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Abstract

Endogenous signaling lipids (“endocannabinoids”) functionally related to A®-
tetrahydrocannabinol, the psychoactive ingredient of marijuana (Cannabis), are important
biomediators and metabolic regulators critical to mammalian (patho)physiology. The growing
family of endocannabinoids, along with endocannabinoid biosynthetic and inactivating enzymes,
transporters, and at least two membrane-bound, G-protein coupled receptors, comprise collectively
the mammalian endocannabinoid signaling system. The ubiquitous and diverse regulatory actions
of the endocannabinoid system in health and disease have supported the regulatory approval of
natural products and synthetic agents as drugs that alter endocannabinoid-system activity. More
recent data support the concept that the endocananbinoid system may be modulated for therapeutic
gain at discrete pharmacological targets with safety and efficacy. Potential medications based on
the endocannabinoid system have thus become a central focus of contemporary translational
research for varied indications with important unmet medical needs. One such indication, obesity,
is a global pandemic whose etiology has a pathogenic component of endocannabinoid-system
hyperactivity and for which current pharmacological treatment is severely limited. Application of
high-affinity, selective CB1 cannabinoid receptor ligands to attenuate endocannabinoid signaling
represents a state-of-the-art approach for improving obesity pharmacotherapy. To this intent,
several selective CB1 receptor antagonists with varied chemical structures are currently in
advanced preclinical or clinical trials, and one (rimonabant) has been approved as a weight-
management drug in some markets. Emerging preclinical data suggest that CB1 receptor neutral
antagonists may represent breakthrough medications superior to antagonists/inverse agonists such
as rimonabant for therapeutic attenuation of CB1 receptor transmission. Since obesity is a
predisposing condition for the cluster of cardiovascular and metabolic derangements collectively
known as the metabolic syndrome, effective endocannabinoid-modulatory anti-obesity
therapeutics would also help redress other major health problems including type-2 diabetes,
atherothrombosis, inflammation, and immune disorders. Pressing worldwide healthcare needs and
increasing appreciation of endocannabinoid biology make the rational design and refinement of
targeted CB1 receptor modulators a promising route to future medications with significant
therapeutic impact against overweight, obesity, obesity-related cardiometabolic dysregulation,
and, more generally, maladies having a reward-supported appetitive component.
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1. Introduction Cannabinoid pharmacology

Human recreational use of the hemp plant Cannabis sativa (“marijuana”) and anecdotal
attempts to exploit it for potential therapeutic benefit have been documented throughout
millennia [1]. Some of marijuana’s popularity as a recreational substance and medicament
reflects its ability to alter sensory perception and relieve anxiety. Other medicinal effects of
marijuana un-related to its psychoactive properties, such as pain relief, have also been
recorded in ancient texts. Yet systematic study of marijuana biochemistry and pharmacology
was not undertaken until much more recently. Initial attempts at isolating individual plant
cannabinoids (phytocannabinoids) from Cannabis, first reported in the mid-20th century, led
only to limited pharmacological investigation of these often crude extracts [1,2]. In the
1960's, the correct stereochemical structures of both A%-tetrahydrocannabinol (A%-THC) and
cannabidiol (Fig. 1) were elucidated, their complete chemical syntheses were achieved, and
A%-THC was identified as the major phytocannabinoid among the approximately 60 present
in Cannabis [2].

Although A%-THC, cannabidiol, and some other phytocannabinoids are bioactive with, for
example, intriguing anti-inflammatory, anti-convulsive, and anti-emetic effects of potential
therapeutic value, A°-THC is regarded as the sole psychotropic cannabinoid in Cannabis[3].
Largely because of its psychoactivity as well as its prevalence and early availability in
synthetic form as a research tool, A%-THC quickly attained the status of prototypic
cannabinoid and became the focus of many pharmacological and mechanistic studies
through the 1970's and 1980's. Much of this research /n vivo was aimed at elucidating the
effects of A9-THC in experimental animals with the aid of newly-synthesized A°%-THC
analogs, some of which were radiolabeled as molecular probes of cannabinoid-tissue
interactions. Given A9-THC's psychotropic effects, many biological investigations
employed brain and brain plasma membranes as study-objects. Consensus data describing
several key characteristics of cannabinoid action emerged: A%-THC and synthetic analogs
elicit biological effects in a stereo- and structurally selective manner. Their binding to brain
plasma membranes is avid, saturable, stereospecific, concordant with /n vitroand in vivo
bioresponses (e.g., adenylyl cyclase inhibition, analgesia), and nonrandom in select brain
regions [3,4]. These characteristics strongly implied that cannabinoid pharmacology is
receptor-mediated, spurring the search for discrete mammalian cannabinoid receptors whose
activation by A°-THC would elicit psychotropic effects. The search led to the discovery and
cloning of two G protein-coupled receptors (GPCRs) for cannabinoids (CB), designated
CB1 and CB2, which in humans share ~44% sequence homology [5,6]. The CB1 receptor
subtype is localized primarily in the central nervous system (CNS), reflecting its prevalence
as the most abundant GPCR in brain. CB1 receptors are distributed among the cortex,
cerebellum, hippocampus, and basal ganglia, brain regions that control motor, cognitive,
emotional, and sensory functions. Hence, central CB1 receptor activation mediates most
cannabinoid psychotropic and behavioral effects. The CB1 receptor is also present in high
density in the brainstem, hypothalamus, and pituitary gland, loci influencing pain
perception; hormonal activity; thermoregulation; and cardiovascular, gastrointestinal, and
respiratory physiology. CB1 receptors at peripheral sites (e.g., adipocytes, liver, uterus) help
regulate such basic physiological processes as energy balance and reproduction. Although
detectable at exceedingly low levels in brain [7], CB2 receptors are expressed mainly by
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immune and hematopoietic cells, osteoclasts, and osteoblasts and mediate immune
responses, inflammation, inflammatory and neuropathic pain, and bone remodeling [5,6].

2. Endogenous cannabinoids and the endocannabinoid signaling system

The discordance between the presence of cannabinoid receptors in mammalian brain and the
absence of intrinsic tissue phytocannabinoids invited the search for cannabinoid-receptor
ligands that are produced and metabolized as endogenous bioactive tissue constituents
(“endocannabinoids”). By the mid-1990's, the first two endocannabinoids, A-
arachidonoylethanolamine (“anandamide™) (AEA) and 2-arachidonoylglycerol (2-AG) (Fig.
1), were identified and characterized as derivatives of the polyunsaturated fatty acid,
arachidonic acid (AA) [8-10]. AEA and 2-AG are members of a growing family of natural
amide and ester derivatives of long-chain fatty acids ubiquitous in humans and other
mammals that act as CB1 and/or CB2 receptor agonists [11]. AEA itself is as a partial CB1
receptor agonist and a relatively weak CB2 receptor ligand with low overall efficacy,
whereas 2-AG, produced in significantly greater amounts than AEA, is a full agonist at both
receptors [6,12]. “Classical” CB1 and CB2 receptor transmission is coupled through
inhibitory G-proteins (Gjjo) to inhibit adenylyl cyclase (i.e., cyclic AMP formation) and L-,
N-, and P/Q-type calcium channels and activate potassium channels and mitogen-activated
protein kinase [13]. When coupled to other G-protein classes, receptor-mediated
cannabinoid signaling influences diverse transduction systems to elicit, for example, cellular
calcium uptake [13,14]. Furthermore, endocanabinoids may signal through G protein-
independent systems involving messengers such as phosphatidylinositol-3-kinase or nitric
oxide, and receptor-independent endocannabinoid effects on excitable cells have been
reported [15].

