homogenates and cell lysates is provided in the 

Supplemental Methods. 

Gel-based ABPP analysis was performed as described previously (Leung et al., 2003) 

using three ABPP probes: FP-Rh probe (Patricelli et al., 2001), HT-01 (Hsu et al., 2012) and 

JW912 (Chang et al., 2013). Brain membrane homogenates (50 µg), PC3 membrane lysates (100 

µg), PC3 cells (100 mm dishes), human tissue homogenates (50 µg), or human whole blood (4 

mL) were treated with ABD-1970 or DMSO for 30 minutes at 37°C. Lysates were prepared from 

compound-treated PC3 cells and PBMC were isolated from compound-treated whole blood, as 

described in the Supplemental Methods. ABPP analysis was performed by treating the tissue or 

cell homogenates with 1 µM FP-Rh (all tissue homogenates and PBMC), HT-01 (rodent and dog 

brain homogenates) or JW912 (PC3 membranes) for 30 minutes at 25°C. Reactions were 

quenched with 4X SDS-PAGE loading buffer, separated by SDS-PAGE (10% acrylamide) and 

fluorescence was visualized in-gel with a Bio-Rad ChemiDox™ XRS fluorescence imager. 

Fluorescence is shown in gray scale. Quantitation of fluorescent band intensities was performed 

by densitometric analysis using ImageJ software version 1.5 (NIH, Bethesda, MD). Integrated 

peak intensities were generated for bands corresponding to MGLL activity (labeled with FP-Rh 

or JW912) or alpha/beta hydrolase-domain containing 6 (ABHD6) activity (labeled with HT-01 

or JW912). IC50 values were calculated by curve fitting semi-log transformed data (x-axis) by 

non-linear regression with a 4-parameter, sigmoidal dose response function (variable slope) in 

Prism software version 6 (GraphPad, La Jolla, CA). 

Quantitative mass spectrometry (MS)-based ABPP was used to profile the selectivity of 

ABD-1970 in human brain homogenates using the FP-biotin probe. Human prefrontal cortex 
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membrane homogenates were treated with 0.01-10 µM ABD-1970 or DMSO for 30 minutes at 

37°C. Samples were treated with FP-biotin, enriched by avidin chromatography and digested by 

trypsin, essentially as previously described (Jessani et al., 2005). Tryptic digests of the inhibitor- 

and DMSO-treated samples were isotopically labeled by reductive dimethylation of primary 

amines with natural or isotopically heavy formaldehydes (Boersema et al., 2009) and 

subsequently analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) on a 

Thermo Fisher (Waltham, MA) Velos Elite Orbitrap mass spectrometer. Peptide spectral 

matching was performed with the complete human UniProt database using the ProLuCID 

algorithm (version 1.3.3), and the resulting matches filtered using DTASelect (version 2.0.47). 

Quantification of light/heavy ratios was performed using the Cimage algorithm. Data were 

plotted as percent inhibition relative to DMSO-treated samples. Full details can be found in the 

Supplemental Methods. 

Determination of inhibitor potency by substrate assays. 2-AG hydrolysis activity in human 

brain cortex membrane homogenates (20 µg in 200 µL PBS) treated with ABD-1970 or DMSO 

vehicle (30 min at 37°C) was assessed using a MS-based substrate assay, essentially as 

previously described (Blankman et al., 2007). Full experimental details can be found in the 

Supplemental Methods. 

The potency of ABD-1970, independent of preincubation time, was determined as the 

kinact/Ki using purified recombinant human MGLL protein and a fluorogenic substrate assay. 

Full-length human MGLL was expressed in Escherichia coli bacteria with an N-terminal 

hexahistidine tag (Evotec, Watertown, MA), purified by NiNTA affinity chromatography 

followed by size exclusion chromatography (Evotec, Watertown, MA), and stored in 20 mM 
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Tris, pH 8.0, 100 mM NaCl and 10% glycerol. To initiate the assay, MGLL (4 nM) was added to 

the assay system consisting of ABD-1970 (62.5 to 3000 nM), 10 µM butyl resorufin substrate 

(Sigma), 200 mM KCl, 1 mM EDTA, 50 mM Hepes (pH 7.0) in a total volume of 100 µL. 

Reactions without enzyme or inhibitor were included as controls. Immediately following 

addition of MGLL protein, fluorescence was measured in a Biotek (Winooski, VT) Neo2 

multimode meter set for excitation at 530 nm and emission at 587 nm.  Data was collected at 

room temperature over 10 min, with individual reads every 12-13 s. The MGLL-dependent 

hydrolysis of the butyl resorufin substrate was monitored continuously to provide a progress 

curve for the rate of enzyme inactivation at varying inhibitor concentrations. The progress curve 

data was corrected by subtracting the average of four reactions run without enzyme. Non-linear 

fitting (GraphPad Prism) of these corrected progress curves to a single exponential equation (Y = 

Y0 + ((plateau – Y0) * (1 – exp(-Kobs * x))) provided the first-order rate constant, kobs, at each 

concentration of inhibitor tested. The kobs value was plotted against ABD-1970 concentration and 

the curve was fit using the equation: kobs = kinact[I] / ([I] + Kiapp) to obtain kinact and Kiapp.  The 

true Ki was subsequently calculated using the equation: Kiapp = Ki(1 + [S]/Km) (Copeland, 2000). 

Each experiment was performed with quadruplicate assay points and the entire experiment was 

repeated three times. 

In vitro reversibility of inhibition and recovery of activity in cultured cells. The persistence 

of inhibition of human MGLL by ABD-1970 in vitro was evaluated following removal of free 

compound by multiple rounds of centrifugation. Human embryonic kidney 293 cells containing 

the SV40 T-antigen (HEK293T) were grown in Dulbecco’s modified Eagle’s medium (DMEM, 

Gibco) containing 10% fetal calf serum (FCS, Omega Scientific) at 37°C under 5% CO2 to ~60% 

confluency and transfected with full-length human MGLL with an N-terminal FLAG epitope tag 
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or an empty vector (pFLAG-CMV-6b) using the Fugene 6 reagent (Promega, Madison, WI).  

After 48 hours, cell membrane lysates were prepared as described in the Supplemental Methods, 

and an aliquot (490 µg in 490 µL PBS) was treated with 1 µM ABD-1970 (10 µL of 50 µM) or 

DMSO for 30 min at 37°C.  Cell lysates were subjected to two rounds of centrifugation (100,000 

x g for 30 minutes at 4°C) and the membrane lysates were collected immediately (time = 0 

hours), after 8 hours and after 24 hours at room temperature, and rapidly frozen on dry ice.  

Enzymatic activity of human MGLL was assessed in these samples after resuspending in PBS to 

1 mg/mL using gel-based ABPP with the FP-Rh probe.  

The recovery of MGLL activity in cultured human PC3 cells was evaluated following 

treatment with ABD-1970 and removal of free compound. PC3 cells were grown to 70-80% 

confluency in F-12K medium (Gibco, Grand Island, NY) supplemented with 10% FCS at 37°C 

with 5% CO2, washed twice with PBS, and then incubated for 30 min at 37°C with serum-free 

cell culture medium containing ABD-1970 (10 nM) or DMSO (0.01% final concentration). Cells 

were washed with PBS to remove unbound ABD-1970, fresh media containing 10% FCS was 

added, and cells were incubated at 37°C with 5% CO2 for up to 72 hours. Cells were harvested at 

0.5, 6, 24, 48 and 72 hours following the removal of ABD-1970 and cell lysates were prepared. 

MGLL activity in ABD-1970 or DMSO treated PC3 lysates was then assessed using gel-based 

ABPP analysis with the JW912 probe. The average recovery rate of MGLL activity was 

calculated by linear regression analysis using Prism software (GraphPad, La Jolla, CA). The 

slope of the fit gave the average MGLL activity recovery rate in % MGLL activity per hour.  

In vivo studies 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 10, 2018 as DOI: 10.1124/jpet.118.252296

 at A
SPE

T
 Journals on A

pril 18, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#252296 

 14 

All animal experiments at Abide Therapeutics were performed in accordance with the guidelines 

outlined by the Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act 

and approved by the Explora Biolabs Institutional Animal Care and Use Committee. Animal 

experiments carried out at external institutions were performed in accordance with the individual 

institutions and their respective country’s policies governing the ethical and humane treatment of 

laboratory animals. In all studies, animals were maintained under a 12 hour light/dark cycle and 

allowed free access to food and water throughout the duration of the experiments. 

Dose and time course effects of ABD-1970 in rodents: Male ICR mice (Envigo, Livermore, CA) 

and male Sprague Dawely rats (Charles River, Wilmington, MA) 6 to 10 weeks old at the time of 

dosing were administered ABD-1970 by oral gavage (5 mL/kg volume). ABD-1970 was 

prepared fresh on the day of dosing in 0.5% methylcellulose (400cP, Sigma-Aldrich, St Louis, 

MO) vehicle for the rat dose response study or in 7:2:1 PEG400:ethanol:PBS vehicle for the rat 

time course and mouse studies. Maximal dispersal of the compound was achieved by bath and 

probe sonication until a fine white suspension was formed. Animals were administered single 

oral doses of ABD-1970 (0.1 – 30 mg/kg for mice and 0.1 – 10 mg/kg for rats). At specified time 

points after ABD-1970 administration, animals were anesthetized with isoflurane, and blood 

samples were collected by cardiac puncture into syringes pre-coated with EDTA (500 mM 

disodium, Teknova, Hollister, CA). Following blood collection, animals were killed by 

decapitation, and brains were removed and rinsed in PBS before freezing in liquid nitrogen. One 

brain hemisphere was submitted for ABD-1970 concentration analysis by LC-MS/MS, and the 

other hemisphere was further dissected to remove 2 adjacent forebrain sections (~100-200 mg) 

and submitted for analysis of MGLL inhibition by ABPP with the FP-Rh probe, as described 

above, and for brain lipid concentrations by LC-MS/MS, as described below.  
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Due to the instability of ABD-1970 in rodent blood and plasma that is thought to be a 

consequence of CES enzymes, which are known to metabolize ester and carbamate xenobiotics, 

and are more abundant in rodent plasma than other higher mammal species, including dogs, 

primates, and humans (Berry et al., 2009), blood samples were immediately placed into an equal 

volume of acetonitrile to stabilize ABD-1970. After mixing, the samples were centrifuged 

(17,000 x g for 2 min), and the resulting whole blood supernatants were transferred and 

submitted to LC-MS/MS analysis for whole blood ABD-1970 measurements.  

