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ABSTRACT: At the intersection of science and medicine, government policy,
and pop culture, cannabis has prompted society since the beginning of recorded
history. And yet, there is comparatively little replicable data on the plant, its
constituents, and their capacity to modify human physiology. Over the past
decades, several findings have pointed toward the importance of the
endogenous cannabinoid system in maintaining homeostasis, making it an
important target for various diseases. Here, we summarize the current state of

>
knowledge on endogenous- and plant-based cannabinoids, address the issues = O

related to cannabinoid-based drug discovery, and incite efforts to utilize their
polypharmacological profile toward tackling diseases with a complex underlying
pathophysiology. By fusing modern science and technology with the empirical @ ceT [ cBL @

data that has been gathered over centuries, we propose an outlook that could

help us overcome the dearth of innovation for new drugs and synchronously

redefine the future of drug discovery. Simultaneously, we call attention to the

startling disconnect between the scientific, regulatory, and corporate entities that is becoming increasingly evident in this booming
industry.

1. INTRODUCTION medicinal purposes was explored by the Assyrians around
the second millennium B.C., where it was referred to as ganzi-

New molecular entities (NME) are produced at the same rate 5 o )
gun-nu (“the drug that takes away the mind”) and illustrated a

today as they were S0 years ago, with the industry averaging

about one NME every six years despite unprecedented central theme in Arab poetry of the Middle Ages.”'’ In
pharmaceutical spending.”” Over 96% of drug development Burope, Cannabis was introduced by Napoleonic soldiers
efforts result in failure, with especially high rates of failure for returning from Egypt and British soldiers returning from
diseases with a poorly understood pathophysiology.3 The India.* Famous intellectuals of the era described the
burden of this expensive and time-consuming R&D process “groundless gaiety” and “distortion of colors and sounds”, as
often results in site closures, job loss, and inflated prices of the well as dissociation of ideas, errors of time and space, and
few drugs that surmount the demands of regulatory approval.3 fluctuation of emotions, associated with smoking cannabis.'!
Perhaps even more troubling is the fact that it often However, the inception of a rampant political movement that
discourages scientific innovation in favor of compounds with originated at the beginning of the 20th century led to
identical mechanisms of action to existing drugs (also known prohibition of cannabis throughout Western civilization.'”
as “me too drugs”) and deters efforts to develop therapies for Concurrently, regional medical practices became reliant on a
treatment-resistant conditions. But what exactly are the current heavily regulated system comprised mainly of single-molecule
shortcomings of the drug development process? And how can therapeutics, creating the highly competitive drug marketplace

we make an effort to minimize cost and maximize progress?
Our quest to address these questions takes us back
thousands of years to the first reports of a plant that has
adorned us throughout most of documented history—
Cannabis sativa. As one of the oldest plants cultivated by
man, cannabis has played an important role in many ancient
civilizations ranging all the way from China, to India, and the
Middle East.*~” The world’s oldest pharmacopoeia, the pen-
ts’ao ching, reported its use for rheumatic pain, constipation,
and disorders of the female reproductive system in as early as
2,700 B.C.® The use of cannabis for mind-altering and

we know today."”
In the mid-20th century, a multitude of scientific discoveries
shed light on the quintessential role of the endogenous
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Figure 1. (a) Structures of the known phytocannabinoids A9-tetrahydrocannabinol (A9-THC) and cannabidiol (CBD), as well as the endogenous
cannabinoids anandamide (AEA) and 2-arachidonyl glycerol (2-AG). (b) Schematic representation of the main components of the
endocannabinoid system within the central nervous system (CNS). Here, glutamate release activates the NMDA receptor, leading to increased
cytoplasmic calcium levels. Subsequently, the enzyme NAPE-PLD catalyzes the synthesis of AEA from NAPE, and DAGL catalyzes the synthesis of
2-AG from DAG. Release of AEA and 2-AG into the synaptic cleft triggers the activation of CB receptors at the presynaptic site and inhibits further
neurotransmitter release. Once homeostasis is achieved, the endogenous cannabinoid molecules are degraded by their respective enzymes.

cannabinoid system (ECS) in maintaining homeostasis in the
human body."*~"” It is now known that the ECS is responsible
for regulating sleep, appetite, stress, and memory among other
things.” Unsurprisingly, it is an attractive target for the cure of
various diseases, especially of the central nervous system
(CNS)."®?°7** As with opium poppies before, the study of an
active component in cannabis has shed light on an endogenous
system that controls various neurobiological functions,
indicating significant promise for the development of novel
pharmaceuticals.””** Yet, relatively little progress has been
made on exploring cannabinoids as therapeutic agents—
despite their well-established safety profile. Is this a result of
lacking scientific promise? Or is it simply a result of the
multitude of social, political, economic, and technological
developments that have shaped the world as it is today?
Here, we cursorily outline the role of the endocannabinoid
system in regulating physiological functions to underline its
importance and summarize the biological activity of known
phytocannabinoids. With this background in mind, we attempt
to understand to what extent the convoluted interplay of
government regulations, economic developments, and shifts in
the sociopolitical climate have influenced scientific progress. In
doing so, we aim to highlight this underdeveloped area of
research and propose a new outlook that amalgamates modern
science with the empirical knowledge gathered over centuries,

challenging the field of drug discovery as a whole.
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2. THE ENDOCANNABINOID SYSTEM

The endogenous cannabinoid system (ECS) in its most
rudimentary form is comprised of (a) the cannabinoid type I
(CB,) and cannabinoid type II (CB,) cannabinoid receptors,
(b) arachidonoylethanolamide (anandamide or AEA) and 2-
arachidonyl glycerol (2-AG) as endogenous ligands, and (c)
the enzymes involved in cannabinoid synthesis and degrada-
tion.”>”® Its nomenclature is derived from the finding that
various endocannabinoids and constituents of Cannabis sativa
act on the same receptor targets.” In essence, the ECS provides
protection against inflammatory and neuropathic stress,
making it an attractive target for the treatment of chronic
stress of the brain and body as a whole.”” Given the dearth of
effective medications for both chronic inflammation and
neurological stress, there is a clear need for the development
of new therapeutics to treat these conditions. For the purpose
of this outlook, we will be focusing mainly on the endogenous
cannabinoid system in the CNS. Importantly, alterations in the
ECS are found in patients with most neurological diseases,
outlining the critical role it plays and endorsing it as an
important target for the development of new therapeutic
agents for various CNS diseases including Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
multiple sclerosis (MS), epilepsy, generalized anxiety disorder
(GAD), obsessive compulsive disorder (OCD), social anxiety
disorder (SAD), and post-traumatic stress disorder
(PTSD).”*~3!
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2.1. Cannabinoid Receptors. The endogenous cannabi-
noid system consists of so far two identified G-protein coupled
receptors (GPCRs), CB, and CB, that were named after their
affinity for the agonist A>-THC.”>*’ Both CB, and CB, are
coupled through the G;,, family of proteins and are expressed
both in the CNS and the immune system.”* ™

CB, was first cloned by Tom Bonner’s lab in 1990."
Autoradiographic studies have shown that CB,; can be found
mainly in the cerebral cortex, hippocampus, basal ganglia, and
cerebellum—regions that are consistent with the known effects
of cannabinoids on motivation and cognition.l(”‘%‘?’6 Indeed,
the physiological responses generally associated with A’-THC
consumption such as reduced stress, increased appetite, and
euphoria, are generally attributed to activation of CB,
receptors.”’ >’

The CB, receptor was first cloned in 1993 at the MRC
Laboratory of Molecular Biology in Cambridge, England, and
has a 44% sequence identity with CB;.'”*” Immunocytochem-
ical evidence has identified the presence of CB, in spleen,
thymus, tonsils, bone marrow, pancreas, mast cells, peripheral
blood leukocytes, and several cultured immune cell mod-
els.”>*" Although CB, is expressed mainly in the immune
system, it is also present in the CNS, where it has been shown
to control synaptic function and regulate synaptic plasticity,
making it highly relevant target for many neurological
disorders.">**

2.2. Endocannabinoids. By inference, the presence of
cannabinoid receptors indicates the existence of endogenous
molecules that have the ability to modulate those receptors.
These effects are mainly attributed to the two eicosanoids,
AFA and 2-AG (Figure 1a).**™* The endocannabinoids
(eCBs) are lipophilic, and, unlike most neurotransmitters, they
are not stored in vesicles but rather synthesized “on demand”
from membrane phospholipids as a result of increased
intracellular Ca?* levels at the postsynaptic site."”*® Their
action is generally presynaptic rather than postsynaptic,
meaning that once at their target site, eCBs bind to CB,
receptors located at the presynaptic site in a retrograde
manner, suppressing neurotransmitter release (Figure 1]:)).3'3”48
Although they are inherently quite similar, the two ligands
exhibit distinct functions in the ECS. While both AEA and 2-
AG regulate presynaptic neurotransmitter release, the mole-
cules mediate short-term and long-term synaptic plasticity in
the brain by operating in phasic and tonic modes.” The
available evidence suggests that AEA acts as the tonic signaling
molecule, adapting slowly to stimulus and firing a sustained
response, whereas 2-AG represents the phasic signal, adapting
rapidly to stimulus and producingg a more transient response
during neuronal depolarization.*” After the desired homeo-
static response has been achieved, both AEA and 2-AG are
removed from the synapse and degraded by their respective
hydrolytic enzymes."’

2.3. Enzymes. Synthesis of 2-AG and other monoacylgly-
cerols is catalyzed by diacylglycerol lipase a (DAGL«), and
synthesis of anandamide and other N-acylethanolamines is
catalyzed by N-acylphosphatidylethanolamine (NAPE)-specific
phospholipase D-like hydrolase (NAPE-PLD).”>>" The most
notable and well-understood degradation enzymes in the
endocannabinoid system are fatty acid amide hydrolase
(FAAH) and monoacylglycerol lipase (MAGL), which hydro-
lyze AEA and 2-AG, respectively.””>” Experimental evidence
indicates that FAAH is located primarily on the intracellular
membrane of postsynaptic cells, whereas MAGL is generally
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located in presynaptic terminals in the vicinity of CB,
recceptors.54’55

2.4. Role of the Endocannabinoid System in the CNS.
Entering the neurochemical, psychological, and philosophical
realm of discussion, we are faced with three important
questions about the endocannabinoid system: how do these
components interact with each other to produce a physio-
logical response?, why, from an evolutionary standpoint, do
they work in this manner?, and to what effect do they influence
our behavior?

To answer these questions, we must closely examine the
known mechanisms of endocannabinoid signaling (Figure 1b).
As previously mentioned, endogenous cannabinoids act as
retrograde messengers to suppress neurotransmitter release. In
other words, endocannabinoids are synthesized “on-demand”
in response to neuronal stimulation and suppress the release of
chemicals such as glutamate and GABA.>**’ In essence, this
molecular mechanism outlines the process of endocannabi-
noid-mediated synaptic plasticity.”® The evidence for this is
overwhelming, as three independent research groups in the
early 2000s reported that postsynaptic depolarization-induced
Ca’ elevation in the hippocampus and cerebellar cortex
triggers the postsynaptic synthesis of endogenous cannabi-
noids, which proceed to inhibit CB,-mediated neurotransmit-
ter release at the presynaptic site.”” ®" Since the early 2000,
eCBs have been shown to activate both short-term
(depolarization-induced suppression of inhibition/excitation,
or DSI/DSE) and long-term plasticity (long-term depression,
or LTD) at synapses throughout the brain.**®> The most
important and well-explored of these phenomena is LTD,
which is defined by the reduction in neurotransmitter release
upon binding of eCBs to CB; and has been reported in the
dorsal striatum, nucleus accumbens, amygdala, and hippo-
campus among others.”>"*® The exact mechanisms underlying
these changes are highly complex and still not fully understood.
However, it is known that endocannabinoid-mediated LTD is a
fundamental mechanism for inducing long-term changes to
neural circuits and behavior.”> Simply put, the endocannabi-
noid system exists to provide on-demand protection against
excitotoxicity in CNS neurons.”’

