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Abstract

Pharmacological blockers of the cannabinoid receptor type-1 (CB1) have been considered for a long time as the holy grail of
obesity pharmacotherapy. These agents were hastily released in the clinical setting, due to their clear-cut therapeutic efficacy.
However, the first generation of these drugs, which were able to target both the brain and peripheral tissues, had serious
neuropsychiatric effects, leading authorities to ban their clinical use. New peripherally restricted CB1 blockers, characterized
by low brain penetrance, have been developed over the past 10 years. In preclinical studies, these molecules seem to
overcome the neuropsychiatric negative effects previously observed with brain-penetrant CB1 inhibitors, while retaining or
even outperforming their efficacy. The mechanisms of action of these peripherally restricted compounds are only beginning
to emerge, and a balanced discussion of the risk/benefits ratio associated to their possible clinical use is urgently needed, in
order to avoid repeating past mistakes. Here, we will critically discuss the advantages and the possible hidden threats
associated with the use of peripheral CB1 blockers for the pharmacotherapy of obesity and its associated metabolic
complications. We will address whether this novel pharmacological approach might ‘compete’ with current
pharmacotherapies for obesity and diabetes, while also conceptualizing future CB1-based pharmacological trends that

may significantly lower the risk/benefits ratio associated with the use of these drugs.

Introduction

Evolution has programmed our metabolism to accumulate
energy, allowing survival during periods of famine. Such
innate trait may contribute to the current obesity epidemics
[1] in a society characterized by constant access to highly
palatable/energy-dense food and a sedentary lifestyle. The
biological mechanisms underlying energy accumulation are
still poorly understood, reflecting the scarce number of
pharmacological targets allowing achieving sizable and
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long-term weight loss. The cloning of the cannabinoid type-
1 receptor (CB1) [2], which binds to the psychotropic
component of marijuana (A°-tetrahydrocannabinol or THC
[3]), and the discovery of its endogenous ligands, named
endocannabinoids [4-6] have shed new light into our
comprehension of these mechanisms. Endocannabinoids,
CBI1 and the closely related type-2 (CB2) receptors, toge-
ther with the enzymatic machinery directing endocannabi-
noids synthesis and degradation constitute the
endocannabinoid system (ECS). Research efforts over the
past three decades have led to recognize that this system has
one key purpose under physiological conditions: to max-
imize the introduction, the accumulation, and the storage of
energy (food) in the body, thanks to redundant mechanisms
involving CB1 located in the brain and in peripheral tissues
[7, 8]. But how does such knowledge help us understand the
aetiology of obesity, and to possibly achieve novel solutions
against this disease? A link between ECS activity and
obesity was established thanks to the observation that
hypothalamic levels of the main endocannabinoids arachi-
donoylethanolamide  (anandamide, @AEA) and 2-
arachidonoylglycerol (2-AG) were elevated in several
murine models of obesity [9], causing overfeeding and
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impaired action of the appetite-suppressant hormone leptin
in these animals [9]. Hence, it was hypothesized that a
dysregulated/overactive endocannabinoid tone may be
causally linked with obesity, a concept confirmed by studies
suggesting upregulation of ECS activity in human obesity
[8], and by the clear-cut anti-obesity action of pharmaco-
logical CB1 blockers [8, 10]. However, the path from basic
knowledge to clinical translation is not always straight, and
serious neuropsychiatric side-effects were observed with
brain-penetrant CB1 inhibitors [8, 11], halting the use of
CBI1 as an anti-obesity target. Scepticism in the field might
remain, despite the generation of peripherally restricted
CB1 blockers with similar therapeutic efficacy and safer
neuropsychiatric profile relative to the cognate brain-
penetrant molecules. In order to comprehend whether
these ‘safer’ CB1 blockers may have a future in the phar-
macotherapy of obesity and of its most frequent complica-
tion, type-2 diabetes (T2D), it is necessary to critically
discuss both the bright sides and hidden threats of this novel
class of molecules, as further detailed below.

ECS dysregulation in human obesity: marker
or mechanism of disease?

