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Abstract

Research in the cannabinoid field, namely on phytocannabinoids, the
endogenous cannabinoids anandamide and 2-arachidonoyl glycerol and
their metabolizing and synthetic enzymes, the cannabinoid receptors, and
anandamide-like cannabinoid compounds, has expanded tremendously over
the last few years. Numerous endocannabinoid-like compounds have been
discovered. The Cannabis plant constituent cannabidiol (CBD) was found
to exert beneficial effects in many preclinical disease models ranging from
epilepsy, cardiovascular disease, inflammation, and autoimmunity to neu-
rodegenerative and kidney diseases and cancer. CBD was recently approved
in the United States for the treatment of rare forms of childhood epilepsy.
This has triggered the development of many CBD-based products for hu-
man use, often with overstated claims regarding their therapeutic effects. In
this article, the recently published research on the chemistry and biological
effects of plant cannabinoids (specifically CBD), endocannabinoids, certain
long-chain fatty acid amides, and the variety of relevant receptors is critically
reviewed.
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INTRODUCTION

Investigations on cannabinoids can be seen as encompassing three areas of research: (#) plant
CBD: cannabidiol cannabinoids, (4)) endogenous cannabinoids, and () endogenous endocannabinoid-like com-
THC: A%- pounds. This review covers some recent advances in these three domains of cannabinoid research
tetrahydrocannabinol and thus is not a comprehensive review.

Research on plant cannabinoids began in the last decades of the nineteenth century, leading
CB1/2: cannabinoid

1 or 2 receptor

2-AG: 2-arachidonoyl
glycerol

to the isolation of cannabinol and cannabidiol (CBD) and the tentative isolation of a tetrahy-
drocannabinol by the end of the 1940s [for an early review, see Todd (1)]. With the advent of
modern techniques, starting in the 1960s, A?-tetrahydrocannabinol (THC) and numerous other
plant cannabinoids were isolated, and their structures, including that of CBD, were elucidated.
Most were also synthesized, and biological investigations were initiated (2, 3). Advances in the
chemistry of the plant cannabinoids and the upsurge of cannabis use in the Western world led to
extensive pharmacological and physiological research, particularly on THC and somewhat less on
CBD, which continues unabated. Some clinical studies were also reported (for background reviews,
see 4, 5). By the mid-1980s, a fairly detailed picture of the pharmacology of plant cannabinoids
had emerged, but the mechanism of these effects remained unknown.

As cannabinoids act stereospecifically (6), it was reasonable to assume that THC binds to a
pharmacologically relevant cannabinoid receptor (CB). Research by Allyn Howlett and colleagues
(7) led to the identification of such a receptor (now known as CB1), and later work by Munro
et al. (8) identified a second receptor (CB2). Both receptors are activated by THC, but while the
activation of CB1 [predominantly expressed in the central nervous system (CNS)] leads to typi-
cal cannabis psychoactivity, the activation of CB2 (primarily expressed in various immune cells)
does not and is generally involved in protective biological actions (9). As receptors are presum-
ably not formed in the living body to be activated by plant constituents but rather by endogenous
molecules, a search for such molecules was initiated and led to the identification of arachidonoyl
ethanolamide (anandamide) (10) and 2-arachidonoyl glycerol (2-AG) (11, 12) as endogenous ag-
onists of these receptors (see Figure 1). The enzymes involved in the synthesis and hydrolysis
of these agonists were also identified, and thus an endocannabinoid system was established. As
several reviews were recently published on endocannabinoid biosynthesis and metabolism (13,
14), these topics are not reviewed in detail here. Today, the endocannabinoid system is known to
be involved in a long list of physiological processes/functions and pathological disease states (9,
15).

PLANT CANNABINOIDS AND MAMMALIAN ENDOCANNABINOIDS:
RECENT ADVANCES

More than 100 plant cannabinoids, which are terpeno-phenols, have been isolated from Cannabis
sativa (16). The plant does not produce neutral cannabinoids, which are formed from the respec-
tive natural aromatic acids by nonenzymatic decarboxylation. Research on the cannabinoid acids
has not received much attention because they are not stable and decarboxylate to the neutral
cannabinoids; any results with them are difficult to interpret, as they may be due to either the
acids or the newly formed neutral cannabinoids. Recently, it was reported that the methyl ester of
cannabidiolic acid is stable and, like CBD, has anti-nausea and antianxiety activity (17) and reduces
depression-like behavior in two genetic animal models of depression (18). The question remains
as to whether the stable methyl ester parallels the activity of CBD in other areas.

Although thousands of publications have addressed anandamide activities, with slightly fewer
on 2-AG activities, and neither compound has shown toxic effects in animals, these endogenous
constituents have never been administered to humans. Are we missing something?
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Figure 1

The structures of selected cannabinoids. Abbreviations: CBD, cannabidiol; THC, A®-tetrahydrocannabinol;
THCYV, tetrahydrocannabivarin.

The minor constituents homo-y-linolenoyl ethanolamide and docosatetraenoyl ethanolamide
were also extracted from porcine brain and were shown to inhibit the specific binding of a la-
beled cannabinoid to the CB1 receptor, with inhibitory constant values close to those of anan-
damide (19). However, these constituents have not been biologically investigated to any large
extent, whereas many long-chain fatty acid amides with amino acids (NAAAs) (or related entities)
have been identified, and some of them are discussed below.
Anandamide is an amide and 2-AG is an ester, and both are chemical moieties that can be
affected by amidases and esterases. Anandamide is predominantly hydrolyzed by a specific fatty
acid amide hydrolase (FAAH) (20) and 2-AG by a monoacylglyceryl lipase (21). However, a
2-arachidonoyl glyceryl ether named noladin, which was also found in porcine brain (22), is much
more stable, as no specific etherase has been found. The existence of noladin as an endogenous
substance was initially questioned (23), but recently, Juerg Gertsch of the University of Bern NAAA: N-acyl
confirmed the presence of noladin ether in the blood of both mice and humans (J. Gertsch, amino acid
unpublished observations). FAAH: fatty acid
Because endocannabinoids are lipophilic molecules synthetized in biological membranes amide hydrolase
(predominantly in postsynaptic membranes in the brain) on demand, they require the presence
of cytosolic binding proteins that chaperone these molecules to intracellular targets and that
may also be involved in their uptake and transport (e.g., transport of endocannabinoids to the
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presynaptic membranes to exert CB1-dependent biological effects and undergo metabolism).
Huang et al. (24) have shown that the fatty acid-binding protein (FABP) FABP1 is the most
prominent endocannabinoid and cannabinoid-binding protein in the liver (but absent in the

TRPV: transient . . . . . . .
brain), and its deletion raises hepatic endocannabinoid levels. Other FABPs are also present in

receptor potential
cation channel the brain with similar functions (25).

subfamily V Several endogenous peptides, shown to have CB1 agonist or inverse agonist activity, have been
PPAR: peroxisome reported (26, 27). A group of peptides named Pepcans were found to cause negative allosteric
proliferator—activated modulation of CB1 (e.g., Pepcan-12), but their physiological role has not yet been elucidated (28).

receptor

AraS: N-arachidonoyl - -~ A N\NABINOID RECEPTORS

serine

AraG: N-arachidonoyl In addition to the main G protein—coupled CB1 and CB2, endocannabinoids may also activate,

glycine albeit at higher concentrations, transient receptor potential cation channel subfamily V mem-

ber 1 (TRPV1) channels (29) and numerous other receptors (30-34), including GPR18, GPRS55,
GPR92, GPR119, and peroxisome proliferator—activated receptor a (PPAR«) (for a recent review,
see 35). The pharmacology of GPR18 and GPRS55 is related to that of CB1 and CB2, while that
OEA: N-oleoyl of GPR92 and GPR119 differs considerably.

ethanol amide

PEA: N-palmitoyl
ethanol amide

In 2007, the binding of several cannabinoids to the G protein—coupled receptor (GPCR)
LPA: lysophosphatidic ~ GPRS55 in the brain was described (36, 37). This receptor was also found to be activated by
acid lysophosphatidylinositol (38). The pharmacology of GPRS55 activation by endocannabinoids is
complex. Some studies suggest that GPR55 is coupled to Goyy/13 (and probably to Gag) pro-
teins and thus activates the small GTPase RhoA and causes Ca?t mobilization. In contrast,
N-arachidonoyl serine (AraS) appears to act through GPR55 via Gay, proteins and the down-
stream phosphorylation of extracellular signal-regulated kinases (ERKSs) and Akt. These path-
ways have long been associated with cell proliferation and migration, supporting the proposal that
GPRS55 displays agonist-dependent signaling pathways (39). 2-AG may also act through GPR55
(40).

GPR18 was also proposed to be a novel cannabinoid endothelial receptor. It is activated by
N-arachidonoyl glycine (AraG), AraS, N-palmitoyl ethanol amide (PEA), abnormal CBD, and
2-AG via Guy, proteins (41, 42). It was recently shown that AraG can also initiate a GPR18-
independent activation of BK¢, channels in mice aortic endothelial cells, which might also con-
tribute to the vasodilation attributed to cannabinoids (43).

GPR119 was reported to be a receptor for N-oleoyl ethanol amide (OEA) (44). It is also ac-
tivated by oleoyl- and palmitoyl-lysophosphatidylcholine (45). This receptor is coupled to the
adenylyl cyclase—cAMP pathway (46). Oleoyl glycerol, an analog of the endocannabinoid 2-AG,
was also found to be a GPR119 ligand (47).

GPR92 is a lysophosphatidic acid (LPA) receptor (48). AraG was later found to be a more
potent ligand than LPA for this receptor, thereby activating the Go, pathway (49).

Another target for endocannabinoids is the PPARa nuclear receptor. OEA binds with high
affinity to the purified ligand-binding domain of PPAR«, and both OEA and PEA activate PPAR«
in cell-based assays with ECs, values of 120 nM and 3.1 wM, respectively (50, 51).

The pharmacology of cannabinoids is further complicated by the fact that different compounds
activate different pathways through the same receptors. Cannabinoid receptors, as most of the
GPCRes, are able to bind a number of ligands, each of them stabilizing a number of active receptor
conformations, contrary to previous ideas implicating an on-off key-lock approach. Each active
conformation displays differential activation for downstream intracellular pathways. This ability
of a ligand to differently activate specific signaling pathways is called biased agonism (for reviews
of biased agonism on CB1 and CB2, see 52, 53).
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While 2-AG and synthetic WIN 55,212-2 show little preference for the inhibition of cAMP
and phosphorylated extracellular signal-regulated kinase 1/2 (pERK1/2), anandamide and the syn-
thetic agonists CP55940 and HU-210 are biased toward cAMP inhibition. The allosteric mod-
ulator Org27569 displayed biased allosteric effects by blocking cAMP inhibition, while simulta-
neously having little or no effect on ERK1/2 phosphorylation (53). A similar picture can be seen
for CB2, for which marked differences were found in the ability of certain agonists to activate
distinct signaling pathways and to cause off-target effects (54). For example, the CB2-biased ag-
onist LY2828360 inhibits cAMP accumulation and activates ERK1/2 signaling while failing to
recruit arrestin, activate inositol phosphate signaling, or internalize CB2 (55). When three differ-
ent cannabinoid ligands, THC, WIN 55212-2, and ACEA, were assayed in mouse brain cortex,
it was found that the specific pattern of G protein subunit activation was different depending on
the ligand (56). When calcium mobilization and ERK1/2 phosphorylation were quantified in a
cell line stably expressing GPR18 (HEK293/GPR18 cells) and in a CHO-K1 GPR18 B-arrestin
cell line, GPR18 activation was found to involve several signal transduction pathways indicative
of biased agonism, thereby providing a plausible explanation for the apparent discrepancies in
GPR18 activation found in the literature (57). Biased agonism at GPR55 may help explain the
inconsistencies in GPRS5S5 pharmacology seen with an array of ligands.