This brings us to the second question regarding the
evolutionary purpose of the endocannabinoid system as a
protective mechanism against fear, anxiety, and stress. Fear and
anxiety are natural phenomena that occur as a result of a real or
perceived threat, or the possibility of such a threat arising in
the future.">*" Similarly, the stress response is a bodily reaction
to this challenge in order to prepare it for upcoming danger,
functioning as a protective mechanism that is essential to an
organism’s survival.** The body’s response to stress consists of
an autonomic and a neuroendocrine responses that are
activated in parallel.'® The autonomic nervous system consists
of the sympathetic and parasympathetic nervous system, and
functions mainly by using catecholamines like norepinephrine
and acetylcholine as neurotransmitters.”’ In contrast, the
neuroendocrine system is mediated by activation of the
hypothalamic pituitary adrenal (HPA) axis, releasing cortisol,
corticotropin, and other corticosteroids.”” Although these
mechanisms are integral in delegating the basic survival
instinct, superfluous response to external stressors, especially
when chronic, can prove detrimental to cognitive health and
incite a shift in several neurobehavioral responses includin%
anxiety, memory, pain sensitivity, and coping behaviors."*”"’
Therefore, it is vital that the domains of fear, anxiety, and stress
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Figure 2. Chemical structures of the common phytocannabinoids (1) A%-tetrahydrocannabinol, (2) A3-tetrahydrocannabinol, (3) cannabidiol, (4)
cannabigerol, (5) cannabinol, (6) cannabinodiol, (7) cannabielsoin, (8) cannabicyclol, (9) cannabitriol.

7:\0

AS-THC

Figure 3. Some known isomers of THC.

are regulated by the endocannabinoid system in an effort to
maintain homeostasis in a healthy brain.*’

Lastly, it is important to touch upon the effects of
endocannabinoid-mediated synaptic plasticity on human
behavior. Several clinical and preclinical studies have been
conducted in an effort to explore how the ECS acts as a buffer
against the effects of stress. As previously discussed, the ECS
controls several brain regions related to fear and anxiety,
generally regulating overactivation. Acute exposure to stress
results in an increase of FAAH activity and thus a reduction of
AEA levels in the amygdala and prefrontal cortex. This leads to
activation of the HPA axis and an increase in the concentration
of 2-AG, which in turn inhibits the release of glutamate and
GABA in the hypothalamus and prefrontal cortex, respec-
tive1y.40’73’74 However, the repeated exposure of the brain to
nonhabituating, chronic stress results in desensitization of CB,
receptor signaling."”’®> This becomes important as chronic
stress can trigger or exacerbate a variety of psychiatric
disorders including schizophrenia and major depressive
disorder (MDD).”*””

2.5. The Endocannabidiome. The endocannabinoid
system, as currently defined, is an oversimplification of the
complex action of mediators and alternative metabolic
processes. The modulation of its components is part of a
larger network known as the endocannabidiome.”® This system
spans from GPCRs (GPRSS, GPR119), to ion channel
receptors (TRPV1) and nuclear receptors (PPAR-y), and
includes mediators such as N-acyl amino acids and N-acyl
neurotransmitters.”* > Notably, the existence of the endo-
cannabidiome exposes the flaws of reducing a physiological
response to confined ligand-target interactions. Despite the
ever-evolving progress in science that has allowed us to “zoom
in” on explicit mechanisms of interest, we must not forget that
the human body is not composed of a combination of isolated
systems but should instead be thought of as a complex web of
highly intertwined molecular entities.
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Particularly interesting is the interplay between the
eicosanoid and endocannabinoid signaling systems. Although
the two have traditionally been investigated separately, there
are a multitude of factors pointing toward a potential biological
dialogue.®® Both the endogenous cannabinoids 2-AG and AEA,
as well as other eicosanoids such as prostaglandins,
thromboxanes, and leukotrienes are synthesized from arach-
idonic acid (AA).** In addition, the lipases that initiate both
pathways respond to some of the same secondary messengers,
meaning that they will be activated together, and some of the
enzymes involved in eicosanoid biosynthesis can metabolize
both AA and endogenous cannabinoids.®” Interestingly,
endocannabinoids can also be converted to a number of
prostanoids—both prostaglandin (PG)-glyceryl esters as well
as PG-ethanolamides (};)rostamides) can be formed from 2-AG
and AEA, respectively.””*° Despite the mounting evidence that
these two systems are deeply entangled, not much research has
been done on the role of these pathways in human health and
wellbeing.

3. PHYTOCANNABINOIDS

Having elucidated the function of the endocannabinoid system
and explored the role of endogenous cannabinoids, it is more
than fitting to take a closer look at their illustrious namesakes.
The Cannabis sativa plant is distributed as hashish (resin from
upper leaves and flower buds) and marijuana (dried leaves and
flowering heads), which both contain a variety of cannabinoids
and noncannabinoids.”” There are over 500 known com-
pounds and at least 120 unique phytocannabinoids that have
been identified as of today. These can be divided into 10
subclasses; A’- and A®-tetrahydrocannabinol (THC), canna-
bidiol (CBD), cannabigerol (CBG), cannabinol (CBN),
cannabinodiol (CBND), cannabielsoin (CBE), cannabicyclol
(CBL), cannabitriol (CBT), and miscellaneous type (Figure
2)."* Additionally, there are several other constituents in the
plant that may or may not contribute to the overall
pharmacological effect, including terpenes, nitrogenous com-
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Figure 4. Some possible transformations for CBD and related compounds.

A%-tetrahydrocannabinol

pounds, amino acids, proteins, enzymes and glycoproteins,
sugars, hydrocarbons, simple alcohols and aldehydes, and
steroids, among others."? Although many of the natural
products in cannabis have been synthesized, isolated, and
characterized, several questions remain open about the activity
of these molecules and their possible synergistic interactions.

3.1. A®-Tetrahydrocannabinol (A®-THC). In 1964,
Gaoni and Mechoulam reported the isolation of A’-THC as
the first structurally elucidated active component of Cannabis
sativa."’ There are several constitutional and stereoisomers of
THC, but (—)-trans-A’-tetrahydrocannabinol or (6aR, 10aR)-
delta-9-tetrahydrocannabinol is the main plant-derived isomer
and, by extension, also the most well explored. Interestingly, it
is far less stable than its A® and A'® analogues, with A'® being
the most stable as a result of the double bond in conjugation
with the aromatic ring (Figure 3).

A’-THC acts as a partial agonist on both CB, and CB,, with
K; values in the low nanomolar range.*® The psychoactive
effects of A>-THC are mediated by CB,, and its potential
immunological or anti-inflammatory effects are thought to be a
result of CB, receptor agonism.” The effects of this molecule
are fairly well studied, but the complexity of the interactions
leaves several questions open. Effectively, it is known that A°-
THC perturbs GABA and glutamatergic neurotransmission in
a similar fashion to endogenous cannabinoids, producing many
of the common effects associated with consumption of
cannabis.”®" Notably, however, neuronal CB, receptors are
targeted in a less selective manner by phytocannabinoids than
the respective endogenous cannabinoids.”” Emerging evidence
over the last two decades has shown that in vivo administration
of A’THC can actually increase the release of certain
neurotransmitters, ie., acetylcholine in rat hippocampus,
acetylcholine, glutamate, and dopamine in rat prefrontal
cortex, and dopamine in mouse and rat nucleus accum-
bens.*’~"" These combined stimulatory—inhibitory influences
could be responsible for the excitant and depressant effects of
AS-THC.9%%3

The implications of A’ THC administration on psychosis,
addiction, and memory and cognition remain controversial.
Generally, cognitive deficits observed from acute exposure to
cannabis are transient.”®”* In contrast, prolonged use is
associated with more pronounced chronic deficits in learning
and memory.” It is worth noting that more recent studies have
not replicated this conclusion.””’

3.2. Cannabidiol (CBD). (—)-Cannabidiol (CBD) is the
second major constituent of Cannabis sativa. It was first
isolated in 1940 by Adams and co-workers, but its structure
was not fully elucidated until almost 30 years later when
Mechoulam’s group was able to isolate CBD from Lebanese
hashish and establish its structure and stereochemistry.'*'>**
It differs from the THC in that it has a pyran ring and can
easily undergo acid- and base-catalyzed transformations to
produce A°-THC and A®CBD, respectively (Figure 4).”°
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Although structurally similar to A’-THC, CBD exhibits
none of the addictive or psychoactive properties associated
with its infamous relative and is known to have very low
affinity to both known cannabinoid receptors. This lack of
affinity seems to be a result of the two rings in CBD being
oriented in a perpendicular fashion, as compared to the planar
conformation of A°-THC.”” Unlike the endogenous cannabi-
noids and A’-THC, CBD possesses a highly complex and
diverse pharmacological profile, relying on interactions with a
myriad of receptors. Here, we will highlight only the most
important interactions. One known mechanism of cannabidiol
action is its function as an antagonist of cannabinoid receptor
agonists.loo It was able to block the effects of CB; agonists
WINSS5212 and CP55940 at a far lower dose than is required
for receptor activation by CBD. Studies have also shown that it
enhances endogenous adenosine signaling through inhibition
of uptake, providing an explanation for its anti-inflammatory
properties.'*"'%” In addition, CBD is a modest agonist of the
serotonin (S-HT,,) receptor, which may be responsible for its
analgesic and anxiolytic effects.'”® It is also a potent
antioxidant, as studies by Hampson et al. have shown that
CBD prevents hydrogen peroxide-induced oxidative damage as
well as or better than vitamin C and vitamin E.'**
Furthermore, there is evidence for activity at the - and u-
opioid receptors and TRPV1 cation channels.*

CBD has a well-established safety profile and generally is
well tolerated in doses up to 1500 mg/day orally, without any
reported negative effects on mood or motor skills.'”> Evidence
from human studies has highlighted the potential of CBD for
treatment against anxiety at 300—600 mg PO daily.”® With this
in mind, interest in the therapeutic potential of cannabidiol has
skyrocketed over the past decades. Increasing amounts of
preclinical and clinical data have been gathered to support the
application of CBD as an antipsychotic, analgesic, antiemetic,
antioxidant, antiepileptic, anti-inflammatory, and anticonvul-
sant,”%

3.3. Approved Cannabinoids. The only two pharma-
ceutical forms of A’ THC on the U.S. market are nabilone (a
synthetic derivative of A’ THC) and dronabinol (synthetic
A°-THC).'” Both medications are used in the treatment of
chemotherapy-related nausea and AIDS-associated weight loss
and anorexia.”® On June 25, 2018, the FDA approved
Epidiolex, a highly purified botanical CBD extract, for the
treatment of Dravet syndrome and Lenox Gastaut syndrome,
two forms of childhood-onset epilepsy.'>'"” Almost a decade
after a study conducted by the lab of Ben Whalley highlighted
the antiseizure properties of cannabidiol, Epidiolex is the first
cannabis-derived medicine approved for clinical use. The only
currently approved combined formulation, Sativex, contains a
1:1 ratio of CBD/A’-THC." Interestingly, users have
oftentimes described vastly different sensations based on
whether the administered drug was synthetic or plant-derived,
although the two were chemically identical."”
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3.4. Entourage Effect. Here lies the pressing question:
how can two chemically identical compounds produce
different eftects based purely on the method of their isolation?
Given that chemistry is an exact science and spectroscopic
methods can confirm the identity of the molecules in question,
there are only two scenarios that could explain this
phenomenon: (a) one of the substances was mistakenly
identified, or (b) one of the substances contains an impurity
that contributes to the overall pharmacological profile.'* The
so-called “entourage effect” provides a strong case for the latter
and was first described by Ben-Shabat in 1998 with reference
to the enhanced activity of the endogenous cannabinoid 2-AG
by inactive fatty acid glycerol esters.'”® Since then, the term
has been extended to incorporate other cannabinoids and
noncannabinoids that enhance the activity of cannabis
preparations.'”” As stated by Mechoulam, “this type of
synergism may play a role in the widely held view that in
some cases, plants are better drugs than the natural products
isolated from them”.'"°

At this stage, it is only logical to ask: what therapeutic
advantage, if any, does utilizing the entire cannabis plant
provide as opposed to the government-approved synthetic
formulations like dronabinol? One indication that the non-
psychoactive components of the cannabis plant alter the
physiological response is demonstrated by the markedly
different effects of the Cannabis sativa and Cannabis indica
chemovars.'""! Although both contain A°-THC, the former
tends to enhance creativity and productivity, while the latter is
known to induce relaxation. As a matter of fact, the disparities
between the different chemovars are so significant that the
species assignation of cannabis itself is subject to heavy
debate.'"" The question remains: why do cannabis users
experience such divergent strain-dependent sensations if the
main active ingredient is the same?

