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Abstract

The phytocannabinoid Δ9-tetrahydrocannabinol (THC) was isolated and synthesized in the 1960s. 

Since then, two synthetic cannabinoids (SCBs) targeting the cannabinoid 1 (CB1R) and 2 (CB2R) 

receptors were approved for medical use based on clinical safety and efficacy data: dronabinol 

(synthetic THC) and nabilone (synthetic THC analog). To probe the function of the 

endocannabinoid system further, hundreds of investigational compounds were developed; in 

particular, agonists with (1) greater CB1/2R affinity relative to THC and (2) full CB1/2R agonist 

activity. This pharmacological profile may pose greater risks for misuse and adverse effects 

relative to THC, and these SCBs proliferated in retail markets as legal alternatives to cannabis 

(e.g., novel psychoactive substances [NPS], “Spice,” “K2”). These SCBs were largely outlawed in 

the U.S., but blanket policies that placed all SCB chemicals into restrictive control categories 

impeded research progress into novel mechanisms for SCB therapeutic development. There is a 

concerted effort to develop new, therapeutically useful SCBs that target novel pharmacological 

mechanisms. This review highlights the potential therapeutic efficacy and safety considerations for 

unique SCBs, including CB1R partial and full agonists, peripherally-restricted CB1R agonists, 

selective CB2R agonists, selective CB1R antagonists/inverse agonists, CB1R allosteric 

modulators, endocannabinoid-degrading enzyme inhibitors, and cannabidiol. We propose 

promising directions for SCB research that may optimize therapeutic efficacy and diminish 

potential for adverse events, for example, peripherally-restricted CB1R antagonists/inverse 
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agonists and biased CB1/2R agonists. Together, these strategies could lead to the discovery of new, 

therapeutically useful SCBs with reduced negative public health impact.
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1. INTRODUCTION

The cannabis plant was widely adopted for use in Western medicine in the 19th century, with 

over 100 scientific articles published on the therapeutic value of cannabis at that time 

(Zuardi, 2006). Now approximately 32,000 scientific reports on the health effects of 

cannabis are available through the National Center for Biotechnology Information, and 

legalization of cannabis for medicinal purposes is widespread. The health conditions for 

which cannabis is approved vary by jurisdiction, but often include symptoms associated with 

cancer and its treatment, epilepsy, severe and chronic pain, and symptoms associated with 

human immunodeficiency virus / acquired immunodeficiency syndrome (HIV/AIDS) 

(Bonn-Miller et al., 2014). Much of the therapeutic potential of cannabis stems from the 
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direct physiological effects of individual chemical entities that are unique to the cannabis 

plant (i.e. phytocannabinoids).

In the 1960s, the psychoactive phytocannabinoid Δ9-tetrahydrocannabinol (THC) was 

isolated from the Cannabis sativa plant and synthesized in the laboratory (Gaoni and 

Mechoulam, 1964). This work catalyzed ligand screening efforts and ultimately identified 

two G protein-coupled cannabinoid receptors: the cannabinoid type 1 (CB1) and type 2 

(CB2) receptors (for review, (Davidson et al., 2017)). THC was identified as a partial agonist 

at the CB1 and CB2 receptors (Griffin et al., 2000; Iwamura et al., 2001; Mauler et al., 

2002), and subsequent drug development work resulted in the regulatory approval of 

synthetic formulations of THC: (1) dronabinol (Marinol, Syndros), a synthetic THC 

medication and (2) nabilone (Cesamet), a synthetic THC-analog medication. These 

approvals were based on extensive randomized controlled trials (RCTs) assessing safety, 

tolerability, and efficacy (Borgelt et al., 2013) and highlighted the clinical utility of CB1/2 

receptor agonists.

To probe function of the endocannabinoid system further, medicinal chemists synthesized a 

plethora of novel, investigational CB1/2 receptor agonists. These compounds were originally 

developed for research purposes as investigational compounds to probe the function of CB1 

versus CB2 receptors; however, progress in this area was impeded by these ligands 

exhibiting poor selectivity between the CB1 and CB2 receptors (Castaneto et al., 2014). 

Many of these agonists exhibited (1) greater CB1/2R affinity relative to THC or (2) full 

agonist activity at the CB1/2R (versus the partial agonist actions of THC) (for review, 

(Castaneto et al., 2014)). As a result, activity of these compounds in the central nervous 

system (CNS) may pose greater risks for misuse and/or development of a substance use 

disorder relative to THC. The methods for synthesizing these highly-potent CB1/2 receptor 

agonists were published and utilized by clandestine chemists to produce compounds for 

commercial SCB products (Baumann et al., 2014). These novel psychoactive substances 

(NPS) were first marketed under trade names such as “Spice” or “K2” and sold as legal 

alternatives to cannabis on the Internet, in head shops, and in convenience stores. The sale of 

these SCB products circumvented drug laws and regulations by labeling such products as 

“not for human consumption,” (Vandrey et al., 2012). In these preparations, synthetic, high-

affinity, high-efficacy CB1/2 receptor agonists are commonly sprayed onto dried, shredded 

plant material. Acute exposure to these products is associated with a number of serious 

adverse events including symptoms of acute psychosis, seizures, major cardiovascular 

events, liver and kidney toxicity, and brain hemorrhage that required emergency treatment 

for a number of users (Castaneto et al., 2014; Castaneto et al., 2015; Gummin et al., 2017; 

Rodgman et al., 2011). In response to widespread misuse and adverse events associated with 

the use of these products, the U.S. Drug Enforcement Administration passed the Synthetic 

Drug Abuse Prevention Act in July 2012, which classified several of these ligands as 

Schedule I substances; this legislation is continually updated to include novel, high-affinity 

CB1 receptor agonists (DEA, 2011) and similar regulation has occurred in many other 

countries.

Despite the presence of an illicit market for the non-medicinal use of high-affinity CB1/2 

receptor agonists, there is a concerted effort to develop new, therapeutically useful SCBs that 
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target novel pharmacological mechanisms. However, research into these novel SCB 

pharmacological mechanisms is challenged by blanket policies that place all SCB chemicals 

(as well as cannabis) into the most restrictive drug control categories. It is important to limit 

SCB regulatory control only to compounds that are identified in the illicit market as misused 

substances (e.g., high-affinity, high-efficacy CB1/2 receptor agonists) so that SCB 

therapeutic development around novel, diverse pharmacological mechanisms can continue 

without major research restrictions. For example, novel strategies to stimulate CB1/2 

receptors without the serious adverse events associated with full CB1/2 receptor agonism in 

the CNS are under development, including peripherally-restricted CB1 receptor agonists, 

selective CB2 receptor agonists, CB1 receptor positive allosteric modulators, and 

functionally-biased CB1/2 receptor agonists. Conversely, strategies to block constitutive or 

complete activity of the CB1 receptor using antagonists, inverse agonists, and negative 

allosteric modulators were developed and show therapeutic promise as well. Lastly, several 

non-CB receptor SCBs (e.g., endocannabinoid-degrading enzyme inhibitors) are in clinical 

development for a range of indications. A concise review of these SCBs with respect to their 

pharmacological targets, therapeutic potential, and potential for misuse and toxicity is 

needed to inform SCB regulatory control.

The purpose of this review is to summarize both the clinical utility and adverse effects of 

SCBs, with emphasis on the pharmacological profiles that distinguish unique categories of 

SCBs (summarized in Table 1). The review will provide a brief overview of the 

endocannabinoid system, history of cannabinoid isolation and synthesis, and pharmacology 

of THC, which characterizes the first generation of medically-approved SCBs. We then 

discuss the pharmacology and toxicity associated with illicit SCBs, that is, high-affinity, 

high-efficacy CB1/2 receptor agonists. Next, we review clinical studies and registered 

clinical trials to describe the current status of potential SCB therapeutics, characterizing 

mechanisms of action (i.e., receptor pharmacology), therapeutic potential, and abuse 

liability, toxicity, and safety concerns. We conclude with a discussion of promising 

approaches to novel SCB therapeutic drug development not yet evaluated in clinical studies.