Biased agonism is also observed with GPR119. Hassing et al. (58) found the degree of consti-
tutive activity of GPR119 to be 1-10%, 10-30%, and 30-70% of the OEA-induced E,.x in Ga;-,
Gayg-, and Go,-driven pathways, respectively. This coincided with the lowest and highest OEA
potency observed in Ga;-, Gog-, and Go,-driven pathways, respectively. The conclusion of the
authors, as in previous cases, was that their studies uncovering broad and biased signaling explain
why many GPR119 drug-discovery programs have failed so far. Thus, biased signaling has to be
taken into account while either looking for the activity of endogenous molecules or preparing

synthetic ligands for CBs.

ENTOURAGE EFFECT

About 20 years ago it was reported that the biological activity of 2-AG can be increased by
two related endogenous 2-acyl-glycerols, 2-linoleoyl-glycerol and 2-palmitoyl-glycerol, which on
their own showed no significant activity in any of the tests employed. 2-linoleoyl-glycerol and
2-palmitoyl-glycerol do not bind to the CBs, nor do they inhibit adenylyl cyclase via CB1 or CB2;
however, they potentiate the binding of 2-AG and its apparent capacity to inhibit adenylyl cy-
clase. Together these esters also potentiate 2-AG inhibition of motor behavior, immobility on a
ring, analgesia on a hot plate, and hypothermia caused by 2-AG in mice. 2-linoleoyl-glycerol, but
not 2-palmitoyl-glycerol, inhibits the inactivation of 2-AG by neuronal and basophilic cells. These
observations suggest that inactive 2-acyl-glycerols enhance 2-AG activity by inhibiting its inacti-
vation and possibly via other as-yet-unknown mechanisms. We suggested that this entourage effect
may represent a novel route for molecular regulation of endogenous cannabinoid activity (59).

The biochemical basis of some entourage effects has been clarified in some reactions. De Petro-
cellis et al. (60) found that long-term treatment of human breast cancer cells with PEA down-
regulates the expression of FAAH, the enzyme responsible for anandamide degradation, thereby
leading to an enhancement of anandamide-induced and CB1-mediated cytostatic effects on these
cells.

As noted earlier, anandamide is also a full agonist of TRPV1. PEA enhances the TRPV1-
mediated effects of anandamide and capsaicin on Ca** influx into cells. These entourage effects of
PEA might be attributable to modulation of TRPV1 activity and could underlie the enhancement
of the antiproliferative effects of TRPV1 receptor agonists by PEA.
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Garcia et al. (61) have shown that PEA acts as an entourage compound in the spinal cord for
the hypotensive effects of intrathecally administered endocannabinoids. Hiley & Hoi (62) have
shown that oleamide has cannabinoid-like actions due to its potentiation of the effects of endo-

NAE: N-acyl ethanol
acyl ethano cannabinoids by inhibiting FAAH-mediated hydrolysis. Smart et al. (63) have investigated a series

amide
of saturated N-acyl ethanolamides and related compounds and their ability to cause anandamide

to produce a Ca’* influx into human embryonic kidney cells expressing the human vanilloid re-
ceptor TRPV1. The C12:0, C16:0, C17:0, C18:0, and C18:1 fatty acid ethanolamides greatly po-
tentiated the response to anandamide. De Petrocellis et al. (64) found that while N-palmitoyl- and
N-stearoyl-dopamine are inactive on TRPVR1, they enhance the action on it by N-arachidonoyl-
dopamine, which they consider an entourage effect. The same group has also shown that PEA
enhances the TRPV1-mediated effects of anandamide and capsaicin on Ca’* influx into cells.
These entourage effects of PEA might be attributable to the modulation of VR1 activity and
could underlie the enhancement of the antiproliferative effects of VR1 receptor agonists by PEA.
Russo (65) has reviewed the entourage effects of terpenoids on cannabinoids. It seems possible
that these effects are, in part, the reason why some patients prefer cannabinoid extracts rather
than pure THC.

In contrast to the above reports, when testing the effects of 2-linoleoyl-glycerol, 2-oleoyl
glycerol, and 2-palmitoyl-glycerol on 2-AG neuronal and cell-based signaling assays, Murataeva
et al. (66) found that these compounds do not serve as entourage compounds. None of the
compounds inhibited neurotransmission via CB1 in neurons, and all failed to potentiate 2-AG-
mediated, depolarization-induced suppression of excitation, behaving instead as antagonists. In
tests of pERK, cAMP, and arrestin recruitment, none of the acyl-glycerols altered CB1 signal-
ing. As pointed out by the authors, the results show that the relationship between 2-AG and its
congeners is more nuanced than previously assumed. We agree.

LONG-CHAIN FATTY ACID AMIDES WITH AMINO ACIDS
AND RELATED AMIDES

Although a few NAAAs and long-chain fatty acid amides with ethanol amine (NAEs) were known
prior to the discovery of anandamide (10), its discovery led to an increased interest in these types
of compounds. Most of the early work was on PEA, which was identified in soybeans, peanuts,
and egg yolk and found to be anti-inflammatory (67). Another NAE, OEA, is a satiety factor (68,
69), and in a recent clinical study, OEA was shown to improve inflammation and oxidative stress
in obese people (70). OEA was also found to be active in the treatment of alcohol addiction (71)
and is involved in addiction to nicotine (72) and cocaine (73). Its mechanism of action is mainly
through PPARa (74), TRPV1 channels (75), and GPR119 (46, 76).

More recently, a research group at Indiana University identified 50 novel endogenous acyl
amides of amino acids present at 0.2-69 pmol/g in wet rat brain (77, 78); today, 70 such acyl
amides are known (79). The variety of amides of NAAAs and NAE:s is very large and also includes
N-acyl ethanolamides, taurine amides, and amides with neurotransmitters, among others. The acyl
amides with amino acids and ethanolamines are the most widely investigated compounds of this
type. Several reviews have been published recently on the NAEs (80, 81), and although they are
not reviewed in detail here, some are discussed below, emphasizing mostly recent publications and
those endogenous constituents whose biological activity may have physiological relevance.

The biological effects of the molecules within any of the above groups are not identical. It is
plausible that the existence of a biosynthetic mechanism leading to a certain type of compound may
be used by cells to generate a variety of related compounds, which may have different mechanisms
of action and different activities.
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Figure 2

The selected pharmacological targets of the activity of endocannabinoid-like compounds. Endocannabinoids
and endocannabinoid-like compounds act on numerous receptors in addition to CB1 and CB2, including
TRPV1 channels, BK¢, channels, GPR-family receptors (GPR18, GPR55, GPR119, GPR92), and PPAR«
nuclear receptors. The pharmacological targets also include activation of ERK, Akt, and RhoA pathways.

Several NAEs inhibit anandamide metabolism by blocking the action of FAAH (82-84). To in-
hibit the metabolism of anandamide, the fatty acid of NAEs must be longer than a 10-carbon-long
chain; shorter NAEs have only a minimal effect (83). Part of the anandamide-potentiating effect
of these compounds is due to FAAH inhibition and also possibly to allosteric effects on CBs and
vanilloid receptors (63). The potential pharmacological targets of the activity of endocannabinoid-
like compounds are shown in Figure 2.

Long-Chain N-Acyl Amides with Amino Acids: A Few Examples

The biological properties of most of the NAAAs are not yet known. Some of the NAAAs (e.g.,
N-arachidonoyl-glycine, AraS) activate GPCRs.

Long et al. (85) recently identified an enzyme, PM20D1, that produces NAAAs by conden-
sation of fatty acids and amino acids; it also catalyzes the reverse hydrolytic reaction. Mice with
increased PM20D1 have increased NAAAs in blood. The authors noted that administration of
NAAAs to mice blunted high-fat diet-induced weight gain. Direct intraperitoneal administration
of NAAAs to mice increased whole-body energy expenditure, with weight loss and improved glu-
cose homeostasis. The authors suggest that this pathway might be useful for treating obesity and
associated disorders.

www.annualreviews.org  Beyond THC and Endocannabinoids
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N-Oleoyl Glycine

Until recently, addiction was assumed to be mainly a psychological state. Now it is believed that
OG: N-oleoyl glycine ~ addiction represents a CNS disease (86) (for a review of endocannabinoid signaling in reward and
addiction, see 87).

CPP: conditional . . o . . L .
If an animal recognizes addiction as an undesirable state (or a disease), it is plausible that the

place preference
animal may try to lower the effects of such a disease. It is well established that some individuals

using addictive drugs do not get addicted, whereas others do. The reason for this difference is not
yet known.

Donvito etal. (88) reported investigations aimed at discovering a natural antiaddiction defense
mechanism. Their research was based on an observation made by Naqvi et al. (89), who reported
that cigarette smokers suffering from traumatic brain injury that included damage to the insula
cortex abruptly ceased their nicotine addiction. This observation, along with more recent data
(89, 90), showed that the insula may control processes that moderate or inhibit addictive behavior.
Donvito etal. (88) postulated the existence of a neurochemical sensitive to brain injury that might
counteract nicotine reward and dependence. The authors found that after trauma the mouse insula
produces N-oleoyl glycine (OG), which has powerful anti—nicotine addiction properties. In mice,
OG blocked the establishment of nicotine conditional place preference (CPP), an addiction assay,
and reduced withdrawal responses in nicotine-dependent mice. In morphine-dependent rats, OG
reduced withdrawal responses but did not affect morphine CPP, demonstrating selectivity. OG
activated PPAR« in vitro, and a PPARa antagonist restored nicotine CPP in OG-treated mice
(88). OG does not interact with the endogenous cannabinoid system.

Wang et al. (91) showed that OG increased the expression of CB1, but not of CB2, promoted
adipogenesis, and enhanced the insulin-mediated Akt signaling pathway. The authors suggested a
potential role for OG in increasing insulin sensitivity and suppressing obesity and diabetes.

