Cannabinoid Receptors in Metabolic
Regulation and Diabetes

There is an urgent need for developing effective drugs to combat the obesity
and Type 2 diabetes mellitus epidemics. The endocannabinoid system plays a
major role in energy homeostasis. It comprises the cannabinoid receptors 1
and 2 (CB; and CB,), endogenous ligands called endocannabinoids and their
metabolizing enzymes. Because the CB; receptor is overactivated in metabolic
alterations, pharmacological blockade of the CB; receptor arose as a promising
candidate to treat obesity. However, because of the wide distribution of CB;
receptors in the central nervous system, their negative central effects halted
further therapeutic use. Although the CB, receptor is mostly peripherally
expressed, its role in metabolic homeostasis remains unclear. This review dis-
cusses the potential of CB; and CB, receptors at the peripheral level to be
therapeutic targets in metabolic diseases. We focus on the impact of pharma-
cological intervention and/or silencing on peripheral cannabinoid receptors in
organs/tissues relevant for energy homeostasis. Moreover, we provide a per-
spective on novel therapeutic strategies modulating these receptors. Targeting
CB; with peripherally restricted antagonists, neutral antagonists, inverse ago-
nists, or monoclonal antibodies could represent successful strategies. CB, ago-
nism has shown promising results at preclinical level. Beyond classic
antagonism and agonism targeting orthosteric sites, the recently described
crystal structures of CB; and CB, open new possibilities for therapeutic inter-
ventions with negative and positive allosteric modulators. The challenge of
simultaneously targeting CB; and CB, might be possible by developing dual-
steric ligands. The future will tell whether these promising strategies result in a
renaissance of the cannabinoid receptors as therapeutic targets in metabolic

diseases.

cannabinoid receptors; diabetes;, metabolic regulation; obesity; therapeutic
targets

The cannabinoid (CB) receptors are described as G
protein-coupled receptors (GPCRs), whose ligands
include the phytocannabinoid A(9)-tetrahydrocannabi-
nol (THC), endogenous ligands derived from arachido-
nid acid called endocannabinoids (ECs), and multiple
synthetic compounds (1).

ECs are lipid mediators that are able to counteract sa-
tiety signals in the hypothalamus and the gastrointesti-
nal tract (2). Exogenous cannabinoids and ECs signal
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through the CB receptors, promoting overfeeding
and lipid biosynthesis and storage (2). The CB
receptors were identified and named in order of dis-
covery: cannabinoid receptor 1 (CB, receptor) and
cannabinoid receptor 2 (CB, receptor). One decade
after their discovery, these receptors were cloned,
and the ECs anandamide (N-arachidonoyl-ethanola-
mine, AEA) and 2-arachidonoylglycerol (2-AG) were
identified. This finding led to coining of the term
endocannabinoid system (3). To sum up, the EC sys-
tem comprises the receptors CB; and CB,, the ECs
AEA and 2-AG, and their five metabolizing enzymes:
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N-acylphosphatidylethanolamine-phospholipase D
(NAPE-PLD), diacylglycerol lipase (DAGL)-a and B,
fatty acid amide hydrolase (FAAH), and monoacyl-
glycerol lipase (MAGL) ( ). Although other
molecules have been proposed as part of the EC
system, their physiological role is under discussion.
Nowadays, the concept of the EC system has been
expanded to the endocannabinoidome, comprising
multiple lipid mediators, their inactivating or synthe-
sizing enzymes, and their molecular targets (such as
nuclear receptors, ligand-activated ion channels
and orphan GPCRs) (4). To date only CB; and CB>
are consider bona fide receptors (5).

Both preclinical and clinical evidence have demon-
strated that impaired energy balance in obesity and
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hyperglycemia leads to an overactivation of the EC
system due to an increase in the expression of canna-
binoid receptors, ECs, as well as the enzymes regulat-
ing their synthesis and degradation (6—8). Besides
circulating levels of ECs, hypothalamic ECs are
increased in obese animals with leptin deficiency
(ob/ob mice) or impaired leptin signaling (such as
db/db mice and Zucker (fa/fa) rats) (9).

