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Abstract

Cannabinoid CB1 and CB2 receptors are activated by Δ9-tetrahydrocannabinol, a psychoactive 

component of marijuana. The cannabinoid CB1 receptor is primarily located in the brain and is 

responsible for the psychoactive side effects, whereas the cannabinoid CB2 receptor is located in 

immune cells and is an attractive target for immune-related maladies. We identify small molecules 

that selectively bind to the cannabinoid CB2 receptor and can be further developed into 

therapeutics. The affinity of three molecules, ABK5, ABK6, and ABK7, to the cannabinoid CB2 

receptor was determined with radioligand competition binding. The potency of G-protein coupling 

was determined with GTPγS binding. The three compounds bound selectively to the cannabinoid 

CB2 receptor, and no binding to the cannabinoid CB1 receptor was detected up to 10 μM. 

Immunoblotting studies show that the amount of ERK1/2 and MEK phosphorylation increased in 

a Gi/o-dependent manner. Furthermore, an immune cell line (Jurkat cells) was treated with ABK5, 

and as a result, inhibited cell proliferation. These three compounds are novel cannabinoid CB2 

receptor agonists and hold promise to be further developed to treat inflammation and the often-

associated pain.

Keywords

cannabinoids; cannabinoid CB2 receptor agonists; drug discovery; receptors

*Corresponding Author: Debra A. Kendall; debra.kendall@uconn.edu.
AUTHOR CONTRIBUTIONS:
CES, YT performed the research. CES, YT, AA, NTB, SWG, LMO, LZ, and DAK conceived of the research and reviewed the 
manuscript drafts. CES, YT, and DAK analyzed the data. CES, YT, and DAK wrote the manuscript.
Present address of CES: Department of Chemistry, Hendrix College, 1600 Washington Avenue, Conway, Arkansas 72032
Present address of AA: Life Sciences Institute, University of Michigan, 210 Washtenaw Avenue, Office 3358D, Ann Arbor, MI 
48109-2216
Present address of LMO: Department of Molecular Biophysics and Biochemistry, Yale University, 333 Cedar Street, New Haven, CT 
06510

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

CONFLICTS OF INTEREST: None

HHS Public Access
Author manuscript
Eur J Pharmacol. Author manuscript; available in PMC 2020 July 05.

Published in final edited form as:
Eur J Pharmacol. 2019 July 05; 854: 1–8. doi:10.1016/j.ejphar.2019.03.054.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Δ9-tetrahydrocannabinol (THC) in marijuana binds the cannabinoid receptors (Gaoni and 

Mechoulam, 1964), of which there are two subtypes. The cannabinoid CB1 receptor is 

located primarily in the central nervous system (CNS) (Matsuda et al., 1990) and is 

responsible for the psychoactive side effects of THC. The cannabinoid CB2 receptor is 

located in immune cells and the peripheral nervous system (Galiègue et al., 1995; Munro et 

al., 1993). Cannabinoid CB1 and CB2 receptors are G protein-coupled receptors (GPCRs), 

which primarily couple to Gi upon activation (Glass and Northup, 1999) resulting in 

inhibition of adenylyl cyclase with subsequent inhibition of cAMP production. (Howlett and 

Fleming, 1984). When activated, cannabinoid CB2 receptor produces analgesic effects 

without the psychoactive side effects of cannabinoid CB1 receptor activation, making it an 

attractive target for pain medication and that associated with inflammation in particular 

(Malan et al., 2001; Malan et al., 2003).

T lymphocytes play an important role in immune disorders and prior studies have shown that 

cannabinoids such as the endogenous anandamide (AEA) and 2 arachidonoylglycerol (2-

AG), and the plant-derived THC inhibit the proliferation of T lymphocytes (Cancioni et al., 

2019; Robinson et al., 2013; Robinson et al 2015). Nociceptive pain and inflammation are 

linked. When injury occurs, inflammatory mediators are released and exacerbate pain. 

Furthermore, the experimental evidence suggests that cannabinoid CB2 receptors may have a 

beneficial role in regulating the immune response, inflammation, and the associated pain. 

Cannabinoid CB2 receptor agonists attenuate inflammatory and neuropathic pain without the 

psychoactive effects caused by activation of cannabinoid CB1 receptor or opioid receptors 

(Ibrahim et al., 2006; Malan et al., 2003; Yamamoto et al., 2008). Over half of American 

adults experience pain, and as many as one in ten suffer from chronic pain, or daily pain for 

at least three months (Nahin, 2015). There are multiple types of pain medications available, 

but they come with serious side effects. Some cannabinoids, such as THC in marijuana, have 

analgesic properties, but are not optimal due to psychoactive side effects of sedation and 

impaired memory.