Since the original discovery of the entourage effect, it has
been shown on several occasions that THC monotherapy is
not as effective as the dual administration of THC in
combination with CBD or terpenoids."” In 2010, Johnson
and co-workers conducted a multicenter, double-blind,
randomized placebo-controlled study of cannabis-based
extracts in patients with cancer-related pain.''” In their
findings, the THC-predominant extract produced results
similar to the placebo, whereas a plant extract containing a
mixture of CBD and THC was statistically significantly better
than both."'""" In another study, researchers found that small
doses of pure CBD reduce pain until a peak is reached, after
which further increases are ineffective.®> This bell-shaped
dose—response curve was, however, not observed for a full-
spectrum cannabis extract with equivalent doses of CBD,
which resulted in a linear dose—response curve with no
observed ceiling effect.'”® Thus, counterintuitively, higher
purity formulations of the active ingredients in cannabis did
not guarantee higher therapeutic efficacy. Further evidence for
the entourage effect was provided by a study conducted in
2018, which employed five distinct cannabis extracts with a
uniform concentration of CBD on mice with induced
seizures.'* The results of this study showed that all five
extracts were beneficial when compared to the control, but
there were pronounced differences between the number of
mice developing tonic-clonic seizures (21.5—66.7%) as a result
of the varying amounts of the “minor” components in each
extract.'""* In summary, these findings show that isolating or
synthesizing only the active components of marijuana may
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significantly limit the plant’s therapeutic potential and, by
extension, limit the variability of interbreeding and hybrid-
ization within the highly versatile cannabis genome.

Currently, the lack of hard scientific evidence to back these
empirical findings limits the utility of the entourage effect in
therapeutic applications.'"> Neither the effects of cannabi-
noid—cannabinoid interactions nor the effects of cannabinoid—
terpenoid interactions have been clearly elucidated. If there are
to be significant advances in cannabinoid-based drug discovery,
it is essential that more comprehensive studies are designed
and performed to gather conclusive scientific evidence.

3.5. Cannabis as a Medical Armory of Weapons. For
most of modern history, efforts in the field of drug discovery
have centered around the idea of creating highly potent and
highly specific molecules to treat diseases, with the aim of
avoiding unwanted side-effects. As we move into the third
decade of the 2Ist century, it becomes clear that this
reductionist approach has not even begun to unravel the
multifarious mysteries of medicine. In cases where the
underlying disease pathophysiology is more complex than the
dysfunction or dysregulation of a single target, enzyme, or
receptor, there is no hope of developing a single drug with a
single target to treat that condition. Specifically, psychiatric and
neurodegenerative diseases seem to be polygenic in origin,
given that the most effective medications on the market have
complex pharmacology and ill-defined mechanisms of
action.''® This empirical observation, in combination with
the repeated failure of using highly potent and target-specific
drugs in clinical development, allows us to infer retrospectively
that treatment of CNS diseases is highly convoluted and
requires the modulation of multiple biological targets.''” It
seems that the development of antipsychotic and antidepres-
sant medications should be approached with the prospect of
restoring physiological balance by administering drugs with
pleiotypic actions, rather than by aggressively pursuing a
specific target.

In cases where the underlying
disease pathophysiology is more
complex than the dysfunction or
dysregulation of a single target,
enzyme, or receptor, there is no
hope of developing a single drug
with a single target to treat that

condition.

The term combination therapy, or polypharmacy, refers to
the combined administration of two or more single-target
molecules to yield a more favorable outcome. As such, it is the
simplest approach to circumventing the limitations of single-
molecule-defined target drug discovery. Nonetheless, the
efficacy of combining two or more single-target drugs is
limited by pharmacokinetic properties such as half-life and
distribution, as well as unwanted drug—drug interactions.''” In
contrast, the development of one multitarget drug that address
several biological targets as “magic shotguns” instead of “magic
bullets”, is known as polypharmacology.l16’117 This approach
provides the added promise of reducing treatment complexity
and lowering drug dosage to produce adequate pharmaco-
logical effects due to synergistic multitarget modulation,
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without the aforementioned complications. Since the intro-
duction of the term by Bryan Roth in 2004, several
developments in machine learning, statistical analysis, network
analysis, and in silico/in vitro approaches have facilitated the
inception of de novo methods to evaluate and rationally design
multitarget compounds. Notably, in 2012 Besnard et al
described an automated approach for the rational design of
polypharmacological ligands by designing focused libraries of
analogues of an initial compound through machine learning
and built Bayesian models to prioritize these compounds
according to a multidimensional set of objectives.''® Other
approaches include Keiser’s similarity ensemble approach
(SEA) and Reker’s self-organizing map-based prediction of
drug equivalence relationships (SPiDER)."'”"*° In addition, an
increasing number of chemical probes and empirical models
are being developed to facilitate the experimental validation of
target synergies. For example, the “Therapeutic Handshake”
has been successfully applied to explain the efficacy of the
combination of CBD and THC in Sativex.'”" Albeit that these
developments have facilitated the rational design of new
polypharmacological ligands, safety issues surrounding multi-
target interactions remain the biggest limitation of this
approach.

With the outlook of building on the well-established safety
profile of plants like Cannabis sativa with modern scientific
discoveries, we propose an extension of the “multi compound-
single target” and “single compound-multi target” approaches
in the form of a “multi compound-multi target” approach.
Rather than attempting to find a “magic bullet” or a “magic
shotgun” to treat complex diseases, we suggest gathering an
“armory of weapons” that consists of multiple compounds with
multiple targets and can be combined and administered as
necessary. Not only does this significantly reduce the time
spent on rational design of novel ligands for each specific
condition, it also has the potential to reduce the rate of failure
in clinical trials because of unwanted side-effects, making the
process both faster and more cost-efficient. Here, we find
ourselves at the intersection of modern drug discovery and

Cannabis sativa is one of the
oldest plants known to man, and
yet there is a shocking lack of
conclusive knowledge on its
individual constituents, their
mechanisms of action, the phys-
iological responses they evoke,
and their possible synergistic
interactions.

ancient herbal medicine, with the prospect of building on our
empirical knowledge of plant material with modern scientific
methods. By doing so, we hope to gather concrete data to
support and evaluate these complex natural compounds, the
multitude of targets they interact with, and the physiological
responses they produce. Not only will this enable us to fine-
tune formulations of multiple compounds to elicit a specific
desired effect, it also has the potential to enhance our
understanding of the nature of CNS diseases as a whole.

4. THE WAR ON DRUGS

Cannabis sativa is one of the oldest plants known to man, and
yet there is a shocking lack of conclusive knowledge on its
individual constituents, their mechanisms of action, the
physiological responses they evoke, and their possible
synergistic interactions. While multiple studies demonstrated
that marijuana smokers have impaired cognitive é)erformance,
just as many failed to observe such effects.'*”~"*° While there
is evidence that combined administration of cannabinoids can
result in an “entourage effect”, the few reported small-scale
studies that were conducted did not confirm such inter-
actions."'""?”"** In summary, the lack of decisive and
replicable evidence leaves many open-ended questions making
it difficult to build on the vast empirical knowledge that has
been gathered over centuries.

Demonization of Can-
nabis begins in the
United States with the
Marijuana Tax Act. It is
depicted in the movie
Reefer Madness as a
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Figure 5. A select timeline of the history of cannabis as medicine.
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4.1. The Tangled History of Cannabis. What is the
reason for this lack of progress? And why has cannabinoid-
based drug development been so stagnant in comparison to
opioids? With the introduction of cannabis, opium, and coca
into Western culture at a time of rapid technological and
scientific developments, the blurred lines between religious,
social, and medicinal uses of these plants became ever more
defined.'” However, early efforts to identify and isolate the
active components of cannabis for medicinal purposes proved
to be too big of a challenge for the state of knowledge at the
time."** Availability of other therapeutics discouraged
physicians from prescribing such preparations, and cannabis
was swept under the rug as a useless remedy. Henceforth,
cannabis became looped into the efforts to eliminate
illegitimate use of drugs under a series of international drug
conventions in the early 20th century. The results of this have
shaped the portrayal of cannabis in popular culture, as well as
efforts in science up to this day (Figure 5).

4.2. Regulatory Status and Academic Research. In the
United States, federal law prohibits the possession, production,
and distribution of cannabis. The Controlled Substance Act
(CSA) of 1970 lists cannabis (in the form of resin, extracts,
tincture, pure THC, and pure CBD) as a Schedule I drug with
no medical use, in the same category as heroin and worse than
methamphetamine and cocaine.'””"*""** As a consequence,
obtaining permission to conduct clinical research on cannabis
is a lengthy process and requires approval from both the FDA
and the DEA."*® In addition, all cannabis used for research
purposes must be obtained exclusively from the University of
Mississippi, which inherently limits the quality and diversity of
samples.'”"** This is troubling on several accounts. First off, it
is widely accepted that samples obtained from this source have
more resemblance with marijuana from the 1980s than the
wide variety and increased potency of cannabis products
available on the commercial market today. In addition,
restricting research to samples from just one source neglects
to acknowledge both the biggest advantage and the greatest
challenge associated with plant medicine: the idea that
different strains produce different effects. Without access to
the wide variety of cannabis products that are available to the
consumer, the research becomes tenuous.

These are issues that researchers have faced for decades, but
they become ever more relevant as both the medical and
recreational use of cannabis are skyrocketing. At its core, the
CSA provides a legal foundation for the government’s fight
against drugs with a high potential for abuse. But what defines
a “drug of abuse”, and why are some drugs viewed differently
than others? To what extent does the policy on drugs like
alcohol, tobacco, marijuana, and several prescription drug
families reflect their true dangers? And how have these policies
been modified and skewed in order to facilitate the regulating
body’s political agenda? Here, the lines between government
policy and scientific progress become blurred, especially as
most academic research institutes rely heavily on funding
provided by government agencies.'”> Really, it is a Catch-22
situation—as long as academic research on cannabinoids
remains so heavily restricted, efforts to enforce the appropriate
regulations on their consumption will remain futile.