Endocannabinoids can be quantified in plasma and serum.
While the origin of this circulating pool is still a matter of
debate and considered by many ‘spill-over’ from peripheral
tissues [11, 12], the levels of these messengers change in
relation to food intake. In normal-weight subjects, fasting or
presentation of food before its consumption increases plasma
AEA levels, while the levels of this endocannabinoid are
decreased after food intake [12-14], independently of the
pleasure associated with specific food components [13].
Differently, 2-AG levels are elevated after the presentation
of highly palatable food, but not in response to food depri-
vation [13]. Hence, AEA and 2-AG may play different roles
in the regulation of eating behaviour, with the first favouring
the intake of calories, and the second guiding the choice of
food by influencing the hedonic aspect of feeding. Intrigu-
ingly, obese subjects have high circulating AEA and 2-AG
levels in response to the presentation of both rewarding and
non-rewarding food [12], indicating that obesity is char-
acterized by an altered endocannabinoid tone in response to
a meal, which may ultimately drive overfeeding. Dysregu-
lated ECS activity may contribute to the aetiology of obe-
sity, as in obese subjects plasma endocannabinoid levels
positively correlate with body mass index (BMI) and with
the chronic negative consequences of the disease, including
insulin resistance and dyslipidemia [8]. These association
studies, however, are in most part performed in small
cohorts of patients and do not allow excluding the potential
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influencing effects of such as sex, age, pharmacological
treatments, and hormonal status [8]. A recent study per-
formed in a large cohort of lean and obese subjects has
revealed that changes in plasma 2-AG levels may predict the
occurrence of dyslipidemia and insulin resistance in lean
males [15], particularly in aged subjects, while the levels of
this endocannabinoid correlate with metabolic impairments
during menopause in females, independently of BMI [15].
Thus, the progressive reduction of sex hormone action
during menopause in women, and the metabolic impairment
associated with aging in men, may both lead to a dysregu-
lated ECS tone, which likely precedes obesity. This also
implies that a dysregulated ECS tone in obesity may be
causally implicated in the disease. Accordingly, genetic
variants of the CNRI gene (coding for CB1) have been
linked to metabolic syndrome [16] and dyslipidemia [17],
while a missense polymorphism involving the fatty acid
amide hydrolase, one of the key enzymes controlling AEA
degradation, is associated with high BMI [18].

Pharmacotherapy of obesity using CB1
antagonists

When the first potent and selective CB1 inverse agonist
(rimonabant) was developed in 1994 [19], the first idea was
to explore its efficacy as a smoking cessation agent, due to
some evidence linking brain CB1 activity with nicotine
addiction [20]. For this reason, the compound had to have
high brain permeability. Intriguingly tobacco users treated
with rimonabant not only stopped smoking but also showed
a reduced weight gain following smoking cessation [20],
which spurred investigation of the anti-obesity effects of
this molecule. The first human trials in obese subjects were
promptly performed, and rimonabant effectively reduced
food intake and body weight (BW), while also improving
insulin and leptin resistance, glucose metabolism, dyslipi-
demia, and hepatic lipid metabolism [21-25]. These
favourable outcomes led the European authorities to
approve this drug as an anti-obesity agent by mid-2006,
albeit it was already clear from every trial by then per-
formed, that serious complications were observed in a
small, but significant fraction of patients treated with
rimonabant, including anxiety, depression, and/or suicidal
ideation [10], which were presumably occurring due to
Central Nervous System (CNS) action of the drug. Hence,
in 2008, the European medicine association re-considered
the risk-benefits ratio of rimonabant and banned it from the
market. The development of other CB1 blockers by other
pharmaceutical industry was consequently halted, raising
serious doubts about the therapeutic potential of the entire
class of molecules.
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From debacle to renaissance: peripheral CB1
inhibitors