Brain lipid analysis. Quantitation of endocannabinoid and eicosanoid lipids in brain tissue 

following organic extraction was performed by LC-MS/MS analysis on an Agilent 1260 LC 

system coupled to an Agilent 6460 Triple Quadrupole mass spectrometer. Full experimental 

details are presented in the Supplemental Methods.  

Formalin pain model: Male Sprague Dawley rats (171 – 235 g at the time of dosing, Harlan, 

UK) were administered an intraplantar injection of formalin (50 µL, 2.5%) into the dorsal 

surface of the right hindpaw to induce acute pain (Saretius Ltd., UK). Immediately after, paw 

licking behavior, a correlate of spontaneous pain (Abbott et al., 1995), was tracked using the 

Laboras™ (Laboratorium Animal Behaviour Observation, Registration and Analysis System, 

Metris B. V. Hoofddorp, The Netherlands) automated rodent behavioral tracking system, which 

was validated to differentiate and automatically recognize behaviors and locomotor activity of 

individually housed rats. Animals injected with formalin are immediately placed into the 

Laboras™ cages (22.5 cm (width) x 42.5 cm (length) x 19.0 cm (height)) and duration of paw 

licking behavior (in sec) was collected from two distinctive phases, the early nociceptive phase 
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occurring 0-5 min after formalin injection and the late phase thought to be associated with 

central sensitization, which peaks 10-30 min after formalin injection.  

To establish a pharmacokinetic/pharmacodynamic (PK/PD) relationship, animals were 

administered vehicle (0.5% methylcellulose), ABD-1970 (1, 3, and 10 mg/kg) or the positive 

control pregabalin (60 mg/kg) 240 min before formalin injection. Forty-five minutes after 

formalin injection and behavioral monitoring, and approximately 285 min after treatment 

animals were anesthetized with isoflurane, and blood samples were collected by cardiac 

puncture. Following blood collection, animals were killed by decapitation and brains were 

removed. Samples were dissected and processed as described above for analysis of MGLL 

inhibition by ABPP and ABD-1970 and 2-AG concentrations by LC-MS/MS. 

For the ABD-1970 and pregabalin combination study, male Sprague Dawley rats (214 - 235 g, 

Harlan, UK) were administered ABD-1970 (2 mg/kg) by oral gavage (5 mL/kg volume) 

immediately followed by a separate oral administration (5 mL/kg volume) of pregabalin (10 

mg/kg) 240 min before formalin administration. For the monotherapy control groups, ABD-1970 

or pregabalin were administered along with separate oral gavage administrations of vehicle 

(0.5% methylcellulose). Paw licking behavior was monitored for 30 min using the Laboras™ 

behavior tracking system. For the ABD-1970 and morphine combination study, male Sprague 

Dawley rats (225 – 269 g at the time of dosing, Harlan, UK) were administered vehicle (0.5% 

methylcellulose) or ABD-1970 (1 mg/kg) by oral gavage. After 210 minutes, vehicle (saline) or 

morphine (2.49 mg/kg) were administered by subcutaneous injection. After an additional 30 min 

(240 min after ABD-1970 and 30 min after morphine) formalin was administered into the 

hindpaw and paw licking behavior was monitored using the Laboras™ behavior tracking system. 
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Complete Freund’s Adjuvant (CFA) model of inflammatory pain: male Sprague Dawley rats (200 

– 230 g, Charles River Laboratories, Beijing, China) were administered an intraplantar injection 

of CFA (50 µL, 4 mg/mL) into the dorsal surface of the left hindpaw to induce inflammation and 

pain (Pharmaron, China). Twenty-four hours after CFA injection, animals were administered 

vehicle (0.5% methylcellulose) or ABD-1970 (1, 3 and 10 mg/kg) by oral gavage.  

Mechanical allodynia in the CFA-injected paw was measured prior to CFA injection and 0 (24 h 

after CFA and before vehicle or ABD-1970), 2, 4 and 6 h after compound administration by 

determining withdrawal thresholds to an electronic von Frey instrument (Bioseb, France) applied 

perpendicularly with increasing force to the plantar surface of the paw. The threshold for paw 

withdrawal was calculated by taking the average of 2-3 repeated von Frey applications. 

Observers were blinded to the identity of the treatment groups. 

Plantar incision model of post-operative pain: post-operative pain was induced in male Sprague 

Dawley rats (220 – 250 g, Charles River Laboratories, Beijing, China) as described previously 

(Brennan et al., 1996) (Pharmaron, China). Briefly, rats were anesthetized with isoflurane, placed 

in a dorsal recumbent position, and the plantar surface of the left hind foot draped and prepared 

aseptically. On the plantar surface of the foot, a 1 cm incision was made at 0.5 cm from the edge 

of the heel and extending distally through the skin and fascia. The plantaris muscle was exposed 

by blunt dissection, elevated and incised longitudinally, and the skin closed with 2 interrupted 

mattress sutures (3-0, polydioxanone).  

Animals were administered vehicle (0.5% methylcellulose) or ABD-1970 (20 mg/kg) by oral 

gavage 60 min before anesthesia induction and plantar incision. Buprenorphine (0.03 mg/kg) was 

administered by intraperitoneal injection immediately before the procedure. Mechanical 
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allodynia in the operated paw was measured before compound administration (t = 0) to establish 

pre-surgical baseline withdrawal thresholds, and at 1, 3, and 5 hours after incision using an 

electronic von Frey instrument (Bioseb, France). Observers were blinded to the identity of the 

treatment groups. 

Chronic constriction injury (CCI) model of peripheral neuropathic pain: CCI on the left 

common sciatic nerve was performed in male Sprague Dawley rats (Harlan, UK) to induce 

neuropathic pain as described previously (Bennett and Xie, 1988) (Aquila BioMedical Ltd., UK). 

Following recovery from anesthesia, animals were recovered for 7 days before behavioral testing 

was initiated.  

Mechanical allodynia was assessed in rats by measuring the withdrawal threshold to von Frey 

filaments of increasing diameter and force. Animals were placed in a cage with a wire mesh 

bottom and a series of calibrated von Frey filaments [3.84 (0.6 g), 4.17 (1.4 g), 4.56 (3.8 g), 4.93 

(7.1 g), 5.18 (12.4 g) and 5.46 (20.5 g)] were applied to the plantar surface of the left hind paw. 

Each paw was tested six times with von Frey fibers presented consecutively. A minimum of 3 

out of 6 withdrawals was considered a positive response. The middle filament (4.56) was applied 

first and, if a positive response was observed, the next weaker filament was then tested. 

Conversely, if the rat did not withdraw its paw at least three times, a larger filament would be 

tested until a 50% (3/6) withdrawal response was observed. Testing continued in this manner 

until a withdrawal threshold was reached.  

Von Frey thresholds were measured prior to CCI on all rats to establish a baseline withdrawal 

threshold, and after the CCI procedure on day 7 and 14 to monitor the development of 

mechanical allodynia. Animals with left paw withdrawal thresholds to von Frey fibers ≤ 8 g were 
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deemed to have developed mechanical allodynia and were included in the study. Allocation to 

treatment groups was based on each animal’s pre-treatment withdrawal threshold measured on 

day 14.  

On day 14 or 15, animals received a single oral gavage dose of vehicle (0.5% methylcellulose), 

ABD-1970 or pregabalin (10 mL/kg volume) and 240 min later, mechanical allodynia was 

measured to determine treatment effects. All observers were blinded to the identity of the 

treatment groups.  

Serotonin-induced scratching model of pruritus:  The day before the experiment, female Sprague 

Dawley rats (202 – 278 g, Janvier Labs, France) were shaved on the rostral part of the back and 

then placed individually into clear cylindrical observation chambers (height = 35 cm, diameter = 

19 cm) for at least 60 minutes to habituate them to the testing environment (Porsolt, France). On 

the day of the experiment, scratching was induced by intradermal injection of serotonin (50 µL, 

50 µg/rat) into the rostral part of the rats back.  

To test the effects of ABD-1970 on serotonin-induced scratching, animals were administered 

vehicle (0.5% methylcellulose) or ABD-1970 (1, 2, or 10 mg/kg) by oral gavage (5 mL/kg 

volume) 240 minutes before serotonin injection. The positive control naltrexone (NAL, 1 mg/kg) 

or its respective vehicle (0.9% saline) were administered subcutaneously 15 min before 

serotonin. Scratching bouts were monitored for 30 min after serotonin injection by an observer 

blinded to the experimental groups. A single scratching bout was defined as one or more rapid 

movements of the hindpaws to the area around the site of serotonin injection ending with licking 

or biting of the toes and/or placement of the hindpaw on the floor of the observation chamber.  
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Locomotor activity: Open field behavior was monitored in male Sprague Dawley rats 240 min 

after oral administration of ABD-1970 (1 and 10 mg/kg, 0.5% methylcellulose vehicle) or 15 

min after subcutaneous administration of the CB agonist WIN 55,212-2 (3 mg/kg, 1% Tween 80 

/ 99% saline vehicle) at Saretius Ltd., UK. To control for the different administration times and 

routes, all animals received counter-balanced vehicle administrations 240 min (0.5% 

methylcellulose, PO) or 15 min (1% Tween 80 / 99% saline, SC) prior to behavior assessment. 

Locomotor activity, rearing and grooming were monitored for 40 min using the Laboras™ 

automated behavioral tracking system. 

Prostanoid Production in Stimulated Human Blood and Cells 

LPS-stimulated whole blood. Normal human blood was obtained from the Normal Blood Donor 

Service of The Scripps Research Institute (TSRI) and approved by the TSRI IRB. Blood samples 

from two donors per experiment (one male and one female donor) was prepared by diluting 

equal parts heparinized whole blood and serum-free Roswell Park Memorial Institute medium 

(RPMI) (v/v). Diluted samples (4 mL) were treated with ABD-1970 (0.03 – 30 µM), 

indomethacin (10 µM), rofecoxib (10 µM) or vehicle (DMSO) for 30 min at 37°C in 24-well 

plates, and then stimulated with 30 ng/mL of lipopolysaccharides (LPS, Enzo Life Sciences E. 

coli serotype 0111:B4, # 581-012-L002) or vehicle for ~24 h at 37°C. To collect plasma, well 

contents were transferred to a 15 mL conical tube and centrifuged at 1,500 rpm for 5 min to 

pellet erythrocytes. The clear supernatant was isolated, transferred to a glass vial and frozen at -

80°C prior to LC-MS/MS analysis as described in the Supplemental Methods.  