The endocannabinoids and their cellular receptors, along with carriers and transporters that
assist in the transit of these hydrophobic mediators between and into cells and the enzymes
directly responsible for endocannabinoid biosynthesis and metabolism, collectively
comprise the endocannabinoid signaling system [16,17]. In concert with the hydrophobic
nature of the endocannabinoids themselves and the selective tissue disposition of their target
receptors, endocannabinoid metabolism and the distribution of endocannabinoid
metabolizing enzymes help delimit the broad influence these lipid mediators may exert on
mammalian physiology. The balanced actions of endocannabinoid biosynthetic and
metabolizing enzymes are key to the stringent homeostatic regulation of endocannabinoid-
system signaling [11,12,18]. In marked contrast to many neurotransmitters that are stored
within intracellular vesicles awaiting mobilization in bioactive form, endocannabinoids are
synthesized “on demand” in response to stimulus-induced intracellular calcium elevation.
The precursor for AEA synthesis is the membrane phospholipid A-arachidonoyl-
phosphatidylethanolamine (NAPE). Acylamides such as AEA are synthesized by hydrolytic
liberation of polyunsaturated fatty acid by a specific phospholipase D (PL-D); through the
phospholipase C-mediated formation of phosphor-AEA, which itself is dephosphorylated by
a specific phosphatase; or through sequential NAPE deacylation by a.,B-hydrolase 4 and the
subsequent cleavage of glycerophosphate [19]. NAPE itself is synthesized by an A-acetyl
transferase (NAT) that may be rate-limiting to AEA biosynthesis [19]. The major pathway
for 2-AG formation is through 2-arachidonoyl-phosphatidylinositol hydrolysis by
phospholipase C (PL-C) to diacylglycerol (DAG), which is further hydrolyzed to 2-AG by
DAG lipase or, in select tissues, by phospholipase Al and subsequent lysophospholipase
activity [20]. Endocannabinoids are efficiently removed from their sites of action by cellular
uptake, the mechanism of which largely remains to be characterized, as well as by distinct
intracellular enzymes [12,16,21]. In most tissues, AEA is metabolized by a membrane-
bound amidase, fatty acid amide hydrolase (FAAH), and 2-AG by soluble monoacylglycerol
(MAG) lipase, although FAAH can also act on 2-AG. A number of oxidative enzymes
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including lipoxygenases, cytochrome P450s, and cyclooxygenase-2 can transform
endocannabinoids into eicosanoid-related bioactive products whose physiological roles
remain to be appreciated [22]. Within most brain areas, MAG lipase and CBL1 receptors (and
far fewer CB2 receptors) are localized presynaptically, whereas FAAH is predominantly
postsynaptic in somata and dendrites of principal neurons [5,6,18]. This distribution of
endocannabinoid-system components defines topographically a CNS signaling paradigm
depicted in Fig. 2 by which, following stimulus-dependent intracellular calcium increase and
membrane phospholipid hydrolysis, endocannabinoids are synthesized in post-synaptic
neurons. The endocannabinoids are then released/transported into the synaptic cleft to act on
pre-synaptic neurons. In this retrograde manner, endocannabinoids regulate the synaptic
transmission of excitatory and inhibitory neural circuits by modulating neurotransmitter
release, the net effect depending upon receptor localization within the circuit [24].

3. Therapeutic targets within the endocannabinoid system

Alterations in endocannabinoid signaling accompany a variety of disorders and have been
interpreted as either attempts to counteract a disease process/compromised homeostasis
(e.g., pain sensing, inflammation) or as pathological contributors (e.g., many
psychobehavioral and affective problems) [11,23]. Consequently, several components of the
endocannabinoid signaling system continue to be evaluated for their “drugability.” Some
have already been validated as therapeutic targets through cannabinoid-based therapeutics
that have attained regulatory approval. Theoretically, any system component requisite to
either endocannabinoid tone or function could be targeted by an intervention that alters the
associated signal transmission by modifying the formation, action, half-life, or tissue
residency of these lipid mediators. At present, though, not all endocannabinoid-system
components are sufficiently well-characterized either (bio)chemically or functionally to be
considered viable candidates for large-scale drug-discovery. Some endocannabinoid
metabolizing enzymes, such as cyclooxygenase-2 and lipoxygenases, have indeed been the
focus of intense proprietary biopharmaceutical efforts [25]. However, these enzymes fulfill
constitutive roles well beyond endocannabinoid metabolism, making their pharmacological
modulation to alter only endocannabinoid signaling an invitation for unwanted collateral
effects. The means for and consequences of modulating selectively the activities of most
enzymes involved in endocannabinoid metabolism (e.g., DAG and MAG lipases, N-acetyl
transferase) are also poorly realized at present [23,26,27]. Future detailed characterization of
the molecular nature of endocannabinoid transit and internalization may afford the
opportunity to identify discrete intercellular carriers or plasma-membrane transporters as
drug targets [16,28]. In contrast, extensive data support FAAH's role in generating the
transmembrane concentration gradient for cellular AEA uptake and catalyzing AEA
degradation [29]. These unique FAAH actions critical to terminating endocannabinoid
signaling have made FAAH a favored therapeutic target among known endocannabinoid-
system enzymes [18,26]. The availability of human-recombinant FAAH and synthetic
FAAH inhibitors [30,31] and clinical associations between FAAH polymorphisms and
human disease [32] further enhance FAAH's drug-discovery appeal.

The multiplicity of signaling pathways downstream from cannabinoid-receptor transmission,
their myriad effects, and the complexities of endocannabinoid metabolism have placed the
most intense interest on CB1 and CB2 receptors as discrete therapeutic targets for a variety
of maladies involving most mammalian organ systems [33,34]. Putative non-CB1/CB2
cannabinoid receptors [35], when adequately characterized, may likewise become attractive
drug targets. The indications for which cannabinoid-receptor ligands could serve as drugs
fall into two broad classes. One class consists of diseases whose pathology and/or
symptomology may be ameliorated through endocannabinoid-system activation, as
exemplified by the mounting contemporary interest in the discovery and development of
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synthetic CB2 receptor agonists as anti-inflammatory medicines and analgesics for chronic
neuropathic pain [36]. The virtual absence of CB2 receptors from brain makes selective CB2
receptor ligands intrinsically devoid of CNS and psychobehavioral side-effects [33]. The
other class of indications thought amenable to endocannabinoid-system modulation appears
to reflect heightened endocannabinoid signaling. These include a host of addictive disorders
(e.g., smoking and drug and alcohol abuse) whose etiology has an appetitive component and
which may be treatable with selective CB1 receptor antagonists. Much contemporary
research is aimed at defining the pharmacophore requirements within the CB1 and CB2
receptor binding domains and synthesizing and profiling novel ligands whose selective
affinity for either receptor results in discrete modulation of endocannabinoid signaling and a
well-defined, salutary pharmacotherapeutic activity [34,37]. The availability of recombinant
CB1 and CB2 receptors from rodent and human sources facilitates uncovering species-
selectivity in binding motifs and signaling responses to inhibitors/ligands [38,39].