CB; receptor acts as a master regulator of whole-
body and cell energy metabolism controlling food
intake, lipogenesis, glucose uptake, insulin secretion,
and gluconeogenesis (10). Although activation of CB,
receptor has been classically anti-inflammatory and
antioxidant properties, increasing evidence suggests
a potential role for CB, receptor expression and
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The endocannabinoid system includes endogenous cannabinoids (2-AG, AEA), their synthesizing (NAPE-PLD, DAGL) and metabolizing (FAAH, MAGL)
enzymes, the receptors CB1and CB2, as well as some of the receptor-modulated major signaling pathways. 2-AG, 2-arachidonoylglycerol; AC, Adenylat cy-
clase; AEA, anandamide; AMPK, adenosine monophosphate-activated protein kinase; DAGL, diacylglycerol lipase; FAAH, fatty acid amide hydrolase; MAGL,
monoacylglycerol lipase; MAPK, mitogen-activated protein kinase; MAPKK, mitogen-activated protein kinase kinase; MAPKKK, mitogen-activated protein ki-
nase kinase kinase; NAPE-PLD, N-acylphosphatidyl-ethanolamine-phospholipase D; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; PKB, protein
kinase B; PKC, protein kinase C; PLC, phospholipase C. Created with BioRender.com.
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activation in metabolic regulation at central and pe-
ripheral level, as we will later discuss in more detail.

The search for pharmacological interventions to
treat obesity and type 2 diabetes mellitus (T2DM) epi-
demics has put the EC system in the spotlight as a
master regulator of food intake, energy expenditure,
and fat mass expansion. In the last 30 years, drug de-
velopment and pharmacological research on cannabi-
noid receptors has been mostly focused on ligands
binding the orthosteric site, such as agonists, neutral
antagonists, and inverse agonists. Compounds acting
as orthosteric ligands compete for the receptor and
principally cannot bind simultaneously. Nevertheless,
the relative novel crystal structure of the CB; and CB,
receptor has demonstrated that the CB; receptor
allows binding of nonorthosteric ligands, the so-called
allosteric modulators (11, 12). Allosteric modulators do
not compete with endogenous ligands for binding to
the receptor, and they rather modulate the action of
the ligand whether by increasing it as positive alloste-
ric modulators (PAMs) or decreasing it as negative al-
losteric modulators (NAMs). Both exogenous and
endogenous allosteric modulators open new possibil-
ities for drug development targeting the CB; and CB,
receptors. Tackling obesity and metabolic regulation
through the central and peripheral effects of CB
receptors and ECs on food intake deserves a full
review in itself. Therefore, in this review we will focus
on peripheral effects of CB; and CB, receptors and
drugs targeting them, devoid of central effects, which
could represent novel therapeutic approaches in met-
abolic disorders.

Within the EC system, CB; receptors play a major role
in energy homeostasis. Although CB; receptors are
mainly expressed in the brain, they are also found in
metabolically active tissues/organs key for non-central
neurologic metabolic control, such as the pancreas,
liver, adipose tissue (AT), and skeletal muscle.

Overall EC system activity, understood as increased
signal transduction, is enhanced in obesity and the
metabolic syndrome. A cause of this overactivation
are the enhanced levels of circulating ECs (10). This
overactivation leads, in turn, to increased lipogenesis
and energy storage in the aforementioned tissues and
organs. Besides its activity, CB; receptor expression is
also enhanced in obesity in adipose tissue (13), liver
(14), and skeletal muscle (15). Obese and T2DM
patients also display enhanced tisular levels of CB; re-
ceptor (16). Food intake can have an impact on EC sys-
tem activation. Thus, EC levels change during food
ingestion through the impact of regulators of food
intake, such as leptin and ghrelin. During feeding, lep-
tin levels are enhanced, inhibiting the formation of pre-
cursors of AEA and 2-AG in the hypothalamus (9).
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During fasting, the levels of leptin decrease, while
ghrelin levels increase, leading to enhanced ECs (17).
In turn, pharmacological blockade of the CB; receptor
with rimonabant reduces circulating levels of ghrelin
(18). In genetic animal models of obesity where leptin
is altered, hypothalamic EC levels are increased, while
CB; receptor is downregulated (9, 19). CB, receptor
genetic deficiency resulted in lean, diet-induced obe-
sity-resistant animals with increased leptin sensitivity
and less circulating leptin levels (20). Analogously,
pharmacological blockade of the CB; receptor with
rimonabant resulted in food intake and body weight
reduction (2, 9, 20). This effect was due to blockade of
CB; central orexigenic effects and lipogenesis at pe-
ripheral levels (2). Peripheral CB; receptor blockade in
animals under a high-fat diet (HFD) has also proven
useful in restoring leptin sensitivity (21).

Besides genetic and pharmacological modulation,
environmental factors, such as polyunsaturated fatty
acid content in the food (22) or the anticipated
pleasure of eating, can impact central and periph-
eral EC levels (23). In that line, lower circulating AEA
levels have been reported in patients with anorexia
nervosa (24).