4.3. Cannabis in Big Business. While federal regulations
have not changed much since the 1970s, several states across
the United States have loosened their restrictions on
marijuana, creating a new legal cannabis market. In 1996,
California passed Prop 215, the country’s first medical

163

Really, it is a Catch-22 situation—
as long as academic research on
cannabinoids remains so heavily
restricted, efforts to enforce the
appropriate regulations on their
consumption will remain futile.

marijuana law, in an effort to provide relief to patients
suffering from chronic illnesses. Since then, the movement has
spread across the US in what has been called “medicine by
popular vote”.'”"*® As of November 2021, medical marijuana
is legal in 36 states across the United States, and 18 states as
well as the district of Columbia have enacted legislation to
regulate the nonmedical use of cannabis.'”” Consequently, the
legal medical and recreational cannabis market has become a
multibillion dollar industry and is expected to continue
growing at a compound annual rate of 26% per year.'*”

In fact, Big Marijuana has become so powerful that indirect
competitors in Big Tobacco, Big Alcohol, and Big Pharma have
recently announced deals with cannabis companies in response
to the plethora of social and gpolitical campaigns against opioid,
alcohol, and tobacco use.'*” In past years, the pharma giant
Novartis, the alcohol firm Molson Coors Brewing, and several
tobacco companies have joined forces with marijuana
businesses in an effort to capitalize on this new movement."*”

4.4. Dangers of Cannabis in a Free Market. This in and
of itself should ring alarm bells, as each of the aforementioned
industries have a history of actively campaigning to change
legislation, influence public opinion, and distort research in
their favor, demonstrating the dangers of leaving public health
in the hands of Big Business. In addition, large corporations
have a monetary incentive to breed a steady population of
heavy users for their personal benefit—a concept known as the
80:20 rule where 20% of users account for 80% of
consumption. In a marketplace where profit is the driving
factor, consumer welfare is secondary.

At this stage, Big Marijuana has an enormous amount of
regulatory freedom, especially in comparison to researchers at
academic institutions. From prohibition to becoming one of
the fastest-growing industries in North America in less than a
decade, the cannabis industry has expanded at a rate with
which the scientific community is unable to keep up.

5. OUTLOOK

With all this in mind, we revisit the inaugral question: how can
we efficiently overcome the stagnating progress in drug
discovery to develop new therapies for complex diseases? In
his highly cited 1964 article on “Strong Inference”, John R.
Platt raises the question why some fields of science are moving
forward faster than others. " Platt reduces this down to the
manner in which the scientific method is approached, arguing
that the following steps of inductive reasoning should be
applied to every problem that is encountered: (1) identify an
interesting observation, (2) enumerate the hypotheses, (3)
carry out the experiment, and (1’) reject each hypothesis until
a single hypothesis remains.'*’ In addition, Don L. Jewett
points out the importance of “seed observations” upon which
these alternative observations can be based.'*'

As one of the oldest plant remedies known to man, the
potential of Cannabis sativa to heal various ailments is no
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Unless there is an active effort to
fund and facilitate unbiased aca-
demic research on cannabinoids
and the endocannabinoid sys-
tem, the cannabis industry could
be setting itself up for its own
downfall.

secret."*»'*> The cannabis plant has a well-established safety
profile and a multitude of active and nonactive natural
compounds that could contribute to its overall pharmaco-
logical effect. The “seed observations”, in this case, have been
gathered in an exploratory phase over centuries. As such, the
plant, its individual components, and their combinations have
the potential to elucidate the relevant mechanisms associated
with complex diseases, making it an ideal starting point to
explore the entire endocannabidiome and modify it according
to a desired therapeutic outcome.

Despite its enormous potential, the rules and regulations
surrounding cannabis in research have presented a major
roadblock in this endeavor. Simultaneously, a unique patient-
centric movement propagating the legalization of cannabis
across North America has created a new multibillion dollar
industry that is continuing to grow exponentially. In this
extraordinary situation, individual commercial entities in
several states across the United States have the liberty to
grow and distribute marijuana and marijuana-based products
without being subjected to the lengthy FDA-approval process.
As a result, the fate of millions of consumers is left in the hands
of profit-oriented corporations. This is not to discredit the use
of marijuana on an individual level to relieve stress, pain, or
inflammation. However, if we have learned anything from the
opioid crisis, it is to be weary of simple solutions for complex
problems. Unless there is an active effort to fund and facilitate
unbiased academic research on cannabinoids and the
endocannabinoid system, the cannabis industry could be
setting itself up for its own downfall.

B AUTHOR INFORMATION

Corresponding Author
Valery V. Fokin — Bridge Institute and Loker Hydrocarbon
Research Institute, University of Southern California, Los
Angeles, California 90089-3502, United States; ® orcid.org/
0000-0001-7323-2177; Email: fokin@usc.edu

Author
Katharina Grotsch — Bridge Institute and Loker Hydrocarbon
Research Institute, University of Southern California, Los
Angeles, California 90089-3502, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscentsci.1c01100

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are grateful to Mr. Kevin Vargas for the design of
TOC image. TOC was designed using resources from
www.flaticon.com.

B REFERENCES

(1) Munos, B. Lessons from 60 years of pharmaceutical innovation.
Nat. Rev. Drug Discovery 2009, 8 (12), 959—968.

(2) Paul, S. M.; Mytelka, D. S.; Dunwiddie, C. T.; Persinger, C. C,;
Munos, B. H; Lindborg, S. R;; Schacht, A. L. How to improve R&D
productivity: the pharmaceutical industry’s grand challenge. Nat. Rev.
Drug Discovery 2010, 9 (3), 203—214.

(3) Hingorani, A. D.; Kuan, V.; Finan, C.; Kruger, F. A,; Gaulton, A,;
Chopade, S.; Sofat, R.; Macallister, R. ]J.; Overington, J. P,;
Hemingway, H.; Denaxas, S.; Prieto, D.; Casas, J. P. Improving the
odds of drug development success through human genomics:
modelling study. Sci. Rep. 2019, 9 (1), 18911.

(4) Mechoulam, R.; Parker, L. A. The Endocannabinoid System and
the Brain. Annu. Rev. Psychol. 2013, 64 (1), 21—47.

(5) Gongalves, E. C. D.; Baldasso, G. M.; Bicca, M. A,; Paes, R. S.;
Capasso, R,; Dutra, R. C. Terpenoids, Cannabimimetic Ligands,
beyond the Cannabis Plant. Molecules 2020, 25 (7), 1567.

(6) Di Marzo, V.; Bifulco, M.; Petrocellis, L. D. The
endocannabinoid system and its therapeutic exploitation. Nat. Rev.
Drug Discovery 2004, 3 (9), 771—784.

(7) Zuardi, A. W. History of cannabis as a medicine: a review. Revista
Brasileira de Psiquiatria 2006, 28 (2), 153—157.

(8) Touw, M. The Religious and Medicinal Uses of Cannabisin
China, India and Tibet. . Psychoact. Drugs 1981, 13 (1), 23—34.

(9) Thompson, R. C. A Dictionary of Assyrian Botany; British
Academy: London, 1949.

(10) Serjeant, R. B. Franz Rosenthal: The Herb: Hashish versus
Medeival Muslim Society. Bulletin of the School of Oriental and African
Studies, University of London 1972, 35 (3), 633—636.

(11) Moreau, J. J. Hashish and Mental Illness; Raven Press, 1973.

(12) Bonn-Miller, M. O.; Elsohly, M. A.; Loflin, M. J. E.; Chandra,
S.; Vandrey, R. Cannabis and cannabinoid drug development:
evaluating botanical versus single molecule approaches. Int. Rev.
Psych. 2018, 30 (3), 277—284.

(13) Gaoni, Y.; Mechoulam, R. Isolation, Structure, and Partial
Synthesis of an Active Constituent of Hashish. ]. Am. Chem. Soc. 1964,
86 (8), 1646—1647.

(14) Mechoulam, R.; Shvo, Y. Hashish—I: The Structure of
Cannabidiol. Tetrahedron 1963, 19 (12), 2073—2078.

(15) Adams, R;; Hunt, M,; Clark, J. H. Structure of Cannabidiol, a
Product Isolated from the Marihuana Extract of Minnesota Wild
Hemp. L J. Am. Chem. Soc. 1940, 62 (1), 196—200.

(16) Matsuda, L. A;; Lolait, S. J.; Brownstein, M. J.; Young, A. C;
Bonner, T. I. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature 1990, 346 (6284), 561—564.

(17) Munro, S.; Thomas, K. L.; Abu-Shaar, M. Molecular
characterization of a peripheral receptor for cannabinoids. Nature
1993, 365 (6441), 61—65.

(18) Morena, M.; Patel, S.; Bains, J. S.; Hill, M. N. Neurobiological
Interactions Between Stress and the Endocannabinoid System.
Neuropsychopharmacology 2016, 41 (1), 80—102.

(19) Di Marzo, V. New approaches and challenges to targeting the
endocannabinoid system. Nat. Rev. Drug Discovery 2018, 17 (9), 623—
639.

(20) Blessing, E. M.; Steenkamp, M. M.; Manzanares, J.; Marmar, C.
R. Cannabidiol as a Potential Treatment for Anxiety Disorders.
Neurotherapeutics 2015, 12 (4), 825—836.

(21) Campos, A. C.; Fogaca, M. V.; Sonego, A. B.; Guimaraes, F. S.
Cannabidiol, neuroprotection and neuropsychiatric disorders. Phar-
macol. Res. 2016, 112, 119—127.

(22) Carlson, G.; Wang, Y.; Alger, B. E. Endocannabinoids facilitate
the induction of LTP in the hippocampus. Nat. Neurosci. 2002, S (8),
723-724.

(23) Baker, D.; Pryce, G.; Giovannoni, G.; Thompson, A. J. The
therapeutic potential of cannabis. Lancet Neurol. 2003, 2 (5), 291—8.

(24) Bostwick, J. M. Blurred Boundaries: The Therapeutics and
Politics of Medical Marijuana. Mayo Clin. Proc. 2012, 87 (2), 172—
186.

https://doi.org/10.1021/acscentsci.1c01100
ACS Cent. Sci. 2022, 8, 156—168


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valery+V.+Fokin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7323-2177
https://orcid.org/0000-0001-7323-2177
mailto:fokin@usc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katharina+Grotsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c01100?ref=pdf
https://doi.org/10.1038/nrd2961
https://doi.org/10.1038/nrd3078
https://doi.org/10.1038/nrd3078
https://doi.org/10.1038/s41598-019-54849-w
https://doi.org/10.1038/s41598-019-54849-w
https://doi.org/10.1038/s41598-019-54849-w
https://doi.org/10.1146/annurev-psych-113011-143739
https://doi.org/10.1146/annurev-psych-113011-143739
https://doi.org/10.3390/molecules25071567
https://doi.org/10.3390/molecules25071567
https://doi.org/10.1038/nrd1495
https://doi.org/10.1038/nrd1495
https://doi.org/10.1590/S1516-44462006000200015
https://doi.org/10.1080/02791072.1981.10471447
https://doi.org/10.1080/02791072.1981.10471447
https://doi.org/10.1017/S0041977X00121342
https://doi.org/10.1017/S0041977X00121342
https://doi.org/10.1080/09540261.2018.1474730
https://doi.org/10.1080/09540261.2018.1474730
https://doi.org/10.1021/ja01062a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01062a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0040-4020(63)85022-X
https://doi.org/10.1016/0040-4020(63)85022-X
https://doi.org/10.1021/ja01858a058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01858a058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01858a058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/346561a0
https://doi.org/10.1038/346561a0
https://doi.org/10.1038/365061a0
https://doi.org/10.1038/365061a0
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1038/nrd.2018.115
https://doi.org/10.1038/nrd.2018.115
https://doi.org/10.1007/s13311-015-0387-1
https://doi.org/10.1016/j.phrs.2016.01.033
https://doi.org/10.1038/nn879
https://doi.org/10.1038/nn879
https://doi.org/10.1016/S1474-4422(03)00381-8
https://doi.org/10.1016/S1474-4422(03)00381-8
https://doi.org/10.1016/j.mayocp.2011.10.003
https://doi.org/10.1016/j.mayocp.2011.10.003
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c01100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

(25) Russo, E. B. Beyond Cannabis: Plants and the Endocannabi-
noid System. Trends Pharmacol. Sci. 2016, 37 (7), 594—605.