Ethical medicines that act as ligands for CB1 and CB2 receptors have further validated these
receptors as viable endocannabinoid-system drug targets. Virtually all cannabinoid-related
medications granted regulatory approval thus far are directly related to Cannabis and, hence,
act as nonselective agonists at both the CB1 and CB2 receptors [1,40]. Assorted extracts and
tinctures of Cannabis had been available commercially in Britain until the 1970's. A%-THC
(dronabinol, Marinol®) (United Pharmaceuticals) and its synthetic analog, nabilone
(Cesamet®) (Valeant Pharmaceuticals) (Fig. 3), are licensed as anti-nausea and anti-emetic
medications for chemotherapy patients. Nabilone is also approved as an appetite stimulant to
treat acquired immune deficiency syndrome-related cachexia. Sativex® (GW
Pharmaceuticals), a standardized Cannabis extract containing an approximately equal
mixture of two phytocannabinoids (A°-THC and cannabidiol) formulated as a sublingual
spray, was first licensed in Canada in April, 2005, for alleviation of neuropathic pain in
multiple sclerosis patients and given a qualifying notice in June, 2007, for its approval in
Canada for cancer pain relief [41]. A European regulatory approval for Sativex® as
treatment for muscular-dystrophy spasticity is expected pending additional data [42]. The
low reported frequency of abuse and neurocongnitive side-effects of Cannabis extracts/A°-
THC derivatives has invited their continued clinical evaluation. For example, although
Marinol® is currently the only cannabinoid with approval for marketing in the United
States, the United States Food and Drug Administration has permitted Sativex® (under
agreement between GW Pharmaceuticals and Otsuka Pharmaceuticals) to enter late-stage
development for treatment of pain in advanced cancer patients not adequately relieved by
opioids [43]. Aside from nabilone, other synthetic cannabinoid-receptor activators such as
CP55,940 (Pfizer) and WIN 55,212-2 (Sterling-Winthrop) (Fig. 3) have been studied
clinically for alleviation of emesis; motor-related symptoms in patients with multiple
sclerosis, Tourette's syndrome, or Parkinson's disease; intraocular pressure in glaucoma
patients; neuropathic pain; or post-trauma brain damage [40]. In general, no such trials have
yet shown compelling primary-endpoint results leading to licensed drugs, and the
psychoactive potential of mixed CB1/CB2 receptor ligands and consequent dose/efficacy
limitations have been somewhat market-adverse. As rationally targeted to a specific
component of the endocannabinoid pathway, SR141716A (rimonabant; Acomplia®)
(Sanofi-Aventis) (Fig. 3) stands alone as the first (and thus far only) selective CB1 receptor
antagonist to have reached medical practice [33,44] (vide infra). Given such market
validation of therapeutic endocannabinoid-system modulation through attenuation of CB1
receptor transmission, great current interest rests with synthetic, selective CB1 receptor
antagonists as promising drugs for disorders whose underlying etiology has an appetitive
component [45,46]. Indeed, CB1 receptor antagonists such as AM251 and AM281 (Fig. 4)
have been synthesized that retain rimonabant's biarylpyrazole motif but show markedly
greater selectivity for the CB1 vs. CB2 receptor [47,48]. The cutting-edge therapeutic
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approach of selective CB1-receptor antagonism will now be considered as a potential route
to medicines for obesity and the interrelated cardiometabolic diseases it helps incite.

4. Obesity: A global pandemic and a predisposing factor for the metabolic
syndrome

Body mass index (BMI) is the body weight of an individual divided by the square of his
height. The resulting quotient correlates with the amount of body fat and has been used as a
surrogate for body fat percentage [49]. A BMI in the range of 18.5-24.9 kg/m? is considered
normal. A BMI between 25 and 29.9 kg/m? is defined as overweight, and BMIs of 30 kg/m?
and above, as obese. The BMI of 30 kg/m? is considered a critical cut-off beyond which the
cardiometabolic disease risk increases exponentially, and even this figure is likely too high
for certain subpopulations [50]. Obesity itself is a metabolic disorder strongly related to
environmental and lifestyle factors that results from a sustained imbalance between energy
intake and energy expenditure [51]. As highlighted by the June 11, 2007, issue of a leading
news periodical ( 7ime) [52], neither behavioral adjustments in physical activity and food
consumption nor public health interventions per se have been sufficient to check what has
grown into a global obesity pandemic since 1980 [51,53]. This state of affairs invites—if not
mandates—adjunctive pharmacological approaches for anti-obesity treatment. Indeed, the
United States National Institutes of Health have announced research initiatives to accelerate
the development of interventions for the prevention or treatment of overweight or obesity in
children and adults [54]. Several compelling reasons support the discovery and development
of novel weight-management therapeutics [51,55]. Bariatric surgery consistently results in
appreciable and persistent weight loss, yet surgical intervention of any type can hardly be
considered a feasible, population-based attack against the obesity pandemic [56]. The
history of obesity pharmacotherapy is checkered with notoriety, be it from drugs with
serious side-effect/addiction liability (e.g., amphetamine-like agents) or high-profile,
agency-mandated market withdrawals due to serious adverse events (e.g., fenfluramine and
dexfenfluramine) [51]. Currently available prescription drugs studied in large, randomized,
placebo-controlled clinical trials and approved for long-term obesity treatment are only three
in number: phentermine [Adipex-P® (Gate Pharmaceuticals) or lonamin® (Medeva
Pharmaceuticals)], an amphetamine and phenethylamine appetite suppressant that increases
catecholamine levels and produces a feeling of satiety; orlistat (Xenical®) (Roche), a
gastrointestinal lipase inhibitor that reduces fat uptake; and sibutramine (Meridia®,
Reductil®) (Abbott Laboratories), a centrally-acting noradrenalin-serotonin-dopamine
reuptake inhibitor that suppresses appetite and may also increase energy expenditure [55,57—
59]. These agents are hampered by serious gastrointestinal (orlistat) or cardiovascular
(sibutramine) side-effects and the limited maximal reduction in body mass achievable, only
3-5% above that elicited by the dietary-restriction and physical-activity components of the
overall treatment regimen. This modest efficacy, coupled to low rates of sustained
compliance, often leads to weight regain, inviting psychological comorbidities, particularly
depression [51,55,57,58].