In light of all this evidence, CB, receptor antagonism
or inverse agonism came across as a potentially bene-
ficial therapeutic strategy in obesity and T2DM. Phase
Il clinical trials with CB; receptor antagonists resulted
in weight loss, reduction of features of the metabolic
syndrome, and cardiovascular risk factors (4). In 2006,
the CB; receptor selective antagonist/inverse agonist
SR141716A (rimonabant, Acomplia) was launched to
fight obesity and metabolic syndrome. Although ini-
tially proven safe in several clinical trials, depression
and suicidal ideation led to withdrawal of rimonabant
and other antagonists/inverse agonists under clinical
development at that time (taranabant, otenabant, and
ibinabant) (25-27). As mentioned earlier, CB, receptor
is most abundant in the brain compared with other pe-
ripheral tissues controling energy homeostasis such
as liver, adipose tissue, skeletal muscle, and the endo-
crine pancreas. The rimonabant experience under-
pinned the problem of central effects of CB receptors.
In 2005, it was discovered that the CB; receptor con-
tains allosteric binding sites, which can be recognized
by small molecules, or allosteric modulators (28),
opening new possibilities for CB; receptor regulation.
Since peripheral CB, receptor modulation offers thera-
peutic opportunities in metabolic regulation, we sum-
marize the main actions of CB; receptor in noncentral
nervous system (CNS) key tissues/organs related to
metabolic homeostasis ( ).

CB, Receptors in Adipose Tissue

In 2003, two independent groups described the pres-
ence of functional CB, receptors in mature adipocytes
and demonstrated how CB; receptor activation led to
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increased lipogenesis in the AT (2, 13). In vitro CB; re-
ceptor activation in white adipocytes led to enhanced
glucose uptake, increased activity of the lipogenic
enzyme lipoprotein lipase, and reduced lipogenesis,
resulting in fatty acid synthesis and triglyceride accu-
mulation (29, 30). Furthermore, cyclic adenosine mo-
nophosphate (CAMP) release is inhibited, and adeno-
sine monophosphate-activated protein kinase (AMPK)
activation is reduced, which both lead to reduced mi-
tochondrial biogenesis. Decreased mitochondrial bio-
genesis, in turn, reduces lipolysis and fatty acid
oxidation and makes the white versus the “beige” adi-
pocyte phenotype prevail. CB; receptor agonism
increases adipogenesis due to increased activation of
the nuclear receptor peroxisome proliferator-activated
receptor gamma (PPARy). The EC AEA acts as a
PPARY agonist, amplifying the EC system-induced adi-
pogenesis (31). CB, receptor activation also results in
the inhibition of the anti-inflammatory and insulin
sensitizing adipokine adiponectin (29). These dele-
terious effects of CB, activation on adipocytes have
been shown to be prevented with several strat-
egies. The inverse CB; receptor agonist JD5037
prevented enhanced glucose uptake and leptin re-
sistance in mice exposed to diet-induced obesity
(DIO) (21). Accordingly, CB; receptor knockout (KO)
mice display reduced fat mass and higher energy ex-
penditure than corresponding WT littermates, inde-
pendently of food intake (32). Both CB,; receptor
genetic deletion or pharmacological blockade with

SR141716 (rimonabant) rescued mitochondrial biogen-
esis under HFD. CB; receptor blockade with the neu-
tral antagonist AM6545 increased energy expenditure
due to fatty acid oxidation in AT (33). The novel periph-
eral CB; receptor antagonist AJ5012 has been pro-
posed to improve insulin resistance in obese mice by
reducing AT inflammation (34).

CB, receptor expression has also been reported in
supraclavicular brown adipose tissue (BAT) in humans.
Obese individuals display reduced CB; receptor
expression in BAT, which could reflect reduced BAT
activity (35). The novel peripheral restricted CB; recep-
tor antagonist BPR0912 has been proposed to acti-
vate BAT-mediated thermogenesis in rodents (36). In
iPS-derived human brown adipocytes, pharmacologi-
cal blockade of the CB; receptor with rimonabant
increased glucose uptake, whereas CB, receptor ago-
nists and antagonists exerted no effect. Therefore,
CB, receptor antagonism has arisen as a potential tool
to modulate BAT activitiy peripherally (35).