(26) Di Marzo, V.; Piscitelli, F. The Endocannabinoid System and its
Modulation by Phytocannabinoids. Neurotherapeutics 2018, 12 (4),
692—698.

(27) Donvito, G; Nass, S. R; Wilkerson, J. L; Curry, Z. A;
Schurman, L. D,; Kinsey, S. G.; Lichtman, A. H. The Endogenous
Cannabinoid System: A Budding Source of Targets for Treating
Inflammatory and Neuropathic Pain. Neuropsychopharmacology 2018,
43 (1), 52-79.

(28) Aso, E.; Ferrer, I. Cannabinoids for treatment of Alzheimer’s
disease: moving toward the clinic. Front. Pharmacol. 2014, S, 37
DOI: 10.3389/fphar.2014.00037

(29) Chagas, M. H.; Zuardi, A. W.; Tumas, V.; Pena-Pereira, M. A;
Sobreira, E. T.; Bergamaschi, M. M.; dos Santos, A. C.; Teixeira, A. L,;
Hallak, J. E.; Crippa, J. A. Effects of cannabidiol in the treatment of
patients with Parkinson’s disease: an exploratory double-blind trial. J.
Psychopharmacol. 2014, 28 (11), 1088—1098.

(30) Curtis, A;; Mitchell, L; Patel, S.; Ives, N.; Rickards, H. A pilot
study using nabilone for symptomatic treatment in Huntington’s
disease. Mov. Disord. 2009, 24 (15), 2254—2259.

(31) Billakota, S.; Devinsky, O.; Marsh, E. Cannabinoid therapy in
epilepsy. Curr. Opin. Neurol. 2019, 32 (2), 220—226.

(32) Zou, S; Kumar, U. Cannabinoid Receptors and the
Endocannabinoid System: Signaling and Function in the Central
Nervous System. Int. J. Mol. Sci. 2018, 19 (3), 833.

(33) Howlett, A. C. The cannabinoid receptors. Prostaglandins Other
Lipid Mediators 2002, 68—69, 619—631.

(34) Howlett, A. C.; Barth, F.; Bonner, T. L; Cabral, G.; Devane, W.
A.; Felder, C.; Herkenham, M.; Mackie, K.; Martin, B. R;
Mechoulam, R.; Pertwee, R. G. International Union of Pharmacology.
XXVII. Classification of Cannabinoid Receptors. Pharmacol. Rev.
2002, 54 (2), 161-202.

(35) Solymosi, K; Kofalvi, A. Cannabis: A Treasure Trove or
Pandora’s Box? Mini-Reviews in Medicinal Chemistry 2017, 17 (13),
1223—-1291.

(36) Robson, P. Therapeutic aspects of cannabis and cannabinoids.
Br. J. Psychiatry 2001, 178 (2), 107—115.

(37) Hua, T.; Vemuri, K.; Pu, M.; Qu, L.; Han, G. W.; Wu, Y.; Zhao,
S.; Shui, W,; Li, S.; Korde, A.; Laprairie, R. B.; Stahl, E. L.; Ho, J.-H.;
Zvonok, N.; Zhou, H.; Kufareva, I.; Wy, B.; Zhao, Q.; Hanson, M. A.;
Bohn, L. M.; Makriyannis, A.; Stevens, R. C,; Liu, Z.-J. Crystal
Structure of the Human Cannabinoid Receptor CB1. Cell 2016, 167
(3), 750—762.

(38) Tsou, K.; Brown, S.; Safiudo-Pefia, M. C.; Mackie, K.; Walker,
J. M. Immunohistochemical distribution of cannabinoid CBI1
receptors in the rat central nervous system. Neuroscience 1998, 83
(2), 393—411.

(39) Herkenham, M.; Lynn, A. B; Little, M. D.; Johnson, M. R;;
Melvin, L. S.; De Costa, B. R;; Rice, K. C. Cannabinoid receptor
localization in brain. Proc. Natl. Acad. Sci. U. S. A. 1990, 87 (5),
1932—1936.

(40) Lutz, B.; Marsicano, G.; Maldonado, R; Hillard, C. J. The
endocannabinoid system in guarding against fear, anxiety and stress.
Nat. Rev. Neurosci. 2015, 16 (12), 705—718.

(41) Berdyshev, E. V. Cannabinoid receptors and the regulation of
immune response. Chem. Phys. Lipids 2000, 108 (1-2), 169—190.

(42) Kendall, D. A.; Yudowski, G. A. Cannabinoid Receptors in the
Central Nervous System: Their Signaling and Roles in Disease. Front.
Cell. Neurosci. 2017, 10, 294 DOI: 10.3389/fncel.2016.00294

(43) Stempel, A. V.; Stumpf, A; Zhang, H.Y,; ézdogan, T,;
Pannasch, U,; Theis, A.-K; Otte, D.-M,; Wojtalla, A,; Récz, L;
Ponomarenko, A; Xi, Z.-X.; Zimmer, A.; Schmitz, D. Cannabinoid
Type 2 Receptors Mediate a Cell Type-Specific Plasticity in the
Hippocampus. Neuron 2016, 90 (4), 795—809.

(44) Devane, W. A, Hanus, L.; Breuer, A; Pertwee, R. G,
Stevenson, L. A,; Griffin, G.; Gibson, D.; Mandelbaum, A.; Etinger,
A.; Mechoulam, R. Isolation and structure of a brain constituent that

165

binds to the cannabinoid receptor. Science 1992, 258 (5090), 1946—
1949.

(45) Mechoulam, R.; Ben-Shabat, S.; Hanus, L.; Ligumsky, M,;
Kaminski, N. E.; Schatz, A. R.; Gopher, A.; Almog, S.; Martin, B. R;;
Compton, D. R,; Pertwee, R. G.; Griffin, G.; Bayewitch, M.; Barg, J;
Vogel, Z. Identification of an endogenous 2-monoglyceride, present in
canine gut, that binds to cannabinoid receptors. Biochem. Pharmacol.
1995, 50 (1), 83—90.

(46) Devane, W. A.; Axelrod, J. Enzymatic synthesis of anandamide,
an endogenous ligand for the cannabinoid receptor, by brain
membranes. Proc. Natl. Acad. Sci. U. S. A. 1994, 91 (14), 6698—6701.

(47) Sugiura, T.; Kishimoto, S.; Oka, S.; Gokoh, M. Biochemistry,
pharmacology and physiology of 2-arachidonoylglycerol, an endoge-
nous cannabinoid receptor ligand. Prog. Lipid Res. 2006, 45 (S), 405—
446.

(48) Basavarajappa, B. S.; Shivakumar, M.; Joshi, V.; Subbanna, S.
Endocannabinoid system in neurodegenerative disorders. J. Neuro-
chem. 2017, 142 (5), 624—648.

(49) Ahn, K; McKinney, M. K.; Cravatt, B. F. Enzymatic Pathways
That Regulate Endocannabinoid Signaling in the Nervous System.
Chem. Rev. 2008, 108 (5), 1687—1707.

(50) Bisogno, T.; Howell, F.; Williams, G.; Minassi, A.; Cascio, M.
G.; Ligresti, A.; Matias, I; Schiano-Moriello, A.; Paul, P.; Williams, E.-
J.; Gangadharan, U.; Hobbs, C.; Di Marzo, V.; Doherty, P. Cloning of
the first sn1-DAG lipases points to the spatial and temporal regulation
of endocannabinoid signaling in the brain. J. Cell Biol. 2003, 163 (3),
463—468.

(51) Okamoto, Y.; Morishita, J.; Tsuboi, K.; Tonai, T.; Ueda, N.
Molecular Characterization of a Phospholipase D Generating
Anandamide and Its Congeners. J. Biol. Chem. 2004, 279 (7),
5298-530S.

(52) Cravatt, B. F.; Demarest, K; Patricelli, M. P.; Bracey, M. H;
Giang, D. K; Martin, B. R.; Lichtman, A. H. Supersensitivity to
anandamide and enhanced endogenous cannabinoid signaling in mice
lacking fatty acid amide hydrolase. Proc. Natl. Acad. Sci. U. S. A. 2001,
98 (16), 9371—-9376.

(53) Dinh, T. P.; Carpenter, D.; Leslie, F. M.; Freund, T. F.; Katona,
L; Sensi, S. L.; Kathuria, S.; Piomelli, D. Brain monoglyceride lipase
participating in endocannabinoid inactivation. Proc. Natl. Acad. Sci. U.
S. A. 2002, 99 (16), 10819—10824.

(54) Ueda, N.; Tsuboi, K;; Uyama, T. Metabolism of endocanna-
binoids and related N-acylethanolamines: Canonical and alternative
pathways. FEBS J. 2013, 280 (9), 1874—1894.

(55) Katona, L; Freund, T. F. Multiple Functions of Endocanna-
binoid Signaling in the Brain. Annu. Rev. Neurosci. 2012, 35 (1), 529—
558.

(56) Egertov4, M.; Giang, D. K; Cravatt, B. F.; Elphick, M. R. A new
perspective on cannabinoid signalling: complimentary localization of
fatty acid amide hydrolase and the CB1 receptor in rat brain. Proc. R.
Soc. London, Ser. B 1998, 265 (1410), 2081—2085.

(57) Elphick, M. R. The evolution and comparative neurobiology of
endocannabinoid signalling. Philos. Trans. R. Soc,, B 2012, 367 (1607),
3201-3218.

(58) Chevaleyre, V.; Takahashi, K. A; Castillo, P. E. Endocanna-
binoid-Mediated Synaptic Plasticity in the CNS. Annu. Rev. Neurosci.
2006, 29 (1), 37-76.

(59) Wilson, R. L; Nicoll, R. A. Endogenous cannabinoids mediate
retrograde signalling at hippocampal synapses. Nature 2001, 410
(6828), 588—592.

(60) Kreitzer, A. C.; Regehr, W. G. Retrograde Inhibition of
Presynaptic Calcium Influx by Endogenous Cannabinoids at
Excitatory Synapses onto Purkinje Cells. Neuron 2001, 29 (3),
717=727.