Perhaps the most compelling reason for the import being accorded translational anti-obesity
research is the relationship between obesity and cardiometabolic risk. Specifically,
abdominal obesity predisposes individuals to the metabolic syndrome. As defined by Adult
Treatment Panel 111 guidelines from the United States National Cholesterol Educational
Program, the metabolic syndrome is a cluster of serious cardiovascular and metabolic
derangements that includes type-2 diabetes, hyper-tension, atherogenic dyslipidemia,
thrombosis, cancer, inflammatory syndromes such as arthritis, and immune disorders [60—
62]. Despite the availability of drugs to treat various aspects of the metabolic syndrome, the
position of abdominal obesity at the syndrome's very foundation means that only truly
effective weight-management agents would have the pharmacotherapeutic potential to
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benefit the entire cardiometabolic risk profile [51,61,62]. Given estimates that one in four
adults is affected by the cardiometabolic syndrome and obesity [61,62] and nearly 20% of
children and adolescents in the United States are overweight [63], the potential impact of
effective anti-obesity therapy on the leading public health issue in the industrialized world,
cardiovascular disease risk, is obvious and decisive.

5. The endocannabinoid system and feeding behavior

The instinct for food consumption is one of the most elemental from the standpoint of
survival, yet one of the most complex biologically and behaviorally, being influenced by
myriad cultural, genetic, emotional, and social factors [64,65]. It is thus unremarkable that
several interactive and somewhat redundant endogenous mediators and information-
transducing networks exist in mammals to regulate food-related behaviors [66,67].
Physiologically, the endocannabinoid signaling system is one such network and controls
feeding at two levels. It can tonically accentuate or dampen the mativation for food search
and intake, possibly by interacting with mesolimbic pathways involved in reward
mechanisms. Additionally, endocannabinoid-system activation in the hypothalamus after a
period of food deprivation induces appetite by modulating transiently the levels/actions of
other orexigenic (neuropeptide Y, orexins, ghrelin) and anorexigenic (leptin, corticotrophin-
releasing hormone, a-melanocyte-stimulating hormone) mediators [51,53,68].
Endocannabinoid regulation of feeding responses may influence or be influenced by cross-
talk among these and other mediators affecting energy balance. As examples, leptin reduces
endocannabinoid levels in the hypothalamus, whereas a positive, direct correlation exists
between endocannabinoid tone and circulating ghrelin levels following a period of food
deprivation [68]. Similar to other hedonistic stimuli including some drugs of abuse, bi-
directional interactions between cannabinoid and opioid circuits reinforce the rewarding
properties of and cravings for food [69]. Thus, endocannabinoid signaling is involved
orexigenically in both the homeostatic and the hedonistic control of food intake.

As first recorded in antiquity and now known in the vernacular as “the munchies,” appetite
stimulation (particularly for sweet and palatable foods) with eventual weight-gain is one of
the most notable effects of Cannabisin humans [1]. Cannabis-induced hyperphagia occurs at
low doses not eliciting sedation and motor impairment that may suppress feeding behavior
and has been observed consistently in laboratory animals and man [68,69]. The appetite-
stimulatory property of Cannabis has been clinically applied as dronabinol (Marinol®), an
oral formulation of the CB1/CB2 receptor antagonist A°-THC (Fig. 1) approved by the
United States Food and Drug Administration in 1992 for the treatment of acquired immune
deficiency syndrome-related anorexia. Dronabinol has also been proposed as an orexigenic
drug to combat the anorexia and cachexia in Alzheimer's and cancer patients [1,40].

6. The CB1 receptor: A target for anti-obesity pharmacotherapy

Experimental and clinical data have validated the CB1 receptor as a target for treating
appetitive disorders and, specifically, obesity [23,70,71]. Numerous laboratory studies using
potent natural or synthetic endocannabinoid agonists selective for the CB1 receptor or
transgenic animals in which endocannabinoid signal transduction through the CB1 receptor
has been disrupted afford consensus data on the critical role of CB1 receptor transmission in
the positive physiological modulation of food intake, appetite, and, consequently, energy
metabolism [45,68-71]. Obesity appears to be associated with endocannabinoid-system
overactivation mediated primarily through CB1 receptor transmission [68,70,71].
Endocannabinoid-system hyperactivity contributing to obesity may be supported by: a fat-
rich diet, which increases polyunsaturated fatty acid substrate for endocannabinoid synthesis
and upregulates the CBL1 receptor in the specialized cells primarily responsible for fat
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storage (adipocytes) and lipogenesis (hepatocytes); insulin resistance; and genetic
malfunction of the endocannabinoid-inactivating enzyme FAAH [69-71]. Preclinical trials,
particularly in genetically obese animal models, show consistently that CB1 receptor
antagonism exerts an anorectic effect against hyperphagia, reducing food intake by acting on
both the appetitive and consummatory aspects of ingestive behavior, regardless of food type.
Although not maintained after treatment suspension, the anti-obesity effect of selective CB1
receptor antagonists is recoverable by reinstituting treatment, suggesting a
pharmacologically viable strategy of chronic therapy [12,23,44,70]. The precise mechanism
by which CBL1 receptor antagonists exert their anti-obesity effect is not fully understood.
The mechanism is likely multifactorial, given the inherent multiplicities and redundancies in
appetite-controlling neurochemical and signaling circuits and the involvement of peripheral
targets (e.g., adipocytes, hepatocytes) in both CB1 receptor-mediated endocannabinoid
signaling and bioenergetics [65-71]. Coordinate physiological regulation of energy intake
and utilization is reflected in the peripheral activity of factors involved in the central
regulation of appetite. For example, feeding modulation by the endocannabinoid system may
involve CB1 receptors on peripheral afferent terminals in the gastrointestinal tract [68].

Development of effective weight-control drugs requires particular attention to safety and
efficacy, since such agents will be taken by both symptom-free individuals and obese
patients with serious comorbidities over the duration of their lives [51]. Likewise, an
important translational consideration for CB1 receptor ligands as effective anti-obesity drugs
is their accurate /n vivo pharmacological profiling. Available radiolabeled CB1 receptor
ligands have been used as tools to help improve the efficiency and economy of the anti-
obesity drug-development effort aimed at safe, effective CB1 receptor antagonists. Attempts
to correlate CB1 receptor antagonism /n vitro with predicted/realized pharmacological
activity /n vivoand the general pharmacology concept of receptor affinity as a determinant
of drug dose have made it useful to incorporate radiolabeled CB1 receptor ligands into both
preclinical and human studies. Molecular and functional nuclear imaging techniques such as
positron emission tomography (PET) and single photon emission computed tomography
(SPECT) afford quantitative insight into the relationships among CB1 receptor occupancy,
drug dose, circulating plasma levels, and brain uptake of CB1 receptor ligands. Labeled
ligands for SPECT/PET must meet several criteria: good oral bioavailability, ready
permeation across the blood-brain barrier, high CB1 receptor selectivity and binding
affinity, and rapid washout/elimination [72]. Among the first candidate SPECT/PET
radioligands targeted to cannabinoid receptors, [123]]JAM251, [123/124/131]] AM281, and
[125/131]1AM2233 (Fig. 4) have enabled quantification of CB1 receptor distribution and
occupancy, biokinetic study of drug and drug candidate distribution, and mapping of
pathological tissue changes at the basis of human behavioral and brain disorders [48,73-75].
[18FIMK-9470 (Fig. 4) is a selective, high-affinity, CB1 receptor inverse agonist based on
MK-0364 (taranabant) (Merck) (vide infra) with lower lipophilicity and avid, specific CB1
receptor binding that is readily reversible by taranabant. This latter property accords well
with the dose-related reduction in [18F]MK-9470 following taranabant administration in
man [76]. [11C]MePPEP, a selective CB1 receptor radiotracer with a pyrrolidinone core
structure (Fig. 4), is considered suitable for /n vivo CB1 receptor PET imaging in human
brain and will be employed in a clinical trial to visualize cannabinoid receptors [77].
Pharmacia-Upjohn (Pfizer) has previously described compounds similar to [11C]MePPEP as
CB1 receptor ligands [78]. Pfizer has also named CP-945,598 (structure undisclosed) as a
drug candidate entering phase-111 clinical weight-loss trials [79].