N-Arachidonoyl Glycine

A recent review summarized the numerous effects of AraG (92). AraG is a metabolite of anan-
damide formed by both oxidative metabolism of the ethanolamine moiety of anandamide and the
conjugation of glycine to arachidonic acid, which is released during anandamide hydrolysis by
FAAH (93). AraG is best known for its effects on pain (94, 95) and cell migration (42, 96).

AraG is a natural ligand for GPR18, the putative abnormal CBD receptor (41, 42), and an
endogenous inhibitor of GLYT?2, a glycine transporter (97). Itis also a recruiter of BV-2 microglia,
hence its effects may lead to anti-inflammatory actions in the brain (42).

While AraG does not activate CBs, it modulates vascular tone. AraG acts as a vasorelaxant,
predominantly via activation of Ca?*-activated K* channels in small mesenteric arteries in rats.
AraG-induced relaxation is attenuated by a nitric oxide synthase inhibitor (98).

N-Arachidonoyl Serine

Brain extracts have been noted to cause vasodilation, and Milman et al. (99) isolated a bovine
brain constituent that caused this effect. Its structure was elucidated as AraS. Unlike anan-
damide, the chemically closely related AraS binds weakly to CB1, CB2, and TRPV1 recep-
tors. It causes endothelium-dependent vasodilation and enhances phosphorylation of p44/42
mitogen-activated protein kinase and protein kinase B/Akt in endothelial cells. AraS also sup-
presses lipopolysaccharide-induced formation of tumor necrosis factor o (TNFa) in a murine
macrophage cell line and in mice.

AraS$ is neuroprotective after traumatic brain injury, reducing apoptosis and possessing proneu-
rogenic properties (100). These effects were accompanied by a reduction in lesion volume and an
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improvement in neurobehavioral function. Ara$ increased proliferation of neural progenitor cells
in vitro and maintained them in an undifferentiated state in vitro and in vivo. Even when AraS
was administered 7 days postinjury, significant neuroprotective effects leading to an improvement 0S: N-oleoyl serine
in neurobehavioral functions were observed.

AraS was also found to induce endothelial cell proliferation, migration, and angiogenesis in
vitro. The proangiogenic action is mediated, at least in part, by activation of the GPR55 receptor.
AraS, via GPRSS5, increases phosphorylation of ERKs and Akt and is involved in vascular endothe-

lial growth factor signaling (39).

N-Oleoyl Serine

Osteoporosis, a prevalent degenerative disease, is the result of an imbalance in bone remodel-
ing (101). The incidence of osteoporosis is lower in Greece, which has been attributed to high
olive oil consumption (102). Smoum et al. (103) investigated whether an oleic acid derivative (or
metabolite) could be involved in this effect. They reported the presence of NAAAs and NAEs in
mouse bone. N-oleoyl serine (OS) was noted to have potent activity in an osteoblast proliferation
assay. In these cells, OS triggers a Gi protein—coupled receptor and ERK1/2. It is not clear which
GPCR is involved. In intact mice, OS moderately increases bone volume density, mainly by in-
hibiting bone resorption. However, in an in vivo mouse ovariectomy model for osteoporosis, OS
prevents bone loss by increasing bone formation and markedly restraining bone resorption. The
differential effect of exogenous OS in the ovariectomy versus intact animals may be a result of a
decrease in skeletal OS levels. These data show that OS is a previously unexplored lipid regulator
of bone remodeling.

N-Palmitoyl Serine

As with anandamide and AraS, N-palmitoyl serine treatment also improved the neurobehavioral
outcome of mice after traumatic brain injury but apparently by a different mechanism. Treatment
with N-palmitoyl serine did not affect edema and lesion volume. Its neuroprotective action is
mediated by indirect activation of the CBs following brain injury. Mann et al. (104) suggested that
the mechanism may involve receptor palmitoylation, which reportedly results in the stabilization
of receptors and an increase in their activity.

CANNABIDIOL

Here we briefly summarize and discuss the beneficial actions of CBD, based primarily on in vivo
studies and available clinical evidence, and briefly mention other constituents of C. sativa with
efficacy in preclinical disease models. Readers are often referred to recent overviews on specific
subjects rather than the original papers.

CBD is one of the most interesting major constituents of marijuana, and its structure was
elucidated in 1963 (105). It does not stimulate CB1 and has no psychoactive properties like those
of THC. Paradoxically, CBD was long considered to be without significant biological activity
despite scattered literature on its potential benefits in seizures (106-108).

A study by Julius Axelrod and his group (109) in 1998 showed that both THC and CBD
were more potent neuroprotective antioxidants than the reference antioxidants they used. Subse-
quently, numerous preclinical reports demonstrated tissue protective and anti-inflammatory ef-
fects of CBD in models of neurodegeneration/neuroinflammation, stroke (110), colitis (111), liver
(112, 113), kidney injury (114), cardiovascular disease [cardiomyopathies (115, 116), myocarditis
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(117), and myocardial infarction (118)], arthritis (119), sepsis (120), primary diabetes (121) and
diabetic complications (122, 123), graft-versus-host disease (GVHD) (124), cancer (125, 126), and
. . epilepsy (106, 127-130), among others (122, 131).

MS: multiple sclerosis b Niv};rtheless, even with ovegr 2,300 publications in PubMed, little has been done to translate
these preclinical observations to clinical trials or practice. A turning point came with rare forms
of childhood epilepsy almost four decades after the publication of the first positive small-scale
clinical observations on the potential antiepileptic effects of CBD in humans (106). The recent
success of two double-blind, placebo-controlled, phase 3 clinical trials investigating the effects of
pure CBD in rare debilitating genetic forms of epilepsy in children (127-130) led to the US Food
and Drug Administration (FDA) approval in 2018 of an oral solution of Epidiolex (CBD) for the
treatment of Lennox-Gastaut syndrome and Dravet syndrome in patients two years of age and
older. This FDA approval of Epidiolex has also triggered development of numerous CBD-based
pharmaceutical products for clinical studies. However, whether CBD is indeed effective in other
forms of epilepsy or any other human diseases remains to be seen in future clinical studies.

CBD is also a constituent of the oral mucosal spray Sativex (nabiximols in the United States)
(contains 2.7 mg THC and 2.5 mg CBD per dose), which is approved in over 30 countries for
the management of pain primarily associated with multiple sclerosis (MS). THC and its synthetic
analog nabilone are FDA-approved only for the treatment of chemotherapy-induced nausea and
vomiting and to stimulate appetite in cachexia associated with AIDS or terminal tumors (132).

The earliest medicinal use of cannabis described in historical documents was to treat pain
(133). Later studies attributed a predominant role for CB1 in the complex antinociceptive effects
involving actions in the peripheral sensory nerves, spinal cord, and CNS (132, 134, 135). A poten-
tial antinociceptive role of CB2 has also been suggested (136), particularly in inflammatory pain;
however, the exact mechanisms and cellular targets are still poorly understood for this receptor
(137). Since THC is a partial agonist of both rodent and human CB1 and CB2 (132), based on pre-
clinical data, it was reasonable to expect comparable antinociceptive effects in humans. However,
the clinical trials with THC, CBD, and their combinations have painted a different and more
disappointing scenario (138, 139). The initial studies primarily focused on their safety/efficacy
and symptom relief (e.g., limb spasticity, pain and sleep quality, bladder incontinence) in MS or
other pain-related conditions. In three studies, Sativex/nabiximols improved urinary incontinence
in MS patients (138). In contrast, assessment of objective outcomes using the Ashworth Scale in
other trials evaluating the efficacy of cannabis/Sativex on spasticity in MS found that, at doses
lacking overt psychoactivity, these drugs were minimally or not effective. However, by evaluating
the subjective, patient-assessed end points (pain, spasms, spasticity, and sleep quality), the treat-
ment was found to be effective. Significant benefits of Sativex/nabiximols compared to placebo
were also observed in follow-up studies using a patient-assessed numeric rating scale for spasticity
(138). Although some of the benefits observed could be due to mood improvement, this would not
explain why the symptoms (spasticity, pain, and sleep quality) were improved in only some of the
Sativex/nabiximols-treated participants. In patients treated with THC for one year, improvements
using the Ashworth Scale were also noted (138).

The rationale for combining THC and CBD and selecting the ratio present in Sativex in clin-
ical studies was based on empirical evidence suggesting that CBD may attenuate the undesirable
psychoactive effects of THC (140). A recent study demonstrating that CBD is a negative allosteric
modulator of CB1 provided a possible explanation for this clinical observation (141). A meta-
analysis of the data in 34 trials with various combinations of CBD with THC or CBD alone has
been reported (140). Of these trials, 16 were conducted in healthy subjects, and the rest were con-
ducted in diverse clinical populations, including subjects with schizophrenia and bipolar mania,
MS, neuropathic and cancer pain, social anxiety disorder, cancer-related anorexia, Huntington’s
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disease (HD), insomnia, and epilepsy. Depending on the study and the THC:CBD ratio, CBD
was found to either prolong/intensify or inhibit THC-induced effects (140).

Multiple recent studies also evaluated the therapeutic potential of nabiximols for cancer pain
resistant to opioids. Although the adjuvant used was safe and effective in three trials for cancer
pain (142-144), the drug disappointingly failed to reach the primary end point or show efficacy in
a phase 3 clinical trial. Notably, post hoc analyses revealed that patients who received lower doses
of opioids experienced significant benefits from nabiximols on multiple secondary end points,
suggesting that nabiximols might have utility in patients with advanced cancer who receive a lower
opioid dose, such as individuals with early intolerance to opioid therapy (139).

In most of these studies, Sativex/nabiximols caused generally mild to moderate side effects.
Pharmacokinetic characteristics such as first-pass effects in the liver and slow absorption via the
oral route can explain the unfavorable efficacy observed in some clinical reports, which may also
limit the utility of self-titration (138).

Collectively, in most MS studies, improvements in subjective rather than quantitative symp-
tomatic outcome measures (including pain) were observed with Sativex/nabiximols, which is in
agreement with the conclusion of a systematic review by the American Academy of Neurology
suggesting that Sativex/nabiximols was “probably effective” for spasticity, pain, and urinary
dysfunction (145), supporting the beneficial effects of CBD+THC-based medicines in pain.

Cardiovascular side effects are the most common cause of failure of numerous lead compounds
in clinical development, which resulted in termination of trials for pain with peripherally re-
stricted CB1 agonists (146). It is also well documented in both preclinical and clinical studies that
THC, particularly in high doses, may induce CB1-dependent cardiovascular adverse effects (146).
In contrast to THC, CBD is devoid of cardiovascular side effects and toxicities, even at high doses
used for a prolonged period of time, in both rodents and humans (106, 115-117, 127-129). In
addition to not having adverse cardiovascular effects, CBD has been reported to attenuate damage
in preclinical models of cardiovascular disease/injury, including stroke, myocardial infarction,
autoimmune myocarditis, and doxorubicin- and diabetes-induced cardiomyopathies (146).