Compounds were identified as potential cannabinoid CB2 receptor agonists from a high 

throughput screen that showed that these compounds effectively inhibited the production of 

cAMP as a result of Gi coupling to the cannabinoid CB2 receptor (Ogawa et al., 2017). 

These agonists have very different chemical structures from known cannabinoid agonists 

such as THC and its derivative, CP55,940, as shown in Fig. 1. THC, CP55,940, and many 

other related agonists bind significantly to the cannabinoid CB2 receptor yet also the 

cannabinoid CB1 receptor (McPartland et al., 2007; Ross et al., 1999), leading to the 

undesirable psychoactive side effects. The compounds reported here, however, bind 

cannabinoid CB2 receptor with no detectable cannabinoid CB1 receptor binding.

Here, we describe the impact of agonists on both the cannabinoid CB2 receptor level and the 

mammalian cellular level. These are: ethyl 2-(2-(N-(2,3-

dimethylphenyl)phenylsulfonamido)acetamido)benzoate (ABK5), benzoic acid, 2-[[2-[(2-

methoxyphenyl)[(4-methylphenyl)sulfonyl]amino]acetyl]amino]-, methyl ester (ABK6), and 

2-(2-phenylbutanamido)-4,5,6,7,8,9-hexahydrocycloocta[b]thiophene-3-carboxamide 
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(ABK7). All ligands are available from ChemBridge Corporation (San Diego, CA). To date, 

there are no known drugs on the market that interact selectively and with such high affinity 

for cannabinoid CB2 receptor indicating the value of these compounds as potential scaffolds 

to be later developed into analgesics and the often-associated inflammation.

2. Materials and Methods

2.1 Cell culture

HEK293T and HEK293 cells were maintained in Dulbecco’s Modified Eagle Medium with 

4.5 mg/ml of D-glucose (DMEM) (Thermo Fisher Scientific; Pittsburgh, PA USA) and 10% 

fetal bovine serum (FBS) at 37°C and 5% carbon dioxide saturation. Cells between passage 

four to twelve were used in experiments. Jurkat cells, a T-lymphoblastic leukemia cell line 

endogenously expressing cannabinoid CB2 receptor, were cultured in Roswell Park 

Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS and 1% antibiotic-

antimycotic (Life Technologies, Carlsbad, CA USA) and were maintained at 37°C and 5% 

CO2 saturation. Jurkat cells between passage four to fifteen were used in experiments.

2.2 Cannabinoid receptor expression and membrane preparation

After four-twelve passages, cells were seeded to a density of 5×105 cell/100 mm plate. The 

calcium phosphate method (Chen and Okayama, 1987) was used for transfection. 24 h after 

transfection, the cells were prepared as described previously (Abadji et al., 1999) with some 

alterations. The cells were suspended in phosphate buffered saline (PBS) and centrifuged at 

500 g for 5 min at 4°C. This process was repeated, and the pellet was resuspended in PBS 

and 1% (vol/vol) protease-inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) 

consisting of 104 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), 

80 μM aprotinin, 4 mM bestatin, 1.64 mM E-64, 2 mM leupeptin, and 1.5 mM pepstatin A. 

Following rupture, the cellular suspension underwent nitrogen cavitation for 5 min at 750 psi 

using a Parr cell disruption bomb. The resulting lysate was centrifuged for 10 min at 500 g 
and 4°C, and the resulting supernatant was centrifuged for 45 min at 116,000 g and 4°C. The 

pellet consisting of cell membranes was suspended in TME buffer (25 mM Tris-HCl, pH 

7.4, 5 mM MgCl2, 1 mM EDTA) with 7% (vol/vol) sucrose, and the suspension was 

aliquoted at a protein concentration of 1–2 mg/ml, which was determined with the Bradford 

assay (Bradford, 1976). The aliquots were stored at −80°C.