The availability of quantitative tools such as radiolabeled cannabinoid-receptor ligands that
aid translational research and the central role of CB1 receptor transmission in the orexigenic
control of feeding have promoted study of CB1 receptor antagonists as adjunctives to
lifestyle modifications such as diet and exercise in overall weight-control strategies against
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obesity. The promise of translational success in the context of a growing global anti-obesity
market has prompted increased intellectual and financial investment by both academia and
the biopharmaceutical industry aimed at commercializing proprietary, selective CB1
receptor antagonists as safe, effective anti-obesity drugs. The investment has already
produced novel CB1 receptor antagonists with sufficient preclinical efficacy as modulators
of feeding behavior to hold anti-obesity therapeutic potential. Other selective CB1 receptor
antagonists are the subjects of advanced clinical study, many as part of controlled, multi-
center obesity trials. The current positioning of such agents in drug discovery and clinical
development will next be discussed, starting with a detailed assessment of completed and
ongoing human trials involving rimonabant, to-date the only targeted endocannabinoid-
system modulator in the marketplace as a CB1 receptor selective drug. Newer chemical
entities will then be profiled that have sufficient depth and breath of reported evidence to
support their experimental, and in some cases clinical, effectiveness as selective CB1
receptor antagonists and weight-control agents.

7. Rimonabant

Based upon the concept that various appetitive disorders and self-reinforcing behaviors
including food intake and nicotine addiction share a pathogenic component of
endocannabinoid-system (hyper)activity mediated by CB1 receptor transmission [40,45,80],
rimonabant (Fig. 3) was initially intended as a dual-purpose drug to aid weight management
and smoking cessation [44,81]. The former indication effectively superseded the latter such
that most pharmacological data on rimonabant relate to food intake, food-reinforced
behaviors, weight-loss, and cardiometabolic parameters [44,82]. As summarized in several
recent authoritative reviews [44,45,51,55,80-82], rimonabant is a potent CB1 receptor
antagonist with a greater than 100-fold selectivity for the CB1 vs. CB2 receptor.
Rimonabant can also act as a CB1 receptor inverse agonist such that it affects
endocannabinoid signal transduction in the absence of CB1 receptor stimulation. The ability
of rimonabant to suppress food intake and lower body mass has been demonstrated
preclinically in various rodent models. Rimonabant's efficacy as a weight-loss agent appears
to involve central as well as peripheral mechanisms mediated by the CB1 receptor. Major
central contributors include the inhibition of CB1 receptor transmission in the mesolimbic
and central melanocortin systems and the potentiation of cholecystokinin and vagal satiety
signals in the brainstem. Candidate peripheral mechanisms supporting rimonabant's anti-
obesity effect include inhibition of hepatic and adipose-tissue lipogenesis, enhancement of
skeletal-muscle fatty acid oxidation, and augmentation of circulating adiponectin, an
autocrine/paracrine adipokine that modulates adipocyte formation with pleiotropic effects on
inflammation and atherosclerosis protective against obesity-related metabolic disease [82—
84].

Whereas a 5-mg daily dose exhibited little clinical efficacy, multiple large, randomized,
placebo-controlled international trials in which overweight or obese patients with or without
associated comorbidities (e.g., diabetes, dyslipidemia, hypertension) were enrolled provide
clear and compelling evidence that rimonabant facilitates weight loss at a therapeutic dose of
20 mg/day [44,82,85-88]. The so-called RIO (“Rimonabant In Obesity”) Program trials
demonstrate that rimonabant induces over a two-year period a placebo-subtracted weight
loss of greater than 5% in 30-40% of patients and greater than 10% in 10-20% of patients
above that from a modest-calorie diet and physical exercise. Significantly decreased hunger,
caloric intake, body weight, and waist circumference were observed in the treatment group.
The phase-I11 “RIO-lipids” [85] and “RIO-Europe” [86] trials showed that rimonabant
reduces the placebo-subtracted incidence of metabolic syndrome and ameliorates many
associated cardiometabolic symptoms. Rimonabant increased HDL (i.e., “good”) cholesterol
by 8-10%, reduced triglycerides by 10-30%, reduced C-reactive protein (an inflammation
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and predictive cardiovascular-risk marker), and improved insulin resistance and glycemic
control. Circulating LDL cholesterol was not significantly affected, and a slight, if any,
hypotensive effect was noted. In the RIO-North America trial [87], rimonabant-treated
subjects randomized to placebo in year two regained weight, whereas those who continued
to receive the drug maintained their weight loss. Rimonabant's two-year clinical
effectiveness in obesity appears to be based on longer-term metabolic effects (e.g.,
suppression of hepatic lipogenesis, enhanced lipid oxidation), whereas its attenuation of
food consumption is transient. This partial independence between improved metabolic
profile and a behavior sharing similarities with the craving aspects of drugs of abuse has
caused some speculation as to rimonabant's anti-obesity effectiveness over very long-term
treatment [44,82,89]. Rimonabant also prevented the secondary weight-gain often associated
with smoking cessation and improved the chances of quitting smoking [44,90]. Thus,
rimonabant has the potential to reduce the risks of cardiovascular disease and type-2
diabetes associated with the cardiometabolic phenotype and help alleviate the
socioeconomic and healthcare burdens from the single largest cause of avoidable death and
disease in developed countries, smoking [45].

A few predominant adverse effects were reported in the one-year RIO-Europe trial [86], the
most frequent being nausea (12.9 vs. 3.4%, treatment vs. placebo), dizziness (8.7 vs. 4.9%),
and diarrhea (7.2 vs. 3.0%). Hypoglycemia was reported in 5.3% (treatment) vs. 1.7%
(placebo) of diabetic subjects [88]. Rimonabant was well tolerated, most side-effects
considered mild-to-moderate and often limited to the first few months of use [44,82]. At two
years, rimonabant's side-effects were similar, with an excess of psychiatric disturbance
(overall psychiatric disturbances: 26 vs. 14%, treatment vs. placebo; depression alone: 8.8
vs. 5.9%) and nausea (3.8 vs. 1.0%) [82,87].