Cardiovascular Effects: Myocardial Infarction, Cardiomyopathies,
Myocarditis, and Stroke

CBD decreased myocardial necrosis in rat and rabbit models of myocardial infarction (118, 147) by
attenuating oxidative stress and improving antioxidant defense mechanisms. In mouse and rat car-
diomyopathy models induced by the widely used chemotherapeutic drug doxorubicin (known for
its cardiotoxicity in humans), CBD improved cardiac function and attenuated the apoptosis of car-
diomyocytes and endothelial cells by decreasing oxidative and nitrative stress (116, 148). CBD also
corrected the doxorubicin-induced impairment of mitochondrial biogenesis and function in hearts
(116). Chronic CBD treatment improved type I diabetes—induced myocardial dysfunction and cell
death in mouse hearts and in human cardiomyocytes exposed to high glucose by attenuating NFxB
activation and interrelated signaling pathways [e.g., inducible nitric oxide synthase (iNOS), nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidases, and TNNFa expression], decreasing
reactive oxygen and nitrogen species (ROS, RNS) generation, cell death, and myocardial fibrosis
(115). CBD in primary coronary endothelial cells attenuated the high glucose—induced endothe-
lial cell inflammatory response and barrier disruption (149) and improved diabetic retinopathy
(150).

In a model of chronic autoimmune myocarditis in mice, CBD treatment improved cardiac
dysfunction, decreased the CD3* and CD4* cell-mediated inflammatory response and injury, and
modulated myocardial fibrosis (117). These studies provided the rational for a recent exploratory
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clinical trial to assess the safety of CBD in patients with heart failure ACC/AHA stages A-C
(NCT03634189).

CBD attenuated cerebral ischemia—induced brain injury in several animal models of stroke
(151-153). In most of these studies, the protective effects of CBD on neuronal cell death and the
recovery of cognitive function following the insult were independent from CB1/2, which could be
attributed to the attenuation of oxidative stress and excitotoxicity, decreased microglial activation
and leukocyte infiltration, attenuation of the release of danger-associated molecular patterns from
necrotic cells, and improved microcirculation and brain metabolism. In some of the studies, the

observed beneficial effects involved 5-HT1A, A2A, and CB2 (153, 154).

Liver and Kidney Injury and Disease

CBD reduced hepatic ischemia reperfusion and alcohol binge—induced liver injury in rodents (112)
and the hepatotoxicity of cocaine (155) and cadmium (156). It also improved cognitive function in
a fulminant hepatic failure—induced model of hepatic encephalopathy in mice (157). The protec-
tive effects in these models involved attenuation of the proinflammatory response, signaling, and
cell death. CBD also attenuated human liver sinusoidal endothelial cell activation, attachment of
human neutrophils to the activated endothelium, and Kupffer cell activation (112).

CBD increased lipid mobilization and inhibited the development of steatohepatitis in zebrafish
and obese mouse models (113). In a chronic plus binge alcohol-induced steatohepatitis model in
mice, CBD attenuated alcohol-induced inflammation involving E-selectin expression and neu-
trophil recruitment and consequent oxidative/nitrative stress. It also attenuated alcohol-induced
hepatic metabolic dysregulation in mice and steatosis and oxidative burst in human neutrophils
(158). CBD also decreased kidney injury induced by cisplatin or ischemia/reperfusion in mice/rats
(114, 159) by decreasing oxidative/nitrative stress and inflammation.

Neurodegenerative Disease, Pain, Epilepsy, Anxiety, Sleep, and Emesis

Oxidative and nitrative stress and inflammation have been implicated in the pathology of most
neurodegenerative diseases, including MS, Parkinson’s disease (PD), Alzheimer’s disease (AD),
and HD (160). The beneficial effects of CBD observed in preclinical models of MS (161-163),
PD, AD, and HD could be attributed to attenuation of oxidative/nitrative stress, excitotoxicity,
microglial activation, inflammatory cell infiltration, inhibition of nuclear factor kappa B (NFkB)-
related signaling (e.g., INOS, COX2, NADPH oxidase expression), and enhancement of antioxi-
dant defense mechanisms independent from direct effects on CBs, potentially involving 5-HT1A
and inhibition of adenosine uptake (reviewed in 132, 153, 154).

As described above, CBD inhibits various seizures in both experimental animals and humans.
However, despite its FDA approval for the treatment of rare forms of epilepsy, the exact mecha-
nism of its antiepileptic effect in vivo is still elusive; it may involve effects on the 5-HT'1 receptor,
certain ion channels, and indirect effects on GABA. Anxiolytic-like (164) and antiemetic (165)
properties of CBD in different animal models were also described, suggesting the potential in-
volvement of 5-HT1A receptors in these effects (154).

Inflammation, Autoimmunity (Primary Diabetes, Arthritis, Colitis,
Sepsis, Autoimmune Encephalomyelitis, and Myocarditis),
and Graft-Versus-Host Disease

As mentioned above, anti-inflammatory and tissue-protective effects of CBD have been demon-
strated in various inflammatory disease models. In most models, CBD attenuated T cell
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infiltration/proliferation, microglial activation, and consequent oxidative stress and inflammatory
response.

Based on promising preclinical data, a randomized proof-of-concept study in patients with
ulcerative colitis was undertaken with a CBD-rich botanical extract. The primary end point was
not reached; however, the authors concluded that a CBD-rich botanical extract may be beneficial
for symptomatic treatment of ulcerative colitis (166).

An exploratory phase 2 study found that the combination of CBD with standard GVHD pro-
phylaxis is a safe and promising strategy to reduce the incidence of acute GVHD following allo-
geneic hematopoietic cell transplantation (124); however, further studies are required to demon-
strate efficacy of CBD in GVHD in humans.

Cancer

CBD at relatively high micromolar concentrations was reported to inhibit the proliferation of
various human cancer cell lines (e.g., human prostate, breast, and colorectal/gastric carcinoma)
and/or promote apoptosis in these cell lines, presumably by increased ROS generation and ef-
fects on CB2, TRPV1, TRPMS, COX2, or PPARa. CBD also inhibited cancer cell invasion and
metastasis and attenuated the growth of certain solid tumors in mice (reviewed in 154).

Based on preclinical studies demonstrating synergistic benefits of combinations of THC, CBD,
and the chemotherapeutic drug temozolomide on glioma cells (167), a phase 2 randomized, con-
trolled, small-scale trial of 21 patients with recurrent glioblastoma investigated the potential ben-
efits of Sativex/nabiximols versus placebo in combination with temozolomide. The preliminary
results demonstrated increased one-year survival (83 % versus 53%). Moreover, in a recent clin-
ical study, the effect of pharmaceutical-grade synthetic CBD on a range of cancer patients was
analyzed over a four-year period. Clinical responses were seen in 92% of the 119 cases with solid
tumors, including a reduction in circulating tumor cells in many cases and a reduction in tumor
size in other cases, as shown by repeat scans. No adverse effects were observed (168). Despite these
encouraging preliminary data, no double-blind, placebo-controlled study has been undertaken to
demonstrate efficacy of CBD in any human cancers.

Tetrahydrocannabivarin is another interesting constituent of marijuana that was reported to
be a CB1 antagonist at a low (but a CB1 agonist at a high) dose as well as a CB2 partial agonist.
Tetrahydrocannabivarin had beneficial metabolic effects in preclinical disease models of obesity
and steatohepatitis (113, 169) and was safe in a phase 2 clinical study (170, 171); however, its
efficacy in any human disease remains to be demonstrated.

In summary, we have briefly reviewed the therapeutic effects of CBD, primarily focusing on in
vivo experimental studies and clinical reports. The therapeutic effects of CBD appear to share very
similar fundamental mechanisms across diverse pathologies of multiple organ systems in preclin-
ical disease models (see Figure 3). These effects include (#) attenuation of oxidative and nitrative
stress, (#) enhancement of antioxidant defense of parenchymal cells, (c) attenuation of cell necrosis
and the consequent release of danger-associated molecular patterns from dying cells, (d) a de-
crease in endothelial cell activation and the influx of inflammatory cells and their attachment to
the activated endothelium (depending on pathological model, neutrophils, macrophages, T cells,
microglia, etc.), (¢) attenuation of the activation of immune cells, and (f) improvement of mi-
crocirculation and organ function. In most pathological scenarios, these beneficial effects appear
to involve the inhibition of ROS-dependent, NFkB-related gene expression (e.g., iNOS, COX2,
ROS-generating NADPH oxidases, TNFa), and stress signaling pathways (e.g., p38,JNK), among
others.

The beneficial effects of CBD in preclinical disease models, its proven safety in human clinical
trials, and its current FDA approval for the treatment of rare forms of epilepsy all indicate that

www.annualreviews.org o Beyond THC and Endocannabinoids — 32.13



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

— Inhibition

—> Activation

Tissue injury Cannabidiol

Mitochondrion ROS
NADPH oxidases
Xanthine oxidase Stress signaling pathways
Uncoupled eNOST7 ——~_ (MAPKs, NFkB, etc.)
Cyclooxygenases Impaired vascular function
+ @ —> Protein oxida’tion, nitration
iNOS / +SOD Inactivation of enzymes

Lipid peroxidation

W . .
IS N \ Mitochondrial
Inflammatory _ P Excessive VYA dysfunction

response - C Q Qo
“» \33 damage @ Free PAR o
W o polymer Oo Q
Lymphocyte DNA o @ ~ %o c'o
breaks O  DNA @ organ
NAD+0 [_fragmentation dysfunction
o o/ NIRRT § >t |
0,0 'y >
Neutrophil o lo ol pamps \ T N = @eae Necrosis
Q
Macrophage ° o (PARP-1
Microglia NFxB \

Kupffer cells
NAD*| ATP

Proinflammatory and prooxidant
gene expression

(TNFa, chemokines, adhesion
molecules, iINOS, NOX2, COX2, etc.)

Parenchymal cell
(hepatocyte, neuron, cardiomycyte, etc.)

Figure 3

Mechanisms of tissue-protective effects of CBD. CBD in vivo protects against tissue injury and organ dysfunction by attenuating
ROS/RNS generation, mitochondrial dysfunction, activation of ROS-dependent stress signaling pathways leading to cell death or
proinflammatory response (e.g., various MAPKSs, NFkB-dependent mechanisms), and secondary inflammatory response (e.g.,
chemotaxis, endothelial activation and adhesion of inflammatory cells to activated endothelium, transmigration and activation of
immune cells, and consequent inflammatory response and ROS/RNS generation). Abbreviations: AIF, apoptosis-inducing factor; CBD,
cannabidiol; COX2, cyclooxygenase 2; DAMP, damage associated molecular pattern; iNOS, inducible nitric oxide synthase; NF«B,
nuclear factor kappa B; MAPK, mitogen-activated protein kinase; NO, nitric oxide; NOX2, ROS-generating NADPH oxidase 2
isoform; O, superoxide; ONOQO, peroxynitrite; PARP, poly(ADP)ribose polymerase; ROS, reactive oxygen species; RNS, reactive
nitrogen species; SOD, superoxide dismutase.

its therapeutic potential will be further explored in clinical trials in multiple diseases affecting
humans.