2. A PRIMER ON THE ENDOCANNABINOID SYSTEM: MODULATION BY 

CANNABIS SATIVA L- ISOLATED AND SYNTHETIC CANNABINOIDS

2.1 ENDOCANNABINOID SYSTEM

A primer on the endocannabinoid system is warranted to understand the pharmacological 

targets of medically-approved SCBs, illicit SCBs, and potential SCB therapeutics. A 

simplified overview of the endocannabinoid system includes (1) endogenous cannabinoid 

agonists, or lipid molecules that are physiological ligands for cannabinoids receptors, (2) 

cannabinoid receptors that are stimulated by endogenous cannabinoid agonists, and (3) 

enzymes that degrade endogenous cannabinoid agonists (for review, (Mechoulam and 

Parker, 2013)). Two endogenous cannabinoid agonists were isolated from brain and 

peripheral tissues, respectively, and extensively investigated: N-arachidonoylethanolamine 

(anandamide) and 2-arachidonoylglycerol (2-AG) (Devane et al., 1992). In the central 

nervous system, 2-AG and anandamide are synthesized locally in the postsynaptic neuron 

and act presynaptically on cannabinoid receptors, a retrograde synaptic messaging 
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mechanism that is unlike classical neurotransmitters (e.g., dopamine, serotonin (5-HT)), 

which are stored in vesicles and released from presynaptic terminals (Howlett et al., 2002).

The actions of endogenous cannabinoid agonists are mediated, in part, by two G protein-

coupled receptors (GPCRs): the CB1 and CB2 receptors (for reviews, (Di Marzo and 

Piscitelli, 2015; Pertwee, 1997)). Agonism of the Gi/o-linked CB1 or CB2 receptor results in 

adenylate cyclase inhibition, which decreases accumulation of intracellular cyclic adenosine 

monophosphate (cAMP) concentrations, transactivates rectifying potassium channels, and 

inhibits N-type and P/Q-type voltage-gated calcium channels (Fraguas-Sanchez et al., 2016; 

Lu and Mackie, 2016; Pertwee et al., 2010). The CB1 receptor is richly expressed in the 

central nervous system (CNS) as determined via quantitative autoradiography, in situ 
hybridization, and immunocytochemistry studies (Mackie, 2005). Areas in the CNS with 

high expression of CB1 receptors include the cerebellum, hippocampus, basal ganglia, and 

olfactory bulb, whereas CB1 expression is lower in the cerebral cortex, hypothalamus, 

thalamus, amygdala, septum, brainstem, and dorsal horn of the spinal cord (Mackie, 2005). 

The CB1 receptor is also expressed extensively outside the CNS, especially in the gut, liver, 

reproductive system, skeletal muscles, cardiovascular system, and epidermis (for review, 

(Zou and Kumar, 2018)).

The CB2 receptor, which shares 44% sequencing homology with the CB1 receptor protein, 

is predominantly expressed peripherally (e.g., spleen, liver Kupffer cells, adipose, bone, 

reproductive and cardiovascular systems, GI tract as well as circulating immune cells) (for 

reviews, (Bie et al., 2018; Howlett et al., 2002)). The CB2 receptor originally appeared to 

have little CNS expression under normal physiological conditions, with early evidence 

suggesting it was restricted to the brainstem, hippocampal CA2/3 pyramidal neurons, and 

highly-inducible reactive microglia (following inflammation or injury) (Bie et al., 2018; 

Stempel et al., 2016; Van Sickle et al., 2005). Though initial studies were unable to detect 

the CB2 receptor in healthy brains (Carlisle et al., 2002; Chakrabarti et al., 1995; Derocq et 

al., 1995; Galiegue et al., 1995; Griffin et al., 1999; Schatz et al., 1997; Sugiura et al., 2000), 

there is evidence now for CB2 receptor immunoreactivity in the spinal cord as well as 

various rodent brain regions (e.g., cerebellum, hippocampus, striatum, cerebral cortex) 

(Gong et al., 2006; Onaivi et al., 2006; Xi et al., 2011).

Endogenous cannabinoid agonists are rapidly degraded (Fu et al., 2011), in part, by the 

actions of two hydrolase enzymes. Monoacylglycerol lipase (MAGL) is the key enzyme in 

the hydrolysis and degradation of 2-AG, while fatty acid amide hydrolase (FAAH) mediates 

anandamide degradation. Inhibition of MAGL and FAAH may increase endocannabinoid 

levels, an attractive drug development target that is discussed below in Section 4.5.

Knowledge of endocannabinoid receptor systems is expanding via the discovery of 

endocannabinoid interactions with non-CB GPCRs, deorphanized GPCRs such as GPR55 

(GPRs), transient receptor potential (TRP) channels, and peroxisome proliferator-activated 

nuclear receptors (PPARs) (Pertwee et al., 2010). Continued investigation of these novel 

mechanisms will expand our understanding of the endocannabinoid system.
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2.2. UNDERSTANDING THE FIRST GENERATION OF MEDICALLY-APPROVED SCBS: 
CANNABINOID ISOLATION AND SYNTHESIS

Phytocannabinoids occur naturally in the cannabis plant and interact with the 

endocannabinoid system. While there are over 100 known phytocannabinoids (ElSohly et 

al., 2016), research has predominantly focused on THC and cannabidiol (CBD), the two 

most abundant phytocannabinoids in cannabis. The structures and stereochemistry of CBD 

and THC were described in 1963 and 1964, respectively, when they were first isolated from 

the cannabis plant by Raphael Mechoulam. Just one year later, in 1965, Mechoulam 

synthetized (±)-Δ9-THC and (±)-CBD (and later, each of their enantiomers) in the laboratory 

(Mechoulam and Burstein, 1973; Mechoulam and Hanus, 2000). Since then, the 

pharmacokinetics and mechanisms of action of THC and CBD were reviewed in detail 

(Agurell et al., 1986; Ashton, 2001; Grotenhermen, 2003; Huestis and Smith, 2018; Maykut, 

1985). In this review, studies of both synthetic and plant-derived THC and CBD are 

discussed because both were employed in clinical studies and some studies do not specify 

the source of the drug used, but we distinguish these when possible. To reiterate Bonn-Miller 

et al. (2019), “chemistry is an exact science with respect to chemical composition and 
structure,” therefore there is little reason to believe that plant-derived and synthetic forms of 

either THC or CBD will perform differently in clinical studies.

3. MEDICALLY-APPROVED SYNTHETIC CANNABINOIDS IN HUMANS: 

THC AND THC-LIKE DRUGS

3.1. Experimental Investigation, FDA Approval, and Therapeutic Uses of THC and THC-
Like Drugs

In this section, we review the first generation of medically-approved SCBs in humans: 

synthetic THC (dronabinol) and the THC-analog nabilone. THC binds to the CB1 (Ki: 5.05 

– 53.3 nM) and CB2 (Ki: 3.13 – 75.3 nM) receptors as evidenced by displacement binding 

studies utilizing human cannabinoid receptors (for reviews, (Pertwee, 1997, 2008)). 

Similarly, the THC-analog nabilone showed a similar profile at the CB1 receptor in vitro (Ki 

= 22.3 ± 6.6 nM). Nabilone also exhibited greater efficacy than THC, that is, nabilone 

produced greater cAMP inhibition and [35S]GTPγS binding than THC in rodent brain 

homogenates (Matsuda et al., 1990).

In the 1980’s, the United States Food and Drug Administration (FDA) approved dronabinol 

and nabilone for anorexia associated with weight loss in patients with autoimmune 

deficiency syndrome (AIDS) and for chemotherapy-induced nausea or vomiting. These 

approvals were based on extensive RCTs assessing safety, tolerability, and efficacy (Borgelt 

et al., 2013). Pain relief is one of the most physiologically and clinically substantiated uses 

of THC (National Academies of Sciences and Medicine, 2017; Whiting et al., 2015). To 

date, over 40 RCTs explored plant-derived and synthetic THC or nabilone for various types 

of chronic pain with encouraging findings, specifically for neuropathies. However, many of 

these trials were of short duration, efficacy was assessed as an adjunct to other analgesics, 

and findings were not consistent across chronic pain conditions (Cooper and Abrams, 2019; 

National Academies of Sciences and Medicine, 2017). Several studies are underway to 

further understand the clinical utility of THC or nabilone for pain, including assessing the 
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use of dronabinol for neuropathic back pain (NCT02460692) and nabilone for acute pain in 

inflammatory bowel disease (NCT03422861).