2.3 Radioligand binding

Radioligand competition binding was conducted as described previously (Abadji et al., 

1994; Abadji et al., 1999; Murphy and Kendall, 2003) with some adjustments. Typically, 5 

μg of protein membrane was incubated in a shaking water bath for 1 h at 30°C in 200 μl 

consisting of 1.5 nM [3H]CP55,940 (150.2 Ci/mmol; PerkinElmer Life Sciences, Waltham, 

MA USA), TME buffer and 0.2% (vol/vol) bovine serum albumin (BSA), TME buffer and 

7% (w/v) sucrose, and 2 μl of the unlabeled ligand in nine concentrations ranging from 0.1 

μM to 1 mM. Non-specific binding was determined using 10 μM CP55,940 in DMSO, in 

place of the radiolabeled ligand. The reactions are terminated with the addition of 300 μl of 

TME and 5% BSA (w/v) then washed with TME buffer and filtered with a Brandel cell 

harvester using Whatman GF/C filter paper. The filter paper samples are placed in 
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scintillation vials with 4 ml Ultima Gold XR liquid scintillation cocktail (PerkinElmer Life 

Sciences, Waltham, MA USA) and counted with a Beckman Coulter 6500 liquid scintillation 

counter.

2.4 GTPγS binding

The guanosine 5’−3-O-(thio)triphosphate (GTPγS) binding assays were done as described 

previously (Abadji et al., 1994; Abadji et al., 1999; Murphy and Kendall, 2003) with some 

modifications. Typically, 8 μg of the protein membrane was incubated in a shaking water 

bath for 1 h at 30°C in 200 μl containing TME buffer and 0.1% fatty acid free BSA (vol/vol), 

10 μM guanosine diphosphate (GDP), 0.1 nM [35S]GTPγS (1250 Ci/mmol; PerkinElmer 

Life Sciences, Waltham, MA USA), TME buffer and 7% (vol/vol) sucrose, GTPγS binding 

assay buffer (50 mM Tris-HCl, pH 7.4, 3 mM MgCl2, 0.2 mM EGTA, and 100 mM NaCl), 

and 2 μl of nine concentrations of unlabeled ligand. Non-specific binding was determined in 

the presence of unlabeled 10 μM GTPγS. Reactions were terminated by filtration with the 

Brandel cell harvester, and bound radiolabeled compounds were separated on Whatman 

GF/C filter paper. Preparation of the scintillation vials and the liquid scintillation counting 

was conducted as described above.

2.5 Immunoblotting studies

The procedures below are based on those described previously (Ahn et al., 2012; Delgado-

Peraza et al., 2016) with some modifications. HEK293 cells were seeded into 12-well plates 

to a density of 1×105 cells/ml. Subsequently, the cells were transfected with cannabinoid 

CB2 receptor DNA using Lipofectamine® 2000 (Invitrogen; Carlsbad, CA USA). 24 h after 

transfection, the cells were incubated in DMEM and pretreated with 10 ng/ml of pertussis 

toxin (PTX) (MilliporeSigma; Burlington, MA USA) for 16 h to abrogate Gi binding. The 

cells were treated for 5 min at 37°C and 5% CO2 saturation with ABK5, ABK6, ABK7, or 

CP55,940 at a concentration of 1.0 μM in DMEM. Untransfected cells and the cannabinoid 

CB2 receptor-vehicle were treated with DMEM and DMSO, both at 0.1%. Cell lysates were 

obtained by harvesting the cells in lysis buffer (150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% 

sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 7.5 containing protease-inhibitor 

cocktail) (MilliporeSigma; Burlington, MA USA) and incubating on ice for 30 min. The 

resulting lysates were treated with β-mercaptoethanol. SDS-PAGE gel electrophoresis was 

used to resolve the 13 μg of protein lysate in 10% gels, and then transferred to 

polyvinylidene fluoride (PVDF) membrane (MilliporeSigma; Burlington, MA USA). After 

incubating the PVDF membrane overnight with Superblock T20 (PBS) blocking reagent 

(Fisher Scientific; Pittsburgh, PA USA), the membranes were incubated with the respective 

primary antibodies (1:3000 phospho-p44/42 and phospho-MEK antibodies; Cell Signaling 

Technology, Danvers, MA USA) for 2 h followed by 1 h of washing with Tris-buffered 

saline, 0.1% Tween 20 (20 mM Tris, 137 mM NaCl, 0.1% Tween 20) buffer, 1 h with goat 

anti-rabbit peroxidase-conjugated secondary antibodies (1:6000, Cell Signaling Technology, 

Danvers, MA USA), and 1 h of washing in buffer all at room temperature. The specific 

binding to the immunoreactive proteins was visualized with the SuperSignal West Femto 

Chemiluminescent Substrate System (Thermo Fisher Scientific; Rockford, IL USA) 

according to the manufacturer’s protocol.
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2.6 RNA extraction