In addition to CBD and THC, there are numerous other minor cannabinoids present in
cannabis with potential exploitable biological effects for therapeutic gain (172), the discussion
of which is beyond the scope of this review.

CONCLUSION

Research in the cannabinoid field involves three distinct areas: the phytochemical, the endogenous
cannabinoid (anandamide and 2-AG) and their main CB1/2, and the anandamide-like cannabi-
noid. Such research has expanded tremendously over the last few years, and new knowledge from
all three domains will not only shed light on a large number of physiological processes but may
also serve as a starting point for the development of new drugs. It is also tempting to speculate that
the large cluster of anandamide-type compounds in the brain, many with CNS effects, is related
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to the chemistry of human individual temperamental differences, an area of psychology that has
barely been explored.

It seems reasonable to expect that additional anandamide-like compounds will also be
discovered/made in the future, with potential implications for pathology and the treatment of
numerous diseases.

CBD has been reported to exert beneficial effects in multiple disease models, as discussed in this
review, and the recent FDA approval of CBD in rare forms of childhood epilepsy opens a door for
further exploratory clinical investigations of the potential benefits/risks of this compound in other
diseases affecting humans. If CBD is proven to be effective in other forms of epilepsy, or in various
inflammatory, auto-immune, and neurological and psychiatric diseases, additional CBD analogs
may be developed. Most forms of CBD are still illegal in the United States. Furthermore, the
therapeutic dose of CBD showing efficacy in epileptic children is 20 mg/kg/day, which is consis-
tent with benefits seen in preclinical studies with a 5-10-mg/kg daily dose in most disease models.
It is, therefore, very important to emphasize that the large number of claims made with vari-
ous CBD oils/products of unknown origin and uncontrolled composition containing very small
doses of CBD (100-200 mg/bottle to be consumed for 4 weeks; equivalent to 0.005 mg/kg/day
or less) are not supported by any preclinical or clinical studies. These unregulated CBD formu-
lations may also contain harmful pesticides and heavy metals, and this poses a safety risk to their
use.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

Almost all publications from the laboratories of PP. (NIH) and of R.M. and N.M.K. (Hebrew
University) cited in this Review are based on research done over decades in close collaboration
with numerous colleagues. We thank all of them.

LITERATURE CITED

1. Todd AR. 1946. Hashish. Experientia 2:55-60

2. Paton WDM, Pertwee RG. 1973. The actions of cannabis in man. In Marijuana, ed. R Mechoulam,
pp- 287-333. New York: Academic

3. Mechoulam R. 1970. Marihuana chemistry. Science 168:1159-66

4. Mechoulam R, Hanus LO, Pertwee R, Howlett AC. 2014. Early phytocannabinoid chemistry to endo-
cannabinoids and beyond. Naz. Rev. Neurosci. 15:757-64

5. Pertwee RG, ed. 2004. Handbook of Experimental Pharmacology, Vol. 168: Cannabinoids. Berlin: Springer

6. Mechoulam R, Feigenbaum JJ, Lander N, Segal M, Jarbe TUC, et al. 1988. Enantiomeric
cannabinoids—stereospecificity of psychotropic activity. Experientia 44:762-64

7. Devane WA, Dysarz FA 3rd, Johnson MR, Melvin LS, Howlett AC. 1988. Determination and charac-
terization of a cannabinoid receptor in rat brain. Mol. Pharmacol. 34:605-13

8. Munro S, Thomas KL, Abushaar M. 1993. Molecular characterization of a peripheral receptor for
cannabinoids. Narure 365:61-65

9. Pertwee RG, ed. 2015. Handbook of Experimental Pharmacology, Vol. 231: Endocannabinoids. Berlin:
Springer

10. Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, et al. 1992. Isolation and structure of a

brain constituent that binds to the cannabinoid receptor. Science 258:1946-49

www.annualreviews.org o Beyond THC and Endocannabinoids — 32.15



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

11. Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE, et al. 1995. Identification
of an endogenous 2-monoglyceride, present in canine gut, that binds to cannabinoid receptors.
Biochem. Pharmacol. 50:83-90

12. Sugiura T, Kondo S, Sukagawa A, Nakane S, Shinoda A, et al. 1995. 2-arachidonoylglycerol: a possible
endogenous cannabinoid receptor ligand in brain. Biochem. Biophys. Res. Commun. 215:89-97

13. Muccioli GG. 2010. Endocannabinoid biosynthesis and inactivation, from simple to complex. Drug
Discov. Today 15:474-83

14. Maccarrone M. 2017. Metabolism of the endocannabinoid anandamide: open questions after 25 years.
Front. Mol. Neurosci. 10:166

15. Pacher P, Kunos G. 2013. Modulating the endocannabinoid system in human health and disease suc-
cesses and failures. FEBS 7.280:1918-43

16. ElSohly MA, Radwan MM, Gul W, Chandra S, Galal A. 2017. Phytochemistry of Cannabis sativa
L. In Phytocannabinoids: Unraveling the Complex Chemistry and Pharmacology of Cannabis sativa, ed. AD
Kinghorn, H Falk, S Gibbons, ] Kobayashi, pp. 1-36. Cham, Switz.: Springer

17. Pertwee RG,Rock EM, Guenther K, Limebeer CL, Stevenson LA, et al. 2018. Cannabidiolic acid methyl
ester, a stable synthetic analogue of cannabidiolic acid, can produce 5-HT1A receptor-mediated suppres-
sion of nausea and anxiety in rats. Br: 7. Pharmacol. 175:100-12

18. Hen-Shoval D, Amar S, Shbiro L, Smoum R, Haj CG,; et al. 2018. Acute oral cannabidiolic acid methyl
ester reduces depression-like behavior in two genetic animal models of depression. Bebav. Brain Res.
351:1-3

19. Hanus L, Gopher A, Almog S, Mechoulam R. 1993. Two new unsaturated fatty acid ethanolamides in
brain that bind to the cannabinoid receptor. 7. Med. Chem. 36:3032-34

20. Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB. 1996. Molecular characteriza-
tion of an enzyme that degrades neuromodulatory fatty-acid amides. Nature 384:83-87

21. Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, et al. 2002. Brain monoglyceride lipase par-
ticipating in endocannabinoid inactivation. PNAS 99:10819-24

22. HanusL,Abu-Lafi S, Fride E, Breuer A, Vogel Z, et al. 2001. 2-arachidonyl glyceryl ether, an endogenous
agonist of the cannabinoid CB1 receptor. PNAS 98:3662-65

23. Oka S, Tsuchie A, Tokumura A, Muramatsu M, Suhara Y, et al. 2003. Ether-linked analogue of
2-arachidonoylglycerol (noladin ether) was not detected in the brains of various mammalian species.
7. Neurochem. 85:1374-81

24. Huang H, Mclntosh AL, Martin GG, Landrock D, Chung S, et al. 2016. FABP1: a novel hepatic endo-
cannabinoid and cannabinoid binding protein. Biochemistry 55:5243-55

25. Elmes MW, Kaczocha M, Berger WT, Leung K, Ralph BP, et al. 2015. Fatty acid binding proteins
(FABPs) are intracellular carriers for A®-tetrahydrocannabinol (THC) and cannabidiol (CBD). 7. Biol.
Chem. 290(14):8711-21

26. Gomes I, Grushko JS, Golebiewska U, Hoogendoorn S, Gupta A, et al. 2009. Novel endogenous peptide
agonists of cannabinoid receptors. FASEB 7. 23:3020-29

27. Reckziegel P, Festuccia WT, Britto LRG, Jang KLL, Romao CM, et al. 2017. A novel peptide that
improves metabolic parameters without adverse central nervous system effects. Sci. Rep. 7:14781

28. Bauer M, Chicca A, Tamborrini M, Eisen D, Lerner R, et al. 2012. Identification and quantification
of a new family of peptide endocannabinoids (pepcans) showing negative allosteric modulation at CB1
receptors. 7. Biol. Chem. 287:36944-67

29. Starowicz K, Nigam S, Di Marzo V. 2007. Biochemistry and pharmacology of endovanilloids. Pharmacol.
Ther. 114:13-33

30. McHugh D, Tanner C, Mechoulam R, Pertwee RG, Ross RA. 2008. Inhibition of human neutrophil
chemotaxis by endogenous cannabinoids and phytocannabinoids: evidence for a site distinct from CB1
and CB2. Mol. Pharmacol. 73:441-50

31. Begg M, Pacher P, Batkai S, Osei-Hyiaman D, Offertaler L, et al. 2005. Evidence for novel cannabinoid
receptors. Pharmacol. Ther: 106:133-45

32. Jarai Z, Wagner JA, Varga K, Lake KD, Compton DR, et al. 1999. Cannabinoid-induced mesenteric
vasodilation through an endothelial site distinct from CB1 or CB2 receptors. PNAS 96:14136-41

32.16  Pacher o Kogan o Mechoulam



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

33. Ho W-SV, Hiley CR. 2003. Endothelium-independent relaxation to cannabinoids in rat-isolated mesen-
teric artery and role of Ca?* influx. Br: 7. Pharmacol. 139:585-97

34. Offertaler L, Mo FM, Batkai S, Liu J, Begg M, et al. 2003. Selective ligands and cellular effectors of a
G protein—coupled endothelial cannabinoid receptor. Mol. Pharmacol. 63:699-705

35. Irving A, Abdulrazzaq G, Chan SLF, Penman J, Harvey ], Alexander SPH. 2017. Cannabinoid receptor-
related orphan G protein-coupled receptors. In Advances in Pharmacology, Vol. 80: Cannabinoid Pharma-
cology, ed. D Kendall, SPH Alexander, pp. 223-47. Cambridge, MA: Academic

36. Ryberg E, Larsson N, Sjogren S, Hjorth S, Hermansson NO, et al. 2007. The orphan receptor GPR55
is a novel cannabinoid receptor. Br: 7. Pharmacol. 152:1092-101

37. Johns DG, Behm DJ, Walker DJ, Ao Z, Shapland EM, et al. 2007. The novel endocannabinoid recep-
tor GPRS55 is activated by atypical cannabinoids but does not mediate their vasodilator effects. Br: 7.
Pharmacol. 152:825-31

38. Oka S, Nakajima K, Yamashita A, Kishimoto S, Sugiura T. 2007. Identification of GPR5S5 as a lysophos-
phatidylinositol receptor. Biochem. Biophys. Res. Commun. 362:928-34

39. Zhang X, Maor Y, Wang JF, Kunos G, Groopman JE. 2010. Endocannabinoid-like N-arachidonoyl
serine is a novel pro-angiogenic mediator. Br: J. Pharmacol. 160:1583-94