When rimonabant was removed from the market, there had
been already published evidence of functional CBI1
receptors in peripheral metabolic organs. The role of
intestinal endocannabinoids and CB1 on food intake was
documented [26], activation of CB1 on adipocytes was
shown to increase lipogenesis [27], while activation of
CB1 receptors in hepatocytes and skeletal muscle was
linked with systemic glucose intolerance and insulin
resistance in animal models of obesity [28, 29]. This led to
the hypothesis that selective inhibition of peripheral CB1
could represent a strategy to rescue the metabolic benefits
of brain-penetrant CB1 antagonists while avoiding their
neuropsychiatric negative effects. Thus, a competition
started among drug companies and academic institutions,
with the final goal of developing novel functional CB1
blockers with a safer pharmacological profile, a quest that
has allowed the generation of several entities with a rele-
vant profile (Table 1). The most significant preclinical
studies have demonstrated that, depending on chemical
optimization, CB1 affinity, CB1 vs. CB2 specificity, and
brain penetrance, this second generation of CB1 blockers
has significant anti-obesity efficacy, which, in most cases,
is not associated with apparent signs of neuropsychiatric
side-effects (Table 1). A ‘wonder-molecule’ named
JD5037 (from the Jenrin group) seems to combine all the
positive effects so far observed with other peripheral CB1
blockers, including good CB1 binding affinity, minimal
brain penetration, full CB1 specificity (assessed by lack of
efficacy in CB1-KO mice), and the absence of neurobe-
havioral effects on locomotion, catalepsy, and anxiety
[30, 31] (Table 1). JD5037 is as effective as a globally
acting CB1 antagonist in reducing BW, fat mass, and
several cardiometabolic risk factors in diet-induced obese
(DIO) mice, including insulin and leptin resistance, dys-
lipidemia, and hepatic steatosis [30, 32, 33]. It also shows
an interesting anti-diabetic profile in Zucker diabetic fatty
(ZDF) rats, as it can almost completely normalize loss of
pancreatic p-cells and diabetic nephropathy [34, 35] (Table
1). Thanks to these highly favourable observations, the
Food and Drug Administration (FDA) has approved
JD5037 towards Phase 1 trials. More recently, a ‘third
generation’ hybrid inhibitor (MRI-1867), that blocks the
activity of both peripheral CB1 and the enzyme inducible
NO synthase (iNOS) has been synthetized [36, 37]. Due to
its dual-action, MRI-1867 not only has clear-cut-weight-
lowering effects in DIO mice, but it also shows robust anti-
fibrotic effects in kidneys and liver (see next section)
[36, 37], making it attractive for further clinical
development.

The beneficial effects of peripheral CB1
blockade

The key role played by the peripheral ECS in the regulation
of energy balance and the main metabolic mechanisms
directed by central and peripheral CB1 have been pre-
viously discussed [11], but whether these mechanisms are
engaged by recently discovered peripheral CB1 blockers
remains poorly understood. In the next section, we will
review the efficacy and the mechanisms of action of the
most characterized and promising peripheral CB1 blockers
(Table 1), including the recent hybrid inhibitor MRI-1867.

Hypophagia

Among other alterations, obesity is accompanied by a
dysregulated brain leptin action, which contributes to the
development and the progression of the disease [38]. The
increased circulating leptin levels (hyperleptinemia) found
in overweight/obese subjects play a causal role in such
altered hormonal action [39], likely because the excess of
the hormone provokes an oversaturation of the signalling
capacity of the neuronal leptin receptors (LepR), which then
creates a vicious circle favouring fat mass accumulation
[39, 40]. JD5037 rapidly (within 72 h) reverses hyperlepti-
nemia in DIO mice, and this cannot be explained by
treatment-induced weight loss [30], but likely involves two
mechanisms: (i) JD5037 might downregulate the local
leptin synthesis machinery [30] by blocking adipocyte
CB1 signalling, which favours leptin secretion and
expression [41]; (ii) the drug might fine-tune the sympa-
thetic nervous system (SNS) activity, which, in turn, sup-
presses leptin production in adipocytes, thanks to the local
release of norepinephrine (NE) and the consequent activa-
tion of B3-receptors [42]. Accordingly, JD5037 treatment in
DIO increases NE levels and B3-receptors expression in the
adipose tissue [30], and chemical sympathetic denervation
of visceral fat pads attenuates JD5037-mediated reductions
in plasma leptin levels and BW in DIO mice [30].