(61) Ohno-Shosaku, T.; Maejima, T.; Kano, M. Endogenous
Cannabinoids Mediate Retrograde Signals from Depolarized Post-
synaptic Neurons to Presynaptic Terminals. Neuron 2001, 29 (3),
729-738.

https://doi.org/10.1021/acscentsci.1c01100
ACS Cent. Sci. 2022, 8, 156—168


https://doi.org/10.1016/j.tips.2016.04.005
https://doi.org/10.1016/j.tips.2016.04.005
https://doi.org/10.1007/s13311-015-0374-6
https://doi.org/10.1007/s13311-015-0374-6
https://doi.org/10.1038/npp.2017.204
https://doi.org/10.1038/npp.2017.204
https://doi.org/10.1038/npp.2017.204
https://doi.org/10.3389/fphar.2014.00037
https://doi.org/10.3389/fphar.2014.00037
https://doi.org/10.3389/fphar.2014.00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1177/0269881114550355
https://doi.org/10.1177/0269881114550355
https://doi.org/10.1002/mds.22809
https://doi.org/10.1002/mds.22809
https://doi.org/10.1002/mds.22809
https://doi.org/10.1097/WCO.0000000000000660
https://doi.org/10.1097/WCO.0000000000000660
https://doi.org/10.3390/ijms19030833
https://doi.org/10.3390/ijms19030833
https://doi.org/10.3390/ijms19030833
https://doi.org/10.1016/S0090-6980(02)00060-6
https://doi.org/10.1124/pr.54.2.161
https://doi.org/10.1124/pr.54.2.161
https://doi.org/10.2174/1389557516666161004162133
https://doi.org/10.2174/1389557516666161004162133
https://doi.org/10.1192/bjp.178.2.107
https://doi.org/10.1016/j.cell.2016.10.004
https://doi.org/10.1016/j.cell.2016.10.004
https://doi.org/10.1016/S0306-4522(97)00436-3
https://doi.org/10.1016/S0306-4522(97)00436-3
https://doi.org/10.1073/pnas.87.5.1932
https://doi.org/10.1073/pnas.87.5.1932
https://doi.org/10.1038/nrn4036
https://doi.org/10.1038/nrn4036
https://doi.org/10.1016/S0009-3084(00)00195-X
https://doi.org/10.1016/S0009-3084(00)00195-X
https://doi.org/10.3389/fncel.2016.00294
https://doi.org/10.3389/fncel.2016.00294
https://doi.org/10.3389/fncel.2016.00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.neuron.2016.03.034
https://doi.org/10.1016/j.neuron.2016.03.034
https://doi.org/10.1016/j.neuron.2016.03.034
https://doi.org/10.1126/science.1470919
https://doi.org/10.1126/science.1470919
https://doi.org/10.1016/0006-2952(95)00109-D
https://doi.org/10.1016/0006-2952(95)00109-D
https://doi.org/10.1073/pnas.91.14.6698
https://doi.org/10.1073/pnas.91.14.6698
https://doi.org/10.1073/pnas.91.14.6698
https://doi.org/10.1016/j.plipres.2006.03.003
https://doi.org/10.1016/j.plipres.2006.03.003
https://doi.org/10.1016/j.plipres.2006.03.003
https://doi.org/10.1111/jnc.14098
https://doi.org/10.1021/cr0782067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0782067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1083/jcb.200305129
https://doi.org/10.1083/jcb.200305129
https://doi.org/10.1083/jcb.200305129
https://doi.org/10.1074/jbc.M306642200
https://doi.org/10.1074/jbc.M306642200
https://doi.org/10.1073/pnas.161191698
https://doi.org/10.1073/pnas.161191698
https://doi.org/10.1073/pnas.161191698
https://doi.org/10.1073/pnas.152334899
https://doi.org/10.1073/pnas.152334899
https://doi.org/10.1111/febs.12152
https://doi.org/10.1111/febs.12152
https://doi.org/10.1111/febs.12152
https://doi.org/10.1146/annurev-neuro-062111-150420
https://doi.org/10.1146/annurev-neuro-062111-150420
https://doi.org/10.1098/rspb.1998.0543
https://doi.org/10.1098/rspb.1998.0543
https://doi.org/10.1098/rspb.1998.0543
https://doi.org/10.1098/rstb.2011.0394
https://doi.org/10.1098/rstb.2011.0394
https://doi.org/10.1146/annurev.neuro.29.051605.112834
https://doi.org/10.1146/annurev.neuro.29.051605.112834
https://doi.org/10.1038/35069076
https://doi.org/10.1038/35069076
https://doi.org/10.1016/S0896-6273(01)00246-X
https://doi.org/10.1016/S0896-6273(01)00246-X
https://doi.org/10.1016/S0896-6273(01)00246-X
https://doi.org/10.1016/S0896-6273(01)00247-1
https://doi.org/10.1016/S0896-6273(01)00247-1
https://doi.org/10.1016/S0896-6273(01)00247-1
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c01100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

(62) Heifets, B. D.; Castillo, P. E. Endocannabinoid Signaling and
Long-Term Synaptic Plasticity. Annu. Rev. Physiol. 2009, 71 (1), 283—
306.

(63) Gerdeman, G. L.; Ronesi, J.; Lovinger, D. M. Postsynaptic
endocannabinoid release is critical to long-term depression in the
striatum. Nat. Neurosci. 2002, 5 (5), 446—4S1.

(64) Robbe, D.; Kopf, M.; Remaury, A.; Bockaert, J.; Manzoni, O. J.
Endogenous cannabinoids mediate long-term synaptic depression in
the nucleus accumbens. Proc. Natl. Acad. Sci. U. S. A. 2002, 99 (12),
8384—8388.

(65) Marsicano, G.; Wotjak, C. T.; Azad, S. C.; Bisogno, T,;
Rammes, G.; Cascio, M. G.; Hermann, H.; Tang, J.; Hofmann, C,;
Zieglginsberger, W.; Di Marzo, V.; Lutz, B. The endogenous
cannabinoid system controls extinction of aversive memories. Nature
2002, 418 (6897), 530—534.

(66) Chevaleyre, V.; Heifets, B. D.; Kaeser, P. S.; Siidhof, T. C;
Castillo, P. E. Endocannabinoid-mediated long-term plasticity
requires cAMP/PKA signaling and RIMla. Neuron 2007, 54 (S),
801—812.

(67) Chevaleyre, V.; Castillo, P. E. Heterosynaptic LTD of
Hippocampal GABAergic Synapses. Neuron 2003, 38 (3), 461—472.

(68) Yasuda, H.; Huang, Y.; Tsumoto, T. Regulation of excitability
and plasticity by endocannabinoids and PKA in developing hippo-
campus. Proc. Natl. Acad. Sci. U. S. A. 2008, 105 (8), 3106—3111.

(69) Marsicano, G.; Goodenough, S.; Monory, K,; Hermann, H.;
Eder, M,; Cannich, A,; Azad, S. C.; Cascio, M. G.; Gutiérrez, S. O;
van der Stelt, M.; Lopez-Rodriguez, M. L.; Casanova, E; Schiitz, G,;
Zieglginsberger, W.; Di Marzo, V.; Behl, C,; Lutz, B. CBl
cannabinoid receptors and on-demand defense against excitotoxicity.
Science 2003, 302 (5642), 84—88.

(70) Larkin, K. T.; Brown, L. A, Tiani, A. G. Autonomic and
neuroendocrine response to stress. In Cardiovascular Implications of
Stress and Depression; Elsevier: 2020; pp 87—110.

(71) Graham, B. M.; Langton, J. M.; Richardson, R. Pharmacological
enhancement of fear reduction: preclinical models. Br. J. Pharmacol.
2011, 164 (4), 1230—1247.

(72) McEwen, B. S. Brain on stress: How the social environment
gets under the skin. Proc. Natl. Acad. Sci. U. S. A. 2012, 109 (4),
17180—1718S.

(73) Di, S.; Malcher-Lopes, R,; Marcheselli, V. L.; Bazan, N. G.;
Tasker, J. G. Rapid Glucocorticoid-Mediated Endocannabinoid
Release and Opposing Regulation of Glutamate and y-Aminobutyric
Acid Inputs to Hypothalamic Magnocellular Neurons. Endocrinology
2005, 146 (10), 4292—4301.

(74) Hill, M. N.; McLaughlin, R. J; Pan, B.; Fitzgerald, M. L;
Roberts, C. J.; Lee, T. T. Y.; Karatsoreos, I. N.; Mackie, K.; Viau, V;
Pickel, V. M.; McEwen, B. S; Liu, Q. S.; Gorzalka, B. B.; Hillard, C. J.
Recruitment of Prefrontal Cortical Endocannabinoid Signaling by
Glucocorticoids Contributes to Termination of the Stress Response. J.
Neurosci. 2011, 31 (29), 10506—10515.

(75) Hill, M. N.; Kumar, S. A.; Filipski, S. B.; Iverson, M.; Stuhr, K.
L.; Keith, J. M.; Cravatt, B. F.; Hillard, C. J.; Chattarji, S.; McEwen, B.
S. Disruption of fatty acid amide hydrolase activity prevents the effects
of chronic stress on anxiety and amygdalar microstructure. Mol.
Psychiatry 2013, 18 (10), 1125—1135.

(76) Kopp, B. L; Wick, D.; Herman, J. P. Differential effects of
homotypic vs. heterotypic chronic stress regimens on microglial
activation in the prefrontal cortex. Physiol. Behav. 2013, 122, 246—
252.

(77) Ruehle, S.; Rey, A. A.; Remmers, F.; Lutz, B. The
endocannabinoid system in anxiety, fear memory and habituation. J.
Psychopharmacol. 2012, 26 (1), 23—-39.

(78) Cristino, L.; Bisogno, T.; Di Marzo, V. Cannabinoids and the
expanded endocannabinoid system in neurological disorders. Nat. Rev.
Neurol. 2020, 16 (1), 9—29.

(79) O’Sullivan, S. E. An update on PPAR activation by
cannabinoids. Br. J. Pharmacol. 2016, 173 (12), 1899—1910.

(80) De Petrocellis, L.; Orlando, P.; Moriello, A. S.; Aviello, G.;
Stott, C.; Izzo, A. A,; Di Marzo, V. Cannabinoid actions at TRPV

166

channels: effects on TRPV3 and TRPV4 and their potential relevance
to gastrointestinal inflammation. Acta Physiol. 2012, 204 (2), 255—
266.

(81) Begg, M.; Pacher, P.; Batkai, S.; Osei-Hyiaman, D.; Offertaler,
L; Mo, F. M,; Liu, J; Kunos, G. Evidence for novel cannabinoid
receptors. Pharmacol. Ther. 2008, 106 (2), 133—14S.

(82) Pertwee, R. G. GPRSS: a new member of the cannabinoid
receptor clan? Br. J. Pharmacol. 2007, 152 (7), 984—986.

(83) Rouzer, C. A.; Marnett, L. J. Endocannabinoid Oxygenation by
Cyclooxygenases, Lipoxygenases, and Cytochromes P450: Cross-Talk
between the Eicosanoid and Endocannabinoid Signaling Pathways.
Chem. Rev. 2011, 111 (10), 5899—5921.

(84) McPartland, J. M. Cannabis and Eicosanoids. J. Cannabis Ther.
2001, 1 (1), 71-83.

(85) Yu, M,; Ives, D.; Ramesha, C. S. Synthesis of Prostaglandin E2
Ethanolamide from Anandamide by Cyclooxygenase-2. J. Biol. Chem.
1997, 272 (34), 21181-21186.

(86) Kozak, K. R;; Crews, B. C.; Morrow, J. D.; Wang, L.-H.; Ma, Y.
H.; Weinander, R.; Jakobsson, P.-J.; Marnett, L. J. Metabolism of the
Endocannabinoids, 2-Arachidonylglycerol and Anandamide, into
Prostaglandin, Thromboxane, and Prostacyclin Glycerol Esters and
Ethanolamides. J. Biol. Chem. 2002, 277 (47), 44877—44885.

(87) Kalant, H. Medicinal Use of Cannabis: History and Current
Status. Pain Research and Management 2001, 6 (2), 80—91.

(88) Boggs, D. L,; Nguyen, J. D.; Morgenson, D.; Taffe, M. A;
Ranganathan, M. Clinical and Preclinical Evidence for Functional
Interactions of Cannabidiol and A9-Tetrahydrocannabinol. Neuro-
psychopharmacology 2018, 43 (1), 142—154.