40. Ross RA. 2009. The enigmatic pharmacology of GPRS5S. Tiends Pharmacol. Sci. 30:156-63

41. Kohno M, Hasegawa H, Inoue A, Muraoka M, Miyazaki T, et al. 2006. Identification of
N-arachidonylglycine as the endogenous ligand for orphan G-protein-coupled receptor GPR18.
Biochem. Biophys. Res. Commun. 347:827-32

42. McHugh D, Hu SSJ, Rimmerman N, Juknat A, Vogel Z, et al. 2010. N-arachidonoyl glycine, an abundant
endogenous lipid, potently drives directed cellular migration through GPR18, the putative abnormal
cannabidiol receptor. BMC Neurosci. 11:44

43. Bondarenko Al, Panasiuk O, Drachuk K, Montecucco F, Brandt KJ, Mach F. 2018. The quest for en-
dothelial atypical cannabinoid receptor: BKc, channels act as cellular sensors for cannabinoids in in
vitro and in situ endothelial cells. Vasc. Pharmacol. 102:44-55

44. Overton HA, Babbs AJ, Doel SM, Fyfe MCT, Gardner LS, et al. 2006. Deorphanization of a G protein-
coupled receptor for oleoylethanolamide and its use in the discovery of small-molecule hypophagic
agents. Cell Metab. 3:167-75

45. Soga T, Ohishi T, Matsui T, Saito T, Matsumoto M, et al. 2005. Lysophosphatidylcholine enhances
glucose-dependent insulin secretion via an orphan G-protein-coupled receptor. Biocherm. Biophys. Res.
Commun. 326:744-51

46. Lauffer LM, Lakoubov R, Brubaker PL. 2009. GPR119 is essential for oleoylethanolamide-induced
glucagon-like peptide-1 secretion from the intestinal enteroendocrine L-cell. Diabetes 58:1058-66

47. Hansen KB, Rosenkilde MM, Knop FK, Wellner N, Diep TA, et al. 2011. 2-oleoyl glycerol isa GPR119
agonist and signals GLP-1 release in humans. 7. Clin. Endocrinol. Metab. 96:£1409-17

48. Lee CW, Rivera R, Gardell S, Dubin AE, Chun J. 2006. GPR92 as a new G12/13- and Gg-coupled
lysophosphatidic acid receptor that increases cAMP, LPAs. 7. Biol. Chem. 281:23589-97

49. Oh DY, Yoon JM, Moon MJ, Hwang JI, Choe H, et al. 2008. Identification of farnesyl pyrophosphate
and N-arachidonylglycine as endogenous ligands for GPR92. 7. Biol. Chem. 283:21054-64

50. Fu]J, Gaetani S, Oveisi F, Lo Verme J, Serrano A, et al. 2003. Oleylethanolamide regulates feeding and
body weight through activation of the nuclear receptor PPAR-a.. Nature 425:90-93

51. Lo Verme J, Fu J, Astarita G, La Rana G, Russo R, et al. 2005. The nuclear receptor peroxisome
proliferator-activated receptor-a mediates the anti-inflammatory actions of palmitoylethanolamide. Mol.
Pharmacol. 67:15-19

52. Ibsen MS, Connor M, Glass M. 2017. Cannabinoid CB; and CB; receptor signaling and bias. Cannabis
Cannabinoid Res. 2:48-60

53. Khajehali E, Malone DT, Glass M, Sexton PM, Christopoulos A, Leach K. 2015. Biased agonism and
biased allosteric modulation at the CB; cannabinoid receptor. Mol. Pharmacol. 88:368-79

54. Soethoudt M, Grether U, Fingerle J, Grim TW, Fezza F, et al. 2017. Cannabinoid CB; receptor ligand
profiling reveals biased signalling and off-target activity. Nat. Commun. 8:13958

www.annualreviews.org o Beyond THC and Endocannabinoids — 32.17



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

55. Lin XY, Dhopeshwarkar AS, Huibregtse M, Mackie K, Hohmann AG. 2018. Slowly signaling G protein—
biased CB; cannabinoid receptor agonist LY2828360 suppresses neuropathic pain with sustained efficacy
and attenuates morphine tolerance and dependence. Mol. Pharmacol. 93:49-62

56. Diez-Alarcia R, Ibarra-Lecue I, Lopez-Cardona AP, Meana J, Gutierrez-Adan A, et al. 2016. Biased
agonism of three different cannabinoid receptor agonists in mouse brain cortex. Front. Pharmacol. 7:415

57. Console-Bram L, Brailoiu E, Brailoiu GC, Sharir H, Abood ME. 2014. Activation of GPR18 by cannabi-
noid compounds: a tale of biased agonism. Br: 7. Pharmacol. 171:3908-17

58. Hassing HA, Fares S, Larsen O, Pad H, Hauge M, et al. 2016. Biased signaling of lipids and allosteric
actions of synthetic molecules for GPR119. Biochem. Pharmacol. 119:66-75

59. Ben-Shabat S, Fride E, Sheskin T, Tamiri T, Rhee MH, et al. 1998. An entourage effect: Inactive endoge-
nous fatty acid glycerol esters enhance 2-arachidonoyl-glycerol cannabinoid activity. Eur: 7. Pharmacol.
353:23-31

60. De Petrocellis L, Bisogno T, Ligresti A, Bifulco M, Melck D, Di Marzo V. 2002. Effect on cancer cell
proliferation of palmitoylethanolamide, a fatty acid amide interacting with both the cannabinoid and
vanilloid signalling systems. Fundam. Clin. Pharmacol. 16:297-302

61. Garcia MDC, Adler-Graschinsky E, Celuch SM. 2009. Enhancement of the hypotensive effects of in-
trathecally injected endocannabinoids by the entourage compound palmitoylethanolamide. Eur: 7. Phar-
macol. 610:75-80

62. Hiley CR, Hoi PM. 2007. Oleamide: a fatty acid amide signaling molecule in the cardiovascular system?
Cardiovasc. Drug Rev. 25:46-60

63. Smart D, Jonsson KO, Vandevoorde S, Lambert DM, Fowler CJ. 2002. ‘Entourage’ effects of N-acyl
ethanolamines at human vanilloid receptors. Comparison of effects upon anandamide-induced vanilloid
receptor activation and upon anandamide metabolism. Br: 7. Pharmacol. 136:452-58

64. De Petrocellis L, Chu CJ, Moriello AS, Kellner JC, Walker JM, Di Marzo V. 2004. Actions of two natu-
rally occurring saturated N-acyldopamines on transient receptor potential vanilloid 1 (TRPV1) channels.
Br. §. Pharmacol. 143:251-56

65. Russo EB. 2011. Taming THC: potential cannabis synergy and phytocannabinoid-terpenoid entourage
effects. Br. J. Pharmacol. 163:1344-64

66. Murataeva N, Dhopeshwarkar A, Yin D, Mitjavila J, Bradshaw H, et al. 2016. Where’s my entourage?
The curious case of 2-oleoylglycerol, 2-linolenoylglycerol, and 2-palmitoylglycerol. Pharmacol. Res.
110:173-80

67. Kuehl FA, Jacob TA, Ganley OH, Ormond RE, Meisinger MAP. 1957. The identification of N-(2-
hydroxyethyl)-palmitamide as a naturally occurring anti-inflammatory agent. 7. Amz. Chem. Soc. 79:5577—
78

68. Sihag J, Jones PJH. 2018. Oleoylethanolamide: the role of a bioactive lipid amide in modulating eating
behaviour. Obes. Rev. 19:178-97

69. Laleh P, Yaser K, Alireza O.2019. Oleoylethanolamide: a novel pharmaceutical agentin the management
of obesity—an updated review. 7. Cell Physiol. 234:7893-902

70. Payahoo L, Khajebishak Y, Asghari Jafarabadi M, Ostadrahimi A. 2018. Oleoylethanolamide supple-
mentation reduces inflammation and oxidative stress in obese people: a clinical trial. Adv. Pharm. Bull.
8:479-87

71. Bilbao A, Serrano A, Cippitelli A, Pavon FJ, Giuffrida A, et al. 2016. Role of the satiety factor
oleoylethanolamide in alcoholism. Addict. Biol. 21:859-72

72. Sagheddu C, Scherma M, Congiu M, Fadda P, Carta G, et al. 2019. Inhibition of N-acylethanolamine
acid amidase reduces nicotine-induced dopamine activation and reward. Neuropharmacology 144:327—
36

73. Bystrowska B, Frankowska M, Smaga I, Niedzielska-Andres E, Pomierny-Chamiolo L, Filip M. 2019.
Cocaine-induced reinstatement of cocaine seeking provokes changes in the endocannabinoid and
N-acylethanolamine levels in rat brain structures. Molecules 24:1125

74. Guzman M, Lo Verme ], Fu J, Oveisi F, Blazquez C, Piomelli D. 2004. Oleoylethanolamide stimu-
lates lipolysis by activating the nuclear receptor peroxisome proliferator-activated receptor a (PPAR-a).
7 Biol. Chem. 279:27849-54

32.18  Pacher o Kogan o Mechoulam



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

75. Ahern GP. 2003. Activation of TRPVI1 by the satiety factor oleoylethanolamide. 7. Biol Chem.
278:30429-34

76. Overton HA, Babbs AJ, Doel SM, Fyfe MC, Gardner LS, et al. 2006. Deorphanization of a G protein-
coupled receptor for oleoylethanolamide and its use in the discovery of small-molecule hypophagic
agents. Cell Metab. 3:167-75

77. Bradshaw HB, Walker JM. 2005. The expanding field of cannabimimetic and related lipid mediators. Br:
F Pharmacol. 144:459-65

78. Tan B, O’Dell DK, Yu YW, Monn MF, Hughes HV, et al. 2010. Identification of endogenous acyl amino
acids based on a targeted lipidomics approach. 7. Lipid Res. 51:112-19

79. Leishman E, Mackie K, Luquet S, Bradshaw HB. 2016. Lipidomics profile of a NAPE-PLD KO mouse
provides evidence of a broader role of this enzyme in lipid metabolism in the brain. Biochim. Biophys. Acta
1861:491-500

80. Rahman IAS, Tsuboi K, Uyama T, Ueda N. 2014. New players in the fatty acyl ethanolamide metabolism.
Pharmacol. Res. 86:1-10

81. Tsuboi K, Uyama T, Okamoto Y, Ueda N. 2018. Endocannabinoids and related N-acylethanolamines:
biological activities and metabolism. Inflamm. Regen. 38:28

82. Di Marzo V, Melck D, Orlando P, Bisogno T, Zagoory O, et al. 2001. Palmitoylethanolamide inhibits
the expression of fatty acid amide hydrolase and enhances the anti-proliferative effect of anandamide in
human breast cancer cells. Biochem. . 358:249-55

83. Jonsson KO, Vandevoorde S, Lambert DM, Tiger G, Fowler CJ. 2001. Effects of homologues and
analogues of palmitoylethanolamide upon the inactivation of the endocannabinoid anandamide. Br: 7.
Pharmacol. 133:1263-75