Ionomycin-stimulated whole blood. Blood from one female donor was prepared by diluting equal 

parts heparinized whole blood and serum-free RPMI (v/v). Diluted samples (1 mL) were treated 
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with ABD-1970 (0.3 and 3 µM), indomethacin (10 µM), rofecoxib (10 µM) or vehicle (DMSO) 

for 30 min at 37°C in 24-well plates, and then stimulated with 30 µM of the calcium ionophore 

ionomycin (Calbiochem) or vehicle for 30 min at 37°C. To collect plasma, plates were 

centrifuged at 1,500 rpm for 5 min to pellet erythrocytes. The clear supernatant was isolated, 

transferred to a glass vial and frozen at -80°C prior to LC-MS/MS analysis as described in the 

Supplemental Methods. 

IL-1β stimulated HUVEC. Primary human umbilical vein endothelial cells (HUVEC) pooled 

from multiple donors were obtained from Gibco (#C-015-10c, lot #1150190, mycoplasma 

negative) and expanded in Medium 200 (Gibco #R-001-100) containing low serum growth 

supplement (Gibco #S-003-10). Cells were plated in 6-well culture dishes (1x106 million cells 

per well) until well attached (6 h), washed twice with phenol- and serum-free Medium 200PRF 

(Gibco, #M-200PRF-500), and then pre-treated for 30 min at 37 °C in 95% O2 and 5% CO2 in 

Medium 200PRF containing one of the following: ABD-1970 (0.1, 10 or 100 nM), indomethacin 

(500 nM), rofecoxib (500 nM), or DMSO vehicle. Cells were stimulated with IL-1b (1 ng/ml, 

R&D, #201-LB-005) for ~18 h at 37 °C in 95% O2 and 5% CO2. Media was collected, 

centrifuged to remove non-adherent cells, and frozen at -80°C prior to LC-MS/MS analysis as 

described in the Supplemental Methods. HUVEC were collected by scraping in cold PBS and 

frozen at -80°C for subsequent ABPP analysis with FP-Rh to confirm MGLL target engagement 

and inhibitor selectivity.  

Platelet aggregation. The effects of ABD-1970 on platelet aggregation induced by collagen 

were evaluated essentially as previously described (Born, 1962) (Eurofins Panlabs, Taiwan). 

Human 60.0 ± 10 kg platelet-rich plasma (6-7 x 108 platelets/mL) was treated with 0.3, 3 or 30 
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µM ABD-1970 or 3 µM indomethacin for 5 minutes at 37°C. Collagen (10 µg/mL) was added to 

induce aggregation, which was measured by an optical aggregometer.  

Statistics 

Results are presented as the mean ± standard error of the mean (SEM). Treatment effects on 

formalin-induced paw licking were analyzed by one-way analysis of variance (ANOVA) 

followed by Dunnet’s post-test or Newman-Keuls multiple comparison tests, as warranted. The 

CCI study where the effect of treatment on von Frey thresholds versus pre-treatment thresholds 

were compared was analyzed by a paired Wilcoxon test. Treatment effects on all additional data 

sets were analyzed by ANOVA and Dunnett’s post-test. Differences were considered statistically 

significant at p < 0.05. All statistical analyses were carried out using Prism (version 6; GraphPad 

Software, La Jolla, CA), SPSS (version 17.0; IBM, Armonk, NY) or Statistica (version 10.1; 

Statsoft, Palo Alto, CA). 

RESULTS 

ABD-1970 is a potent and selective inhibitor of MGLL across species.  

ABD-1970 (Figure 1) is a member of the carbamate class of MGLL inhibitors, which 

have been shown to act via covalent carbamylation of the active site serine residue (Butler et al., 

2017; Chang et al., 2012; Griebel et al., 2015; Long et al., 2009a; Niphakis et al., 2012). 

Characterization of ABD-1970 potency and selectivity leveraged ABPP, a chemical proteomics 

platform that utilizes active-site directed chemical probes to evaluate the activity of entire 

enzyme families in parallel in native biological matrices (Simon and Cravatt, 2010). In vitro 

treatment of tissue or cell homogenates with ABD-1970, followed by incubation with ABPP 
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probes, SDS-PAGE analysis and in-gel fluorescence imaging, allows for the direct visualization 

of the targets of ABD-1970. In this gel-based ABPP platform, quantification of serine hydrolase 

activity is based on the intensity of probe labeling, and inhibition is measured as a reduction of 

probe labeling compared to control samples. 

ABD-1970 (0.001-10 µM, 30 min, 37°C) was analyzed by ABPP in brain tissue 

homogenates from mouse, rat, rabbit, dog, monkey and human, as well as in lysates prepared 

from PC3 cells. Brain tissue was chosen for profiling because it represents an important 

therapeutic target organ and exhibits high activity of many serine hydrolases, including MGLL. 

PC3 cells are a rich source of human MGLL, as well as of ABHD6, an off-target common to 

published MGLL inhibitors (Butler et al., 2017; Chang et al., 2012; Griebel et al., 2015; Long et 

al., 2009a; Niphakis et al., 2012). Inhibition of MGLL activity was observed following 

pretreatment with ABD-1970 in brain tissue homogenates of all species and PC3 cell lysates, 

with average IC50 values of < 20 nM (average values presented in Table 1 and representative 

ABPP gel images and MGLL activity quantitation in Figure 2). MGLL migrates as multiple 

bands in the ABPP gels, and each band was equally sensitive to ABD-1970. ABD-1970 showed 

excellent selectivity in all species tested, cross-reacting with only a single off-target, ABHD6, in 

mouse, rat, rabbit, dog and monkey brain homogenates with IC50 values of 3.2, 0.8, 0.6, 1.4, and 

3 µM, respectively. ABHD6 was inhibited in human PC3 cells with an IC50 of 2.5 µM, while 

ABHD6 activity was not detected by gel-based ABPP in human brain tissue. Notably, at the 

concentrations tested, ABD-1970 did not inhibit fatty acid amide hydrolase (FAAH). Since the 

carbamate functional group of ABD-1970 could be subject to hydrolysis, we evaluated the 

activity of the amine analog ABD-0038 (Supplemental Figure 1A) using ABPP. Demonstrating 

that the HFIP carbamate functional group is required for the activity of ABD-1970, ABD-0038 
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did not inhibit MGLL or other serine hydrolases in mouse, rat and human brain tissue 

(Supplemental Figure 1B-D). 

The cellular activity of ABD-1970 was evaluated in two human systems: cultured PC3 

cells and PBMC isolated from human whole blood. When added to the cell culture media, ABD-

1970 (0.001-10 µM, 30 min, 37°C) was a potent inhibitor of MGLL in intact PC3 cells, 

displaying an IC50 value of 3.2 nM. MGLL was also inhibited in human PBMC following 

treatment of whole blood with ABD-1970 (0.03-30 µM, 30 min, 37°C). In this human blood 

assay, which provides a basis for a clinical peripheral biomarker assay, ABD-1970 treatment 

inhibited MGLL with an average IC50 value of 62 nM (Supplemental Figure 2A). 

In order to amplify endocannabinoid signaling and modulate neurotransmission 

clinically, a MGLL inhibitor must effectively prevent the breakdown of 2-AG in the human 

nervous system. MGLL has been previously shown to be the major 2-AG hydrolase in the rodent 

brain both in vitro and in vivo (Blankman et al., 2007; Long et al., 2009a). Here, we used ABD-

1970 to evaluate the contribution of MGLL to 2-AG catabolism in human brain tissue. Inhibition 

of 2-AG hydrolysis by ABD-1970 (0.0003-1 µM, 30 min, 37°C) was assessed using a MS-based 

2-AG substrate assay, which revealed that ~95% of the 2-AG hydrolytic activity in the 

particulate fraction of human brain cortex was blocked by ABD-1970 with an IC50 of 3 nM 

(Supplemental Figure 2B).  

Some carbamate/urea inhibitors of serine hydrolases can display slow reversibility, 

presumably due to hydrolytic turnover of the carbamylated active site serine residue (Bar-On et 

al., 2002; Keith et al., 2015). We therefore evaluated the persistence of the ABD-1970-MGLL 

interaction in vitro by assessing enzyme activity over a 24-hour period after removal of excess 
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compound. Following treatment with ABD-1970 (1 µM, 30 min, 37°C), human MGLL in 

transfected HEK293T cell lysates remained inhibited by greater than 95% for up to 24 hours 

after removal of free compound (Supplemental Figure 2C).  Based on these measurements, we 

conclude that the presumed carbamylated adduct formed between hMGLL and ABD-1970 is 

highly stable over a 24-hour time period, with very little hydrolysis and reactivation of the 

enzyme.    

Considering that ABD-1970 is an irreversible inhibitor of MGLL, we determined a 

second order rate constant, or kinact/Ki, value for the compound, which provides a measurement 

of potency that is independent of substrate concentration and pre-incubation time. Using a 

fluorescent substrate assay, ABD-1970 displayed time-dependent inhibition of purified 

recombinant human MGLL (Supplemental Figure 2D). The progress curves were fit to a first-

order exponential to determine the observed first-order rate constant for enzyme inactivation 

(kobs) at each concentration of ABD-1970 (Supplemental Figure 2E).  Non-linear curve fitting of 

the kobs versus ABD-1970 concentration plot allowed determination of kinact, Ki and the second-

order rate constant kinact/Ki. ABD-1970 displayed an average kinact value of 0.006 s-1, an average 

Ki value of 0.3 µM, and an average kinact/Ki value of approximately 19,000 M-1s-1 against human 

MGLL.  

 For irreversible enzyme inhibitors, the recovery of enzymatic activity in vivo and in intact 

cells is largely mediated by protein biosynthesis. To approximate the rate of recovery of MGLL 

activity following irreversible inhibition in human cells, we measured MGLL activity in cultured 

PC3 cells for up to 72 hours following incubation with ABD-1970 (10 nM, 30 min, 37°C) and 

removal of excess compound. ABD-1970 treatment inhibited MGLL activity by approximately 
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90% at 30 minutes post-treatment, and near-complete recovery of MGLL activity was observed 

72 h after free ABD-1970 was removed from the culture media (Supplemental Figure 2F). The 

average recovery rate for MGLL activity over the course of the experiment (0.5-72 h) was 

approximately 1% activity per hour.  

ABD-1970 is highly selective for MGLL in human tissues and cells. 