These and other human data have supported rimonabant's regulatory approval in 38
countries and marketing in 18 as the weight-loss drug, Acomplia® [51,82]. Based upon a
review of 59 completed clinical studies enrolling more than 15,000 patients, an advisory
committee to the United States Food and Drug Administration voted unanimously not to
recommend rimonabant (under the trade name Zimulti®) for use in overweight or obese
patients with associated risk factors. The major concern was that rimonabant caused
neurological and psychiatric problems, for it approximately doubled the risk of anxiety,
depression, aggression, and psychosis and increased suicidal thinking in select patients.
Sanofi-Aventis then withdrew the rimonabant New Drug Application in the United States on
June 29, 2007 [91]. Consequently, reviews of recent rimonabant clinical data are now
underway in the European Union, which originally restricted its original rimonabant
approval to be used in combination with diet and exercise for the treatment of obese or
overweight patients with associated risk factors, such as type-2 diabetes or dyslipidemia—
not for indications such as smoking cessation [92]. Because patients with significant mental
illness were excluded from the RIO trials [85-88], current estimates of riomonabant's
potential psychiatric side effects may be conservative. Somewhat ironically, the United
States Food and Drug Administration advisory committee recommendation against
rimonabant approval as an anti-obesity drug was coincident with the launch in the United
States of the gastric and pancreatic lipase inhibitor orlistat as an over-the-counter weight-
control medication at reduced dose (brand name AllT™) (GlaxoSmithKline) [93].

Additional safety data on rimonabant are likely to emerge starting in 2-3 years upon
completion of several human studies now underway that assess endpoints and surrogate
measures of cardiovascular and atherothrombotic burden. The largest, the CRESCENDO
trial, is examining whether rimonabant reduces stroke, myocardial infarction, and
cardiovascular mortality due to either stroke or heart attack in 17,000 patients with
abdominal obesity and other cardiovascular risk factors [94]. The STRADIVARIUS trial is
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designed to test whether improvements in metabolic syndrome are accompanied by
reductions in atherogenesis after long-term CB1-receptor blockade with rimonabant [95].
Three more limited trials are currently recruiting patients. The VENUS trial has as its
primary objective to assess rimonabant's efficacy on body-weight and triglyceride changes
over a 52-week period [96]. The SYMPHONY trial is designed primarily to assess
rimonabant's anti-obesity efficacy over 52 weeks in obese type-2 diabetic patients
inadequately controlled with oral anti-diabetic drug monotherapy [97]. The SOLO trial will
evaluate rimonabant's anti-obesity efficacy in obese type-2 diabetic patients inadequately
controlled with diet and exercise alone [98].

8. Candidate CB1 receptor antagonists identified for potential development
as anti-obesity drugs

Rimonabant's successful development encouraged medicinal chemists to search for selective
CB1 receptor ligands as new chemical entities with similar or better pharmacological and
safety profiles as compared to rimonabant. Bioisosteric replacements and substituent
modifications of the rimonabant pyrazole pharmacophore as well as de novo and high-
throughput screening approaches have indeed generated many novel CB1 receptor ligands.
Some of these compounds have been identified as being actively pursued in the
biopharmaceutical industry as leads for the pharmacotherapy of obesity and related
metabolic disorders. In general, such lead, selective CB1 receptor antagonists for weight-
management have demonstrated acute preclinical activity in reducing food intake and body
weight and prophylactic and longer-term efficacy with chronic feeding in non-obese rodents
and standard dietary and genetic obesity models. Measurement of meal counts, adipose-
tissue mass and distribution, brain uptake, and metabolic parameters (e.g., plasma glucose
and lipids, energy expenditure) have also been routine components of the lead evaluation
process. To test for CNS-related effects, task learning, spatial memory, locomotor activity,
and drug dependence usually have been evaluated as well.

The rimonabant-related chemotype and selective CB1-receptor antagonist, compound 1
(Merck) (Fig. 5), is orally bioavailable and evidences rapid /n vivo brain penetration. When
administered ad /ibitum to rats with diet-induced obesity, compound 1 immediately caused a
dose-dependent, cumulative, and prolonged reduction of food intake within the circadian
clock very similar to rimonabant's effects [99]. To explore structure—activity relationships at
the pyrazole scaffold, a variety of ring-constrained rimonabant analogs was synthesized.
Compound 2 (Pfizer) (Fig. 5), wherein the pyrazole and pyrimidine rings are fused, exhibits
very high selectivity and affinity for the CB1 receptor, antagonizes CB1 receptor mediated
analgesia and hypothermia, and reduces food intake in a fasting-induced re-feeding rat
model, but with suboptimal pharmacokinetics [100]. With their high CB1 receptor affinity
and selectivity, 4-5 position bridged systems represented by the tetrahydroindazole,
compound 3 (Janssen) (Fig. 5), have purported pharmacological properties in animal models
suggestive of their stated potential as preclinical anti-obesity leads [101].

Rimonabant computational studies have suggested the importance of the C-3 amide
substituent in eliminating agonist activity [102] and the carboxamide moiety for inducing
inverse agonist activity at the CB1 receptor [103]. Based on the hypothesis that the
carboxamide oxygen is involved in hydrogen-bonding with lysine K3.28(192) of the CB1
receptor [104], constrained analogs of rimonabant were designed and synthesized by joining
the pyrazole ring at position 2 with the carboxamide nitrogen via an ethylene bridge. These
pyrrolopyridinones exhibited CB1 receptor antagonist potency similar to rimonabant and
elicited an anorexigenic effect in fasted-re-fed rats and a chronic reduction in weight-gain in
genetically obese Zucker rats [105]. Sulphonic acid analogs of the pyrrolopyridinones such
as compound 4 (Astra-Zeneca) (Fig. 5) have been described as selective CB1 receptor
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therapeutic agents for treating not only obesity, but psychiatric and neurological disorders as
well [106]. Pyrrolopyridines lacking the carboxamide nitrogen, such as compound 5 (Bayer)
(Fig. 5), have also been reported as agents used specifically to treat obesity and related
disorders [107]. Compound 6 (Merck) (Fig. 5), a 1,8-naphthyridinone, has been reported to
be a high-affinity, CB1 receptor inverse agonist that inhibited feeding in a dose-dependent
manner and significantly decreased overnight body weight-gain and with good oral
bioavailability and brain penetration in mouse, rat, dog and monkey [108]. Azetidine
analogs, such as compound 7 (Vernalis) (Fig. 5), have very high affinity for the CB1
receptor and purportedly block the hypolocomotion induced by A°-THC in alcohol-
preferring C57BL/6 mice and modulate feeding behaviors in experimental animals [109].

9. CB1 receptor antagonists in clinical development as anti-obesity
pharmacotherapeutics

A few selective CB1 receptor antagonists appear to be progressing through clinical
development following extensive laboratory and early human profiling that demonstrated
their potential as anti-obesity drugs worthy of marketplace consideration. Pharmacological
studies have characterized the acyclic diphenylamide, taranabant (Fig. 6), as a potent, orally-
active weight-loss agent and high-affinity, selective inverse agonist to the human CB1
receptor [110,111]. A study in diet-induced obese rats demonstrated that partial (30%)
occupancy of the CB1 receptor by taranabant was sufficient for significant chronic weight
loss. The reported anti-obesity efficacy of taranabant was comparable to the weight-loss
elicited by AM251 at equivalent CB1 receptor occupancy. A possible direct competitor to
rimonabant, taranabant is currently in phase-I11 human obesity trials [112].