84. Lambert DM, Di Marzo V. 1999. The palmitoylethanolamide and oleamide enigmas: Are these two
fatty acid amides cannabimimetic? Curr: Med. Chem. 6:757-73

85. LongJZ, Svensson KJ, Bateman LA, Lin H, Kamenecka T, et al. 2016. The secreted enzyme PM20D1
regulates lipidated amino acid uncouplers of mitochondria. Cel/ 166:424-35

86. Koob GF, Buck CL, Cohen A, Edwards S, Park PE, et al. 2014. Addiction as a stress surfeit disorder.
Neuropharmacology 76:370-82

87. Parsons LH, Hurd YL. 2015. Endocannabinoid signalling in reward and addiction. Nat. Rev. Neurosci.
16:579-94

88. Donvito G, Piscitelli F, Muldoon P, Jackson A, Vitale RM, et al. 2018. N-oleoyl-glycine reduces nicotine
reward and withdrawal in mice. Neuropharmacology 148:320-31

89. Nagqvi NH, Rudrauf D, Damasio H, Bechara A. 2007. Damage to the insula disrupts addiction to
cigarette smoking. Science 315:531-34

90. Abdolahi A, Williams GC, Benesch CG, Wang HZ, Spitzer EM, et al. 2015. Damage to the insula leads
to decreased nicotine withdrawal during abstinence. Addiction 110:1994-2003

91. Wang S, Xu Q, Shu G, Wang L, Gao P, et al. 2015. N-oleoyl glycine, a lipoamino acid, stimulates
adipogenesis associated with activation of CB1 receptor and Akt signaling pathway in 3T3-L1 adipocyte.
Biochem. Biophys. Res. Commun. 466:438-43

92. Burstein SH. 2018. N-acyl amino acids (elmiric acids): endogenous signaling molecules with therapeutic
potential. Mol. Pharmacol. 93:228-38

93. Bradshaw HB, Rimmerman N, Hu SS, Benton VM, Stuart JM, et al. 2009. The endocannabinoid anan-
damide is a precursor for the signaling lipid N-arachidonoyl glycine by two distinct pathways. BMC
Biochem. 10:14

94. Burstein SH, McQuain CA, Ross AH, Salmonsen RA, Zurier RE. 2011. Resolution of inflammation by
N-arachidonoylglycine. 7. Cell. Biochem. 112:3227-33

95. Vuong LA, Mitchell VA, Vaughan CW. 2008. Actions of N-arachidonyl-glycine in a rat neuropathic pain
model. Neuropharmacology 54:189-93

96. McHugh D, Page J, Dunn E, Bradshaw HB. 2012. Ag—tetrahydrocannabinol and N-arachidonyl glycine
are full agonists at GPR18 receptors and induce migration in human endometrial HEC-1B cells. Br: 7.
Pharmacol. 165:2414-24

www.annualreviews.org o Beyond THC and Endocannabinoids ~ 32.19



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

97. Edington AR, McKinzie AA, Reynolds AJ, Kassiou M, Ryan RM, Vandenberg RJ. 2009. Extracellular
loops 2 and 4 of GLYT2 are required for N-arachidonylglycine inhibition of glycine transport. 7. Biol.
Chem. 284:36424-30

98. Parmar N, Ho W-SV. 2010. N-arachidonoyl glycine, an endogenous lipid that acts as a vasorelaxant via
nitric oxide and large conductance calcium-activated potassium channels. Br: 7. Pharmacol. 160:594-603

99. Milman G, Maor Y, Abu-Lafi S, Horowitz M, Gallily R, et al. 2006. N-arachidonoyl L-serine, an
endocannabinoid-like brain constituent with vasodilatory properties. PNAS 103:2428-33

100. Cohen-Yeshurun A, Willner D, Trembovler V, Alexandrovich A, Mechoulam R, et al. 2013.
N-arachidonoyl-L-serine (AraS) possesses proneurogenic properties in vitro and in vivo after traumatic
brain injury. 7. Cereb. Blood Flow Metab. 33:1242-50

101. Bab I, Smoum R, Bradshaw H, Mechoulam R. 2011. Skeletal lipidomics: regulation of bone metabolism
by fatty acid amide family. Br: 7. Pharmacol. 163:1441-46

102. Trichopoulou A, Georgiou E, Bassiakos Y, Lipworth L, Lagiou P, et al. 1997. Energy intake and mo-
nounsaturated fat in relation to bone mineral density among women and men in Greece. Prev. Med.
26:395-400

103. Smoum R, Bar A, Tan B, Milman G, Attar-Namdar M, et al. 2010. Oleoyl serine, an endogenous N-acyl
amide, modulates bone remodeling and mass. PNAS 107:17710-15

104. Mann A, Smoum R, Trembovler V, Alexandrovich A, Breuer A, et al. 2015. Palmitoyl serine: an en-
dogenous neuroprotective endocannabinoid-like entity after traumatic brain injury. 7. Newroimmune
Pharmacol. 10:356-63

105. Mechoulam R, Shvo Y. 1963. Hashish—I. The structure of cannabidiol. Tetrabedron 19:2073-78

106. Cunha JM, Carlini EA, Pereira AE, Ramos OL, Pimentel C, et al. 1980. Chronic administration of
cannabidiol to healthy volunteers and epileptic patients. Pharmacology 21:175-85

107. Mechoulam R. 2017. Cannabis and epilepsy. Epilepsy Behav. 70:278-79

108. Russo EB. 2018. Cannabis therapeutics and the future of neurology. Front. Integr. Neurosci. 12:51

109. Hampson AJ, Grimaldi M, Axelrod J, Wink D. 1998. Cannabidiol and (—)A®-tetrahydrocannabinol are
neuroprotective antioxidants. PNAS 95:8268-73

110. Hayakawa K, Mishima K, Irie K, Hazekawa M, Mishima S, et al. 2008. Cannabidiol prevents a post-
ischemic injury progressively induced by cerebral ischemia via a high-mobility group box1-inhibiting
mechanism. Neuropharmacology 55:1280-86

111. Borrelli F, Aviello G, Romano B, Orlando P, Capasso R, et al. 2009. Cannabidiol, a safe and non-
psychotropic ingredient of the marijuana plant Cannabis sativa, is protective in a murine model of colitis.
7. Mol. Med. 87:1111-21

112. Mukhopadhyay P, Rajesh M, Horvath B, Batkai S, Park O, et al. 2011. Cannabidiol protects against hep-
atic ischemia/reperfusion injury by attenuating inflammatory signaling and response, oxidative/nitrative
stress, and cell death. Free Radic. Biol. Med. 50:1368-81

113. Silvestri C, Paris D, Martella A, Melck D, Guadagnino I, et al. 2015. Two non-psychoactive cannabinoids
reduce intracellular lipid levels and inhibit hepatosteatosis. 7. Hepatol. 62:1382-90

114. Fouad AA, Al-Mulhim AS, Jresat I. 2012. Cannabidiol treatment ameliorates ischemia/reperfusion renal
injury in rats. Life Sci. 91:284-92

115. Rajesh M, Mukhopadhyay P, Batkai S, Patel V, Saito K, et al. 2010. Cannabidiol attenuates cardiac
dysfunction, oxidative stress, fibrosis, and inflammatory and cell death signaling pathways in diabetic
cardiomyopathy. 7. Am. Coll. Cardiol. 56:2115-25

116. Hao E, Mukhopadhyay P, Cao Z, Erdelyi K, Holovac E, et al. 2015. Cannabidiol protects against
doxorubicin-induced cardiomyopathy by modulating mitochondrial function and biogenesis. Mol. Med.
21:38-45

117. Lee WS, Erdelyi K, Matyas C, Mukhopadhyay P, Varga ZV, et al. 2016. Cannabidiol limits T cell-
mediated chronic autoimmune myocarditis: implications to autoimmune disorders and organ transplan-
tation. Mol. Med. 22:136-46

118. Durst R, Danenberg H, Gallily R, Mechoulam R, Meir K, et al. 2007. Cannabidiol, a nonpsychoactive
cannabis constituent, protects against myocardial ischemic reperfusion injury. Amz. 7. Physiol. Heart Circ.
Physiol. 293:H3602-7

32.20  Pacher o Kogan o Mechoulam



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

119. Malfait AM, Gallily R, Sumariwalla PF, Malik AS, Andreakos E, et al. 2000. The nonpsychoactive
cannabis constituent cannabidiol is an oral anti-arthritic therapeutic in murine collagen-induced arthri-
tis. PNAS 97:9561-66

120. Cassol O] Jr., Comim CM, Silva BR, Hermani FV, Constantino LS, et al. 2010. Treatment with
cannabidiol reverses oxidative stress parameters, cognitive impairment and mortality in rats submitted
to sepsis by cecal ligation and puncture. Brain Res. 1348:128-38

121. Weiss L, Zeira M, Reich S, Slavin S, Raz I, et al. 2008. Cannabidiol arrests onset of autoimmune diabetes
in NOD mice. Neuropharmacology 54:244-49

122. Izzo AA,Borrelli F, Capasso R, Di Marzo V, Mechoulam R. 2009. Non-psychotropic plant cannabinoids:
new therapeutic opportunities from an ancient herb. Tiends Pharmacol. Sci. 30:515-27

123. Gruden G, Barutta F, Kunos G, Pacher P. 2016. Role of the endocannabinoid system in diabetes and
diabetic complications. Br: J. Pharmacol. 173:1116-27

124. Yeshurun M, Shpilberg O, Herscovici C, Shargian L, Dreyer J, et al. 2015. Cannabidiol for the preven-
tion of graft-versus-host-disease after allogeneic hematopoietic cell transplantation: results of a phase II
study. Biol. Blood Marrow Transplant. 21:1770-75

125. Ligresti A, Moriello AS, Starowicz K, Matias I, Pisanti S, et al. 2006. Antitumor activity of plant cannabi-
noids with emphasis on the effect of cannabidiol on human breast carcinoma. 7. Pharmacol. Exp. Ther.
318:1375-87

126. Kogan NM, Rabinowitz R, Levi P, Gibson D, Sandor P, et al. 2004. Synthesis and antitumor activity of
quinonoid derivatives of cannabinoids. 7. Med. Chem. 47:3800-6

127. Devinsky O, Marsh E, Friedman D, Thiele E, Laux L, et al. 2016. Cannabidiol in patients with treatment-
resistant epilepsy: an open-label interventional trial. Lancet Neurol. 15:270-78

128. Devinsky O, Cross JH, Laux L, Marsh E, Miller I, et al. 2017. Trial of cannabidiol for drug-resistant
seizures in the Dravet syndrome. N. Engl. 7. Med. 376:2011-20

129. Thiele EA, Marsh ED, French JA, Mazurkiewicz-Beldzinska M, Benbadis SR, et al. 2018. Cannabidiol in
patients with seizures associated with Lennox-Gastaut syndrome (GWPCARE4): a randomised, double-
blind, placebo-controlled phase 3 trial. Lancer 391:1085-96