In a recent work, Tam et al. have observed that such
JD5037/leptin axis calls into play the activation of hypo-
thalamic pro-opiomelanocortin neurons [43], which control
food intake by regulating central melanocortin 4 receptors
(MC4R) [38]. JID5037 restores hypothalamic leptin signal-
ling in DIO mice, and the anorectic and weight-lowering
effects of this drug are blunted in DIO mice co-treated with
a pharmacological MC4R antagonist [43]. Thus, by low-
ering circulating leptin levels, JD5037 may decrease LepR
oversaturation at the level of hypothalamic melanocortin
neurons controlling food intake, thereby leading to
empowered hypothalamic leptin sensitivity, and ultimately
to reduced food intake and BW in DIO mice.
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However, other cellular populations located in extra-
hypothalamic brain areas or peripheral tissues might also
contribute. For instance, LepR activity in vagal afferent
neurons innervating the gastrointestinal (GI) tract could
play a role, as the activation of these vagal LepR promotes
satiety [44], as also observed with several peripheral CB1
blockers (Table 1), while functional removal of the vagus
nerve in rats abolishes the hypophagic effects of rimonabant
[26]. JD5037-mediated improvements in central leptin
action could also originate from an increased leptin trans-
port across the brain, as expression of megalin, a protein
involved in the transport of leptin through the blood—brain
barrier (BBB) is reduced in DIO mice as compared with
chow-fed mice, while the levels of this protein are restored
after chronic administration of JD5037 [30]. Moreover,
tanycytes, non-neuronal glial-like cells lining the floor of
the cerebral third ventricle, can shuttle blood-born leptin
into the hypothalamus [45] and express the enzymatic
machinery involved in the production of endocannabinoids
[46]. Endocannabinoids produced by tanycytes may mod-
ulate the function of nearby CB1 expressing hypothalamic
neurons [47, 48]. Since these glial cells are in direct contact
with the peripheral blood-stream via fenestrations of the
BBB [45], they may be targeted by peripheral CB1 inhi-
bitors and may, therefore, contribute to their effects, an
intriguing possibility that awaits confirmation.

Augmented energy expenditure and substrate
metabolism

Although both JD5037 and compound 1 promote hypo-
phagia in DIO mice, this is not a universal feature of per-
ipheral CB1 blockers (Table 1). Indeed, BPR697 and
AJ5012 can significantly lower BW in DIO mice without
inducing changes in food consumption [49-51]. These
compound-specific differences, which may be related to
specific pharmacodynamic properties (Table 1), suggest that
the weight-lowering efficacy of peripheral CB1 antagonists
do not necessarily require a decreased food intake. Food
intake-independent mechanisms involve heightened sys-
temic energy dissipation, increased lipolysis, and elevated
oxidation of dietary fatty acids, which are concomitantly
observed with JD5037, AJ5012, and AJ5018 [43, 51, 52].
Since JD5037 can restore endogenous leptin action, and
leptin itself increases energy expenditure and SNS activity
[53], these systemic changes in energy handling may also
involve the peripheral SNS tone, as observed with rimo-
nabant [54]. Furthermore, CB1 is expressed in the pituitary
and the thyroid gland [55, 56], and brain-penetrant CB1
blockers can heighten the production of both thyroid hor-
mone (TH) and thyroid-stimulating hormone [55-57]. TH
affects energy metabolism by modulating leptin action,
adrenergic signalling, energy expenditure, and peripheral
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substrate metabolism [58], similar to the effects observed
with peripheral CB1 inhibitors. Hence, we may speculate
that part of the anti-obesity action of these drugs may derive
from enhanced TH release and action, a hypothesis that
awaits confirmation. CB1 receptors are also expressed and
functionally active in other peripheral organs, such as the
adipose tissue. Using a transgenic mouse model with
selective and inducible CB1 deletion in adipocytes, we have
demonstrated that loss of CB1 function in adipocytes leads
to a reduction in adipocytes size and lipid content and to the
upregulation of genes controlling thermogenesis and mito-
chondrial biogenesis in adipose tissues [59]. These fat-
specific changes make these animals resistant to DIO [59].
Thus, the pharmacological blockade of peripheral CBI1
might favour fat mass and BW loss by redirecting fat sto-
rage towards lipolysis and thermogenesis. Accordingly, the
peripheral antagonists AJ5012 and AJ5018 promote weight
loss and increased energy expenditure in DIO mice, while
also augmenting the expression of the mitochondrial ther-
mogenic protein uncoupling protein-1 in brown adipose
tissue [51, 52]. Functional CB1 receptors can be then found
in the plasma membrane and in inner membrane of mito-
chondria of skeletal muscle, where they can regulate cellular
respiration, energy production, and energy substrates oxi-
dation [60, 61]. Modulation of skeletal muscle mitochondria
function might contribute to the anti-obesity efficacy of
these pharmacological agents, an interesting possibility
requiring further scrutiny.