CB; Receptors in Liver

CB; receptor expression in hepatocytes was first
described by Osei-Hiyaman et al. (37). In this study,
CB; receptor activation by the endogenous EC anan-
damide increased de novo lipogenesis through the
induction of the lipogenic transcription factor sterol
regulatory element-binding protein 1c and its target
enzymes acetyl-CoA carboxylasel and fatty acid
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synthase in DIO mice leading to steatosis. HFD-
induced CB; receptor activation in the liver triggers de
novo lipogenesis and hepatic insulin resistance (38,
39). DIO-induced CB; receptor activation by ECs in
mice resulted in endoplasmic reticulum stress-induced
synthesis of specific ceramide subspecies in the liver,
resulting in hepatic insulin resistance. The peripherally
restricted CB; receptor inverse agonist JD5037 was
able to prevent both hepatic insulin resistance and
ceramide synthesis (40). CB; receptor expression is
upregulated in nonalcoholic fatty liver disease
(NAFLD) (41). Moreover, an increased EC system activ-
ity was observed in an HFD-induced NAFLD mouse
model (42). Thus, pharmacological blockade of the
CB; receptor could be a potential therapeutic
approach in NAFLD. Via the CB; receptor, ECs also
promote liver fibrosis (39, 43), characteristic for nonal-
coholic steatohepatitis (NASH). These findings are in
accordance with results in CB; receptor knockout
mice, where the observed anti-inflammatory effects
are similar to treatment with CB; receptor antagonists
due to a reduction of proinflammatory cytokine pro-
duction (44). The fact that pharmacological blockade
of the CB; receptors in NAFLD attenuates hepatic oxi-
dative stress parameters substantiates the therapeutic
potential of CB; receptor blockade to prevent NAFLD
pathogenesis (45).

CB; Receptors in Skeletal Muscle

The expression of CB; receptor and some of the enzy-
matic components of the EC system, such as DAGLo/f3
and MAGL, have been reported in human and rodent
skeletal muscle (46, 47). Regarding their localization, CB;
receptors have been reported in the mitochondria of stri-
ated muscles in similar levels as in rat brain (48). In mice,
CB; receptor in skeletal muscle has been proposed to
be mostly localized in mitochondria, where it might have
an impact on mitochondrial oxidative activity (49).

In obesity, the chronic activation of CB; receptor in
muscle is likely contributing to alter body composition,
promoting fat formation and reducing insulin sensitivity
and physical endurance. CB; receptor activation blocks
insulin-mediated glucose uptake in skeletal muscle (14,
50). Our group demonstrated that both AEA and the
conditioned medium from human adipocytes that con-
tained AEA, among other factors, impaired insulin signal-
ing in human skeletal muscle cells. AEA augmented
insulin receptor substrate (IRS-1) (Ser-307) phosphoryla-
tion probably via the extracellular-signal-regulated ki-
nases (ERK)1/2 and p38 activation, resulting in impaired
glucose uptake. AEA-induced insulin resistance was
prevented by the CB,; receptor antagonist rimonabant
(47). CB; receptors might become overactivated in the
skeletal muscle during obesity due to increased levels
of ECs (57). In line, specific deletion of CB; receptor in
skeletal muscle of ob/ob mice prevented diet-induced
insulin resistance and increased energy expenditure
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(50). Skeletal muscle-specific KO mice were protected
not only against diet but, importantly, against age-
induced insulin resistance by upregulating insulin signal-
ing, thus, increasing myogenesis and the production of
the beneficial myokine interleukin 6 (52). Furthermore,
Gonzélez-Mariscal et al. (52), suggest that skeletal mus-
cle-specific KO mice display improved physical endur-
ance, likely due to an increase of type | slow-twitch
(oxidative) fibers versus type Il fibers (glycolytic) fibers.

CB; Receptors in Pancreas

It has been shown that B-cells express CB; receptor,
which often appears membrane-bound (53). Some
authors have claimed that CB; receptor immunoreac-
tivity was not observed in o cells of human islets (53,
54). However, another group demonstrated CB; re-
ceptor expression in glucagon-expressing a-cells in
mouse and rat pancreatic islets (55). Tharp et al. (56)
reported CB, receptor is present predominantly in
d-cells in pancreatic islets of mice, rats, and humans,
independent of obesity or diabetes. Besides the dis-
cussion about the specific cell type expressing CB;
receptors within the pancreas (57), there is still an
ongoing debate about the cell-specific presence of
the EC-synthesizing (NAPE-PLD and DAGL) or metabo-
lizing enzymes (FAAH and MAGL) (57-59). Biosynthesizing
enzymes are mostly localized in a-cells, whereas
degrading enzymes appear to be mostly localized in
insulin-secreting B-cells (55). We will now focus on the
main effects of CB, receptor pharmacological modula-
tion at the B-cell level, where more data are available.
CB; receptor activation leads to impaired insulin sig-
naling and release (53, 58). In Zucker diabetic fatty
rats, the CB; receptor antagonist idipinabant pre-
vented B-cell loss (60). Zucker diabetic fatty rats
treated with the inverse agonist JD5037 were eugly-
cemic, although they displayed higher plasma insulin
and C-peptide levels. Thus, blocking the CB; receptor
in infiltrating macrophages prevented the nucleotide-
binding domain-like receptor protein 3-apoptosis-
associated speck-like protein containing CARD inflam-
masome activation, leading to overproduction of inter-
leukin 1B and B-cell loss (61). Another more complex
mechanism proposed for CB; receptor-mediated
impairment of insulin signaling and B-cell loss is that
the CB; receptor can form a heterotrimeric complex
with the insulin receptor (62).