Jurkat cells were seeded at 2×105 cells/well in 12-well plates. Total RNA was extracted from 

cells at 48 h using TRIzol Reagent (Life Technologies, Carlsbad, CA USA) followed by 

reverse transcription by High-Capacity cDNA Reverse Transcription Kit (Life Technologies, 

Carlsbad, CA USA) according to manufacturer’s instructions. Quantitative real-time PCR 

was performed using Applied Biosystems 7500 Fast Real-Time PCR System in a 10 μl 

reaction volume containing 2 μl diluted cDNA and 0.5 μM each of forward and reverse 

primers, Fast SYBR Green PCR Master Mix (Life Technologies, Carlsbad, CA USA). 

Primers used in the reaction are as follows: human cannabinoid CB2 receptor forward, 5’-

CATGGAGGAATGCTGGGTGAC-3’, and human cannabinoid CB2 receptor reverse, 5’-

GAGGAAGGCGATGAACAGGAG-3’ (Roth et al., 2015), human GAPDH forward, 5’-

AGCCACATCGCTCAGACAC-3’, and human GAPDH reverse, 5’-

AATGAAGGGGTCATTGATGG-3’ (Hartwell et al., 2006). The PCR cycles are as follows: 

95°C for 20 s, 40 cycles of 95°C for 3 s and 60°C for 30 s.

2.7 Cell toxicity

HEK293T cells were seeded in 96-well plate at 0.75 × 104 cells/well and cultured for 24 h 

before compound treatment. Cells were incubated as the vehicle alone (DMSO) or 0.1 or 10 

μM ABK5 for 72 h, and the viable cell number was measured by CellTiter 96®AQ ueous 

One Cell Proliferation Assay (Promega; Madison, WI USA) following manufacturer’s 

instructions.

2.8 Cell proliferation

After four-twelve passages, the Jurkat cells were cultured in media in a 96-well plate at a 

density of 105 cells/ml. For 70 h, the 50 μl of the cells were treated with 50 μl solutions 

containing the RPMI 1640 media with the compound ABK5, CP55,940, or DMSO alone. 

After the compound treatment, 20 μl of CellTiter 96® AQueous One Solution was added to 

each well for 2 h of incubation. Plate readings were conducted at an absorbance of 490 nm 

on a PowerWaveX Microplate Spectrophometer (BioTek Instruments, Inc.; Winooski, VT 

USA) with KC4 version 3.4 Data Analysis software.

2.9 Data and statistical analysis

The data and statistical analysis comply with the recommendations on experimental design 

and analysis in pharmacology (Curtis et al., 2015). The ligand (Fig. 2) and GTPγS (Fig. 3) 

binding assays were carried out in duplicate for three independent experiments. Data are 

presented as the mean of three assays ± standard error mean (S.E.M.). The Ki values were 

calculated using Prism software (GraphPad Software Inc.; San Diego, CA USA) and non-

linear regression fitted to the one-site binding model. The EC50 values for the GTPγS 

binding assays are calculated also using this software. The “zero percentage” is defined as 

the percentage of GTPγS binding in the presence of 100 pM of the compound, where no 

stimulation was observed. The increase in GTPγS binding with higher concentrations of the 

compound is shown relative to that point. The immunoreactive bands from the Western blots 

were quantified with the ImageJ program (https://imagej.nih.gov/ij/index.html). Data are 

expressed as a fold increase above the basal level of phosphorylation (Fig. 4), which is 
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denoted as the vehicle and represented by cannabinoid CB2 receptor-transfected HEK293 

cells treated with DMSO alone. For mRNA extraction (Fig. 5A), to ensure equal amounts of 

mRNA loading, the cannabinoid CB2 receptor mRNA levels were analyzed by the ΔΔCt 

method and normalized by the housekeeping gene GAPDH (Barber et al., 2005). For cell 

proliferation (Fig. 5A), experiments were completed in triplicate. Cells treated with DMSO 

alone were used as a control, and the percent inhibition was normalized with respect to this. 

Results are expressed as the mean ± S.E.M. of the experiment performed in triplicate. 

Significance was assessed by one-way ANOVA followed by Tukey’s post-hoc test.