Fat preference

Mammals show an adaptive advantage in seeking fat-rich
food, an essential dietary component scarcely available in
most natural habitats. Such innate preference can become
maladaptive in the presence of unrestricted fatty foods
availability and may thus contribute to the current epi-
demics of obesity. Although the rewarding value of food is
classically controlled by neuronal brain circuits, food pre-
ference, and palatability can be also ‘sensed’ by the gut or
by taste cells localized in the chemosensory organs [38, 62].
The sham-feeding paradigm allows exploring the ‘liking’
aspect of feeding at the level of the oral tract, independently
from food processing or absorption. Using this approach
[63], oral exposure to corn oil has been shown to trigger the
production of 2-AG and AEA in the jejunum of rats [64].
These local changes are essential for fat preference, as intra-
intestinal administration of URB447 (Table 1) inhibits sham
feeding in these animals [63]. Notably, specific components
of dietary fat selectively initiate such endocannabinoid
mobilization in the gut [65], since both URB447 and
AM6545 reduced the preference for dienoic fatty acids,
which cause the accumulation of jejunal endocannabinoids
[65]. Thus, local ECS action in the gut controls the intake of
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dietary fats, based on their orosensory characteristics.
Pharmacological curbing of such local endocannabinoid
activity by peripheral CB1 blockers selectively lowers the
intake of fat-rich food, likely via gut-to-brain feedback
mechanisms. These mechanisms are not completely under-
stood, but they may involve the vagus nerve, as its resection
blocks the increase in intestinal endocannabinoid signalling
occurring during sham feeding of fat [63]. Another possible
mechanism could be a lowered production of ghrelin, a GI
hormone that favours fat intake [66]. This is supported by
the ability of globally acting CB1 antagonists to lower
ghrelin production [66]. Thus, peripheral CB1 blockers may
not only affect homoeostatic feeding, but could also impact
the rewarding value of fat intake, via gut-brain feedback
mechanisms controlled by taste receptors located in the oral
cavity, and possibly, the vagus nerve and ghrelin.

Improvement of systemic glucose metabolism

Peripheral CB1 antagonists improve systemic glucose
metabolism in DIO mice, at least in part independently of
their weight-lowering action, as suggested by the following
evidence: (i) compound 2p shows no significant effects on
food intake and BW in obese rats, but it significantly lowers
plasma glucose levels in an oral glucose tolerance test after
chronic administration [67]. (i) In DIO mice, 7-day treat-
ment with JD5037 blunts their BW, but not to the same
level of normal-weight, chow-fed animals. Intriguingly,
however, this treatment completely normalizes glucose
homoeostasis in DIO animals, to a level fully comparable
with that of normal-weight mice [33]. (iii) Chronic treat-
ment with AJ5012 in DIO mice is not as efficient in redu-
cing weight as rimonabant, but the glucometabolic
improvements achieved with this drug are fully comparable
with those obtained with the cognate brain-penetrant
molecule [51].

These direct glycemic effects involve an improved sys-
temic insulin action, as chronic treatment with both JD5037
and AJ5012 in DIO mice results in heightened insulin-
induced plasma glucose clearance [30, 33, 51], which is
partly due to ameliorated hepatic insulin signalling [32, 33].
Such heightened hepatic insulin sensitivity depends upon
the activation of the Sirtl/mTORC2/Akt pathway [32], and
from the upregulation of hepatic enzymes causing increased
degradation of ceramide, a sphingolipid implicated in the
aetiology of insulin resistance [33]. These liver-specific
effects are possibly directed by hepatic CB1 in a cell-
autonomous manner, as transgenic mice with hepatocyte-
specific deletion of CB1 are protected from high-fat diet
(HFD)-induced insulin resistance, but are obese [68]. CB1
located in skeletal muscle might also contribute to the
insulin-sensitizing and glucometabolic effects of these
drugs, as JD5037 treatment enhances insulin-induced