The rimonabant analog, SR147778 (surinabant) (Sanofi-Aventis) (Fig. 6), is a potent,
selective CB1 receptor antagonist with enhanced oral activity [113]. Surinabant inhibits
mitogen-activated protein kinase activity induced through CB1 receptor transmission. /n
vivo, surinabant dose-dependently decreases sucrose consumption and food intake in both
fed and fasted rats. Surinabant suppresses alcohol preference and motivational properties in
Sardinian alcohol-preferring rats [114] and is more effective than rimonabant in chronic
rodent models of alcoholism [115]. Although surinabant is currently in phase-11 clinical
trials to treat nicotine addiction, its pharmacological properties as a potent, selective CB1
receptor antagonist with /n vivo activity against appetitive disorders of alcohol and nicotine
addiction suggest its potential development as a drug to aid weight-loss, pending further
safety and efficacy data [116].

The 3,4-diarylpyrazoline CB1 receptor antagonist SLV-319 (Solvay) (Fig. 6) [117] reduces
highly-palatable food consumption by Wistar rats at lower (11%) CB1-receptor occupancy
relative to SR141716A (65%), whereas both agents dose-dependently increase extracellular
dopamine at CB1 receptor occupancies >65% [118]. Compounds structurally and
pharmacologically similar to SLV-319 have been reported [119]. SLV-319 itself is being
evaluated in phase-11B clinical trials as an anti-obesity and weight-loss agent [120].

Another novel, orally-active, highly-selective CB1 receptor antagonist, AVE1625 (Sanofi-
Aventis) (Fig. 6), belongs to the benzhydrylazetidine class [121]. AVE1625 exhibits anti-
aggression and antidepressant activity with few side-effects in animal models [122] and
increases rodent acetylcholine levels coincident with improved memory-test performance
[123]. AVE1625 reverses the impairment caused by scopolamine, a cholinergic antagonist
that disrupts learning performance, in the standard mouse eyeblink conditioning model [124]
and is antidyskinetic and prokinetic in rodent and primate models of Parkinson's disease
[125]. As with some other known, potent CB1-receptor ligands, AVE1625 penetrates the
blood-brain barrier and antagonizes A%-THC [126]. AVE1625 is currently being evaluated
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in a phase-11 clinical trial for the treatment of cognitive impairment, as an adjunct to
antipsychotic therapy in schizophrenia (“CONNECT trial”), and for its tolerance in mild-to-
moderate Alzheimer's patients [127,128]. Without influence on locomotor activity,
AVE1625 increases lipid oxidation and beneficially influences glucose control, circulating
lipid profiles, hepatic glycogen stores, and energy expenditure independent of weight loss in
male Wistar rats while markedly reducing food intake [129]. These effects imply peripheral
sites of action for AVE1625 and suggest market potential as a drug to help redress the
metabolic syndrome and lower obesity-induced cardiometabolic risk. AVE1625 is indeed
being evaluated in a phase-11 clinical study to assess its 24-week weight-loss effect in
abdominally obese subjects with atherogenic dyslipidemia [130].

10. Conclusion: Perspectives on the pharmacotherapeutic modulation of

endocannabinoid signaling for treating overweight, obesity, and their
cardiometabolic and psychiatric comorbidities

The etiology of many appetitive disorders is characterized by a pathogenic component of
reward-supported craving, be it for substances of abuse (including alcohol and nicotine) or
food. Such maladies affect large numbers of people as prevalent socioeconomic and
healthcare burdens. Yet in most instances drugs for their safe and effective
pharmacotherapeutic management are lacking despite the attendant medical needs, collateral
adverse physical and psychological effects, and enormous global market potential. The
endocannabinoid signaling system plays a critical role in motivational homeostasis as a
conduit for reward stimuli and a positive modulator of brain reward circuits.
Endocannabinoid-system hyperactivity through CB1 receptor transmission is considered
contributory to a range of appetitive disorders and, hence, is a major focus of contemporary
pharmaceutical research [11,16,23,34,37,40,45,80]. At the drug-discovery stage, researchers
continue to design and synthesize novel CB1 receptor antagonists and optimize their
physical properties, intrinsic receptor affinity, oral bioavailability, pharmacokinetics, and
safety. Subsequent demonstration of attenuated CB1 receptor transmission with positive
pharmacological outcome in relevant preclinical trials has already endowed some highly-
selective CB1 receptor antagonists with promise for lead-candidate status, if not actual
clinical study in humans, as potential anti-obesity therapeutics (Figs. 5 and 6). Hence, the
CB1 receptor has been accepted as an eminently “drugable” target for which new chemical
entities are being profiled in the laboratory and clinic — and in one case (rimonabant),
prescribed as an antiobesity therapeutic. Future-generation, selective CB1 receptor
antagonists are expected to provide a valuable pharmacotherapeutic approach to obesity
therapy and help redress this fundamental underlying factor of the metabolic syndrome,
thereby lowering overall cardiovascular risk.

Endocannabinoid-related candidate drugs for obesity have therapeutic implications beyond
weight management and the metabolic syndrome. Rimonabant itself is being studied
clinically as potential treatment for alcohol addiction [131]. Modulators of CB1 receptor
transmission may occupy therapeutic niches to help combat some serious and often
disabling eating disorders. Both anorexia and bulimia nervosa are associated with CB1
receptor gene polymorphisms [132]. Subjects with anorexia nervosa or binge-eating
disorders, but not bulimia nervosa, have increased circulating AEA levels [133].
Rimonabant increases insulin-responsive glucose transporter 4 expression [44,82,89],
suggesting that CB1 receptor antagonists may be attractive diabetes drugs whose anti-
lipogenic effect could also help prevent/reverse hepatic steatosis and nonalcoholic liver
disease. The CB1 receptor antagonist AVE1625 (Fig. 6) is being studied in the clinic as
treatment for schizophrenia, as are cannabidiol and A%-THC (Fig. 1) for schizophrenia and
bipolar affective disorder [127,134,135]. The results of these latter studies have great
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relevance to obesity pharmacotherapy, since depression and schizophrenia are recognized
comorbidities of substance abuse [136], and obesity is strongly correlated with a major
depressive disorder [137].

New CB1 receptor ligands are on the horizon that may prove even more attractive for
clinical development as anti-obesity agents, particularly if they exhibit increased antagonist
potency with reduced potential for psychotropic side-effects. Recent detailed
pharmacological profiling of the novel, CB1 receptor neutral antagonist, AM4113,
demonstrates that it is possible to resolve /in vivo the appetite-suppressant effects of CB1
receptor antagonism from the principal clinical side-effects (nausea and malaise) of CB1
receptor antagonists/inverse agonists such as rimonabant [138]. In contrast to rimonabant
and other CB1 receptor antagonists/inverse agonists which stimulate signal transduction that
opposes the activity of endogenous CB1 receptor agonists, neutral CB1 receptor antagonists
may affect feeding by reducing endocannabinoid tone [139]. CB1 receptor neutral
antagonists such as AM4113 that suppress feeding without producing nausea-or malaise-
induced food aversion in humans could offer significant clinical and market advantages over
inverse agonists as anti-obesity drugs [139].