 A comprehensive characterization of the selectivity of ABD-1970 across the serine 

hydrolase class was performed in human tissues and cells using both gel-based and MS-based 

ABPP methods. In vitro treatment of human brain (prefrontal cortex), liver, kidney, skin and 

lung homogenates, or PBMC lysates with ABD-1970 (10 µM, 30 min, 37°C) revealed selective 

inhibition of MGLL by gel-based ABPP with the FP-Rh probe (Figure 3A). The only off-target 

of ABD-1970 observed in these tissues was the xenobiotic metabolizing enzyme 

carboxylesterase 1 (CES1).  

The same principles of ABPP can be applied to high-content MS-based proteomic 

platforms for identification and quantification of protein targets of inhibitors. Here, human brain 

homogenates were treated with ABD-1970 (0.01-10 µM) or DMSO vehicle for 30 min at 37°C 

and subjected to MS-based ABPP using the FP-biotin probe to enrich active, but not inhibited 

serine hydrolases via streptavidin-affinity chromatography (Jessani et al., 2005). Isotopic labels 

were incorporated into peptides from DMSO- and inhibitor-treated samples, permitting accurate 

quantitation of relative enzyme activities in a single MS experiment (Boersema et al., 2009). 

This analysis resulted in the identification and quantification of 78 cerebral human serine 

hydrolases. Consistent with the gel-based analyses, MGLL was completely inhibited by ABD-

1970 at concentrations as low as 0.1 µM, and no off-targets were observed until 10 µM ABD-
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1970, at which concentration, ABHD6, CES1 and platelet-activating factor acetylhydrolase 

(PLA2G7) were also inhibited (Figure 3B). ABD-1970 displays a mean IC50 of 0.013 µM 

towards MGLL in human brain homogenates (Table 1), and therefore, exhibits at least a 77-fold 

selectivity for MGLL against ABHD6, CES1 and PLA2G7, and at least  a 770-fold selectivity 

for MGLL versus the other 74 enzymes profiled. 

ABD-1970 selectively inhibits MGLL in vivo and modulates brain levels of 2-AG, AA and 

prostanoids. 

 The dose- and time-dependent effects of oral ABD-1970 administration were evaluated in 

both mice and rats. Single oral gavage (PO) doses of ABD-1970 (0.1-10 mg/kg) to rats inhibited 

MGLL in the brain with a median efficacious dose (ED50) of 0.7 mg/kg at 4 hours post-dose 

(Figure 4A, B). ABD-1970 administration was selective for MGLL amongst rat brain serine 

hydrolases with only one additional target identified, ABHD6, which was partially inhibited at 

the highest dose tested of 10 mg/kg (Figure 4A). Significant increases in brain 2-AG 

concentrations were observed at a dose of 1 mg/kg ABD-1970, near the ED50, with >100 nmol/g 

2-AG observed following single doses of 2 or 10 mg/kg (Figure 4C). As has been previously 

reported in mice treated with MGLL inhibitors (Nomura et al., 2011), reductions in brain AA and 

the prostanoids PGE2/D2 were observed following ABD-1970 administration (Figure 4D). Rat 

brain concentrations of the other major endocannabinoid anandamide were not affected (Figure 

4E).  

 The time course effects of ABD-1970 were determined in rats following a single oral 

dose of 12 mg/kg. Exposure to ABD-1970 in brain and blood (Figure 4F) was associated with 

MGLL inhibition in the brain (Figure 4G) and increases in brain 2-AG concentrations (Figure 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 10, 2018 as DOI: 10.1124/jpet.118.252296

 at A
SPE

T
 Journals on A

pril 18, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#252296 

 28 

4H) for up to 12 hours post-dose. Partial recovery of MGLL activity and normalization of brain 

2-AG concentrations were observed by 24 hours post dose.  

Similar dose- and time-dependent inhibition of MGLL and accumulation of 2-AG were 

observed following single oral doses of ABD-1970 in mice (Supplemental Figure 3).  

Efficacy of ABD-1970 in the rat formalin model of acute pain correlates with PK and CNS 

biomarkers and potentiates analgesic standards of care. 

 MGLL inhibitors produce anti-hyperalgesic and anti-allodynic effects in multiple rodent 

models of pain (Grabner et al., 2017). To understand the relationship between brain and blood 

ABD-1970 concentrations, brain MGLL target engagement, brain 2-AG concentrations and 

antinociceptive efficacy, a pharmacokinetic/pharmacodynamic (PK/PD) relationship was 

described in the rat formalin model (Tjolsen et al., 1992). Formalin administration to the rat hind 

paw results in spontaneous pain behaviors, including paw licking, which was quantified using 

automated behavior tracking cages. Single oral doses of ABD-1970 produced robust 

antinociceptive activity in formalin-challenged rats (Figure 5A) with an ED50 of 1 mg/kg 

calculated for late phase (10-30 minutes post-formalin) paw licking duration. The reductions in 

late phase pain behavior at the ED50 were associated with ABD-1970 concentrations of 4 nM in 

the blood and 7 nM in the brain (Figure 5B), 40% inhibition of MGLL in the brain (Figure 5C), 

and 3-fold increases in brain 2-AG concentrations (Figure 5D).  

MGLL inhibitors have been shown to enhance the antinociceptive effects of analgesic 

drugs in preclinical models of pain (Crowe et al., 2015; Crowe et al., 2017; Wilkerson et al., 

2016). We evaluated the effects of ABD-1970 in combination with the alpha-2, delta-1 calcium 
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channel blocker preabalin or the mu opioid receptor agonist morphine in the rat formalin model. 

Co-administration of ABD-1970 and pregabalin significantly reduced paw licking pain behavior 

in formalin-treated rats to a greater extent than either agent individually (Figure 5E). Treatment 

of rats with ABD-1970 and morphine similarly reduced formalin responses, while administration 

of either compound alone lacked efficacy in this experiment (Figure 5F). These results 

demonstrate that MGLL inhibition potentiates the antinociceptive effects of mechanistically 

distinct and clinically effective analgesics. 

ABD-1970 demonstrates broad-spectrum antinociceptive and anti-pruritic effects without 

cannabimimetic effects on locomotor activity. 

 ABD-1970 was tested in additional preclinical models of pain of distinct pathologic 

origins and in a model of pruritis. In the inflammatory pain model caused by plantar injection of 

Complete Freund’s Adjuvant (CFA), ABD-1970 administration produced dose-dependent anti-

allodynic effects for up to 6 hours post-dose, with a calculated ED50 value of 2 mg/kg at 4 hours 

post-dose (Figure 6A). A single dose of 20 mg/kg ABD-1970 reduced mechanical allodynia in 

rats caused by plantar incision to a similar extent as a non-sedative dose of the opioid 

buprenorphine (Figure 6B). In the CCI model of neuropathic pain, a single dose of 30 mg/kg 

ABD-1970 or pregabalin significantly reversed allodynic responses compared to vehicle treated 

rats (Figure 6C). In a rat model of pruritus induced by intradermal injection of serotonin, ABD-

1970 demonstrated significant anti-pruritic effects at doses as low at 1 mg/kg that were similar to 

that of the opioid antagonist naltrexone (Figure 6D). 

 The antinociceptive and anti-pruritic effects observed following ABD-1970 treatment 

occurred without overt behavioral effects. Single doses of 1 and 10 mg/kg of ABD-1970 did not 
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reduce locomotor duration in a novel environment (Figure 6E) or rearing (Figure 6F), but did 

produce dose-dependent reductions in grooming (Figure 6G). In stark contrast, a single 3 mg/kg 

dose of the exogenous cannabinoid WIN 55,212-2 dramatically reduced locomotor activity, 

rearing and grooming (Figure 6E-G).  

MGLL and COX inhibition differentially affect prostanoid production in human cells 

 The anatomically contextualized contribution of MGLL to prostanoid metabolism in mice 

(Nomura et al., 2011) motivated us to evaluate the effects of ABD-1970 in human cellular 

systems alongside the nonselective COX inhibitor, indomethacin, and selective COX2 inhibitor, 

rofecoxib. Human whole blood can be stimulated with lipopolysaccharide (LPS) endotoxin or 

calcium ionophores to produce inflammatory prostanoids, which are strongly suppressed by 

COX inhibition (Brideau et al., 1996; Warner et al., 1999). ABD-1970 treatment of whole blood 

effectively inhibits MGLL activity in PBMC (IC50 = 62 nM). Therefore, human blood represents 

an appropriate system to evaluate the effects of MGLL inhibition on stimulated prostanoid 

production and compare them with the effects of COX inhibition. 

Human whole blood from two donors was treated with LPS (30 ng/mL, 37°C, ~24 h) to 

stimulate prostanoid production. Pretreatment of LPS-stimulated whole blood with ABD-1970 

(0.03-30 µM, 30 min, 37°C) increased plasma 2-AG by ~7-fold (Figure 7A), and decreased 

plasma AA by ~2-fold (Figure 7B), but did not affect prostaglandin E2 (PGE2) or TXB2 

concentrations (Figure 7C). In contrast, pretreatment of whole blood with the NSAID 

indomethacin (30 µM, 30 min, 37°C) suppressed production of PGE2 and TXB2  by more than 

10-fold. The selective COX2 inhibitor rofecoxib (10 µM, 30 min, 37°C) also suppressed PGE2, 
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and to a lesser degree, TXB2, consistent with the dominant role of COX1 in thromboxane 

production in blood (Brideau et al., 1996; Warner et al., 1999).  

Stimulation of human whole blood with the calcium ionophore ionomycin (30 µM, 30 

min, 37°C) increased production of AA (Figure 7D), and prostanoids (PGE2 and TXB2) (Figure 

6E), as expected. Pretreatment of ionomycin-stimulated whole blood with ABD-1970 (0.3 and 3 

µM) did not significantly alter plasma levels of AA (Figure 7D) or of downstream prostanoid 

lipids (Figure 7E). In contrast, indomethacin (10 µM, 30 min, 37°C) suppressed production of 

PGE2 and TXB2 by 10-fold or greater (Figure 7E), while rofecoxib (10 µM, 30 min, 37°C) 

suppressed both PGE2 and TXB2 by ~3-fold (Figure 7E).  

The impact of MGLL inhibition on prostanoid production in human endothelial cells was 

investigated in primary HUVEC stimulated with the inflammatory cytokine interleukin-1 beta 

(IL-1β). HUVEC have previously been used to study the effect of COX inhibition on prostanoid 

production, as they generate important signaling active prostanoid lipids when stimulated 

(Niederberger et al., 2004; Salvado et al., 2009). These lipids include thromboxane A2 (measured 

as its stable breakdown product TXB2), which stimulates platelet aggregation and 

vasoconstriction, and prostacyclin (measured as its stable breakdown product 6-

ketoprostaglandin F1α (6k-PGF1α), which inhibits platelet aggregation and causes vasodilation 

(Salvado et al., 2009).  