Recent and ongoing clinical trials suggest that THC or nabilone have therapeutic potential 

for numerous additional health problems. For instance, dronabinol and nabilone were 

explored for the treatment of Cannabis Use Disorder (CUD) with positive findings (Budney 

et al., 2007; Haney et al., 2004; Herrmann et al., 2016; Lintzeris et al., 2019; Trigo et al., 

2018; Vandrey et al., 2013). THC or nabilone for the treatment of post-traumatic stress 

disorder (PTSD) is another area of interest with promising findings. In a small pilot study, 

nabilone demonstrated efficacy in the treatment of sleep-related symptoms of PTSD in 

military personnel (Jetly et al., 2015); the potential therapeutic effects of dronabinol for 

PTSD are also under evaluation (i.e., NCT03008005). For aging-related disorders, nabilone 

demonstrated efficacy for levodopa-induced dyskinesia in Parkinson’s disease (Sieradzan et 

al., 2001) and dronabinol decreased anorexia, disturbed behavior (Volicer et al., 1997), and 

improved nighttime agitation (Walther et al., 2006) in Alzheimer’s disease; ongoing clinical 

trials are assessing dronabinol (NCT02792257) and nabilone (NCT02351882) in the 

treatment of Alzheimer’s-associated agitation. In summary, investigations with synthetic 

THC and THC-like compounds for a wide range of conditions provide positive signals. 

However, aside from the approved uses of these drugs (i.e., nausea associated with 

chemotherapy and weight loss in AIDS), chronic pain, and CUD, no more than a few studies 

per indication rigorously evaluated the therapeutic potential of these drugs.

The future of THC-like SCB development is vast, but one promising direction is to 

administer THC in combination with CBD, especially for the treatment of pain and 

spasticity. This combination is advantageous, in part, due to the unique mechanisms of 

action of THC and CBD. THC targets CB1/2 receptors such as those expressed in the 

peripheral, spinal, and supraspinal pain systems (Überall, 2020). Meanwhile, a recent 

preclinical study demonstrated that 7 days of CBD treatment normalized impaired 5-HT 

neurotransmission, reduced mechanical allodynia, and decreased anxiety-like behavior in a 

model of neuropathic pain (De Gregorio et al., 2019). In this light, considering that anxiety 

and stress are hypothesized drivers of chronic pain, a second advantage of the THC:CBD 

combination is that CBD may also improve anxiety-like behavior associated with 

neuropathic pain, in part, by modulating the potential anxiogenic effects of THC (Überall, 

2020).

Currently, plant-derived THC in the form of an oromucosal spray (nabiximols or Sativex), 

which delivers 2.7 mg THC in combination with 2.5 mg CBD per actuation, is approved in 

the UK, Germany, and Switzerland for multiple sclerosis (MS) related spasticity and in 

Canada for pain associated with MS and cancer (Etges et al., 2016); it is not approved in the 

United States for any indication at this time. Recent studies suggest that nabiximols may 

also reduce the severity of cannabis withdrawal in CUD patients (Allsop et al., 2014). 

Similar clinical investigations in cannabis users employing synthetic, pharmaceutical grade 

THC and/or CBD (for example, from STI Pharmaceuticals) are published (Hindocha et al., 

2015; Solowij et al., 2019)

Sholler et al. Page 7

Pharmacol Biochem Behav. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT02460692
https://clinicaltrials.gov/ct2/show/NCT03422861
https://clinicaltrials.gov/ct2/show/NCT03008005
https://clinicaltrials.gov/ct2/show/NCT02792257
https://clinicaltrials.gov/ct2/show/NCT02351882


3.2 Toxicity, Safety, and Abuse Liability of THC and THC-like SCBs

Dronabinol use in humans is associated with numerous, potential adverse reactions. First, 

neuropsychiatric adverse events were observed in some clinical trials, and dronabinol was 

reported to exacerbate depression, mania, and schizophrenia and to impair cognitive function 

(Marinol (dronabinol) full prescribing information). For example, in antiemetic clinical 

trials, significant CNS symptoms followed oral dronabinol doses of 0.4 mg/kg (28 mg per 70 

kg patient). Dronabinol use is also associated with hemodynamic instability (assessed as 

hypo- or hypertension, fainting, or tachycardia) and is not recommended for patients with 

cardiovascular disorders or those using concomitant medications with similar cardiac effects 

(e.g., amphetamines). Dronabinol patients also reported seizures, and dronabinol use is 

discouraged in patients using anti-epileptic medications. Other common adverse reactions 

reported in clinical trials (incidence >1%) include nausea, vomiting, and euphoria, discussed 

below.

Relevant to dronabinol misuse, a dose-related “high” (easy laughing, elation, and heightened 

awareness) was reported by patients receiving dronabinol in both the antiemetic (24%) and 

the lower dose appetite stimulant clinical trials (8%) (Marinol (dronabinol) full prescribing 

information). A human laboratory study revealed that dronabinol produced positive 

subjective effects in cannabis users (Hart et al., 2005) and dependence (Haney et al., 1999); 

however, evidence of dronabinol misuse or diversion in community settings is scarce 

(Calhoun et al., 1998). Thus, dronabinol was progressively rescheduled from Schedule I to 

Schedule III under the Drug Enforcement Administration Controlled Substances Act. 

Nonetheless, the FDA discourages dronabinol prescribing to patients with a history of 

substance misuse and encourages regular assessment abuse potential in dronabinol patients.

Adverse events associated with nabilone use are similar to dronabinol, likely due to their 

shared mechanisms of action. Nabilone use is associated with tachycardia and hypotension 

and may exacerbate symptoms of mania, depression, or schizophrenia. The most common 

adverse reactions to nabilone in placebo-controlled studies included vertigo (52%), 

drowsiness (52%), and dry mouth (36%). In active-controlled studies (using 

prochlorperazine), nabilone elicited drowsiness (66%), vertigo (59%), and euphoria (38%) 

(Cesamet (nabilone) full prescribing information). To this end, nabilone is currently a 

Schedule II drug in the U.S. and is indicated by the FDA as having potential for misuse, but 

it appears to have a low incidence of misuse and diversion (for review, (Ware and St Arnaud-

Trempe, 2010)).

Nabiximols were generally well-tolerated as indicated by data from 941 patients in an 

observational registry following approval of nabiximols in Europe. Here, 32% percent of 

patients stopped treatment, with ~25% of those citing adverse events. The most common 

treatment-related AEs included dizziness (2.3%) and fatigue (1.7%).
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4. SYNTHETIC CANNABINOIDS NOT APPROVED FOR MEDICAL USE IN 

HUMANS: THERAPEUTIC POTENTIAL AND ADVERSE EFFECTS

4.1. High-Affinity CB1/2 Receptor Agonists

In this section, we discuss the development of high-affinity, high-efficacy CB1/2 receptor 

agonists that elicit cannabimimetic effects similar to THC. The structural classes of high-

affinity, high-efficacy CB1/2 receptor agonists are incredibly diverse, with hundreds of 

compounds characterized. These include (example compounds in parentheses): 

adamantoylindoles (AB-001, AKB48), aminoalkylindoles (WIN 55,212-2), benzoylindoles 

(AM694, RCS-4), cyclohexylphenols (CP 47,497, CP 55,940), dibenzopyrans (HU-210), 

indazole carboxamides (ADB-PINACA), naphthoylindoles (JWH-018), 

naphthylmethylindoles (JWH-175), naphthylmethylindenes (JWH-176), napthoylpyrroles 

(JWH-307), phenylacetylindoles (JWH-250), quinolinyl ester indoles (PB-22), and 

tetramethylcyclopropylindoles (UR-144, XLR-11). These compounds were originally 

developed for research purposes as investigational tools to probe the function of the 

endogenous cannabinoid system; however, progress in this area was impeded because most 

ligands exhibit poor selectivity between the CB1 and CB2 receptors (Castaneto et al., 2014). 

Generally, though, many of these compounds exhibit (1) greater affinity for CB1 and CB2 

receptors and/or (2) full agonist activity at the CB1/2 receptors relative to the partial agonist 

actions of THC (for example, JWH-018, JWH-073, AM-1248, CP-55-940, WIN-55,512-2, 

and HU-210). Thorough reviews of these pharmacological profiles are published elsewhere 

(Castaneto et al., 2014; Fantegrossi et al., 2014).

4.1.1. Therapeutic Potential—High-affinity CB1/2 receptor agonists are typically 

associated with use in pre-clinical research to understand the function of the endocannainoid 

system or with the illicit SCB products being misused for their intoxicating effects. 

However, it is also possible that these compounds could be developed as therapeutic 

medications. The approval of dronaboinol and nabilone demonstrate that CB1/2 agonism has 

medicinal value. Positive preclinical data from animal studies modeling neuropathic, 

inflammatory, and cancer pain indicate that these ligands could treat different types of pain 

that are difficult to treat in clinical practice (for review, (Tamba et al., 2020)). Moreover, in 

an animal model of vomiting (emesis), the order of potency for reducing emesis frequency 

and the percentage of animals vomiting was CP55,940 > WIN55,212-2 > Δ9-THC 

(Darmani, 2001). Thus, high-affinity, high-efficacy cannabinoid medications (e.g., full 

agonists) may confer better therapeutic effects than dronabinol or nabilone.