130. Billakota S, Devinsky O, Marsh E. 2019. Cannabinoid therapy in epilepsy. Curr: Opin. Neurol. 32:220~
26

131. Di Marzo V. 2018. New approaches and challenges to targeting the endocannabinoid system. Nat. Rev.
Drug Discov. 17:623-39

132. Pacher P, Batkai S, Kunos G. 2006. The endocannabinoid system as an emerging target of pharma-
cotherapy. Pharmacol. Rev. 58:389-462

133. Mechoulam R, Hanus L. 2000. A historical overview of chemical research on cannabinoids. Cherr. Phys.
Lipids 108:1-13

134. Agarwal N, Pacher P, Tegeder I, Amaya F, Constantin CE, et al. 2007. Cannabinoids mediate analgesia
largely via peripheral type 1 cannabinoid receptors in nociceptors. Nat. Neurosci. 10:870-79

135. Hohmann AG, Suplita RL 2nd. 2006. Endocannabinoid mechanisms of pain modulation. A4PS 7.
8:E693-708

136. Anand P, Whiteside G, Fowler CJ, Hohmann AG. 2009. Targeting CB2 receptors and the endocannabi-
noid system for the treatment of pain. Brain Res. Rev. 60:255-66

137. Pacher P, Mechoulam R. 2011. Is lipid signaling through cannabinoid 2 receptors part of a protective
system? Prog. Lipid Res. 50:193-211

138. Pryce G, Baker D. 2012. Potential control of multiple sclerosis by cannabis and the endocannabinoid
system. CNS Neurol. Disord. Drug Targets 11:624-41

139. Lichtman AH, Lux EA, McQuade R, Rossetti S, Sanchez R, et al. 2018. Results of a double-blind, ran-
domized, placebo-controlled study of nabiximols oromucosal spray as an adjunctive therapy in advanced
cancer patients with chronic uncontrolled pain. 7. Pain Symptom Manag. 55:179-88.e1

140. Zhornitsky S, Potvin S. 2012. Cannabidiol in humans-the quest for therapeutic targets. Pharmaceuticals
5:529-52

141. Laprairie RB, Bagher AM, Kelly ME, Denovan-Wright EM. 2015. Cannabidiol is a negative allosteric
modulator of the cannabinoid CB; receptor. Br: 7. Pharmacol. 172:4790-805

www.annualreviews.org o Beyond THC and Endocannabinoids — 32.21



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

142. Portenoy RK, Ganae-Motan ED, Allende S, Yanagihara R, Shaiova L, et al. 2012. Nabiximols for opioid-
treated cancer patients with poorly-controlled chronic pain: a randomized, placebo-controlled, graded-
dose trial. 7. Pain 13:438-49

143. Lynch ME, Cesar-Rittenberg P, Hohmann AG. 2014. A double-blind, placebo-controlled, crossover
pilot trial with extension using an oral mucosal cannabinoid extract for treatment of chemotherapy-
induced neuropathic pain. 7. Pein Symptom Manag. 47:166-73

144. Johnson JR, Lossignol D, Burnell-Nugent M, Fallon MT. 2013. An open-label extension study to in-
vestigate the long-term safety and tolerability of THC/CBD oromucosal spray and oromucosal THC
spray in patients with terminal cancer-related pain refractory to strong opioid analgesics. 7. Pzin Symptom
Manag. 46:207-18

145. Koppel BS, Brust JC, Fife T, Bronstein J, Youssof S, et al. 2014. Systematic review: efficacy and safety of
medical marijuana in selected neurologic disorders: report of the Guideline Development Subcommittee
of the American Academy of Neurology. Neurology 82:1556-63

146. Pacher P, Steffens S, Hasko G, Schindler TH, Kunos G. 2018. Cardiovascular effects of marijuana and
synthetic cannabinoids: the good, the bad, and the ugly. Nat. Rev. Cardiol. 15:151-66

147. Feng Y, Chen F, Yin T, Xia Q, Liu Y, et al. 2015. Pharmacologic effects of cannabidiol on acute reper-
fused myocardial infarction in rabbits: evaluated with 3.0T cardiac magnetic resonance imaging and
histopathology. 7. Cardiovasc. Pharmacol. 66:354-63

148. Fouad AA, Albuali WH, Al-Mulhim AS, Jresat I. 2013. Cardioprotective effect of cannabidiol in rats
exposed to doxorubicin toxicity. Environ. Toxicol. Pharmacol. 36:347-57

149. Rajesh M, Mukhopadhyay P, Batkai S, Hasko G, Liaudet L, et al. 2007. Cannabidiol attenuates high
glucose-induced endothelial cell inflammatory response and barrier disruption. Amz. 7. Physiol. Heart
Circ. Physiol. 293:H610-19

150. Horvath B, Mukhopadhyay P, Hasko G, Pacher P.2012. The endocannabinoid system and plant-derived
cannabinoids in diabetes and diabetic complications. Amz. 7. Pathol. 180:432-42

151. Mishima K, Hayakawa K, Abe K, Ikeda T, Egashira N, et al. 2005. Cannabidiol prevents cerebral in-
farction via a serotonergic 5-hydroxytryptamine;a receptor-dependent mechanism. Stroke 36:1077-82

152. Hayakawa K, Mishima K, Nozako M, Ogata A, Hazekawa M, et al. 2007. Repeated treatment with
cannabidiol but not A°-tetrahydrocannabinol has a neuroprotective effect without the development of
tolerance. Neuropharmacology 52:1079-87

153. Fernandez-Ruiz ], Sagredo O, Pazos MR, Garcia C, Pertwee R, etal. 2013. Cannabidiol for neurodegen-
erative disorders: important new clinical applications for this phytocannabinoid? Br: 7. Clin. Pharmacol.
75:323-33

154. Ligresti A, De Petrocellis L, Di Marzo V. 2016. From phytocannabinoids to cannabinoid receptors
and endocannabinoids: pleiotropic physiological and pathological roles through complex pharmacology.
Physiol. Rev. 96:1593-659

155. Vilela LR, Gomides LF, David BA, Antunes MM, Diniz AB, et al. 2015. Cannabidiol rescues acute
hepatic toxicity and seizure induced by cocaine. Mediators Inflamm. 2015:523418

156. Fouad AA, Al-Mulhim AS, Gomaa W. 2013. Protective effect of cannabidiol against cadmium hepato-
toxicity in rats. 7. Tiace. Elem. Med. Biol. 27:355-63

157. MagenI, Avraham Y, Ackerman Z, Vorobiev L, Mechoulam R, Berry EM. 2009. Cannabidiol ameliorates
cognitive and motor impairments in mice with bile duct ligation. 7. Heparol. 51:528-34

158. Wang Y, Mukhopadhyay P, Cao Z, Wang H, Feng D, etal. 2017. Cannabidiol attenuates alcohol-induced
liver steatosis, metabolic dysregulation, inflammation and neutrophil-mediated injury. Sci. Rep. 7:12064

159. Pan H, Mukhopadhyay P, Rajesh M, Patel V, Mukhopadhyay B, et al. 2009. Cannabidiol attenuates
cisplatin-induced nephrotoxicity by decreasing oxidative/nitrosative stress, inflammation, and cell death.
F Pharmacol. Exp. Ther. 328:708-14

160. Pacher P, Beckman JS, Liaudet L. 2007. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev.
87:315-424

161. Elliott DM, Singh N, Nagarkatti M, Nagarkatti PS. 2018. Cannabidiol attenuates experimental autoim-
mune encephalomyelitis model of multiple sclerosis through induction of myeloid-derived suppressor
cells. Front. Immunol. 9:1782

32.22 Pacher » Kogan o Mechoulam



Annu. Rev. Pharmacol. Toxicol. 2020.60. Downloaded from www.annualreviews.org

Access provided by University College Cork (UCC) on 10/21/19. For persona use only.

PA60CH32_Mechoulam  ARjats.cls September 26, 2019 16:32

162. Gallily R, Yekhtin Z. 2018. Avidekel Cannabis extracts and cannabidiol are as efficient as Copaxone in
suppressing EAE in SJL/J mice. Inflammopharmacology 27:167-73

163. Kozela E, Lev N, Kaushansky N, Eilam R, Rimmerman N, et al. 2011. Cannabidiol inhibits pathogenic
T cells, decreases spinal microglial activation and ameliorates multiple sclerosis-like disease in C57BL/6
mice. Br. 7 Pharmacol. 163:1507-19

164. Guimaraes FS, de Aguiar JC, Mechoulam R, Breuer A. 1994. Anxiolytic effect of cannabidiol derivatives
in the elevated plus-maze. Gen. Pharmacol. 25:161-64

165. Rock EM, Bolognini D, Limebeer CL, Cascio MG, Anavi-Goffer S, et al. 2012. Cannabidiol, a non-
psychotropic component of cannabis, attenuates vomiting and nausea-like behaviour via indirect ago-
nism of 5-HT'1A somatodendritic autoreceptors in the dorsal raphe nucleus. Br: 7. Pharmacol. 165:2620-
34

166. Irving PM, Igbal T, Nwokolo C, Subramanian S, Bloom S, et al. 2018. A randomized, double-blind,
placebo-controlled, parallel-group, pilot study of cannabidiol-rich botanical extract in the symptomatic
treatment of ulcerative colitis. Inflamm. Bowel Dis. 24:714-24

167. Torres S, Lorente M, Rodriguez-Fornes F, Hernandez-Tiedra S, Salazar M, et al. 2011. A combined
preclinical therapy of cannabinoids and temozolomide against glioma. Mol. Cancer Ther: 10:90-103

168. Kenyon J, Liu W, Dalgleish A. 2018. Report of objective clinical responses of cancer patients to
pharmaceutical-grade synthetic cannabidiol. Anticancer Res. 38:5831-35

169. Wargent ET, Zaibi MS, Silvestri C, Hislop DC, Stocker CJ, et al. 2013. The cannabinoid
A’-tetrahydrocannabivarin (THCV) ameliorates insulin sensitivity in two mouse models of obesity.
Nutr: Diabetes 3:¢68

170. Jadoon KA, Ratcliffe SH, Barrett DA, Thomas EL, Stott C, et al. 2016. Efficacy and safety of cannabidiol
and tetrahydrocannabivarin on glycemic and lipid parameters in patients with type 2 diabetes: a random-
ized, double-blind, placebo-controlled, parallel group pilot study. Diabetes Care 39:1777-86

171. Englund A, Atakan Z, Kralj A, Tunstall N, Murray R, Morrison P. 2016. The effect of five day dosing
with THCV on THC-induced cognitive, psychological and physiological effects in healthy male human
volunteers: a placebo-controlled, double-blind, crossover pilot trial. 7. Psychopharmacol. 30:140-51

172. Russo EB, Marcu J. 2017. Cannabis pharmacology: the usual suspects and a few promising leads. Adv.
Pharmacol. 80:67-134

www.annualreviews.org o Beyond THC and Endocannabinoids — 32.23