Stimulation of HUVEC with IL-1β increased the production of several prostanoid lipids 

including 6k-PGF1α, TXB2, and Prostaglandin F2α (PGF2α) (Figure 7F). All of these prostanoids 

were suppressed when pre-stimulated HUVEC were treated with indomethacin (500 nM) or 
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rofecoxib (500 nM), but not ABD-1970 (0.1-100 nM), despite confirmation of complete MGLL 

inhibition at 10 and 100 nM ABD-1970 (Supplemental Figure 4).  

 To investigate the functional consequences of MGLL inhibition on prostanoid signaling, 

ABD-1970 was tested for its effect on collagen-induced platelet aggregation, an assay in which 

NSAIDs display robust anti-aggregatory activity (Armstrong et al., 2008). In human platelet-rich 

plasma, ABD-1970 (0.3-30 µM) did not promote platelet aggregation or suppress aggregation 

induced by collagen (0% agonist or antagonist activity at 0.3, 3 and 30 µM ABD-1970). In 

contrast, indomethacin (3 µM) suppressed collagen-induced aggregation by 98%. 

DISCUSSION 

Preparations of Cannabis and cannabinoid receptor agonists produce therapeutic effects 

in man, which are accompanied by adverse CNS effects that limit the clinical dose. An 

alternative strategy to harness the clinical utility of cannabinoid receptor activation is to augment 

endocannabinoid signaling by limiting enzymatic degradation. MGLL is the major 2-AG 

hydrolase in rodents, and MGLL inhibitors produce a myriad of beneficial effects in animal 

models of pain, anxiety, epilepsy, traumatic brain injury, neuroinflammation and 

neurodegeneration (Chen et al., 2012; Grabner et al., 2017; Griebel et al., 2015; Katz et al., 2015; 

Nomura et al., 2011; Patel et al., 2017; Piro et al., 2012; Sugaya et al., 2016; von Ruden et al., 

2015; Zhang et al., 2015). To prepare for a MGLL inhibitor clinical program, we developed the 

selective MGLL inhibitor tool compound ABD-1970 to evaluate the consequences of MGLL 

inhibition in human tissues and cells, and in rodent models of pain and pruritus.  
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 ABD-1970 is a potent inhibitor of MGLL across species that acts via a time-dependent 

and irreversible mechanism, which is consistent with a covalent interaction, as has been observed 

for other mechanism-based carbamate-containing MGLL inhibitors (Butler et al., 2017; Chang et 

al., 2012; Griebel et al., 2015; Long et al., 2009a; Niphakis et al., 2012). Covalent inhibition can 

be an attractive mechanism for enzyme inactivation as high biochemical efficiency and extended 

duration of target engagement, compared to the pharmacokinetic profile, can often be achieved 

(Johnson et al., 2010; Singh et al., 2011). The time-dependent and irreversible nature of the 

ABD-1970-MGLL interaction likely contributes to the high potency and sustained activity that 

ABD-1970 displays in vivo. Once MGLL is inhibited, ABD-1970 does not need to compete with 

rising 2-AG concentrations, which ultimately reach > 100 nanomoles per gram (~ 100 µM) in the 

brain, and the maintenance of inhibition is not solely determined by sustained compound 

exposure, but instead, is largely dependent on protein biosynthesis.  

 The exceptional potency and selectivity of ABD-1970 was achieved through a medicinal 

chemistry campaign that leveraged the chemical proteomics platform ABPP (Niphakis and 

Cravatt, 2014) to simultaneously evaluate and optimize these parameters (Cisar et al., 2018).  

Extensive ABPP profiling in human tissues and cells revealed that ABD-1970 has at least a 77-

fold selectivity towards MGLL over other serine hydrolases and completely inhibits MGLL at 

concentrations that are devoid of any serine hydrolase off-target interactions. Of the >70 serine 

hydrolase enzymes screened, many are wholly uncharacterized with regards to their substrates 

and functions, and, as such, substrate-agnostic techniques like ABPP represent the only way to 

functionally evaluate these enzymes and confirm selectivity. 
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The favorable pharmacological profile demonstrated by ABD-1970 in vitro was 

maintained in vivo following oral administration to mice and rats, as ABD-1970  selectively and 

sustainably inhibited MGLL in the brain with concomitant increases in whole brain 2-AG 

concentrations. Single doses of ABD-1970 effectively inhibited brain MGLL activity in both 

species with ED50 values of approximately 1 mg/kg. The dose-response relationship revealed 

marked sensitivity of brain 2-AG to MGLL activity as partial inhibition of MGLL in the brain 

was sufficient to elevate 2-AG levels, which ultimately increased by >10-fold once MGLL was 

completely inhibited. In contrast, in the rat, ~2-fold reductions in levels of AA and the 

prostaglandins PGE2/D2 in the brain were associated with near complete inhibition of MGLL.  

To understand the relationship between ABD-1970 PK, MGLL target engagement, 2-AG, 

and antinociceptive efficacy, we used the rat formalin pain model. This model provided the 

opportunity to evaluate the effects of ABD-1970 administration on two distinct nociceptive 

modalities: an early phase corresponding to direct activation of peripheral sensory nerves and a 

late phase corresponding largely to central sensitization (Tjolsen et al., 1992). Single doses of 

ABD-1970 numerically reduced pain behavior in the early phase and significantly reduced pain 

behaviors in the late phase of the formalin response with and ED50 of 1 mg/kg. The 

antinociceptive effects observed at the ED50 were associated with ABD-1970 concentrations less 

than 10 nM in the brain and blood, 40% inhibition of brain MGLL activity and 3-fold elevations 

in brain 2-AG concentrations. Multiple previous studies have demonstrated sustained 

antinociceptive, antiallodynic and antihyperalgesic effects following repeated administration of 

MGLL inhibitors at low doses that partially inhibit MGLL in the brain (Burston et al., 2016; 

Busquets-Garcia et al., 2011; Curry et al., 2018; Kinsey et al., 2013), whereas tolerance to these 

effects has been observed following prolonged, complete MGLL inhibition or genetic ablation 
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(Chanda et al., 2010; Ignatowska-Jankowska et al., 2014; Schlosburg et al., 2010). The 

functional tolerance observed with complete MGLL inactivation and maximal elevation of brain 

2-AG concentrations is associated with down regulation and/or desensitization of brain CB1 

receptors (Chanda et al., 2010; Navia-Paldanius et al., 2015; Schlosburg et al., 2010). The ABD-

1970 PK/PD relationship in the rat formalin model revealed that pain-modifying activity was 

observed at low doses and exposures of ABD-1970 that only partially inhibited brain MGLL and 

caused sub-maximal elevations of 2-AG in the brain. Therefore, low doses of ABD-1970 near 

the ED50 of 1 mg/kg would be predicted to maintain efficacy following repeated dosing. 

In addition to demonstrating significant antinociceptive activity as a single agent in the 

rat formalin model, ABD-1970 also potentiated the activity of two analgesic standards of care: 

pregabalin and morphine, in agreement with the synergistic activity that has been previously 

shown for MGLL inhibitors and similar agents in other pain models (Crowe et al., 2017; 

Wilkerson et al., 2016). That MGLL inhibition enhanced the efficacy of these clinically effective 

drugs, suggests that in addition to providing pain relief as a single agent, a MGLL inhibitor may 

find clinical utility in enhancing the effectiveness of non-narcotic pain killers like pregabalin or 

limiting the dose needed of opioid drugs to provide adequate pain relief. The effects of ABD-

1970 on pain were not limited to acute pain caused by formalin; antinociceptive or anti-allodynic 

effects were observed in rat models of post-operative pain, neuropathic pain and inflammatory 

pain. ABD-1970 also significantly reduced itch behavior in the rat serotonin model of pruritis, 

consistent with previously published reports with MGLL inhibitors in mice (Tosun et al., 2015; 

Yesilyurt et al., 2016). These effects occurred without obvious cannabimimetic effects or 

sedation as ABD-1970 did not reproduce the behavioral effects of the direct cannabinoid 

receptor agonist WIN 55,212-2 in a novel open field. ABD-1970 did dose-dependently reduce 
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grooming behavior in the novel environment, which may be related to the anti-pruritic and 

anxiolytic effects of this mechanism. 

Selective MGLL inhibition by ABD-1970 in the rodent brain effectively increased total 

brain 2-AG concentrations, as has been previously demonstrated following pharmacological or 

genetic inactivation of MGLL (Long et al., 2009a; Schlosburg et al., 2010).  Experiments with 

ABD-1970 in human tissues and cells suggest that MGLL is likely to similarly regulate 2-AG in 

man. ABD-1970 treatment of human brain tissue reduced 2-AG hydrolysis by >95%, which is 

comparable to the ~85% of the total 2-AG hydrolase activity mediated by MGLL in mouse brain 

preparations (Blankman et al., 2007), therefore increasing confidence that MGLL inhibition in 

the human brain will amplify 2-AG signaling and produce the therapeutically beneficial effects 

demonstrated in preclinical studies. Likewise, treatment of human whole blood with ABD-1970 

inhibited MGLL in blood cells and elevated plasma 2-AG concentrations. The concentration-

dependent inhibition of MGLL observed in PBMC following treatment of whole blood provides 

a viable clinical biomarker strategy to measure peripheral MGLL target engagement in human 

subjects or patients administered a MGLL inhibitor. 

In rodents, MGLL serves as a source of AA for COX-mediated prostanoid generation in 

in a subset of tissues (Nomura et al., 2011). Here, we used ABD-1970 to evaluate the 

contribution of MGLL to the generation of AA-derived prostanoids in human whole blood and 

endothelial cells. The non-selective COX inhibitor indomethacin and selective COX2 inhibitor 

rofecoxib were evaluated in parallel to compare the effects of MGLL and COX inhibition in 

assays known to be sensitive to COX inhibitors. MGLL inhibition did not suppress stimulated 

prostanoid production or platelet aggregation and was therefore differentiated from COX 
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inhibition. Our results show that despite their involvement in sequential steps of the arachidonic 

acid metabolic pathway, the effects of inhibiting MGLL or COX enzymes in human cells are 

distinct, suggesting that MGLL inhibitors are unlikely to replicate the toxicity profiles displayed 

by COX inhibitors. 