sensitivity in the skeletal muscle of DIO mice, as assessed
by euglycemic-hyperinsulinemic clamp, and also reverses
diet-induced accumulation of ceramides in this tissue [33].
The glucoregulatory effects of JD5037 could be also
explained by an improved pancreatic function and insulin
secretion. Indeed, ex-vivo pre-treatment of human islets of
Langerhans with JD5037 stimulates insulin secretion [69],
albeit these data should be interpreted with caution for two
reasons: (i) the role of ECS in the endocrine pancreas is still
controversial, as some studies have reported that
CB1 stimulates insulin secretion, while others have shown
the contrary [64], (ii) synthetic cannabinoid agonists and
antagonists may have negative effects on pancreatic insulin
secretion, due to off-target (non-CB1-dependent) actions at
the level of a ATP-sensitive potassium (KATP) channel in
pancreatic islets [70]. Thus, the in vivo contribution of
JD5037 on pancreatic insulin release may be hampered by
these possible off-target effects.

Improvement of dyslipidemia and non-alcoholic
fatty liver disease (NAFLD)

The obesity epidemic is associated with the rising pre-
valence and severity of NAFLD, a condition leading to
hepatic inflammation and non-alcoholic steatohepatitis
(NASH) and liver failure [71]. NAFLD starts as increased
lipid accumulation in the liver, which is linked to systemic
dyslipidemia, as an imbalance between the production and
the use of fatty acids, alters their systemic secretion in the
form of very-low-density lipoprotein (VLDL) cholesterol
[71], ultimately causing changes in the circulating levels
of other lipoproteins interacting with VLDL [71]. In
normal conditions, CB1 is expressed in fairly low levels
in the liver [54], while CB1 expression and activity are
increased in this organ during NAFLD [72]. Transgenic
mice with selective deletion of hepatic CB1 are fully
protected from liver steatosis and the chronic systemic
lipid dysregulation induced by a HFD, independently
from changes in BW or fat mass [28]. Likewise, chronic
administration of JD5037 in DIO mice increases systemic
fatty acid oxidation, and reduces hepatic inflammation,
lipogenesis, and plasma triglyceride and LDL levels [30].
JD5037 also attenuates the HFD-induced increase in
several ceramide species in the liver [33], again, in a BW-
independent manner [33]. Since hepatic ceramide accu-
mulation is implicated in the development of NAFLD and
the progression to NASH [73], these changes in hepatic
ceramide content highlight a possible therapeutic role for
peripheral CB1 blockade in the treatment of NASH. This
perspective is supported by the profile observed with the
hybrid CB1/iNOS inhibitor MRI-1867, which mitigates
liver fibrosis, (a deleterious consequence of NASH) in an
animal model of chemically induced liver dysfunction
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[37, 74], thanks to its ability to concomitantly target both
CB1 and iNOS.

Thus, peripherally restricted CB1 blockade show poten-
tial for the treatment of the long-term negative con-
sequences of obesity on liver function and systemic
dyslipidemia, a scenario supported by the known positive
association between circulating and hepatic endocannabi-
noid levels and altered liver function in patients with
NAFLD, regardless of BMI [75, 76].