Current focus on selective CB1 receptor ligands notwith-standing, two alternative modalities
for anti-obesity pharmacotherapy related to the endocannabinoid system may be entertained:
combination therapy and FAAH upregulation. The etiology of many chronic diseases is
multifactorial such that they cannot be treated effectively by one drug, even when that drug
has broad-spectrum activity against several targets/pathogenic processes [140]. In man and
other mammalian species, the complex, interactive, and somewhat redundant nature of the
information-transducing networks that regulate feeding behavior makes the existence of a
“magic bullet” pharmacotherapy to solve the overweight and obesity problems unlikely
[49,51,53]. The contemporary view of obesity as an underlying element in the metabolic
syndrome predisposing to associated cardiometabolic risk — rather than as an isolated
pathophysiological state — invites consideration of combination therapy in optimizing
obesity and weight-loss management by CB1 receptor antagonists. Opioid antagonists
decrease short-term food intake and the pleasurable nature of palatable foods and thus could
be considered in weight-loss therapy [69]. Specifically, a CB1 receptor antagonist and an
opioid antagonist might synergize for a superior therapeutic effect in obese humans,
particularly those with “sweet” or “snacking” eating disorders [141]. Nalmefene, an opioid
antagonist, has indeed been shown to reduce food intake in lean and diet-induced obese mice
when administered with the CB1 receptor antagonist AM251 [142]. As yet, there are no
reported clinical trials demonstrating significant weight loss by even high doses of opioid
antagonists and no positive human studies with selective opioid-receptor antagonists in
obese subjects or binge eaters [69]. Other polytherapy approaches for the treatment of
obesity and associated cardiometabolic comorbidities have proposed a combination of a
CB1 receptor antagonist with sibutramine, a potassium channel opener, a lipase inhibitor, a
sterol absorption inhibitor (B-lactam), a dipeptidyl-peptidase IV inhibitor, or an intestinal-
acting microsomal triglyceride transfer protein inhibitor [51,59,143-149]. One such
microsomal triglyceride transfer protein inhibitor, dirlotapide (Slentrol®) (Pfizer) [150], has
recently been accorded the status of the first agent granted United States Food and Drug
Administration approval for the treatment of canine obesity [151]. Insights are emerging into
the molecular and pharmacological interactions between the CB1 receptor and other
receptors whose transmission may influence feeding behavior and energy balance (e.g.,
opioid [152] and orexin [153] receptors). Therapeutic targeting of this interaction may
redefine the concept of “polypharmacological” weight-control therapy by using a single
agent to modulate signal transmission from multiple receptors.
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Genetic variation data suggest FAAH upregulation could be a weight-management
therapeutic modality. A missense polymorphism in the FAAH gene resulting in reduced
cellular FAAH expression and activity has been linked to obesity [154] and undercuts the
salutary effect of a low-fat diet on dyslipidemia in obese subjects [155]. However,
oleoylethanolamine, an anorectic endogenous lipid that stimulates lipolysis and fatty-acid
oxidation, is also a FAAH substrate [156]. So any anti-obesity effect of pharmacological
FAAH upregulation (i.e., enhanced anandamide hydrolysis) might be counteracted by
potentiation of oleoylethanolamine degradation, as might the enhancement of long-term
rimonabant metabolic benefit by oleoylethanolamine administration [157].

Future research will undoubtedly identify new endocannabinoid signaling elements, define
their (patho)physiological roles, better integrate endocananbinoid function with related
mediator networks at the systems-biology level, and uncover additional therapeutic targets
within the endocannabinoid system for overweight, obesity, and the metabolic syndrome.
Continued application of ligand-based molecular and biophysical approaches to characterize
the binding motifs of cannabinoid receptors [158] and the fabrication of new metabolomic/
lipidomic tools tailored to the endocannabinoid system [159] will undoubtedly contribute to
future successes in translational cannabinoid research. The resulting data should facilitate
the design and profiling of new chemical entities as therapeutic endocannabinoid
modulators. They may also enable identification of endocannabinoid-system dynamics that
could serve clinically as predictive and/or diagnostic biomarkers useful in patient selection,
perhaps enabling an era of endocannabinoid-based personalized medicine.
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Abbreviations

AS-THC A%-tetrahydrocannabinol

GPCR G-protein-coupled receptor

CB cannabinoid

CNS central nervous system

AEA anandamide (/N-arachidonoylethanolamine)
2-AG 2-arachidonoylglycerol

AA arachidonic acid

NAPE N-arachidonoyl-phosphatidylethanolamine
NAT N-acetyl transferase

DAG diacylglycerol

FAAH fatty acid amide hydrolase

MAG monoacylglycerol

SR141716A rimonabant (Acomplia®, Zimulti®)

BMI body mass index

PET positron emission tomography

SPECT single photon emission computed tomography
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PL-D phospholipase D
PL-C phospholipase C
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Fig. 1.

Clgemical structures of the phytocannabinoids A°-tetrahydrocannabinol (A%-THC) and
cannabidiol and the endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-
AG). In this and all other structure figures (i.e., Figs. 3—-6), comparative Ki or ICsq values
for ligand binding to CB1 and CB2 receptors are given (when available) from literature
references cited in the relevant text.
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Fig. 2.

Diagrammatical representation of central nervous system (CNS) endocannabinoid signaling.
In response to a stimulus-induced intracellular calcium increase, the endocannabinoids
anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are synthesized in post-synaptic
neurons. AEA synthesis starts with Afacylation of phosphatidylethanolamine (PE) by
enzyme-catalyzed transfer of an arachidonic-acid (AA) moiety from a donor membrane
phospholipid (such as phosphatidylcholine) to form N-arachidonoy/-
phosphatidylethanolamine (NAPE), which may then hydrolyzed by, for example,
phospholipase D (PL-D) or acted upon by phospholipase C (PL-C) followed by phosphatase
action on the resulting phosphoAEA to yield AEA. 2-AG is synthesized in many tissues by
lipolysis of diacylglycerol (DAG). The endocannabinoids are then released from post-
synaptic neurons and traverse the synaptic cleft (aided, perhaps, by carrier proteins) to pre-
synaptic neurons, where they function as retrograde messengers by binding to cannabinoid
receptors: AEA has the greater affinity for the CB1 receptor, whereas 2-AG binds
preferentially to the relatively minute population of CB2 receptors in the CNS. The
signaling through both receptors is coupled to G-proteins (@) to elicit a bioresponse. Pre-
synaptic monoacylglycerol (MAG) lipase inactivates 2-AG, and post-synaptic fatty acid
amide hydrolase (FAAH) inactivates AEA. Endocannabinoid uptake may be facilitated by
transmembrane protein transporters. In this manner, endocannbinoids regulate synaptic
transmission of excitatory and inhibitory circuits.
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Fig. 4.
Chemical structures of cannabinoid receptor ligands widely used as experimental agents.
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Fig. 5.
Chemical structures of candidate CB1 receptor antagonists identified in the literature for
their development potential as anti-obesity drugs.
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Fig. 6.
Chemical structures of CB1 receptor antagonists reported to be in clinical development as
anti-obesity pharmacotherapeutics.
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