Contrarily to CB,, CB, receptors are mainly peripherally
distributed, most specifically in the immune system (63),
where they mediate immunomodulatory functions (64).
Compared to CB;, CB; receptors have been classicaly
suggested to play a minor role in metabolic homeostasis
(63). In line, there is still controversy on the real impact of
CB, receptors in metabolic regulation. CB, receptor
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stimulation promotes antiobesity effects by reducing
food intake and weight gain (65), whereas an overex-
pression of CB; receptors in the brain induces hypergly-
cemia in mice (66). In a seminal study, CB, receptor
knockout mice (CB,R™™) showed nonsignificant mor-
phological differences (64). Another study showed that
CBZR’/’ mice revealed increased food intake and obe-
sity with age (67). Finally, a more recent study compared
the effect of DIO on CB; and CB, receptor double-KO
mice to the single-KO models. CB,R™'~ displayed signs
of impaired glucose clearance, while insulin sensitivity
was improved in CB; and CB5 receptor double-KO mice
when tested by the glucose tolerance test, suggesting a
compensatory interplay between both receptors in DIO
(68). Here, we summarize the main noncentral actions of
CB, receptor on the main tissues/organs related to met-
abolic homeostasis (Table 1).

CB; Receptors in Adipose Tissue

The CB, receptor, which is present in AT (79), is mostly
linked to the regulation of inflammation (80) or energy
homeostasis (69). Verty et al. (69) demonstrated that
the treatment with the CB, receptor agonist JWH-015
improved obesity-associated inflammation and body
weight in DIO mice. In detail, an increased expression
of the anti-inflammatory cytokine interleukin-10 and
reduced expression of the proinflammatory cytokine tu-
mor necrosis factor o in white AT were found after injec-
tion of JWH-015. In accordance, treatment with the CB,
receptor inverse agonist SR144528 showed anti-inflam-
matory effects in human adipocytes (73), whereas the
inverse agonist JTE-907 led to an upregulation of
inflammatory genes in human adipocytes (72). Moreover,
it was observed that JWH-015 had no effect on uncou-
pling protein 1 (UCP1) expression (69). While stimulation
of the CB, receptor with another agonist, JWH-133, led
to an increase of UCP1 expression in adipocytes
derived from lean patients (70). Therefore, it has been
proposed that CB, receptor activation might promote
browning (65). On the contrary, the genetic ablation of
CB, receptor results in increased adiposity (81).
Furthermore, it is suggested that JWH-133 may reduce
inflammation, leptin levels, as well as lipid droplet num-
ber and size (70). However, Deveaux et al. (71) showed
that treatment with the CB, agonist JWH-133 potenti-
ated adipose tissue inflammation in HFD-fed mice.

CB5 Receptors in Liver

The CB, receptor is also found in different cell types
within the liver. Although under physiological condi-
tions the CB, receptor expression in the liver is low
(75, 82). CB; receptors were detected in cultured he-
patic myofibroblasts of human cirrhotic liver and in
activated hepatic stellate cells (75), but predominantly
in immune cells like Kupffer cells (82). Some groups
have reported that mice hepatocytes do not express
CB, receptors (71, 83, 84). On the contrary, Méndez-
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Sénchez et al. localized CB, receptors in hepatocytes,
cholangiocytes and hepatic stellate cells in patients
with NAFLD (85). It has been suggested that the CB,
expression in the liver might be associated with the
disease progression of NAFL and regulated by the
interplay of inflammation, fibrosis and fat deposition
(85, 86). The overexpression of CB, in NAFLD patients
might be a defense mechanism, since CB, activation
has been shown to reduce collagen synthesis in he-
patic stellate cells. The reduced collagen synthesis
can be achieved by activating caspase 3-like activity
in hepatic stellate cells inducing apoptosis of fibrotic
cells (75) and by reducing DNA synthesis of hepatic
stellate cells, which inhibits their proliferation (86).
Therefore, CB, receptor agonism in NAFLD might rep-
resent a therapeutic approach.