In conclusion, ABD-1970 is a highly potent, selective and orally bioavailable MGLL 

inhibitor, which we have used to evaluate the effects of MGLL inhibition in human tissues and 

cells and rodent models of pain and itch. These results support use of ABD-1970 as a tool MGLL 

inhibitor in preclinical models and further clinical exploration of the mechanism. Towards this 

end, we have developed a mechanistically similar MGLL inhibitor that is currently in clinical 

development for neurological indications, including Tourette syndrome, spasticity in multiple 

sclerosis, and pain (Cisar et al., 2018). 
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LEGENDS FOR FIGURES 

Figure 1. Chemical structure of ABD-1970 (1,1,1,3,3,3-hexafluoropropan-2-yl 4-(2-(8-oxa-

3-azabicyclo[3.2.1]octan-3-yl)-4-chlorobenzyl)piperazine-1-carboxylate). 

Figure 2. Potent and selective inhibition of MGLL in brain tissue by ABD-1970. MGLL 

activity quantitation (A-C) and representative ABPP gels (D-F) in mouse, rat and human brain 

membrane homogenates treated with ABD-1970 (30 min, 37°C). Mean IC50 values are reported in 

Table 1. 

Figure 3. ABD-1970 is highly selective for MGLL in human tissues and cells. Selectivity of 

ABD-1970 (30 min at 37°C) was evaluated in human tissue and cell homogenates (total 

homogenates containing soluble and membrane fractions) by gel-based ABPP (A) and in 

membrane homogenates of human prefrontal cortex by mass spectrometry-based ABPP (B).  

Figure 4. ABD-1970 selectively inhibits MGLL in vivo and modulates brain levels of 2-AG, 

arachidonic acid and prostanoids. ABD-1970 administration (0.1-10 mg/kg, PO, 4 h post-

dose, 0.5% methylcellulose vehicle, n=5 rats per group) resulted in selective inhibition of MGLL 

in the brain (A) with an ED50 value of 0.7 mg/kg (B). Dose-dependent increases in brain 2-AG 

(C) and reductions in brain AA and the prostaglandins PGE2 and PGD2 (D) were observed 

without alterations in brain anandamide concentrations (E). Concentrations of ABD-1970 in 

brain and blood (F), inhibition of brain MGLL activity (G) and increased 2-AG concentrations 

were observed following a single oral dose of 12 mg/kg ABD-1970 (PO, n=3 rats per time point, 

7:2:1 PEG400:ethanol:PBS vehicle). *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle (C,D) or at 

0 hour (G,H). Data represent mean ± SEM. 
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Figure 2. Efficacy of ABD-1970 in the rat formalin model correlates with PK and CNS 

biomarkers and potentiates analgesic standards of care. (A) Single doses of ABD-1970 

(ABD, 1-10 mg/kg, PO) or the positive control pregabalin (PG, 60 mg/kg, PO) administered 4 

hours prior to formalin (2.5%, 50 µL, intraplantar), reduced pain behavior measured as total paw 

licking duration (n=10 rats per group, *p < 0.05, ***p < 0.001 vs. vehicle). (B) Blood and brain 

concentrations of ABD-1970 measured at the end of the formalin test (~4.75 h post-dose, n=3-10 

rats per group), were inversely associated with brain MGLL activity (C) and positively 

associated with increased 2-AG concentrations (D).  (E) The combination of ABD-1970 (ABD, 2 

mg/kg, PO, 4 hours pretest) with pregablin (PG, 10 mg/kg, PO, 4 hours pretest) resulted in 

enhanced antinociceptive activity compared to either agent individually (n=8-10 rats per group, 

*<0.05, **p<0.01, ***p<0.001 versus vehicle, †††p<0.001 versus PG, ‡‡p<0.01 versus ABD-

1970.  (F) Combination of ABD-1970 (ABD, 1 mg/kg, PO, 4 hours pretest) with morphine (2.49 

mg/kg, SC, 0.5 hours pretest) also resulted in enhanced antinociceptive activity compared to 

either agent individually (n=9-10 rats per group, *<0.05 versus vehicle, †††p<0.0001 versus 

morphine). Data represent mean ± SEM. 

Figure 6. ABD-1970 demonstrates broad-spectrum antinociceptive and anti-pruritic effects 

without cannabimimetic effects on locomotor activity. (A-C) Anti-nociceptive effects of 

ABD-1970 (PO, 0.5% methylcellulose vehicle) in the CFA model of inflammatory pain (A, N=8 

rats per group. †p<0.05 vs. ABD-1970 3 mg/kg, †††p<0.001 vs. ABD-1970 3 mg/kg, **p<0.01 

vs. ABD-1970 10 mg/kg, ***p<0.001 vs. 10 mg/kg), plantar incision model of acute pain (B, 

N=8 rats per group. *p<0.05 vs. ABD-1970, ***p<0.001 vs. ABD-1970, ††p<0.01 vs. 

buprenorphine (Bup), †††p<0.001 vs. buprenorphine), and the CCI model of neuropathic pain 

(C, N=8-9 rats per group. *p<0.05, **p<0.01 vs. pre-dose). (D) Anti-pruritic effects ABD-1970 
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(ABD, PO, 0.5% methylcellulose, 4 h pre-test) and naltrexone (NAL, SC, 0.9% saline vehicle, 

0.25 h pre-test) in rats following intradermal serotonin administration (N=8 rats per group. 

***p<0.001 vs. PO vehicle, †††p<0.001 vs. SC vehicle).  (E-G) Behavioral effects of ABD-1970 

(PO, 4 h pre-test) or the direct CB1/2 agonist WIN 55,212-2 (WIN, SC, 1% Tween 80/99% 

saline vehicle, 0.25 h pre-test) on total locomotor duration (E), rearing frequency (F), or 

grooming (G). (E-G) N=7-8 rats per group, ***p <0.001 vs. vehicle. Data represent mean ± 

SEM. 

Figure 3. MGLL and COX inhibition differentially affect prostanoid production in human 

cells. The effects of ABD-1970, indomethacin and rofexocib on concentrations of 2-AG, AA and 

prostanoid lipids were evaluated in human whole blood treated with LPS (A-C) or ionomycin (D 

and E) or primary HUVEC stimulated with IL-1β (F). In A-C, data are from whole blood from two 

human donors. In D-F, data are presented as mean ± SEM; n=3/group; *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001 versus stimulated DMSO control. See also Figure S3. 
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TABLES 

Table 1. In vitro potency of ABD-1970 against MGLL across species 

ABD-1970 (0-10 µM) was pre-incubated with the source material listed for 30 min at 37°C prior 

to ABPP analysis. Data represent mean ± SEM from several independent experiments. a n =4, b 

n=3.  

 

Species Source 
MGLL IC50 

(µM) 

Mouse Braina 0.015 ± 0.003 

Rat Brain Cortexb 0.003 ± 0.001 

Rabbit Brainb 0.003 ± 0.001 

Dog Brain Cortexb 0.007 ± 0.001 

Monkey Brain Cortexb 0.018 ± 0.003  

Human 
Brain Prefrontal Cortexb 0.013 ± 0.003 

PC3 Cell Lysatea 0.018 ± 0.003  
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FIGURES 

 

 

Figure 1. Chemical structure of ABD-1970 (1,1,1,3,3,3-hexafluoropropan-2-yl 4-(2-(8-oxa-

3-azabicyclo[3.2.1]octan-3-yl)-4-chlorobenzyl)piperazine-1-carboxylate). 
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Figure 5.  
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Figure 6.  
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Figure 7.  
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SUPPLEMENTAL FIGURES 
 
 

 

Supplemental Figure 1. In vitro characterization of potential hydrolysis product ABD-0038 
by ABPP. (A) ABD-1970 can be potentially hydrolyzed to the amine analog ABD-0038. (B) 
ABD-0038 (0.001 – 10 µM, 30 min at 37°C) does not inhibit MGLL or any other serine 
hydrolases in mouse, rat and human brain homogenates as determined by gel-based ABPP with 
the FP-Rh activity probe. 
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Supplemental Figure 2. In vitro characterization of ABD-1970. (A) ABD-1970 treatment (30 
min, 37°C) of human whole blood from two donors inhibited MGLL activity in isolated PBMC 
with an average IC50 value of 62 nM. (B) Treatment of human brain homogenates from a single 
donor with ABD-1970 (30 min, 37°C) inhibited ~95% of the 2-AG hydrolysis activity with an 
IC50 of 3 nM. (C) Inhibition of MGLL by ABD-1970 persisted for up to 24 h in vitro following 
removal of unbound inhibitor. (D-E) Purified recombinant hMGLL was treated simultaneously 
with substrate (butyl resorufin) and ABD-1970, and enzyme activity was monitored continuously 
by gain in fluorescence upon substrate hydrolysis. The resulting progress curves (representative 
data shown in D) were fit to a first-order exponential to determine the observed first-order rate 
constant for enzyme inactivation (kobs) at each concentration of ABD-1970 (representative data 
shown in E). Non-linear curve fitting of the kobs versus ABD-1970 concentration plot allowed 
determination of kinact, Ki and the second-order rate constant kinact/Ki. (F) Recovery of MGLL 
activity was evaluated in cultured human PC3 cells following incubation with ABD-1970 (10 
nM, 30 min, 37°C) and removal of unbound compound. Calculation of the average MGLL 
activity recovery rate was done by linear regression (shown as a black dotted line). 
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Supplemental Figure 3. Single oral doses of ABD-1970 to mice selectively inhibit MGLL 
and increase 2-AG concentrations in the brain. The effects of single dose ABD-1970 
administration to mice were evaluated across dose (A-C) and time (D, E). ABD-1970 
administration (PO, 7:2:1 PEG400/Ethanol/PBS vehicle, 4 h post-dose, n=3 mice per group) 
resulted in selective inhibition of MGLL in the brain (A) with an ED50 value of 1.3 mg/kg (B), 
and increased brain concentrations of 2-AG (C). A single 10 mg/kg dose of ABD-1970 (7:2:1 
PEG400/Ethanol/PBS vehicle) inhibited brain MGLL activity (D) and increased 2-AG 
concentrations (E) for up to 32 hours post-dose (PO, n=3 mice per time point). *p < 0.05, **p < 
0.01, ***p < 0.001 vs. vehicle (C) or 0 hour (D, E). Plotted values represent means ± SEM. 