(89) Pertwee, R. G. The diverse CBl and CB2 receptor
pharmacology of three plant cannabinoids: A9-tetrahydrocannabinol,
cannabidiol and A9-tetrahydrocannabivarin. Br. J. Pharmacol. 2008,
153 (2), 199-215.

(90) Pertwee, R. G.; Ross, R. A. Cannabinoid receptors and their
ligands. Prostaglandins, Leukotrienes Essent. Fatty Acids 2002, 66 (2—
3), 101—121.

(91) Pistis, M.; Ferraro, L.; Pira, L.; Flore, G.; Tanganelli, S.; Gessa,
G. L; Devoto, P. A9-Tetrahydrocannabinol decreases extracellular
GABA and increases extracellular glutamate and dopamine levels in
the rat prefrontal cortex: an in vivo microdialysis study. Brain Res.
2002, 948 (1-2), 155—158.

(92) Patel, S; Hillard, C. J. Pharmacological Evaluation of
Cannabinoid Receptor Ligands in a Mouse Model of Anxiety:
Further Evidence for an Anxiolytic Role for Endogenous Cannabinoid
Signaling. J. Pharmacol. Exp. Ther. 2006, 318 (1), 304—311.

(93) Schramm-Sapyta, N. L.; Cha, Y. M.; Chaudhry, S.; Wilson, W.
A.; Swartzwelder, H. S.; Kuhn, C. M. Differential anxiogenic, aversive,
and locomotor effects of THC in adolescent and adult rats.
Psychopharmacology 2007, 191 (4), 867—877.

(94) Ranganathan, M.; D’Souza, D. C. The acute effects of
cannabinoids on memory in humans: a review. Psychopharmacology
2006, 188 (4), 425—444.

(95) Meier, M. H.; Caspi, A.; Ambler, A.; Harrington, H.; Houts, R;
Keefe, R. S. E.; McDonald, K,; Ward, A.; Poulton, R.; Moffitt, T. E.
Persistent cannabis users show neuropsychological decline from
childhood to midlife. Proc. Natl. Acad. Sci. U. S. A. 2012, 109 (40),
E2657—E2664.

(96) Jackson, N. J.; Isen, J. D.; Khoddam, R.; Irons, D.; Tuvblad, C.;
Tacono, W. G.; McGue, M,; Raine, A; Baker, L. A. Impact of
adolescent marijuana use on intelligence: Results from two
longitudinal twin studies. Proc. Natl. Acad. Sci. U. S. A. 2016, 113
(5), ESO0—ES08.

(97) Mokrysz, C.; Freeman, T. P.; Korkki, S.; Griffiths, K; Curran,
H. V. Are adolescents more vulnerable to the harmful effects of
cannabis than adults? A placebo-controlled study in human males.
Translational Psychiatry 2016, 6 (11), e961.

(98) Mechoulam, R.; Hanus, L. R. Cannabidiol: an overview of some
chemical and pharmacological aspects. Part I: chemical aspects. Chem.
Phys. Lipids 2002, 121 (1-2), 35—43.

https://doi.org/10.1021/acscentsci.1c01100
ACS Cent. Sci. 2022, 8, 156—168


https://doi.org/10.1146/annurev.physiol.010908.163149
https://doi.org/10.1146/annurev.physiol.010908.163149
https://doi.org/10.1038/nn832
https://doi.org/10.1038/nn832
https://doi.org/10.1038/nn832
https://doi.org/10.1073/pnas.122149199
https://doi.org/10.1073/pnas.122149199
https://doi.org/10.1038/nature00839
https://doi.org/10.1038/nature00839
https://doi.org/10.1016/j.neuron.2007.05.020
https://doi.org/10.1016/j.neuron.2007.05.020
https://doi.org/10.1016/S0896-6273(03)00235-6
https://doi.org/10.1016/S0896-6273(03)00235-6
https://doi.org/10.1073/pnas.0708349105
https://doi.org/10.1073/pnas.0708349105
https://doi.org/10.1073/pnas.0708349105
https://doi.org/10.1126/science.1088208
https://doi.org/10.1126/science.1088208
https://doi.org/10.1111/j.1476-5381.2010.01175.x
https://doi.org/10.1111/j.1476-5381.2010.01175.x
https://doi.org/10.1073/pnas.1121254109
https://doi.org/10.1073/pnas.1121254109
https://doi.org/10.1210/en.2005-0610
https://doi.org/10.1210/en.2005-0610
https://doi.org/10.1210/en.2005-0610
https://doi.org/10.1523/JNEUROSCI.0496-11.2011
https://doi.org/10.1523/JNEUROSCI.0496-11.2011
https://doi.org/10.1038/mp.2012.90
https://doi.org/10.1038/mp.2012.90
https://doi.org/10.1016/j.physbeh.2013.05.030
https://doi.org/10.1016/j.physbeh.2013.05.030
https://doi.org/10.1016/j.physbeh.2013.05.030
https://doi.org/10.1177/0269881111408958
https://doi.org/10.1177/0269881111408958
https://doi.org/10.1038/s41582-019-0284-z
https://doi.org/10.1038/s41582-019-0284-z
https://doi.org/10.1111/bph.13497
https://doi.org/10.1111/bph.13497
https://doi.org/10.1111/j.1748-1716.2011.02338.x
https://doi.org/10.1111/j.1748-1716.2011.02338.x
https://doi.org/10.1111/j.1748-1716.2011.02338.x
https://doi.org/10.1016/j.pharmthera.2004.11.005
https://doi.org/10.1016/j.pharmthera.2004.11.005
https://doi.org/10.1038/sj.bjp.0707464
https://doi.org/10.1038/sj.bjp.0707464
https://doi.org/10.1021/cr2002799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2002799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2002799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1300/J175v01n01_06
https://doi.org/10.1074/jbc.272.34.21181
https://doi.org/10.1074/jbc.272.34.21181
https://doi.org/10.1074/jbc.M206788200
https://doi.org/10.1074/jbc.M206788200
https://doi.org/10.1074/jbc.M206788200
https://doi.org/10.1074/jbc.M206788200
https://doi.org/10.1155/2001/469629
https://doi.org/10.1155/2001/469629
https://doi.org/10.1038/npp.2017.209
https://doi.org/10.1038/npp.2017.209
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1054/plef.2001.0341
https://doi.org/10.1054/plef.2001.0341
https://doi.org/10.1016/S0006-8993(02)03055-X
https://doi.org/10.1016/S0006-8993(02)03055-X
https://doi.org/10.1016/S0006-8993(02)03055-X
https://doi.org/10.1124/jpet.106.101287
https://doi.org/10.1124/jpet.106.101287
https://doi.org/10.1124/jpet.106.101287
https://doi.org/10.1124/jpet.106.101287
https://doi.org/10.1007/s00213-006-0676-9
https://doi.org/10.1007/s00213-006-0676-9
https://doi.org/10.1007/s00213-006-0508-y
https://doi.org/10.1007/s00213-006-0508-y
https://doi.org/10.1073/pnas.1206820109
https://doi.org/10.1073/pnas.1206820109
https://doi.org/10.1073/pnas.1516648113
https://doi.org/10.1073/pnas.1516648113
https://doi.org/10.1073/pnas.1516648113
https://doi.org/10.1038/tp.2016.225
https://doi.org/10.1038/tp.2016.225
https://doi.org/10.1016/S0009-3084(02)00144-5
https://doi.org/10.1016/S0009-3084(02)00144-5
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c01100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

(99) Burstein, S. Cannabidiol (CBD) and its analogs: a review of
their effects on inflammation. Bioorg. Med. Chem. 2015, 23 (7),
1377—-1388S.

(100) Thomas, A.; Baillie, G. L.; Phillips, A. M.; Razdan, R. K;; Ross,
R. A.; Pertwee, R. G. Cannabidiol displays unexpectedly high potency
as an antagonist of CB1 and CB2 receptor agonists in vitro. Br. J.
Pharmacol. 2007, 150 (5), 613—623.

(101) Carrier, E. J.; Auchampach, J. A; Hillard, C. J. Inhibition of an
equilibrative nucleoside transporter by cannabidiol: A mechanism of
cannabinoid immunosuppression. Proc. Natl. Acad. Sci. U. S. A. 2006,
103 (20), 7895—7900.

(102) Malfait, A. M.; Gallily, R;; Sumariwalla, P. F.; Malik, A. S.;
Andreakos, E.; Mechoulam, R.; Feldmann, M. The nonpsychoactive
cannabis constituent cannabidiol is an oral anti-arthritic therapeutic in
murine collagen-induced arthritis. Proc. Natl. Acad. Sci. U. S. A. 2000,
97 (17), 9561—9566.

(103) De Gregorio, D.; McLaughlin, R. J.; Posa, L.; Ochoa-Sanchez,
R; Enns, J.; Lopez-Canul, M.; Aboud, M.; Maione, S.; Comai, S.;
Gobbi, G. Cannabidiol modulates serotonergic transmission and
reverses both allodynia and anxiety-like behavior in a model of
neuropathic pain. Pain 2019, 160 (1), 136—150.

(104) Hampson, A. J.; Grimaldi, M. Axelrod, J; Wink, D.
Cannabidiol and (—) 9-tetrahydrocannabinol are neuroprotective
antioxidants. Proc. Natl. Acad. Sci. U. S. A. 1998, 95 (14), 8268—8273.

(105) Iffland, K.; Grotenhermen, F. An Update on Safety and Side
Effects of Cannabidiol: A Review of Clinical Data and Relevant
Animal Studies. Cannabis and Cannabinoid Research 2017, 2 (1),
139—-154.

(106) Todaro, B. Cannabinoids in the Treatment of Chemotherapy-
Induced Nausea and Vomiting. J. Natl. Compr. Cancer Network 2012,
10 (4), 487—492.

(107) Mead, A., Legal and Regulatory Issues Governing Cannabis
and Cannabis-Derived Products in the United States. Frontiers in
Plant Science 2019, 10, 697. DOI: 10.3389/fpls.2019.00697

(108) Ben-Shabat, S.; Fride, E.; Sheskin, T.; Tamiri, T.; Rhee, M.-H.;
Vogel, Z.; Bisogno, T.; De Petrocellis, L.; Di Marzo, V.; Mechoulam,
R. An entourage effect: inactive endogenous fatty acid glycerol esters
enhance 2-arachidonoyl-glycerol cannabinoid activity. Eur. J.
Pharmacol. 1998, 353 (1), 23—-31.

(109) Sanchez-Ramos, J. The entourage effect of the phytocanna-
binoids. Ann. Neurol. 2015, 77 (6), 1083—1083.

(110) Mechoulam, R; Ben-Shabat, S. From gan-zi-gun-nu to
anandamide and 2-arachidonoylglycerol: the ongoing story of
cannabis. Nat. Prod. Rep. 1999, 16 (2), 131—143.

(111) Russo, E. B. The Case for the Entourage Effect and
Conventional Breeding of Clinical Cannabis: No “Strain,” No Gain.
Front. Plant Sci. 2019, 9, 1969. DOI: 10.3389/fpls.2018.01969

(112) Johnson, J. R; Burnell-Nugent, M.; Lossignol, D.; Ganae-
Motan, E. D.; Potts, R,; Fallon, M. T. Multicenter, Double-Blind,
Randomized, Placebo-Controlled, Parallel-Group Study of the
Efficacy, Safety, and Tolerability of THC:CBD Extract and THC
Extract in Patients with Intractable Cancer-Related Pain. J. Pain
Symptom Manage. 2010, 39 (2), 167—179.