Not all signaling pathways mediated by CB, recep-
tor activation are fully understood yet. However, its
activation might be triggered during liver injury (87).
These protective properties mostly rely on antifibro-
genic and anti-inflammatory signals generated by CB,
receptor activation in immune cells and hepatic myofi-
broblasts (87). Especially in Kupffer and endothelial
cells, several CB, receptor agonists might lead to
decreased inflammation and a lower generation rate
of oxidative and nitrosative stress (74). In activated he-
patic stellate cells, CB, receptor activation with JWH-
015 promoted antifibrotic effects, namely, apoptosis.
In the same study, it was further shown that blocking
of the CB, receptor of human hepatic myofibroblasts
with the inverse agonist SR144528 prevented apopto-
sis induced by THC. The reduced apoptotic effect was
shown in an increased cell viability rate (75).

In an in vivo study, the CB, agonist JWH-133
enhanced HFD-induced hepatic steatosis and adipose
tissue inflammation in wild-type mice (71). An in vitro
study showed that the CB, agonist AM1241 increased
the expression of CB, in hepatocytes treated with oleic
acid, which might suggest a cross-regulation between
CB, and CB; (88).

CB; Receptors in Skeletal Muscle

Cavuoto et al. demonstrated for the first time the
expression of CB, receptor in both human and rodent
skeletal muscle, as well as in human primary skeletal
muscle myotubes (15). In addition, it was discovered
that CB; receptor is time-dependently expressed in
skeletal muscle, myofibroblasts, and macrophages
during the process of skeletal muscle wound healing
in rats (89). In a following study, this group suggested
a beneficial role of the CB, receptor on skeletal mus-
cle regeneration after ischemia-reperfusion injury in
mice, partly by regulating macrophage M1/M2 polar-
ization (90). Information about the CB5 receptor modu-
lation in skeletal muscle are scarcely reported. Agudo
et al. (67) demonstrated that CB, receptor KO mice
are protected from diet-induced and age-related
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Table 1. Summary of the main effects of CB5 receptor agonism and antagonism at peripheral level (adi-

pose tissue, skeletal muscle, liver and endocrine pancreas)

— JWH-015 reduces inflammation
in DIO mice (69)

— JWH-133 reduces inflammation,
leptin levels, lipid droplet num-
ber, and size in obesity-derived

Adipose tissue

— JTE-907 upregulates inflamma-
tory and angiogenic genes in
human adipocytes (72)

— SR144528 enhances anti-
inflammatory effects in human

adipocytes (70)

adipocytes (73)

— JWH-133 potentiates adipose
tissue inflammation in HFD-fed

mice (71)

— JWH-133 increases UCP1 expres-
sion in obesity- and in mesen-
chymal stem cell-derived
adipocytes (70) and might poten-
tially induce browning (65)

Liver — JWH-133 and HU-308 reduces
inflammation in human liver si-
nusoidal endothelial cells (74)

— SR144528 reduces apoptotic
rate in human hepatic myofibro-
blasts (75)

— JWH-015 promotes apoptosis
of rat-activated hepatic stellate

cells (75)

— JWH-133 enhances HFD-
induced hepatic steatosis (71)

Skeletal muscle

Endocrine pancreas

— Trans-caryophyllene increases in-
sulin secretion in MING B-cells (76)

— SR144528 enhances insulin
sensitivity in mice (67)

— JTE-907 stimulates insulin
secretion in human islets (77)

— JWH-015 increases glucose-
induced insulin secretion in iso-
lated human Langerhans islets (77)

— SER601 increases insulin sensi-
tivity in HFD/STZ-induced dia-

betic mice (78)

DIO, diet-induced obesity; HFD, high fat diet; STZ, streptozotocin; UCP1, uncoupling protein 1.

insulin resistance. Moreover, mice treated with the
CB, receptor inverse agonist SR144528 displayed
enhanced insulin sensitivity in skeletal muscle with no
changes in body weight.

CB; Receptors in Pancreas

Besides the ongoing discussion about the specific cell
type expressing CB; receptors within the pancreas,
the presence of CB, receptor in B-cells is also contro-
versial. Some studies confirmed the presence of CB,
receptor in B-cells (8, 55, 77), while other studies dis-
carded CB, receptor expression in B-cells (91, 92).
One study described the CB, receptor expression in
somatostatin-secreting 6 cells of human islets (91).

For the endocrine pancreas, it has been reported
that different CB, receptor agonists stimulate insulin
release in vitro and in vivo (93). Trans-caryophyllene
is an agonist that selectively binds to the CBj
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receptor (94). It has been found to affect glucose-
stimulated insulin secretion in MIN6 B-cells (76). In
isolated human Langerhans islets, the CB, receptor
agonist JWH-015 increased glucose-induced insulin
secretion (77). In HFD/streptozotocin (STZ)-induced
diabetic mice, the synthetic agonist SER601
increased insulin sensitivity (78) via Ca® ™ signal reg-
ulation (95). However, the CB5 receptor inverse ago-
nist JTE-907 also improved insulin secretion in
human islets (77).