 

  



 5 

 

 

Supplemental Figure 4. Selective MGLL inhibition in ABD-1970-treated HUVEC. MGLL 
activity in HUVEC was completely inhibited by 10 and 100 nM ABD-1970 treatment (30 min pre-
treatment following by 18 h incubation). No additional serine hydrolase targets of ABD-1970 or 
the other enzyme inhibitors were observed. (B) MGLL activity was quantified from the ABPP gel 
by densitometry analysis and plotted values represent the mean ± SEM. **p < 0.01, ***p < 0.001 
vs. DMSO. Indo, indomethacin; Rofe, rofecoxib. 
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SUPPLEMENTAL METHODS 
 
 
Synthesis of ABD-0038: 3-(5-chloro-2-(piperazin-1-ylmethyl)phenyl)-8-oxa-3-

azabicyclo[3.2.1]octane.   

2-(8-Oxa-3-azabicyclo[3.2.1]octan-3-yl)-4-chlorobenzaldehyde. Commercially available 4-

chloro-2-fluorobenzaldehyde (500 mg, 3.15 mmol, 1 equiv) and 8-oxa-3-azabicyclo[3.2.1]octane 

hydrochloride (566 mg, 3.78 mmol, 1.2 equiv) were combined in a high pressure glass vial with 

4 mL DMA and stirred until dissolved.  Potassium carbonate (K2CO3, 1392 mg, 10.1 mmol, 3.2 

equiv) was added and the vial was stirred at 140 °C overnight.  The reaction was cooled, diluted 

with EtOAc (20 mL), and washed with water (4 x 5 mL). Aqueous layers were combined and 

extracted with EtOAc (3 x 10 mL).  The organic layers were combined and dried over Na2SO4, 

decanted and concentrated under reduced pressure to yield an oil which was purified by flash 

column chromatography to yield 568 mg (71% yield) of 2-(8-oxa-3-azabicyclo[3.2.1]octan-3-

yl)-4-chlorobenzaldehyde as a yellow oil.  1H NMR (400 MHz, Chloroform-d) δ 10.26 (s, 1H), 

7.80 – 7.55 (m, 1H), 7.21 – 6.88 (m, 2H), 4.54 – 4.30 (m, 2H), 3.26 – 3.12 (m, 2H), 3.06 – 2.83 

(m, 2H), 2.21 – 1.85 (m, 4H).  LCMS (ES, m/z): 252 [M+H]+. 

 

tert-Butyl 4-(2-(8-oxa-3-azabicyclo[3.2.1]octan-3-yl)-4-chlorobenzyl)piperazine-1-carboxylate. 

2-(8-Oxa-3-azabicyclo[3.2.1]octan-3-yl)-4-chlorobenzaldehyde (568 mg, 2.26 mmol, 1 equiv) 

was added to a round bottom flask with stir bar, followed by tert-butyl piperazine-1-carboxylate 

(462 mg, 2.48 mmol, 1.1 equiv) and anhydrous dichloromethane (5 mL).  The reaction stirred 1.5 

h.  Sodium triacetoxyborohydride (NaBH(OAc)3, 526 mg, 2.48 mmol, 1.1 equiv) was added and 

the reaction was stirred at rt overnight.  The reaction mixture was diluted with dichloromethane 

and filtered over Celite.  The organic layers were washed with sat. NaHCO3 (3 x 10 mL), dried 
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over Na2SO4, filtered and concentrated under reduced pressure to yield an oil.  The oil was 

purified by flash column chromatography to yield 455 mg (47% yield) of tert-butyl 4-(2-(8-oxa-

3-azabicyclo[3.2.1]octan-3-yl)-4-chlorobenzyl)piperazine-1-carboxylate as a clear oil.  1H NMR 

(400 MHz, Chloroform-d) δ 7.41 – 7.32 (m, 1H), 7.10 – 7.03 (m, 2H), 4.44 – 4.35 (m, 2H), 3.59 

– 3.49 (m, 2H), 3.46 – 3.35 (m, 4H), 3.07 – 2.99 (m, 2H), 2.87 – 2.80 (m, 2H), 2.43 – 2.33 (m, 

4H), 2.16 – 2.08 (m, 2H), 2.03 – 1.91 (m, 2H), 1.47 (s, 9H).  LCMS (ES, m/z): 422 [M+H]+. 

 

3-(5-Chloro-2-(piperazin-1-ylmethyl)phenyl)-8-oxa-3-azabicyclo[3.2.1]octane.  tert-Butyl 4-(2-

(8-oxa-3-azabicyclo[3.2.1]octan-3-yl)-4-chlorobenzyl)piperazine-1-carboxylate (377 mg, 0.893 

mmol, 1 equiv) was added to a vial with 5 mL anhydrous toluene with stirring.  The solution was 

cooled to 0 °C.  4N HCl in dioxane (3.11 mL, 10.9 mmol, 12.2 equiv) was added drop-wise and 

the mixture was allowed to stir at rt overnight.  The reaction was diluted with methanol and 

concentrated under reduced pressure to yield an oil which was taken up in EtOAc (30 mL).  The 

organic layer was washed with 5 mL 1N NaOH solution, and the aqueous layer was extracted 

with EtOAc (3 x 5 mL).  Organic layers were combined, dried over Na2SO4 and concentrated 

under reduced pressure to yield 251 mg (87% yield) of 3-(5-chloro-2-(piperazin-1-

ylmethyl)phenyl)-8-oxa-3-azabicyclo[3.2.1]octane as a clear oil.  1H NMR (400 MHz, 

Chloroform-d) δ 7.40 – 7.32 (m, 1H), 7.09 – 6.98 (m, 2H), 4.40 – 4.31 (m, 2H), 3.52 – 3.41 (m, 

2H), 3.08 – 2.97 (m, 2H), 2.91 – 2.79 (m, 6H), 2.40 (s, 4H), 2.18 – 2.05 (m, 2H), 2.04 – 1.89 (m, 

2H), 1.65 (s, 1H).  LCMS (ES, m/z): 322 [M+H]+. 

 

Mass spectrometry-based ABPP. Human prefrontal cortex membrane homogenates (1 mg/mL in 

PBS) prepared as above were treated with 0.01-10 µM ABD-1970 or DMSO for 30 minutes at 
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37°C. FP-biotin (10 µL of 1 mM in DMSO) was added to a final concentration of 10 µM and 

incubated for 1 hour at 37°C with gentle rotation. To remove unreacted probe, protein was 

precipitated by addition of a cold chloroform:methanol (1:4) mixture (2 mL) followed by cold 

PBS (1.0 mL).  Samples were vortexed and centrifuged at 5,000 x g for 15 min resulting in the 

formation of a protein disc at the interface of the separated organic and aqueous layers.  The 

organic and aqueous layers were removed and the protein disc was resuspended in cold 

chloroform:methanol (1:4) and dispersed using a waterbath sonicator.  The samples were 

centrifuged at 5,000 x g for 15 min and following removal of the supernatant, the protein pellet 

was dissolved in a denaturing solution (0.5 mL) containing urea (6.0 M), sodium dodecyl sulfate 

(SDS) (0.25%), tris(2-carboxyethyl)phosphine (TCEP) (20 mM) and potassium carbonate (60 

mM) in PBS with the aid of a waterbath sonicator. The samples were incubated for 30 min at 

37°C after which iodoacetamide (70 µL, 55 mM in PBS, Sigma, St Louis, MO) was added and 

samples were incubated for an additional 30 min at room temperature before diluting with 0.25% 

SDS in PBS (5.0 mL). PBS-washed streptavidin agarose beads (60 µL, Thermo Fisher Scientific, 

Waltham, MA) were added to each sample, which were incubated at room temperature for 1.5 

hours with gentle rotation. Bead-bound proteins were then sequentially washed with 0.25% SDS 

(3 x 10 mL), PBS (3 x 10 mL), and distilled water (3 x 10 mL). The beads were then transferred 

to low-protein binding microcentrifuge tubes, centrifuged, and the supernatant removed by 

aspiration. Trypsin (1 µg, Promega, Madison, WI) in 2 M urea in PBS was added and samples 

were incubated overnight at 37°C with shaking.  Each sample was centrifuged and the 

supernatant containing the tryptic peptides were transferred to a new low-protein binding 

microcentrifuge tube.  PBS (100 µL) was added to the beads and they were briefly centrifuged 

again, and the supernatant combined with the eluate from the previous step.   
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The inhibitor- and DMSO-treated tryptic peptide samples were isotopically labeled by 

reductive dimethylation of primary amines with natural or isotopically heavy formaldehydes 

essentially as previously described (Boersema et al., 2009). Briefly, 10 µL of 4% formaldehyde 

(CH2O, “light”, DMSO-control) or 4% isotopically heavy formaldehyde (13CD2O, “heavy”, 

ABD-1970-treated) were added directly to tryptic digests and 10 µL of 0.6 M sodium 

cyanoborohydride (NaBH3CN) (light) was then added to initiate the reaction. Reactions were 

gently vortexed at room temperature for 1 hour and then quenched by addition of 40 µL of 1% 

ammonium hydroxide. Appropriate heavy- and light- samples were mixed so that each light 

DMSO-treated sample was mixed with the corresponding heavy ABD-1970-treated sample. 

Formic acid (20 µL of 100% formic acid) was added to eluates to acidify peptides. Samples were 

centrifuged at 17,000 x g for 2 minutes to remove any precipitated protein and the supernatants 

transferred to fresh tubes and stored at -80°C prior to mass spectrometry analysis. 

Liquid chromatography-mass spectrometry and liquid chromatography tandem mass 

spectrometry (LC-MS/MS) analysis was performed on a a Thermo Fisher (Waltham, MA) Velos 

Elite Orbitrap mass spectrometer. Peptides were pressure-loaded onto C18 desalting pre-column 

(~4 cm length, 250 µm ID, Aqua® 5 µm C18 resin) and separated on a biphasic SCX/C18 

analytical column (100 µm ID) packed with 3 cm Luna® SCX resin (5 µm) followed by 10 cm 

Aqua® C18 resin (5 µm).  Peptides were eluted using five salt-elution steps (0%, 25%, 50%, 

80%, and 100% of 500 mM ammonium acetate) followed by linear acetonitrile gradients. The 

mass spectrometer was operated in data-dependent acquisition (DDA) mode with a “top 20” 

method in which the 20 most-abundant MS1 ions are subjected to MS/MS fragmentation in the 

linear ion trap with dynamic exclusion enabled (repeat count of 1, exclusion duration of 20 s). 

Peptide spectral matching was performed with the complete human UniProt database using the 
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ProLuCID algorithm (version 1.3.3) and the resulting matches filtered using DTASelect (version 

2.0.47). Quantification of light/heavy ratios was performed using the Cimage algorithm 

(Weerapana et al., 2010) using a ± 10 ppm mass window and a requirement that heavy/medium 

and light signals co-elute with a correlation score of R2 > 0.8. The maximum light/heavy ratio 

was set to 32 and a signal-to-noise ratio greater than 2.5 was required. Calculation of protein 

ratios required that valid ratios from at least two distinct peptides were observed. Enzyme 

percent-activity values were derived from the median light/heavy ratio for each protein by setting 

a ratio of 1 equal to 100% and a maximum ratio of 32 equal to 3.125% active. Data were plotted 

as percent inhibition relative to DMSO-treated samples. 