3. Results

We determined that the compounds bound to the cannabinoid CB2 receptor using 

competitive radiolabeled ligand binding of membranes from HEK293T cells transfected 

with the cannabinoid CB2 receptor. Fig. 2 (A–C) shows how the concentration of the 

respective compounds affects the specific binding of the radiolabeled tracer (agonist 

CP55,940). In each case, all three compounds bound the cannabinoid CB2 receptor. ABK5 
has the strongest binding affinity, Ki=16±8 nM, followed by ABK6, Ki=102±7 nM. ABK7, 

a racemic compound with the chiral center shown in Fig. 1, has the weakest binding affinity 

of the three compounds with a Ki=317± 117 nM. To ensure that these compounds bind 

selectively to the cannabinoid CB2 receptor and not to the cannabinoid CB1 receptor, we 

also measured their respective binding affinities for the cannabinoid CB1 receptor in 

membranes of HEK293T cells transfected with the cannabinoid CB1 receptor. All three 

compounds showed no specific binding to the cannabinoid CB1 receptor up to 10 μM of the 

test compounds. Thus, these compounds are highly selective for the cannabinoid CB2 

receptor over cannabinoid CB1 receptor. CP55,940 is shown (Fig. 2D) for comparison. The 

binding parameters are summarized in Table 1. As noted in the table, we determined a 

Ki=0.3±0.2 nM for CP55,940 binding to the cannabinoid CB2 receptor and a Ki = 1.0±0.2 

nM for CP55,940 binding to the cannabinoid CB1 receptor. This is within the range of 

reported values (Pertwee et al., 2010; Ross et al., 1999).

To ensure that these compounds activate the cannabinoid CB2 receptor in a G protein-

coupled manner, we measured their potency at inducing GTPγS binding. Fig. 3 (A–C) 

shows the increase in the percentage of specific GTPγS binding with respect to increasing 

concentration of the test compound. ABK5 is the most potent of the three compounds with 

an EC50 of 4±2 nM. ABK6 has an EC50 of 13±4 nM, and the racemic mix of ABK7 is the 

least potent with an EC50 of 31±14 nM. However, all of the compounds have a potency less 

than 100 nM. The compounds are effective at inducing G-protein coupling to the 

cannabinoid CB2 receptor, which is indicative of receptor activation and suggests 

downstream signaling is G-protein dependent. CP55,940 is shown (Fig. 3D) for comparison. 

These parameters are summarized in Table 1.

To determine the impact on cellular signal transduction, we examined the compound-

induced phosphorylation of kinases ERK1/2 and MEK (Alberich Jordà et al., 2004; Herrera 

et al., 2005; Samson et al., 2003) through the G protein-dependent pathway. To verify this, 

we used pertussis toxin (PTX) to preclude Gi/o activation (Howlett et al., 1986) and 

potentially inhibit downstream signaling. Fig. 4A shows the impact the three compounds 
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have on ERK1/2 phosphorylation in the presence and absence of PTX. After 5 min of 

treatment, ABK5, ABK6, and ABK7 all induce ERK1/2 phosphorylation, which is 

prevented by the addition of PTX. The corresponding quantification of the Western blot 

image is shown at the right of Fig. 4A. For each compound, the amount of ERK1/2 is 

approximately three-fold greater than the vehicle alone. The addition of PTX to ablate Gi 

coupling, however, absolves the phosphorylation effect, and it decreases to approximately 

equal that of the vehicle. These overall trends were similar to those observed for 

phosphorylation of the MEK kinases as shown in Fig. 4B. The Western blots show that the 

three compounds induce MEK phosphorylation, which is inhibited by PTX. The 

quantification at right shows that the three compounds induce phosphorylation three to five 

times greater than the vehicle alone (Fig. 4).

ABK5 was shown above to bind with the strongest affinity to the cannabinoid CB2 receptor 

and to be the most potent at inducing G-protein coupling. Since this compound seems 

therapeutically promising, we decided to further explore its physiological impact on Jurkat 

cells, a human T-lymphocyte cell line that has endogenous cannabinoid CB2 receptor (Fig. 

5A). Endogenous expression of the cannabinoid CB2 receptor in Jurkat cells is substantial; 

however, in HEK293T cells, run as a control for the cannabinoid CB2 receptor primer, it is 

essentially nonexistent. Also, CB1 endogenous expression in both cell lines was essentially 

nonexistent. Cytotoxicity of ABK5 was tested by determining viable cell number relative to 

vehicle alone after 72 h of compound incubation. No significant change in viable cell 

number was observed up to 10 μM. This result suggests that ABK5 concentrations which we 

used in the cell proliferation assay were within reasonable range (Fig. 5B). Fig. 5C shows 

that Jurkat cells treated with either 0.1 μM or 10 μM CP55,940 or ABK5 had less cell 

proliferation after a 72 h proliferation period than that treated with the vehicle alone. 