However, few controlled clinical studies have examined high-affinity CB1/2 receptor 

agonists in humans. Clinical testing of the CB1/2 receptor full agonist Org 28611 

(SCH-900,111) was conducted as a possible treatment for postoperative pain following 

dental impaction surgery (NCT00782951); this trial was terminated at phase 2 because the 

drug did not demonstrate superiority to existing analgesics. At a laboratory in the 

Netherlands, six participants inhaled vapor from the high-affinity CB1/2 receptor full 

agonist JWH-018 (2 or 3 mg) (Theunissen et al., 2018; Toennes et al., 2017). Both doses of 

JWH-018 were well tolerated with no serious side effects reported, but no therapeutic 

endpoints were evaluated in this study.
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In sum, a case could be made to pursue high-affinity, high-efficacy CB1/2 agonists as 

therapeutics, but, given the documented cases of acute and, in some cases, fatal adverse 

events associated with use of these compounds outside of medicine, care would need to be 

exercised with respect to dose and formulation. Specifically, efficacy at low doses would 

need to be established and an oral route of delivery may reduce the likelihood of misuse or 

overdose. Restriction of use to hospital settings or other controlled environments may also 

help reduce the risk of adverse consequences related to therapeutic use of this class of 

compounds.

4.1.2. Toxicity, Safety, and Abuse Liability—A wide range of adverse effects are 

associated with the use of high-affinity CB1/2 receptor agonists obtained from the illicit 

drug market. Reports related to illicit SCB toxicity from emergency rooms, poison control 

centers, police reports, driving under the influence of drug cases, and psychiatric clinics 

were published. Acute adverse effects associated with high-affinity, high-efficacy CB1/2 

receptor agonists include toxic gastrointestinal, renal, cardiovascular, pulmonary, and CNS 

effects (Logan et al., 2017). Common overt adverse effects reported were cognitive 

impairment, agitation, nausea, seizures, and psychosis. The CB1/2 receptor agonist XLR-11 

was specifically linked to acute kidney injury (Buser et al., 2014), agitated delirium 

associated with ADB-PINACA, and severe illness and death following MAB-CHMINACA 

(ADB-CHMINACA) exposure (Trecki et al., 2015). In July 2016 in New York, 33 people 

exposed to AMB-FUBINACA became “zombie-like,” dropping onto the sidewalks in a 

small area of Brooklyn (Adams et al., 2017). Two cases of SCB use resulting in 

Hallucinogen Persisting Perception Disorder were also reported (Lerner et al., 2014). SCB 

overdose reports include a number of fatalities in which the cause of death was attributed to 

high-affinity, high-efficacy CB1/2 receptor agonist exposure, which highlights a key 

difference between, for example, the toxicity of CB1/2 receptor full agonists versus a partial 

agonist such as THC. In post-mortem cases, the exact mechanism of toxicity for SCBs is 

unclear.

Substance use disorder, marked by severe withdrawal upon cessation of use, may also occur 

with frequent use of high-affinity, high-efficacy CB1/2 receptor agonists (Cooper, 2016). 

The types of withdrawal symptoms reported by these CB1/2 receptor agonists users are 

similar to those associated with cannabis/THC withdrawal, including headache, sweating, 

anxiety, depression, agitation/aggression, difficulty concentrating, restlessness, sleep 

disturbance, and nausea (Vandrey et al., 2012; Zimmermann et al., 2009).

4.2. Novel CB1/2 Receptor Agonist Development: Selective CB2 Receptor Agonists and 
Peripherally-Restricted CB1 Receptor Agonists

In light of the toxicity, abuse liability, and challenging regulatory status of CNS-active, high-

affinity, high-efficacy CB1/2 receptor agonists, novel strategies were developed to stimulate 

the CB1 and CB2 receptors with limited potential for adverse events. We discuss two of 

these pharmacological mechanisms below: selective CB2 receptor agonists and peripherally-

restricted CB1 receptor agonists. Selective CB2 receptor agonists, such as ajulemic acid and 

GW842166, were probed for potential anti-inflammatory effects. Ajulemic acid (JBT-101) 

exhibited roughly 12-fold greater affinity for the CB2 receptor (Ki = 51 nM) over the CB1 

Sholler et al. Page 10

Pharmacol Biochem Behav. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptor (Ki = 628 nM) assessed via radioligand binding (performed in HEK-293T 

transfected with human CB1 and CB2 receptors) using the tritiated CB1 receptor antagonist 

SR141716 (rimonabant) (Tepper et al., 2014). GW842166 exhibited moderate binding 

affinity for CB2 receptors (Ki = 63 nM) and no appreciable CB1 receptor agonist activity in 

human CB1 and CB2 recombinant receptor assays (Giblin et al., 2007).

Peripherally-restricted CB1 receptor agonists like AZD1940 are compelling as they lack the 

negative CNS effects (e.g. intoxication, impairment of cognitive functioning) of centrally 

acting CB1/2 receptor agonists. The peripheral restriction of AZD1940 was demonstrated 

using positron emission tomography measurements in cynomolgus monkey after intravenous 

injection of [11C] AZD1940 (Schou et al., 2013). The following sections explore the 

therapeutic potential and adverse events associated with ajulemic acid, GW842166, and 

AZD1940.

4.2.1. Therapeutic Effects—Ajulemic acid showed promise in preclinical models of 

inflammation, fibrosis, and pain (Adams et al., 2017; Dyson et al., 2005; Johnson et al., 

2007; Stebulis et al., 2008; Zurier et al., 2009). Clinically, ajulemic acid was effective for 

chronic neuropathic pain potentially by activation of the PPAR-γ receptor (Karst et al., 

2003). It is now being investigated for dermatomyositis (NCT03813160; NCT02466243), 

lupus (NCT03093402), and diffuse cutaneous systemic sclerosis (NCT03398837; 

NCT02465437). GW842166, another CB2 receptor agonist with low affinity for CB1 

receptors, was explored for the treatment of acute inflammatory pain. However, an earlier 

study failed to demonstrate effectiveness for acute pain associated with molar extraction 

(Ostenfeld et al., 2011). Another study assessed the drug’s effectiveness for pain control in 

patients with osteoarthritis; results of the trial are unknown (NCT00479427).

The peripherally restricted CB1 and CB2 receptor agonist AZD1940 was developed to target 

pain without psychoactive effects. The compound failed to elicit analgesic effects in an 

experimental model of pain (Kalliomaki et al., 2013) or after molar extraction (Kalliomaki et 

al., 2013). There are no ongoing trials of AZD1940.

4.2.2. Toxicity, Safety, and Abuse Liability—Ajulemic acid and GW842166 were 

safe and well tolerated. The most prominent ajulemic acid adverse effects compared to 

placebo were dry mouth and tiredness. GW842166 administration was associated with 

headache (observed in all treatment groups) followed by nausea, pyrexia, pharyngolaryngeal 

pain and syncope. Mild AZD1940 CNS effects were observed for ‘high’ and ‘sedated’. 

Dose-dependent mild-to-moderate CNS-related and gastrointestinal adverse events were 

reported following treatment with AZD1940.

4.3. CB1 Receptor Antagonists/Inverse Agonists

The mechanisms discussed above involved stimulation of the CB1 and/or CB2 receptors 

using partial or full agonists, and some of these ligands show therapeutic potential with 

limited adverse events. An additional strategy is to block function of the CB1 receptor using 

CB1 receptor antagonists/inverse agonists. Several synthetic, selective CB1 receptor 

antagonists/inverse agonists were evaluated clinically, especially for the treatment of obesity 

and smoking cessation. Clinical evaluation of these compounds for obesity were informed 
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by their anti-obesity effects in rodents, for example, transient reductions in food intake, body 

weight, adiposity, and corrections in insulin resistance (Ravinet Trillou et al., 2003). 

Similarly, clinical development of CB1 receptor antagonist/inverse agonists for smoking 

cessation were based, in part, on animal studies demonstrating reductions in nicotine self-

administration (Cohen et al., 2002) and nicotine-induced conditioned place preference (Le 

Foll and Goldberg, 2005).