2-AG hydrolysis assay. Post-mortem human brain cortex membranes (20 µg in 200 µL PBS) 

were treated with ABD-1970 (0.0003–1 µM) or DMSO vehicle for 30 min at 37°C. Samples 

were treated with 100 µM of 2-AG at room temperature for 10 min, quenched with 500 µL of 

2:1 chloroform:methanol, and 1 nmol pentadecanoic acid (PDA) was added as an internal 

standard. Reactions were vortexed and centrifuged (1,400 x g for 3 min at room temperature) and 

a portion of the lower organic phase (10 µL) was isolated for quantitation of AA concentrations 

by liquid chromatography-mass spectrometry (LC-MS) analysis. Chromatography was 

performed on an Agilent 1260 liquid chromatography (LC) system with a 50 x 4.60 mm, 5 

micron, Kinetex C18 column (Phenomenex, Torrance, CA) coupled to a C18 SecurityGuard 

ULTRA cartridge (Phenomenex, Torrance, CA). Mobile phase A was 95:5 v/v water:methanol, 

and mobile phase B was 60:35:5 v/v/v isopropanol:methanol:water. Ammonium hydroxide 

(0.1% v/v) was added to each mobile phase to aid in negative ion formation. The LC method 

consisted of 0.5 mL/min 0% B for 1.5 min, a linear gradient to 100% B over 5 min, followed by 

an isocratic gradient of 100% B for 3.5 min before equilibrating for 3 min at 0% B (13 min total 
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run time). MS analysis was performed on an Agilent (Santa Clara, CA) 6460C Triple 

Quadrupole mass spectrometer with a Jet Stream electrospray ionization (ESI) source in single 

ion monitoring (SIM) mode. The following parent m/z values were tracked: PDA 241.3 and AA 

303.3. The capillary voltage was set to 3.5 kV with 2 kV nozzle voltage. The fragmentor voltage 

was set to 100 V and the DeltaEMV- was 200. The drying gas temperature was 350°C, the 

drying gas flow rate was 10 L/min, the nebulizer pressure was 35 psi, the sheath gas temperature 

was 375°C, and the sheath gas flow rate was 10 L/min. The amount of AA product formed by 2-

AG hydrolysis was determined from the area under the peak of the extracted ion chromatogram 

relative to the internal PDA standard. An IC50 was calculated for inhibition of 2-AG hydrolysis 

by ABD-1970 treatment by curve-fitting the normalized (to percent of DMSO vehicle) and semi-

log-transformed data (x-axis) with Prism software (GraphPad, La Jolla, CA) by non-linear 

regression with a sigmoidal dose response function (variable slope). 

Quantitation endocannabinoid and eicosanoid lipids in brain tissue. Frozen brain tissue from 

mouse (sagittally-sectioned half brain) or rat (~100 mg of forebrain) were weighed and 

immediately homogenized using a Dremel Tissue Tearor (Biospec, Cole Parmer, Vernon Hills, 

IL, Model 985370) in 8 mL of 2:1:1 chloroform (CHCl3):methanol (MeOH):PBS pH 7.5 

acidified with 40 µL of formic acid and containing the following deuterated internal standards: 

100 pmol anandamide-d4, 1.0 nmol 2-AG-d5, 1.0 nmol arachidonic acid-d8 (AA-d8), 100 pmol 

PGE2-d9, and 100 pmol Prostaglandin D2-d4 (PGD2-d4).  Homogenates were centrifuged at 

1,290 x g for 5 min at 4°C and the organic (lower) layer was isolated, transferred to a glass vial 

and dried under a stream of N2.  Dried down lipid extracts were resuspended in 500 µL 2:1 

CHCl3:MeOH, and 10 µL of each sample were injected onto an Agilent (Santa Clara, CA) 1260 

LC system. Chromatography was performed on a 30 x 50mm, 2.7 micron, InfinityLab Poroshell 
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C18 column (Agilent, Santa Clara, CA) coupled to an InfinityLab Poroshell 120 EC-C18, 3x5 

mm, 2.7 µm guard column (Agilent, Santa Clara, CA). The LC method consisted of 0.4 mL/min 

100% Buffer A from 0 min to 2 min, 0.4 mL/min linear gradient from 40-100% Buffer B from 2 

min to 9 min, 0.5 mL/min 100% Buffer B from 9 min to 12 min, and 0.5 mL/min 100% Buffer A 

from 12 min to 13 min, 0.5mL/min 100% Buffer B from 13 min to 15 min, 0.4 mL/min 100% 

Buffer A from 15 min to 17 min (17 min total run time per sample). Buffer A consisted of 95:5 

(v/v) H2O:MeOH and Buffer B consisted of 60:35:5 (v/v/v) isopropanol ([iPrOH]:MeOH:H2O). 

To each buffer, 0.1% formic acid was added to aid in ion formation. An Agilent (Santa Clara, 

CA) Triple Quadrupole 6460 mass spectrometer with an ESI-Jet Stream source was used to 

measure analytes by dynamic multiple-reaction-monitoring (MRM) in both positive and negative 

ionization mode. The following MS parameters were used to measure the indicated lipids 

(precursor ion, product ion, collision energy in V, polarity): 2-AG (379, 287, 8, Positive), 2-AG-

d5 (384, 287, 8, Positive), anandamide (348.3, 62.1, 11, Positive), anandamide-d4 (352.3, 66.1, 

11, Positive), PGE2/D2 (351, 271, 4, 7, Negative), PGE2-d9 (360, 280, 4, 7, Negative), AA (303, 

303, 0, Negative), and AA-d8 (311, 311, 0, Negative). The fragmentor voltage was set to 100 V, 

and the delta EMV was ±500.  The drying gas temperature was 350 °C, the drying gas flow rate 

was 9 L min-1, the nebulizer pressure was 50 psi, the sheath temperature was 375°C, the sheath 

flow was 12 L min-1, the capillary was 3.5 kV.  Lipids were quantified by measuring the area 

under the peak in comparison to the deuterated internal standards. 

Quantitation endocannabinoid and eicosanoid lipids in human plasma and HUVEC media. 

Frozen plasma or HUVEC media was thawed (37°C, water bath) and immediately placed on ice.  

Thawed plasma (0.5 or 1 mL) was diluted with 10% methanol (MeOH) in water (1.5 mL) 

whereas thawed HUVEC media was used directly.  To these solutions were added a mixture of 
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internal standards containing 0.5 nmol d5-2-AG, 1.0 nmol d8-arachidonic acid (d8-AA), 27.7 

pmol d9-PGE2, 27.7 pmol, d9-PGD2, 27.9 pmol d4-PGF2a, 26.7 pmol d4-6-keto-PGF1a and 26.7 

pmol d4-Thromboxane B2 (d4-TXB2) in a solution of 1:1 MeOH:water (100 µL).  Samples were 

loaded onto methanol-washed, pre-equilibrated reversed phase SPE cartridges (Phenomenex, 

Strata-X 33 µm, 60 mg/3mL). After washing cartridges with 10% MeOH in water (3 mL), 

prostanoids were eluted into glass vials with methanol (1.0 mL) and the eluent was concentrated 

under a stream of N2.  Concentrated samples were stored at –80°C until the day of analysis when 

they were reconstituted in Buffer A [100 µL, 30% acetonitrile in water (0.1% AcOH)]. 

From each sample, 20 µL was injected onto an Agilent 1260C system. Chromatography 

was performed on a Phenomenex KinetixTM C18 (50 x 2.1 mm) LC column (2.6 µm particle size, 

100 Å pore size) coupled to a C18 SecurityGuard ULTRA cartridge (Phenomenex, Torrance, 

CA). The LC method consisted of 0.30 mL/min 100% Buffer A for 2.5 min, 0.35 mL/min linear 

gradient from 0-20% Buffer B over 2.5 min, 0.35 mL/min 20% Buffer B for 2 min, 0.35 mL/min 

linear gradient from 20-75% Buffer B over 5 min, 0.35 mL/min linear gradient from 75-100% 

Buffer B over 3 min and 0.35 mL/min 100% Buffer A for 3 min.  Buffer A was finally returned 

to 100 % at 0.30 mL/min for 2 min yielding a 20 min total run time per sample. Buffer A 

consisted of 70:30 (v/v) water:acetonitrile and Buffer B consisted of 60:35:5 (v/v/v) isopropanol 

(iPrOH):methanol:water). To each buffer formic acid was added to achieve a final concentration 

of 0.1% (v/v) to aid separation and ion formation. 

An Agilent (Santa Clara, CA) Triple Quadrupole 6460 mass spectrometer with an ESI-Jet 

Stream source was used to measure analytes by dynamic MRM in both positive and negative 

ionization mode. The following MS parameters were used to measure the indicated species 
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(precursor ion, product ion, collision energy in V, retention time in min, polarity): 2-AG (379, 

287, 8, 14.3, Positive), d5-2-AG (384, 287, 8, 14.3, Positive), PGD2 (351, 271, 12, 6.4, Negative), 

d9-PGD2 (360, 280, 12, 6.4, Negative), PGE2 (351, 271, 4, 7, Negative), d9-PGE2 (360, 280, 4, 7, 

Negative), PGF2a (353, 193, 12, 5.6, Negative), d4-PGF2a  (357, 197, 12, 5.6, Negative) 

Thromboxane B2 (TXB2) (369, 169, 6, 4.5, Negative), d4-TXB2 (373, 173, 6, 4.5, Negative), 6k-

PGF1a (369, 163, 20, 2.6, Negative), d4-6k-PGF1a (373, 167, 20, 2.6, Negative), AA (303, 303, 

0, 15, Negative), d8-AA (311, 311, 0, 15, Negative).  The fragmentor voltage ranged set between 

80 and 160 V, and the delta electromagnetic voltage was ±400.  The drying gas temperature was 

300 °C, the drying gas flow rate was 9 L min-1, the nebulizer pressure was 45 psi, the sheath 

temperature was 300°C, the sheath flow was 12 L min-1, the capillary was 3.5 kV. Lipid levels 

were quantified by integrating the corresponding peak from the extracted ion chromatogram in 

comparison to the corresponding deuterated internal standard.    
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