Treatment of CP55,940 resulted in a cell proliferation inhibition of 7±3% for 0.1 μM and 

26±8% for 10 μM. This same treatment of ABK5 resulted in a reduction in cell proliferation 

by 15±2% and 20±1% for concentrations of 0.1 μM and 10 μM, respectively. For both 

cannabinoid CB2 receptor agonists, the higher concentration caused a greater inhibition of 

cellular proliferation. Thus, we observe that the addition of a selective cannabinoid CB2 

receptor agonist significantly decreases the immune cell population, which is consistent with 

an antiproliferation effect (Fig. 5C).

4. Discussion

To design effective and safe pain medication associated with inflammation that targets the 

cannabinoid CB2 receptor, the first steps are to identify compounds that (1) bind to the 

cannabinoid CB2 receptor and not the cannabinoid CB1 receptor to avoid psychoactive side 

effects; (2) activate the cannabinoid CB2 receptor via the Gi pathway; and (3) inhibit 

immune cell proliferation. First, the compounds tested here bind strongly to the cannabinoid 

CB2 receptor with binding affinities ranging from 16±8 nM (ABK5) to 317±117 (ABK7) 

(see Fig. 2), which is greater than those of the endocannabinoids (AEA has a Ki=581 nM 

and 2-AG has a Ki=1400 nM) (Mechoulam et al., 1995). ABK5 and ABK6 have an affinity 

for the cannabinoid CB2 receptor that is comparable to that of THC (Ki=36 nM) (Showalter 

et al., 1996). Also of importance, selectivity for the cannabinoid CB2 receptor is established 

and is especially promising given that existing compounds with the strongest affinities for 
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the cannabinoid CB2 receptor only have an approximately 10- to 100-fold selectivity versus 

the cannabinoid CB1 receptor. CP55,940, shown here for comparison, binds to the 

cannabinoid CB2 receptor and the cannabinoid CB1 receptor with similar affinities of 

0.3±0.2 nM and 1±0.2 nM, respectfully, whereas the ABK compounds do not show any 

binding to the cannabinoid CB1 receptor up to 10 μM. Similarly, JWH-133 has a Ki of 3.4 

nM for the cannabinoid CB2 receptor, but a Ki of 677 nM for the cannabinoid CB1 receptor 

(Huffman et al., 1999). Also, JWH-051 has a Ki of 0.032 nM for the cannabinoid CB2 

receptor and a Ki of 1.2 nM for the cannabinoid CB1 receptor (Huffman et al., 1996). Even 

though these three agonists have strong affinities for the cannabinoid CB2 receptor, they still 

have significant affinities for the cannabinoid CB1 receptor, and can bind to this receptor 

when they are present in relevant concentrations. Another example is the cannabinoid CB2 

receptor agonist GW405833. Its affinity for human the cannabinoid CB2 receptor ranges 

from 4–12 nM (Gallant et al., 1996; Valenzano et al., 2005), with selectivities for the human 

cannabinoid CB2 receptor over the human cannabinoid CB1 receptor ranging from 37-to 

1217-fold (Valenzano et al., 2005; Yao et al., 2009). However, its anti-inflammatory effects 

are caused by the cannabinoid CB1 receptor pathway rather than the the cannabinoid CB2 

receptor one (Li et al., 2017). Thus, even though this compound preferentially binds to the 

cannabinoid CB2 receptor, it exerts its physiological effects through the cannabinoid CB1 

receptor.

These ABK compounds bind to the cannabinoid CB2 receptor, and are also effective 

agonists since they stimulate GTPγS binding, which is indicative of cannabinoid CB2 

receptor activation and coupling to G protein as a result. Compounds ABK5–7 were 

identified by a screening process based on cAMP accumulation described previously 

(Ogawa et al., 2017). In this prior screen, the EC50 values for ABK6 and ABK7 were 2 nM 

and 32 nM, respectively. These values are similar to those determined in this study with 

[35S]GTPγS binding, EC50=13±4 nM for ABK6 and EC50=31±14 nM for ABK7. These 

two sets of values are quite comparable between the different experiments, but the 

determined potencies for ABK6 are slightly different. This discrepancy could be the result 

of the differences in experimental procedure as the [35S]GTPγS binding is a direct 

measurement of the amount of G-protein binding, whereas cAMP accumulation is more 

indirect as it monitors a biological process that occurs downstream of the G-protein receptor 

binding event. However, both experimental methods show that ABK6 and ABK7 have a 

strong potency for the cannabinoid CB2 receptor.