Rimonabant was first described as a potent and selective CB1 receptor antagonist with 100-

fold selectivity over the CB2 receptor in studies employing CHO cells transfected with 

isolated CB receptors from the rat frontal cortex (Rinaldi-Carmona et al., 1994). In cloned 

human CB1 and CB2 receptors, rimonabant exhibited high CB1 receptor selectivity (Ki = 25 

nM) over the CB2 receptor (Ki > 1000 nM) (Lange et al., 2005). Rimonabant was later 

identified as a CB1 receptor inverse agonist in functional assays using human recombinant 

CB1 and CB2 receptors (MacLennan et al., 1998). Surinabant (SR147778) was identified as 

a potent and selective CB1 receptor inverse agonist with nanomolar affinity (Ki = 3.5 nM) 

for the human recombinant CB1 receptor and low affinity (Ki = 400 nM) for the human 

recombinant CB2 receptor (Rinaldi-Carmona et al., 2004). Taranabant (MK-0364) was 

identified as a potent and selective inverse agonist (Ki = 0.13 nM) at the human recombinant 

CB1 receptor with approximately 1000-fold selectively over the CB2 receptor (Fong et al., 

2007) Finally, tetrahydrocannabivarin (THCV, GWP42004) is a CB1 receptor antagonist (Ki 

= 46.6–75.4 nM for the mouse CB1 receptor) and partial CB2 receptor agonist (Ki = 62.8 at 

the human recombinant CB2 receptor) (Pertwee, 2007; Thomas et al., 2005). Although 

plant-derived THCV is under clinical investigation, it is discussed here since two synthetic 

analogs showed similar pharmacological profiles in vitro and in vivo (Pertwee et al., 2007).

4.3.1. Therapeutic Potential—SR141716 (later named Rimonabant, Acomplia, 

Zimulti), the first CB1 receptor inverse agonist (MacLennan et al., 1998), was developed as 

a medication to reduce obesity and normalize metabolic syndrome (Huestis et al., 2001). 

The drug was approved in Europe and Brazil to treat obesity in 2006 and 2007, respectively. 

In the US, rimonabant underwent clinical trial testing for both obesity and smoking 

cessation and showed promise in clinical studies for both indications (Boesten et al., 2012; 

Pi-Sunyer et al., 2006; Robinson et al., 2018). The drug was also assessed as a possible 

pharmacotherapeutic strategy for CUD and decreased subjective ratings of cannabis 

intoxication (Huestis et al., 2007; Huestis et al., 2001). However, rimonabant was withdrawn 

from use in Europe and Brazil, and from the application for FDA approval in 2008, due to 

increased suicidal ideation and depression (see 4.3.2. Toxicity, Safety, and Abuse Liability). 

After approval was withdrawn, some clinical studies of rimonabant continued (Boggs et al., 

2012), but it is not currently marketed for clinical use. Rather, it is largely used as a research 

tool to block the effects of CB1 agonists in preclinical studies.

Taranabant, another CB1 receptor inverse agonist (Armstrong et al., 2007), was tested for 

smoking cessation (Morrison et al., 2010), weight loss (Aronne et al., 2010; Kipnes et al., 

2010; Proietto et al., 2010; Wadden et al., 2010), and lipid and glycemic endpoints (Aronne 

et al., 2010; Kipnes et al., 2010; Proietto et al., 2010). Taranabant failed to assist in smoking 

cessation, but did show significant effectiveness for weight loss and improvement in 

glycemic parameters.
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Surinabant was investigated as a smoking cessation agent and a potential pharmacotherapy 

for CUD. Similar to rimonabant, surinabant significantly decreased cannabis intoxication 

and cardiovascular effects (Klumpers et al., 2013). However, the drug failed to improve rates 

of smoking cessation compared to placebo, although it was successful in decreasing post-

smoking cessation weight gain (Tonstad and Aubin, 2012).

THCV is of interest for the treatment of obesity-associated glucose intolerance and as a 

strategy to decrease the negative subjective and cognitive effects of cannabis. Although 

THCV did not affect high-density lipoprotein (HDL) concentrations in patients with type 2 

diabetes mellitus, it significantly decreased fasting glucose and improved pancreatic beta 

cell function, suggesting its therapeutic potential to improve glycemic control in type 2 

diabetes (Jadoon et al., 2016). In line with other CB1 receptor antagonists, THCV 

successfully decreased subjective effects of THC and some cognitive endpoints (Englund et 

al., 2016).

4.3.2. Toxicity, Safety, and Abuse Liability—Though clinical studies with CB1 

receptor inverse agonists showed considerable therapeutic promise, adverse effects led to the 

discontinuation of their development as pharmacotherapies. In clinical trials of rimonabant, 

approximately 83% of patients reported at least one adverse event across treatment groups, 

and more patients receiving rimonabant withdrew from the study due to psychiatric, nervous 

system, and gastrointestinal tract adverse events (Pi-Sunyer et al., 2006). Compared to 

patients receiving placebo, upper respiratory tract infection, nasopharyngitis, nausea, 

influenza, diarrhea, arthralgia, anxiety, insomnia, viral gastroenteritis, dizziness, depressed 

mood, and fatigue were reported in ≥5% of patients receiving 20 mg of rimonabant. While 

rimonabant was generally well tolerated, with nausea the most common drug-related adverse 

event, it was withdrawn from all commercial markets in 2008 due to increases in depression 

and suicidal ideation observed during pharmacovigilance monitoring. Psychiatric adverse 

effects associated with taranabant, another CB1 receptor inverse agonist, led to 

discontinuation of its development for weight loss (Koch, 2010).

Surinabant was generally safe and well-tolerated with minimal adverse effects. Adverse 

effects were mild to moderate and transitory, with 56% percent of the treated group 

reporting adverse events (headache 28%, somnolence 17%, and nausea 17%) compared to 

42% of the placebo group (Klumpers et al., 2013). In a second study, the most common 

adverse events associated with surinabant were headache, nausea, insomnia, anxiety, 

nasopharyngitis, diarrhea, and excess sweating (Tonstad and Aubin, 2012). THCV was also 

well tolerated with a similar percentage of adverse effects reported by the THCV (91.7%), 

and placebo (92.9%) groups; decreased appetite was the most common adverse effect 

(Jadoon et al., 2016). No CB1 inverse agonist or antagonist exhibited significant abuse 

liability or potential for misuse in clinical testing completed to date.

4.4. Allosteric Modulation of the CB1 Receptor

In this review, we discussed strategies to target the CB1 and CB2 receptor orthosteric 

binding sites, or the sites to which endogenous agonists bind. Additionally, much attention 

was drawn to the development of CB1 receptor allosteric modulators. GPCR allosteric 
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modulators often lack intrinsic efficacy but influence the binding or efficacy of orthosteric 

ligands, which can modulate downstream second messenger signaling (May et al., 2007). In 

this way, allosteric modulators may not produce receptor overactivation or downregulation 

that can occur in response to repeated orthosteric ligand administration, which may reduce 

adverse events (Wootten et al., 2013). Thus, CB1 receptor allosteric modulators provide a 

novel pharmacologic mechanism to mitigate the rate or severity of adverse effects 

commonly observed with exogenous orthosteric ligand administration.

Positive allosteric modulators (PAMs) increase receptor function through an increase in 

agonist affinity or efficacy (Gentry et al., 2015). Several CB1 receptor PAMs are 

characterized preclinically, including RTI-371, ZCZ-011, GAT211 (and its enantiomers), 

and lipoxin A4 (LXA4), an endogenous, fatty-acid metabolite of arachidonic acid (for 

review, (Nguyen et al., 2017)). Below, we describe clinical studies using the CB1 receptor 

PAM LXA4.

Negative allosteric modulators (NAMs) decrease receptor function through a decrease in 

agonist affinity or efficacy (Gentry et al., 2015). Several CB1 receptor NAMs are described, 

including ORG27569, PSNCBAM-1, peptide endocannabinoids (“pepcans”), CBD, and 

pregnenolone (for review, (Nguyen et al., 2017)). Given the diverse receptor mechanism for 

CBD, it is described later in the text (Section 4.6.)

4.4.1. Therapeutic Potential

Positive allosteric modulator LXA4:  LXA4 expression was detected in mouse brain, and 

does not compete for the CB1 receptor orthosteric binding site (Pamplona et al., 2012). 

Rather, LXA4 enhances affinity of the endocannabinoid anandamide at the CB1 receptor 

both in vitro and in vivo, suggesting positive allosteric modulation of the CB1 receptor 

(Pamplona et al., 2012). Clinically, the safety and efficacy of topically-administered LXA4 

was evaluated for the treatment of infantile eczema in a double-blind, placebo-controlled 

study. 60 patients ages 1-12 were randomized to receive placebo or a LXA4-containing 

cream for ten days. Relative to placebo, the LXA4 cream relieved eczema severity, induced 

recovery, and improved patient quality of life (Wu et al., 2013). Another clinical trial to 

evaluate a LXA4 analog for safety and preliminary efficacy to treat gingivitis is registered, 

but its status is unknown (NCT02342691). However, in these studies, LXA4 was 

interrogated for its anti-inflammatory properties and not CB1 receptor PAM activity per se; 

clinical studies evaluating LXA4 through a CB1 receptor PAM mechanism of action were 

not initiated, to our knowledge.