(113) Gallily, R;; Yekhtin, Z.; Hanus, L. O. Overcoming the Bell-
Shaped Dose-Response of Cannabidiol by Using Cannabis Extract
Enriched in Cannabidiol. Pharmacol. Pharm. 2015, 6 (2), 75—8S.

(114) Berman, P.; Futoran, K.; Lewitus, G. M.; Mukha, D.; Benami,
M.; Shlomi, T.; Meiri, D. A new ESI-LC/MS approach for
comprehensive metabolic profiling of phytocannabinoids in Cannabis.
Sci. Rep. 2018, 8 (1), 14280. DOI: 10.1038/541598-018-32651-4

(115) Worth, T. Cannabis’s chemical synergies. Nature 2019, 572
(7771), S12—S13.

(116) Roth, B. L.; Sheffler, D. J.; Kroeze, W. K. Magic shotguns
versus magic bullets: selectively non-selective drugs for mood
disorders and schizophrenia. Nat. Rev. Drug Discovery 2004, 3 (4),
353—359.

(117) Proschak, E.; Stark, H.; Merk, D. Polypharmacology by
Design: A Medicinal Chemist’s Perspective on Multitargeting
Compounds. J. Med. Chem. 2019, 62 (2), 420—444.

167

(118) Besnard, J.; Ruda, G. F; Setola, V.; Abecassis, K.; Rodriguiz,
R. M,; Huang, X.-P.; Norval, S.; Sassano, M. F.; Shin, A. I.; Webster,
L. A; Simeons, F. R. C,; Stojanovski, L.; Prat, A,; Seidah, N. G;
Constam, D. B.; Bickerton, G. R.; Read, K. D.; Wetsel, W. C.; Gilbert,
I. H; Roth, B. L; Hopkins, A. L. Automated design of ligands to
polypharmacological profiles. Nature 2012, 492 (7428), 215—220.

(119) Keiser, M. J; Roth, B. L.; Armbruster, B. N.; Ernsberger, P.;
Irwin, J. J.; Shoichet, B. K. Relating protein pharmacology by ligand
chemistry. Nat. Biotechnol. 2007, 25 (2), 197—206.

(120) Reker, D.; Rodrigues, T.; Schneider, P.; Schneider, G.
Identifying the macromolecular targets of de novo-designed chemical
entities through self-organizing map consensus. Proc. Natl. Acad. Sci.
U. S. A. 2014, 111 (11), 4067—4072.

(121) Brodie, J. S.; Di Marzo, V.; Guy, G. W. Polypharmacology
Shakes Hands with Complex Aetiopathology. Trends Pharmacol. Sci.
2015, 36 (12), 802—821.

(122) Lane, S. D.; Cherek, D. R; Lieving, L. M.; Tcheremissine, O.
V. Marijuana effects on human forgetting functions. J. Exp. Anal
Behav. 2005, 83 (1), 67—83.

(123) Ramaekers, J. G.; Moeller, M. R; van Ruitenbeek, P.;
Theunissen, E. L.; Schneider, E.; Kauert, G. Cognition and motor
control as a function of Delta 9-THC concentration in serum and oral
fluid: limits of impairment. Drug Alcohol Depend. 2006, 8S (2), 114—
122.

(124) Ramaekers, J. G.; Kauert, G.; Theunissen, E. L.; Toennes, S.
W.; Moeller, M. R. Neurocognitive performance during acute THC
intoxication in heavy and occasional cannabis users. J. Psychopharma-
col. 2009, 23 (3), 266—77.

(125) Hart, C. L. Effects of Acute Smoked Marijuana on Complex
Cognitive Performance. Neuropsychopharmacology 2001, 25 (S), 757—
76S.

(126) D’Souza, D. C.; Ranganathan, M.; Braley, G.; Gueorguieva, R.;
Zimolo, Z.; Cooper, T.; Perry, E.; Krystal, J. Blunted psychotomimetic
and amnestic effects of delta-9-tetrahydrocannabinol in frequent users
of cannabis. Neuropsychopharmacology 2008, 33 (10), 2505—2516.

(127) Russo, E. B. Taming THC: potential cannabis synergy and
phytocannabinoid-terpenoid entourage effects. Br. J. Pharmacol. 2011,
163 (7), 1344—1364.

(128) Finlay, D. B.; Sircombe, K. J.; Nimick, M.; Jones, C.; Glass,
M, Terpenoids From Cannabis Do Not Mediate an Entourage Effect
by Acting at Cannabinoid Receptors. Front. Pharmacol. 2020, 11, 359.
DOIL: 10.3389/fphar.2020.00359

(129) Pertwee, R. G. Handbook of Cannabis; Oxford University
Press, 2016; Vol. 1.

(130) Mechoulam, R; Burstein, S. H. Marijuana; Chemistry,
Pharmacology, Metabolism and Clinical Effects; Academic Press: New
York, 1973.

(131) Marihuana Tax Act; United States of America, 1937; Vol. 50.

(132) The Controlled Substances Act; U. S. Drug Enforcement
Administration, 1970; Vol. 84.

(133) Zarrabi, A. J.; Frediani, J. K; Levy, J. M. The State of
Cannabis Research Legislation in 2020. N. Engl. J. Med. 2020, 382
(20), 1876—1877.

(134) Solomon, R. Racism and Its Effect on Cannabis Research.
Cannabis and Cannabinoid Research 2020, S (1), 2—S5.

(135) Hart, C. L. Exaggerating Harmful Drug Effects on the Brain Is
Killing Black People. Neuron 2020, 107 (2), 215—218.

(136) Voth, E. A. Guidelines for prescribing medical marijuana.
West. J. Med. 2001, 175 (S), 305—306.

(137) State Medical Marijuana Laws. https://www.ncsl.org/
research/health/state-medical-marijuana-laws.aspx (accessed 11/5/
2021).

(138) Piomelli, D.; Solomon, R.; Abrams, D.; Balla, A.; Grant, L;
Marcotte, T.; Yoder, J. Regulatory Barriers to Research on Cannabis
and Cannabinoids: A Proposed Path Forward. Cannabis and
Cannabinoid Research 2019, 4 (1), 21-32.

(139) Young, D. Big Cannabis Is Rising High; New Zealand Drug
Foundation, 2018; Vol. 29, pp 14—17.

https://doi.org/10.1021/acscentsci.1c01100
ACS Cent. Sci. 2022, 8, 156—168


https://doi.org/10.1016/j.bmc.2015.01.059
https://doi.org/10.1016/j.bmc.2015.01.059
https://doi.org/10.1038/sj.bjp.0707133
https://doi.org/10.1038/sj.bjp.0707133
https://doi.org/10.1073/pnas.0511232103
https://doi.org/10.1073/pnas.0511232103
https://doi.org/10.1073/pnas.0511232103
https://doi.org/10.1073/pnas.160105897
https://doi.org/10.1073/pnas.160105897
https://doi.org/10.1073/pnas.160105897
https://doi.org/10.1097/j.pain.0000000000001386
https://doi.org/10.1097/j.pain.0000000000001386
https://doi.org/10.1097/j.pain.0000000000001386
https://doi.org/10.1073/pnas.95.14.8268
https://doi.org/10.1073/pnas.95.14.8268
https://doi.org/10.1089/can.2016.0034
https://doi.org/10.1089/can.2016.0034
https://doi.org/10.1089/can.2016.0034
https://doi.org/10.6004/jnccn.2012.0048
https://doi.org/10.6004/jnccn.2012.0048
https://doi.org/10.3389/fpls.2019.00697
https://doi.org/10.3389/fpls.2019.00697
https://doi.org/10.3389/fpls.2019.00697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0014-2999(98)00392-6
https://doi.org/10.1016/S0014-2999(98)00392-6
https://doi.org/10.1002/ana.24402
https://doi.org/10.1002/ana.24402
https://doi.org/10.1039/a703973e
https://doi.org/10.1039/a703973e
https://doi.org/10.1039/a703973e
https://doi.org/10.3389/fpls.2018.01969
https://doi.org/10.3389/fpls.2018.01969
https://doi.org/10.3389/fpls.2018.01969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpainsymman.2009.06.008
https://doi.org/10.1016/j.jpainsymman.2009.06.008
https://doi.org/10.1016/j.jpainsymman.2009.06.008
https://doi.org/10.1016/j.jpainsymman.2009.06.008
https://doi.org/10.4236/pp.2015.62010
https://doi.org/10.4236/pp.2015.62010
https://doi.org/10.4236/pp.2015.62010
https://doi.org/10.1038/s41598-018-32651-4
https://doi.org/10.1038/s41598-018-32651-4
https://doi.org/10.1038/s41598-018-32651-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/d41586-019-02528-1
https://doi.org/10.1038/nrd1346
https://doi.org/10.1038/nrd1346
https://doi.org/10.1038/nrd1346
https://doi.org/10.1021/acs.jmedchem.8b00760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature11691
https://doi.org/10.1038/nature11691
https://doi.org/10.1038/nbt1284
https://doi.org/10.1038/nbt1284
https://doi.org/10.1073/pnas.1320001111
https://doi.org/10.1073/pnas.1320001111
https://doi.org/10.1016/j.tips.2015.08.010
https://doi.org/10.1016/j.tips.2015.08.010
https://doi.org/10.1901/jeab.2005.22-04
https://doi.org/10.1016/j.drugalcdep.2006.03.015
https://doi.org/10.1016/j.drugalcdep.2006.03.015
https://doi.org/10.1016/j.drugalcdep.2006.03.015
https://doi.org/10.1177/0269881108092393
https://doi.org/10.1177/0269881108092393
https://doi.org/10.1016/S0893-133X(01)00273-1
https://doi.org/10.1016/S0893-133X(01)00273-1
https://doi.org/10.1038/sj.npp.1301643
https://doi.org/10.1038/sj.npp.1301643
https://doi.org/10.1038/sj.npp.1301643
https://doi.org/10.1111/j.1476-5381.2011.01238.x
https://doi.org/10.1111/j.1476-5381.2011.01238.x
https://doi.org/10.3389/fphar.2020.00359
https://doi.org/10.3389/fphar.2020.00359
https://doi.org/10.3389/fphar.2020.00359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1056/NEJMp2003095
https://doi.org/10.1056/NEJMp2003095
https://doi.org/10.1089/can.2019.0063
https://doi.org/10.1016/j.neuron.2020.06.019
https://doi.org/10.1016/j.neuron.2020.06.019
https://doi.org/10.1136/ewjm.175.5.305
https://www.ncsl.org/research/health/state-medical-marijuana-laws.aspx
https://www.ncsl.org/research/health/state-medical-marijuana-laws.aspx
https://doi.org/10.1089/can.2019.0010
https://doi.org/10.1089/can.2019.0010
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c01100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science http://pubs.acs.org/journal/acscii

(140) Platt, J. R. Strong Inference. Science 1964, 146 (3642), 347—
3S83.

(141) Jewett, D. L. What's wrong with single hypotheses?: Why it is
time for Strong-Inference-PLUS. Scientist 2005, 19 (21), 10.

(142) Windle, S. B; Wade, K; Filion, K. B.; Kimmelman, J.;
Thombs, B. D.; Eisenberg, M. J. Potential harms from legalization of
recreational cannabis use in Canada. Can. J. Public Health 2019, 110
(2), 222-226.

(143) Leggett, T. A review of the world cannabis situation. Bull. Narc
2006, 58 (1-2), 1—155.

168 https://doi.org/10.1021/acscentsci.1¢01100
ACS Cent. Sci. 2022, 8, 156—168


https://doi.org/10.1126/science.146.3642.347
https://doi.org/10.17269/s41997-018-00173-1
https://doi.org/10.17269/s41997-018-00173-1
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c01100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