Compounds, JWH-133, JWH-015, and O-1966 (Börner et al., 2009; Maresz et al., 2007; 

Robinson et al., 2013), and other non-selective cannabinoids, such as THC, CP55,940, and 

AEA (Cencioni et al., 2010; Klein et al., 1991; Yuan et al., 2002), inhibit the proliferation of 

T cells through interactions with their cannabinoid CB2 receptors. Given the role that T cells 

play in the immune response, inhibition of T-cell proliferation is a good indicator that some 

of the effects of inflammation could be prevented. ABK5 inhibits Jurkat-cell proliferation to 

a similar extent as CP55,940, but since ABK5 is a compound with measurable binding 

observed only to the cannabinoid CB2 receptor and not the cannabinoid CB1 receptor, it 

would be a good candidate to be further developed into therapeutics to treat inflammation 

and the associated pain.
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In this work, we show that ABK 5–7 induce downstream signaling through ERK1/2 via Gi 

in cannabinoid CB2 receptor-transfected cells. Studies of the cannabinoid CB2 receptor 

agonists acting on cells that endogenously express the cannabinoid CB2 receptor are largely 

consistent with our results. Cannabinoids 2-AG and JWH-133 induce phosphorylation of 

ERK1/2 in T lymphocytes through interactions with the cannabinoid CB2 receptor 

(Coopman et al., 2007) and JWH-133 also causes cannabinoid CB2 receptor-mediated 

ERK1/2 phosphorylation in retinal pigment epithelium (RPE) cells (Hytti et al., 2017). In 

microglia, endocannabinoid AEA also activates ERK1/2 as a result of binding to the 

cannabinoid CB2 receptor (Correa et al., 2009a; Correa et al., 2009b). Furthermore, the 

cannabinoid CB2 receptor activation in microglia involve inhibition of neuroinflammation 

(Cabral et al., 2008). In our studies, we show that treatment of Jurkat cells with ABK5 
results in the prevention of cell proliferation. In other work, the cannabinoid CB2 receptor-

induced ERK1/2 phosphorylation by 2-AG and JWH-133 reduced chemokine CXCL12-

induced chemotaxis in T lymphocytes (Coopman et al., 2007). Moreover, AEA increases 

anti-inflammatory cytokine IL-10 production and downregulates pro-inflammatory cytokine 

IL-12 and IL-23 production in microglia, which result in antiinflammatory effects (Correa et 

al., 2009a; Correa et al., 2009b). There is also evidence that the cannabinoid CB2 receptor 

activation can inhibit neuroinflammation by protecting the blood-brain barrier (Persidsky et 

al., 2015). Future studies from our work will include examining how ABK5-induced 

ERK1/2 phosphorylation affects cytokine production and how that causes inhibition of T-cell 

production.

The compound ABK7 is of interest for future studies given its racemic nature. Racemic 

mixes of other compounds have shown that the separated isomers often behave very 

differently. For example, GAT211 is a racemic mix that acts as a cannabinoid CB1 receptor 

allosteric modulator, but that activity results from the S-(−)-enantiomer (GAT229), whereas 

the R-(+)-enantiomer (GAT228) acts as an allosteric agonist (Laprairie et al., 2017). More 

studies are required to show whether the separate isomers of ABK7 both act as cannabinoid 

CB2 receptor agonists, or if they have differences in binding affinity, for example, one 

isomer binds while the other does not. We anticipate that the Ki of the binding isomer would 

be half of the racemic mix (160 nM vs. 317 nM). Such studies are on-going.

Tissue injury often results in inflammation and the associated pain (Ji et al., 2011). This 

includes arthritis, lower back injury, and surgery. If left unresolved, acute pain can lead to 

chronic pain. According to the National Center for Health Statistics (2006), approximately 

76.2 million, one in every four Americans, have suffered from pain that lasts longer than 24 

hours and chronic pain is a common cause of long-term disability. Yet opioid pain 

medications are over used and can lead to addiction (Leider et al., 2011) and overdose. The 

molecules described here may be good leads for possible anti-inflammatory pain 

medications for further study. Future study includes structure-activity analysis to identify 

improvements due to the use of particular functional groups and how these impact cytokine 

release, and animal studies of models of inflammatory pain. Since there are many different 

types of pain, having several types of medications to attenuate each of these is advisable. 