Negative allosteric modulator pregnenolone:  Stimulation of CB1 receptors by THC 

increases the synthesis of pregnenolone, a steroid hormone precursor produced by the 

adrenal gland. Pregnenolone then provides negative feedback and reduces THC effects by 

allosterically decreasing CB1 receptor response (Vallee et al., 2014). Pregnenolone 

demonstrates promise in the treatment of schizophrenia/schizoaffective disorder, bipolar 

disorder, and substance use disorders. When administered with certain antipsychotic 

medications, pregnenolone reduced negative symptoms (Ritsner et al., 2014), visual 

attention deficits (Kreinin et al., 2017) and general functioning (Kardashev et al., 2018). In 
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bipolar disorder, pregnenolone significantly increased depression remission rates (Brown et 

al., 2014). Several ongoing studies are exploring whether pregnenolone and derivatives can 

treat substance use disorders, including CUD (NCT03717272; NCT02439814), tobacco 

withdrawal (NCT00900900), mood disorders associated with concurrent alcohol use 

disorder (NCT02582905), and symptoms of bipolar disorder (NCT01409096).

4.4.2. Toxicity, Safety, and Abuse Liability—The CB1 receptor PAM LXA4 was 

well tolerated, and no clinical adverse events were reported. All safety parameters were 

within normal limits: blood counts, urine/feces examinations, electrocardiogram, and liver 

and kidney function tests (Wu et al., 2013). The CB1 receptor NAM pregnenolone is well 

tolerated, with no new treatment-related adverse events associated with its administration. 

No clinically significant changes in vital signs, electrocardiograms, or clinical laboratory 

variables were noted with treatment (Kardashev et al., 2018).

4.5 Non-CB Receptor Mechanisms: Inhibiting Endocannabinoid-Degrading Enzymes 
FAAH and MAGL

Another novel pharmacological mechanism for SCB development is to target hydrolase 

enzymes that regulate endocannabinoid metabolism; increasing the concentration of 

endocannabinoids could circumvent the adverse events associated with exogenous CB1/2 

receptor ligands (Mallet et al., 2016). For example, the membrane enzyme FAAH 

hydrolyzes anandamide (Watkins and Kim, 2014), while FAAH-knockout mice exhibit 

enhanced levels of anandamide, as well as CB1 receptor-mediated hypoalgesia in thermal 

nociceptive tests (Cravatt et al., 2001; Lichtman et al., 2004). SCBs that inhibit FAAH or 

MAGL are in development as potential therapeutics for a variety of health conditions.

4.5.1. Therapeutic Potential—FAAH is a metabolic enzyme that breaks down the 

endogenous cannabinoid anandamide (Cravatt et al., 1996). Reversible and irreversible 

FAAH inhibitors may provide novel strategies to treat pain, inflammation, mood, anxiety, 

and sleep disorders. One of these FAAH inhibitors, BIA 10-2474, was under development to 

treat neuropathic pain; however, it failed during a phase I clinical human trial due to serious 

adverse events including mortality (see Section 4.5.2.). Phase 2 studies of another FAAH 

inhibitor, JNJ-42165279, were temporarily suspended in light of findings with BIA 10-2474. 

However, JNJ-42165278 exhibited fewer adverse effects (Zannikos et al., 2014), and is 

currently under investigation to treat social anxiety disorder (NCT02432703), autism 

spectrum disorder (NCT03664232), and anxious distress in major depressive disorders 

(NCT02498392). Recent studies suggest that one particular FAAH inhibitor (PF-04457845) 

may be useful for treating CUD (D’Souza et al., 2019). This compound reduced cannabis 

withdrawal symptoms, lowered self-reported cannabis use, and lowered urinary THCCOOH 

concentrations in men with CUD. PF-04457845 is currently being assessed for CUD in a 

multi-site trial (NCT03386487) and is also being tested for Tourette syndrome 

(NCT02134080). ASP3652 is a FAAH inhibitor proposed to reduce the excitability of 

urinary tract afferents, including nociceptors, thus having the potential to treat chronic 

prostatitis/chronic pelvic pain syndrome. However, an adaptive, double-blind, placebo-

controlled trial failed to find the drug effective (Wagenlehner et al., 2017). URB597 

(KD-4103), a potent selective FAAH inhibitor that was phase 1-ready (but not yet evaluated) 
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to target pain, anxiety, and depression (Piomelli et al., 2006), is currently registered for the 

study of its effects on schizophrenia-associated symptoms (NCT00916201).

Another strategy to target the endocannabinoid system is by preventing degradation of 2-

AG, an endocannabinoid that binds to both CB1 and CB2 receptors and is hydrolyzed by 

MAGL (Dinh et al., 2002; Makara et al., 2005). Early studies showed that inhibiting MAGL 

may be helpful in treating Tourette syndrome (ABX-1431) (Jiang and van der Stelt, 2018) 

and follow up studies are underway (NCT03625453). Several ongoing trials also assess the 

effects of this compound on pain (NCT03138421; NCT02929264; NCT03447756).

4.5.2. Toxicity, Safety, and Abuse Liability—There were serious adverse effects in 

six participants in the first phase I clinical trial of a FAAH inhibitor, BIA 10-2474, including 

one death and two volunteers with serious neurological damage at repeated daily doses of 50 

mg. Single escalating doses up to 100 mg, and repeated doses below 20 mg produced no 

serious adverse effects. After careful investigation it was concluded that BIA 10-2474 was 

not selective to the inhibition of FAAH, and reacted with multiple lipases, which disrupted 

human cortical neurons (van Esbroeck et al., 2017).

The available data from completed clinical trials indicate that more selective FAAH and 

MAGL inhibitors are well tolerated (D’Souza et al., 2019; Mayo et al., 2020). A phase I 

study of the FAAH inhibitor JNJ-42165279 had few adverse effects of mild intensity, 

including a minor transient increase in liver transaminases at the highest doses in a few cases 

(Zannikos et al., 2014). ASP3652, a FAAH inhibitor investigated for the treatment of men 

with chronic prostatitis/chronic pelvic pain syndrome, was generally safe and well-tolerated 

(Wagenlehner et al., 2017). Abuse liability of these inhibitors are not yet assessed. 

Interestingly, no FAAH inhibitor produced adverse effects that are typically associated with 

CB1 agonism, such as impairment in cognition, motor coordination, or psychosis.

4.6. Diverse Mechanisms of Action: A Discussion of Cannabidiol (CBD)

CBD is discussed independently due to its diverse mechanisms of action, which are 

reviewed extensively elsewhere (Campos et al., 2012; Devinsky et al., 2014). Briefly, CBD 

exhibits low affinity for the CB1 (Ki = 27542 nM) and CB2 (Ki = 2399 - 4200 nM) 

receptors, evidenced by displacement studies using the tritiated CB1/2 receptor agonist 

CP55940 and/or with membranes from cultured cells transfected with human cannabinoid 

receptors (for reviews, (Pertwee, 1997, 2008)). Rather, the mechanisms for many of CBD’s 

behavioral effects likely include 5-HT1A receptor agonism (Russo et al., 2005). In rodents, 

the acute anxiolytic and antidepressant-like effects may be attributable to 5-HT1A receptor 

neurotransmission in key brain areas related to emotional or defensive responses, e.g., 

medial prefrontal cortex, dorsal periaqueductal grey, and/or bed nucleus of the stria 

terminalis (for review, (Campos et al., 2012)). Additionally, activation of transient receptor 

potential vanilloid-1 (TRPV1) channels is implicated in the acute antipsychotic effects 

elicited by CBD (Bisogno et al., 2001). A recent review of in vivo pharmacological data 

suggests that the mechanism of action of CBD underlying the reduction of seizures may 

include TPRV1 agonism and GPR55 receptor antagonism (Gray and Whalley, 2020; Ryberg 

et al., 2007). Other potential mechanisms mediating CBD behavioral effects require 

Sholler et al. Page 16

Pharmacol Biochem Behav. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT00916201
https://clinicaltrials.gov/ct2/show/NCT03625453
https://clinicaltrials.gov/ct2/show/NCT03138421
https://clinicaltrials.gov/ct2/show/NCT02929264
https://clinicaltrials.gov/ct2/show/NCT03447756


continued investigation but may include CB1 receptor antagonism or NAM activity (Thomas 

et al., 2007), CB2 receptor inverse agonism (Thomas et al., 2007), FAAH/anandamide 

transporter inhibition (Bisogno et al., 2001), PPARɤ receptor agonism (O’Sullivan et al., 

2009), allosteric modulation of mu or delta opioid receptors (Kathmann et al., 2006), or a 

host of other mechanisms that were concisely reviewed (Campos et al., 2012; Devinsky et 

al., 2014). Continued studies are needed to definitively link these CBD mechanisms of 

action to each potential therapeutic indication and adverse event profile that we discuss 

below.