CB, Receptors as a Therapeutic
Target in Metabolic Diseases

The rimonabant case underpinned the need to pre-
vent undesired inactivation of CB; in the CNS. This led
to a second generation of CB; receptor antagonists
and inverse agonists with low blood-brain barrier pen-
etration. Chronic treatment with the neutral antagonist
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AMG6545 reduced high fat diet-induced weight gain
and improved glucose homeostasis, insulin resistance,
fatty liver, and plasma lipid profile (33). However,
AMG6545 requires intraperitoneal administration (33).

The antagonist with brain-limited penetrance
TM38837 showed promising effects at the preclini-
cal level, attenuating diet-induced obesity in rodent
models (96, 97). Nevertheless, this compound dis-
plays a very low elimination rate (98) and has been
recently reported to exert fear responses in mice at
high doses (99).

The CB; receptor inverse agonist, JD5037, was
tested in preclinical studies and showed low blood-
brain barrier penetration, specificity for peripheral CB,
receptors, and reverse leptin resistance to maintain
weight loss in diet-induced obese mice (100). So far,
JD5037 has already undergone preclinical safety
studies (101), and it has been approved by the Food
and Drug Administration to implement clinical trials
(102).

Since obesity and the metabolic syndrome are com-
plex disease entities, a third generation of CB, antago-
nists that combine a multitarget approach might prove
a useful therapeutic option in these diseases (30, 103).
A very elegant example is the hybrid compound MRI-
1867, which combined a CB; receptor antagonist with
an inducible nitric oxide synthase (iNOS) inhibitor.
Being that iINOS is a proinflammatory and profibrotic
enzyme hyperactivated in metabolic diseases and the
cornerstone of many diabetic complications, this com-
pound has proven to be effective in liver fibrosis and
chronic kidney disease (104, 105).

Beyond drug discovery, on the basis of ligands
targeting orthosteric sites, NAMs of the CB; recep-
tor appear to be a potential therapeutic option.
Thus, the receptor can be modulated under hyper-
activaton by agonists instead of being blocked.
Endogenous NAMs have been described, such as
hemopressin (106), pregnenolone, and the family of
cannabinoid peptides named pepcans (107).
Pepcans might be useful for downregulating CB;
receptor activity. In this line, the active peptide
Pep19 (DIIADDEPLT) has been developed as an
oral available CB; receptor inverse agonist. In diet-
induced obese Wistar rats, Pep19 reduced body
weight, adiposity, and improved serum glucose, tri-
acylglycerol, and cholesterol without adverse CNS
effects (108). The phytocannabinoid cannabidiol
has also been proposed to act as a NAM of the CB;
receptor (109, 110).

Another recent novel strategy based on the alloste-
ric modulators is CB; receptor signaling of specific
inhibitors. Contrary to antagonists, CB; receptor sig-
naling of specific inhibitors does not block the recep-
tor, but selectively modulates the cellular activity
under hyperactivation as in pathological scenarios.

Besides using antagonists and NAMs to block or
counterbalance CB; receptor signaling, the use of
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biological monoclonal antibodies against CB, receptor
has arisen as a therapeutic option.

Nimacimab (Namacizumab; RYI-018 or JNJ2463)
has recently undergone phase | for NAFLD/NASH and
diabetic kidney disease. Another novel monoclonal
antibody directed toward CB, receptor, IM-102, is cur-
rently undergoing testing as an Investigational New
Drug, enabling studies to be performed by Integral
Molecular for therapeutic application in patients with
diabetic neuphropathy and obesity-related kidney
complications.

However, as recently emphasized, there are no pre-
clinical data on the pharmacokinetics or pharmacody-
namics of these biological drugs, and we know
nothing about their potential efficacy (45). Targeting
the CB, receptor ligands instead of the CB; receptor
itself is another strategy currently under development
in obesity to counteract CB, receptor overactivation
(111).

CB5 receptor agonists have been attributed immuno-
modulatory anti-inflammatory and antioxidant proper-
ties, as well as stimulatory effects on insulin secretion
(93). Regarding diabetes, the use of CB, receptor ago-
nists has been mainly focused on counteracting
inflammation in diabetic neuropathy and nephropathy
(16). Thus, the use of CB; receptor agonists has been
scarcely explored in metabolic regulation itself, and
preclinical evidence has not been translated into clini-
cal success yet (93).