This is an approach toward that end.
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5. Conclusions

Here, we have identified and characterized three compounds that behave as cannabinoid CB2 

receptor agonists. These compounds bound strongly with affinities ranging from 16 to 317 

nM, which are more favorable than those of endocannabinoids and are comparable to that of 

the cannabinoid agonist examined here, CP55,940. However, none of the ABK compounds 

show any binding to the cannabinoid CB1 receptor up to 10 μM, suggesting that they bind 

selectively to the cannabinoid CB2 receptor over the cannabinoid CB1 receptor and that the 

likelihood of cannabinoid CB1 receptor-induced psychoactive side effects is small. 

Furthermore, these compounds induce downstream phosphorylation of ERK1/2 and MEK 

through Gi. Finally, these compounds inhibit T-cell proliferation. These characteristics 

indicate that these compounds should be explored and developed further into anti-

inflammatory and pain medication. Safe and efficient anti-inflammatory medication that lack 

psychoactive side effects is especially important, and, here, we have identified some 

promising candidates.
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Fig. 1. 
Schematic illustrations of chemical structures of known CB2 agonists (THC and CP55,940) 

and CB2 agonists examined in this study: ABK5, ABK6, and ABK7. The * denotes the 

chiral center in the racemic mixture of ABK7.

Scott et al. Page 14

Eur J Pharmacol. Author manuscript; available in PMC 2020 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Specific binding of [3H]CP55,940 to CB2 in the presence of increasing concentrations of (A) 

ABK5, (B) ABK6, (C) ABK7, and (D) CP55,940. Membrane preparations of CB2-

expressing HEK293T cells and their evaluation for binding is described in Materials and 

Methods. Each data point represents the mean ± S.E.M. of three independent assays 

performed in duplicate.
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Fig. 3. 
Increase in the specific binding of [35S]GTPγS to CB2 in the presence of increasing 

concentrations: (A) ABK5, (B) ABK6, (C) ABK7, and (D) CP55,940. Stimulation of 

GTPγS binding in response to compounds treatment of membranes prepared from 

HEK293T cells transfected with the CB2 receptor as described in Materials and Methods. 

Each data point represents the mean ± S.E.M. of three independent assays performed in 

duplicate.
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Fig. 4. 
CB2-induced (A) ERK1/2 and (B) MEK phosphorylation in HEK293 cells in response to 

ABK5, ABK6, and ABK7. Western blots (left) and their respective quantifications (right) 

are shown. The compounds were tested at a concentration of 1.0 μM, and treatment with 10 

ng/ml of PTX to preclude G protein binding is indicated. One-way ANOVA plus Tukey’s 

post-hoc test was used and *P < 0.05 versus vehicle alone and #P < 0.05 versus compound 

alone (without PTX.).
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Fig. 5. 
Inhibition of Jurkat-cell proliferation in response to ABK5. (A) mRNA levels of CB2 in 

Jurkat and HEK293T cells. As indicated, Jurkat cells have substantial levels of endogenous 

CB2 while HEK293T cells have none and must be transfected. The bars indicate that the 

CB2 levels were done on cells in 3–4 wells. (B) Toxicity analysis as percentage of viable 

HEK293T cells in the presence of the vehicle alone (DMSO), 0.1 μM, and 10 μM ABK5. 

(C) Percentage of Jurkat-cell proliferation inhibition with relative to vehicle alone (DMSO, 

indicated as 0 μM) by the concentration of ABK5 given. CP55,940 is given for comparison. 

Results are expressed as the mean ± S.E.M. (n=3) for each concentration. One-way ANOVA 

plus Tukey’s post-hoc test were used and *P < 0.05 versus vehicle alone.

Scott et al. Page 18

Eur J Pharmacol. Author manuscript; available in PMC 2020 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Scott et al. Page 19

Table 1.

Binding and G protein-stimulation properties of ABK5, ABK6, ABK7, and CP55,940.

CP55,940 GTPγS

Ki (nM)
a

EC50 (nM)
b

Compound CB2 CB1 CB2

ABK5 16±8
N.B.

c 4±3

ABK6 102±7
N.B.

c 13±4

ABK7 317±117
N.B.

c 31±14

CP55,940 0.3±0.2 1±0.2 36±26

a
Ki values were determined from competition binding assays using [3H]CP55,940.

b
EC values were determined from stimulation of [35S]GTPγS binding.

c
N.B.: No specific binding detected up to 10 μM of test compounds.

Each data point represents the mean ± S.E.M. of three independent assays performed in duplicate.
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