To this end, we acknowledge that plant-derived CBD, for example, the FDA-approved CBD 

therapeutic Epidiolex®, is used in many of these studies. However, several studies did not 

state whether plant-derived or synthetic CBD was used. Considering that synthetic CBD is 

used in both preclinical and clinical studies, the studies reviewed below utilized either plant-

derived or synthetic CBD.

4.6.1. Therapeutic Potential—CBD demonstrated positive effects in preclinical 

models of numerous diseases and is widely used for therapeutic purposes and general health 

in jurisdictions where medicinal cannabis use and/or hemp products are legal. In 2018, a 

plant-derived CBD oral formulation (98% pure, Epidiolex®) was approved by the FDA for 

the treatment of Lennox-Gastaut and Dravet syndromes in patients two years and older 

(Devinsky et al., 2017; Devinsky et al., 2018), and was recently approved to treat tuberous 

sclerosis. This marks the first FDA approval of a cannabis-based drug, the first approval of 

CBD for any indication, and the first FDA approval of a cannabinoid in over 3 decades 

(Rubin, 2018). Studies expanding on these findings are ongoing, including the potential of 

combined THC and CBD to treat adults with treatment-resistant epilepsy (NCT03808935). 

Note, however, that many controlled studies of CBD utilize synthetic CBD rather than CBD 

extracted from cannabis.

CBD had antipsychotic effects in patients with schizophrenia, perhaps through slowed 

anandamide degradation (Leweke et al., 2012). Recent clinical trials also demonstrate that 

CBD reduces positive symptoms of schizophrenia (McGuire et al., 2018), but does not 

improve cognitive deficits (Boggs et al., 2018). There are several ongoing clinical trials that 

build on these findings to assess CBD effects on schizophrenia (e.g., NCT02926859).

CBD is also of interest in the treatment of substance use disorders broadly, after initial 

positive signals were detected in studies related to opioid and tobacco use disorders. CBD 

reduced cue-induced craving and anxiety in abstinent heroin users (Hurd et al., 2019). 

Additionally, following a preliminary study showing that CBD reduced cigarette 

consumption (Morgan et al., 2013), CBD was shown to reduce the salience and pleasantness 

of cigarette cues in dependent smokers (Hindocha et al., 2018). Additional studies to explore 

CBD as a potential pharmacotherapy for substance use disorders are underway.

Several investigations reported positive effects of acute CBD administration on decreasing 

anxiety-related endpoints (Bergamaschi et al., 2011; Crippa et al., 2011; Fusar-Poli et al., 

2009; Linares et al., 2019). One recent placebo-controlled RCT showed that CBD 

significantly reduced anxiety in adolescents with social anxiety disorder after 4 weeks of 
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treatment (Masataka, 2019). CBD also was explored for movement disorders including 

Parkinson’s (Chagas et al., 2014; Lotan et al., 2014; Sieradzan et al., 2001) and Huntington’s 

disease (Consroe et al., 1991) with mixed findings. Despite the prevalence of CBD use for 

pain (Corroon and Phillips, 2018), only two studies assessed its impact when administered 

alone for chronic pain (Notcutt et al., 2004; Wade et al., 2003), also with mixed findings. 

With several placebo-controlled clinical trials registered assessing CBD for anxiety 

(NCT03549819, NCT04086342), motor symptoms associated with Parkinson’s disease 

(NCT03582137), and chronic pain (NCT03984565, NCT03215940), a substantial increase 

in data related to the potential efficacy of CBD for these disorders and symptoms will soon 

emerge. Given CBD’s complex pharmacology, research isolating the exact mechanisms of 

its therapeutic effects could help with the development of more targeted novel medications.

4.6.2. Toxicity, Safety, and Abuse Liability—CBD is used for a variety of health 

conditions in the absence of sufficient evidence of its effectiveness, and without regard for 

potential adverse effects and toxicity. The complexity of CBD pharmacology offers 

tremendous therapeutic potential, but also the potential for adverse events and drug-drug 

interactions (for reviews, (Huestis et al., 2019; Sholler et al., 2020; White, 2019)). While 

generally safe and well-tolerated, the high doses of CBD studied for epilepsy and psychiatric 

disorders may elicit CBD-induced drug-drug interactions, hepatic abnormalities, diarrhea, 

fatigue, vomiting, and somnolence. In the Epidiolex® FDA approval notification, CBD-

associated adverse events were similar to other anti-epileptics and included suicidal 

thoughts, suicide attempts, agitation, depression, aggression, and panic attacks. In a 2016 

open-label clinical trial of 214 patients with treatment-resistant epilepsy, 79% of patients 

reported adverse events, 25% somnolence, 11% convulsions, and more than 5% reported 

fatigue, lethargy, convulsions, status epilepticus, changes in concentrations of concomitant 

antiepileptic drugs, gait disturbance, and sedation (Devinsky et al., 2016). It is important to 

note that the participants in these trials had serious illnesses and were taking a number of 

concomitant medications. Oral CBD does not produce intoxicating or misuse-related effects 

(Babalonis et al., 2017; Haney et al., 2016), and withdrawal symptoms do not occur after 

abrupt cessation of chronic use of high dose (1500 mg/day) oral CBD (Taylor et al., 2020).

5. PROMISING DIRECTIONS FOR CONTINUED SYNTHETIC CANNABINOID 

RESEARCH

In this review, we highlight directions for SCB research that hold promise in the 

development of efficacious therapeutics with decreased susceptibility for misuse and CUD. 

First, continued development of CB1 receptor allosteric modulators (Section 4.4) should be 

prioritized and may mitigate the rate or severity of adverse effects commonly observed with 

exogenous orthosteric CB1 receptor ligands. For example, we highlight ongoing studies 

evaluating the CB1 receptor negative allosteric modulator pregnenolone to treat CUD, 

tobacco withdrawal, and mood disorders. CB1 receptor negative allosteric modulation could 

circumvent the adverse events associated with CB1 receptor antagonists/inverse agonists 

(e.g., psychiatric, nervous system, and gastrointestinal tract adverse events). Second, 

endocannabinoid-degrading enzyme inhibitors (Section 4.5) such as reversible and 

irreversible FAAH inhibitors show promise to treat pain, inflammation, mood, anxiety, sleep 
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disorders, and CUD. As continued research unfolds, focus should be placed on developing 

more selective FAAH and MAGL inhibitors to improve tolerability (D’Souza et al., 2019; 

Mayo et al., 2020) and to evaluate abuse liability of these inhibitors, which are not yet 

assessed. Third, selective CB2 receptor agonists (section 4.2) draw great interest as these 

ligands do not appear to exhibit abuse liability or toxicity similar to selective CB1 receptor 

agonists (Pertwee, 2009). As CB2 receptor agonist development continues, an important 

goal is to design ligands that are selective over the homologous CB1 receptor in order to 

overcome the adverse events, abuse liability, and toxicity associated with this receptor target.

In the sections below, we present additional directions for SCB research – not previously 

detailed in this review – that may produce efficacious therapeutics with limited toxicity and 

abuse liability.

5.1. Peripheral CB1 Receptor Antagonists/Inverse Agonists

As discussed previously, the CB1 receptor inverse agonist rimonabant showed promise as a 

novel therapeutic to treat obesity, but was removed from approved markets due to adverse 

psychiatric events including increased rates of depression and suicidal ideation (Christensen 

et al., 2007; Le Foll et al., 2009; Rucker et al., 2007). In response to the withdrawal of 

rimonabant from the international market, attention shifted to the development of CB1 

receptor antagonists/inverse agonists that are restricted to the periphery, considering that a 

peripherally-restricted ligand might avoid the serious psychiatric events associated with 

central CB1 receptor inhibition. The CNS drug development field converged upon novel 

strategies to modify the physicochemical properties of a drug to alter blood brain barrier 

permeability (for review, (Hitchcock and Pennington, 2006)), leading to the development of 

several peripherally-restricted CB1 receptor antagonists/inverse agonists. To date, 

peripherally-restricted CB1 receptor antagonists/inverse agonists show promise in preclinical 

studies as potential therapeutics to treat obesity (Le Foil et al., 2009). The peripherally-

restricted, neutral CB1 receptor antagonist LH-21, which exhibits poor CNS penetration, 

decreased food intake upon acute administration in Zucker rats (Pavon et al., 2008). 