Deveaux et al. observed that the CB, receptor ago-
nist JWH-133 enhanced insulin resistance, as
assessed by an insulin tolerance test in wild-type mice
exposed to a HFD for 6 wk, while CB, receptor KO
mice (Cnr2~'") on HFD displayed reduced insulin re-
sistance and inflammation in AT and the liver (71). In
contrast, Bermudez-Silva et al. (112) showed improved
glucose tolerance after glucose load following admin-
istration of JWH-133 in rats.

It has been proposed that numerous natural or
synthetic CB, receptor agonists can exert protective
effects in animal models of diabetes (93). Thus, the
phytocannabinoid B-caryophyllene improved insulin
secretion/glucose homeostasis and reduced oxida-
tive stress and circulating proinflammatory cyto-
kines in STZ-diabetic rats (113), while the synthetic
agonist SER601 improved pancreatic B-cell function
in HFD and STZ-diabetic mice (78). B-caryophyllene
might represent a good candidate for a polypharma-
cological multitargeted strategy.

As discussed above, the expression of CB, recep-
tors in AT, liver, pancreas, and skeletal muscle opens
new possibilities for peripheral CB, receptor agonists
or antagonists. However, the precise role of CB
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receptors in metabolic diseases remains controversial
and underlines the need for further studies.

Another promising approach would be combining CB;
receptor antagonism with CB, agonism. Combining
the peripherally restricted CB; receptor neutral antag-
onist AM6545 with the CB, receptor agonist AM1241
has proven useful in animal models of diabetic ne-
phropathy (114). To design a single molecule with high
affinity as CB; receptor antagonist and CB, receptor
agonist would be the ideal approach. In line, the com-
pounds dual-targeting CB; antagonism and CB, re-
ceptor agonism such as URB447 (115) reduced food
intake and body weight gain without central side
effects. Moreover, the selective CB, agonists AM1710
and GW4058 (116), can antagonize CB; receptor sig-
naling in human embryonic kidney 293 cells.
However, these dual compounds displayed a lower af-
finity for CB, receptors (45), probably due to the fact
that the CB; receptor antagonist and agonist binding
pockets display a smaller size than the CB, antagonist
binding pocket (12).

Another potential strategy for this dual modulation
of CB; and CB; receptors is the use of pepcans with
dual function acting as NAM for CB; and PAM for CB,.
Thus, pepcan-12 (RVD-hemopressin) is secreted by
the liver and adrenal glands upon tissue damage (117)
and has been proposed to act as a PAM for CB, and a
NAM for CB;.

Drug repurposing of already approved compounds
that might exert dual actions could be another possi-
bility. The PPARa agonist fenofibrate is an antilipemic
drug, which has been proposed to act as a CB, recep-
tor agonist and as a CB; NAM at high concentrations
(118).

The crystal structure of the CB; receptor in active
conformation remains still uncharacterized. If our
knowledge on allosteric binding sites of CB recep-
tors increases, therapeutic options might broaden
and the possibility of dualsteric ligands binding
both allosteric and orthosteric sites, or determining
whether efficient dual modulation of CB; and CB,
receptors is possible. Sex differences have an
impact on the effects of cannabinoids (119). Thus,
males are more sensitive to the hyperphagic effect
of CB, receptor agonists and the hypophagic effect
of respective antagonists. However, conflicting
results have been attributed to the impact of sex
steroid hormones on cannabinoid sensitivity (120).
Central expression of CB; and endocannabinoids
have been shown to change with the stages of the
hormonal cycle (119). Further investigations on the
impact of sex on pharmacological modulation of
the CB receptors, especially at the peripheral level,
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are needed. A better understanding of the pharma-
cokinetic and pharmacodynamic of cannabinoids
in humans would also be helpful for the develop-
ment of personalized therapies targeting the CB
receptors.

Regarding the influence of aging in the EC system,
there are only scarce reports assessing this important
issue. In this line, skeletal muscle-specific CB; receptor
KO mice displayed improved whole body metabolism,
muscle mass, insulin action, and mitochondrial func-
tion in aged mice (52). In line, CB, receptor inhibition
in aged mice has a preventive effect on muscle loss
(121, 122). Because obesity, diabetes, mitochondrial
diseases, and aging have sarcopenia as a common
factor, CB; might represent an interesting therapeutic
target in age and metabolism-related sarcopenia.
Intriguingly, CB5 receptor KO mice are protected from
age-related insulin resistance (67).

In recent years, several research groups and pharma-
ceutical companies have developed different com-
pounds based on heterocyclic scaffolds entering
modifications to increase CB/CB, receptor selectivity
and availability, and to reduce CNS permeability (123).
In the near future, we will see whether the observed
peak in patents for compounds targeting CB; (124)
translates to real therapeutic options in metabolic dis-
eases after successful results in clinical trials. M
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