Additionally, the peripherally-restricted CB1 receptor inverse agonist JD5037 was 

demonstrated as equally efficacious to its brain-penetrant parent compound to reduce 

appetite, body weight, and insulin resistance in diet-induced obese mice independent of 

occupying central CB1 receptors (Tam et al., 2012). Further, the peripherally-restricted CB1 

receptor antagonist/CB2 receptor agonist URB447 decreased food intake and weight gain in 

mice (LoVerme et al., 2009). While blood brain barrier-impermeable CB1 receptor 

antagonists/inverse agonists may deter adverse psychiatric events, further research is needed 

to determine if these same ligands would be useful to treat CNS disorders, an area that may 

be expanded by using validated rodent models.

5.2. Biased Cannabinoid Receptor Agonists

An alternative strategy to diminish toxicity and adverse events associated with high-affinity, 

high-efficacy CB1/2 receptor agonists is to “bias” their intracellular signaling; that is, to 

potentiate intracellular signaling pathways that may underlie their therapeutic efficacy and 

attenuate pathways that may drive adverse events. Biased agonism is the concept that 

different agonists can exhibit functional selectivity in addition to binding selectivity. Biased 
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agonists act on the same GPCR in the same tissue, but they are thought to stimulate unique 

effector systems, possibly due to these agonists stabilizing different receptor conformations 

(Ibsen et al., 2017; Kenakin, 2011). Although it was demonstrated that the CB1 and CB2 

receptors couple to various effector systems including the Gαi/o protein but also Gαs, 

Gαq/11, and the β-arrestin proteins (Pinto et al., 1994), the development of functionally-

selective, biased SCB agonists is in its infancy (for reviews, see (Laprairie et al., 2017; 

Wouters et al., 2019)). However, the therapeutic potential for biased agonists can be gleaned 

from the study of other GPCRs. For example, Allen and colleagues discovered several β-

arrestin2-biased agonists at the dopamine D2 receptor including UNC9975, which displayed 

potent antipsychotic-like activity without inducing motoric side effects in inbred C57BL/6 

mice in vivo (Allen et al., 2011). Moreover, Brust and colleagues developed a G protein-

biased kappa opioid receptor agonist that exhibited antinociceptive and antipruritic efficacy 

in mice, but did not induce sedation or reductions in dopamine release in mice in vivo (Brust 

et al., 2016). Ligand bias for at least six SCB CB1 agonists was characterized (functional 

selectivity shown in parentheses), including JWH-018 (G proteins = β-arrestin in Chinese 

hamster ovary cells), HU-210 (Gαo > Gαi = Gαs > Gαq in Sf9 cells), and CP55,940 (Gαs > 

β-arrestin1 > Gαi > Gαq > Gβγ in STHdhQ7/Q7 cells) (Ford et al., 2017; Khajehali et al., 

2015; Laprairie et al., 2016; Laprairie et al., 2014). Biased SCB agonist development, 

particularly those that target the CB1 receptor, could generate compounds that exhibit 

improved targeting with reduced side effect profiles (Wouters et al., 2019).

5.3. Cannabinoid Biosynthesis from Non-Cannabis Sources

Cannabinoid research was historically limited by conflicting federal and state cannabis laws 

(for a detailed discussion, see Section 5.4.). Even with a federal license permitting research 

on Schedule I substances, the structural complexity and low abundance of many 

cannabinoids in the cannabis plant limits bulk chemical synthesis of these compounds (Luo 

et al., 2019). To navigate these limitations associated with cannabis plant material, several 

laboratories successfully biosynthesized major cannabinoids from non-cannabis sources, for 

example, through the generation of cannabinoid-producing yeast. Several laboratories 

successfully engineered biosynthetic pathways for the synthesis of cannabinoids in the yeast 

species Saccharomyces cerevisiae (Luo et al., 2019; Zirpel et al., 2017; Zirpel et al., 2015), 

as well as Pichia pastoris (Zirpel et al., 2015). Synthesizing cannabinoids independent of 

cannabis plant material may alleviate regulatory burdens and also permit the scaling up of 

phytocannabinoids otherwise difficult to obtain for future controlled laboratory research.

5.4. Regulatory Considerations for SCB Research

Research into the endocannabinoid system was historically limited by the legal scheduling 

of cannabinoids. Although medicinal use of cannabis is now legal in many places, cannabis 

and dozens of SCBs remain controlled substances in most countries. Investigators 

conducting research on these substance must obtain special research exceptions, which can 

be time consuming, costly, and significantly impede research progress (Mead, 2017).

In this review, we reinforce that some SCBs (especially high-affinity, high-efficacy CB1/2 

receptor agonists) are susceptible to misuse, and a range of adverse events. However, there is 

significant variability in the extent to which SCBs possess abuse liability or acute toxicity. 
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Indeed, this review and others (Loewinger et al., 2013) highlight that greater attention should 

be given to SCB behavioral pharmacology, neurochemistry, and toxicology when designing 

and implementing SCB-focused policies, considering that some SCB classes may yield high 

therapeutic value and low illicit abuse liability (for example, selective CB2 receptor 

agonists, biased CB receptor agonists). Blanket policies that place all SCB chemicals (as 

well as cannabis) into the most restrictive control categories impede research into 

cannabinoid mechanisms of action, therapeutic development, and ultimately, clinical use. 

Overall, limiting SCB regulatory control to compounds that are identified in the illicit 

market as being substances of abuse is important so that SCB therapeutic development can 

continue without major restrictions on research implementation.

6. CONCLUSIONS: A VISION FOR FUTURE SCB RESEARCH

Findings from extensive preclinical and clinical research demonstrate the therapeutic 

potential of SCB compounds, including the two marketed drugs dronabinol (synthetic THC) 

and nabilone (synthetic THC analog). Simultaneously, synthesis of highly-potent SCB 

compounds gave rise to a novel class of abused drugs, creating a significant public health 

burden, but also leading to scheduling of many SCB compounds, which impeded research 

progress in this area. In response to these challenges, we propose several directions for 

continued SCB research that may yield effective therapeutics with decreased abuse liability: 

CB1 receptor allosteric modulators, endocannabinoid-degrading enzyme inhibitors, 

peripheral CB1 receptor antagonists/inverse agonists, selective CB2 receptor ligands, biased 

cannabinoid receptor agonists, cannabinoid biosynthesis from non-cannabis sources. 

Together, these strategies could lead to the discovery of new, therapeutically useful SCBs 

and reduce their negative public health impact.
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ABBREVIATIONS:

2-AG 2-arachidonoylglycerol

5-HT 5-hydroxytryptamine; serotonin

AIDS Acquired immunodeficiency syndrome

Anandamide N-arachidonoylethanolamine

CB1R Cannabinoid type 1 receptor

CB2R Cannabinoid type 2 receptor
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cAMP Cyclic adenosine monophosphate

CBD Cannabidiol

CNS Central nervous system

CUD Cannabis Use Disorder

CYP Cytochrome P450

DAGL Diacylglycerol lipases

FAAH Fatty acid amide hydrolase

FDA Food and Drug Administration

GPCR G protein-coupled receptor

GPR Orphan GPCR

HDL High-density lipoproteins

HIV Human immunodeficiency virus

LXA4 Lipoxin A4

MAGL Monoacylglycerol lipase

MS Multiple sclerosis

NAM Negative allosteric modulator

NAPE-PLD N-acyl-phosphatidyl-ethanolamine-selective phospholipase 

D

NPS Novel psychoactive substances

PAM Positive allosteric modulator

PPAR Peroxisome proliferator-activated nuclear receptors

PTSD Post-traumatic stress disorder

RCT Randomized controlled trials

SCB Synthetic cannabinoid

THC Δ9-tetrahydrocannabinol

THCV Tetrahydrocannabivarin

TRP Transient receptor potential
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HIGHLIGHTS:

• Synthetic cannabinoids (SCBs) are both approved medications and misused 

illicit drugs.

• SCBs exhibit a diverse pharmacology, which is reviewed in detail.

• Randomized clinical trials (RCT) demonstrate therapeutic potential for 

several SCBs.

• SCB abuse liability and toxicity vary considerably based on pharmacology.

• SCB targets for continued drug development are proposed.
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