Improvement in kidney injury

Diabetic nephropathy is a leading cause of kidney disease in
patients with obesity and T2D [1]. Treatment with JD5037
completely prevents the development of diabetic nephro-
pathy in ZDF rats, which partly resembles the diabetic
nephropathy observed in humans [35]. These positive
effects are possibly mediated by the modulation of CB1
located in the renal proximal tubular cells (RPTC) [77],
which are responsible for active reabsorption of a large
quantity (>80%) of the filtrate. Transgenic mice with
selective deletion of CB1 in this renal cell population are
protected from HFD-induced kidney injury [78]. RPTC-
specific CB1 deletion leads to protective effects in the
kidneys by reducing intracellular lipid accumulation, and
consequently, inflammation and tissue fibrosis [78]. Like-
wise, in cultured RPTC, JD5037 reverses lipid-induced
changes in the expression of pro-inflammatory cytokines
[78], increases mitochondria respiration, and reduces the
accumulation of fat droplets [78]. Thus, by blocking CB1
activity in RPTC, JD5037 might empower local fatty acids
utilization and p-oxidation, thereby protecting the kidneys
from obesity-induced dysfunction and injury, albeit this
mechanism still requires in vivo proofs. Of note, RPTC are
sensitive to the deleterious effects of chronic hyperglycae-
mia, typically observed in diabetic patients. In diabetes, the
expression of the facilitative glucose transporter 2 (GLUT2)
is increased across the proximal tubule [79], causing
increased glucose reabsorption, RPTC inflammation, and
fibrosis [80]. Diabetic (STZ-treated) mice treated with
JD5037 have significant reduction in serum glucose levels,
which is accompanied by increased glycosuria and
decreased GLUT?2 expression in RPTC [81], suggesting that
peripheral CB1 blockade might control renal glucose
homoeostasis via a decreased renal GLUT2 expression and
function [81, 82]. One of the outcome of diabetic nephro-
pathy is kidney fibrosis, which accelerates the functional
deterioration of the organ [83]. The dual CB1/iNOS inhi-
bitor MRI-1867 provides superior efficacy in attenuating
obesity-induced kidney injury, fibrosis, and dysfunction
compared with the peripheral CB1 antagonist (JD5037) or
to the iNOS inhibitor (1400 W) alone [36], supporting the
potential role of combined inhibition of iNOS and CB1 in
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the treatment of the tissue-specific fibrotic alterations in
obesity and T2D.

In conclusion, multiple metabolic mechanisms involving
peripheral CB1 are engaged in response to treatment with
peripheral CB1 blockers, which reflect the pleiotropic
ability of this receptor to impact energy balance at both
central and peripheral level [8, 11]. The sum of these
effects, rather than the activation of one unique metabolic
process, likely explains the clear-cut anti-obesity efficacy of
peripherally restricted CB1 antagonists, which goes beyond
weight loss and hypophagia (Fig. 1).

The hidden threats of peripheral CB1
antagonism

Despite the clear therapeutic potential of peripherally
restricted CB1 inhibitors, these drugs are proceeding
towards clinical development at a slower rate than other
similarly promising anti-obesity and anti-diabetic agents,
likely due to still existing concerns about their pharmaco-
kinetic and safety profiles, which we will interrogate in the
next section.

The importance of pharmacokinetic

To allow for a low brain penetrance, several peripheral CB1
blockers are endowed of physicochemical optimizations
influencing the total polar surface area and/or their ability to
interact with efflux transporters, such as P-glycoproteins
found in brain endothelial cells. These optimizations,
observed for JD5037 [31], compound 38 (from RTI) [84],
and compound 4 (NHRI) [85], may compromise drug
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Fig. 1 Peripheral CB1 blockers induce hypophagia by likely acting
at the level of the vagus nerve. These drugs can also induce weight
loss by enhancing energy dissipation, by increasing the Sympathetic
Nervous System (SNS) activity, and by lowering leptin production
from adipocytes. Additional beneficial metabolic effect (depicted in
the picture) occurs thanks to the targeting of CB1 receptors in per-
ipheral organs such as kidneys, liver, and skeletal muscle.
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bioavailability. For instance, increasing polar surface area
would affect the compound’s polarity, and therefore its
permeability through biological membranes. Although the
majority of these agents display a low brain/plasma ratio,
which is in most cases <0.1 (Table 1) the majority of the
evidence collected so far takes only into account drug
concentrations in mice or rats in response to acute dosing,
and in lean animals fed with laboratory chow diet. These
observations, which are valid for amide D4 [86], TM38837
[87], Compound 1 (Dong pharmaceuticals) [88], compound
2p (Janssen) [67], and AJ5012 [89], do not allow excluding
whether these specific molecules may accumulate in the
body (adipose tissue) and then leak out to the brain after
chronic dosing. This is a relevant question since obesity and
diabetes treatment requires long-term pharmacological
approaches, albeit we should mention that, in the case of
JD5037 and MRI-1867, the brain/plasma ratio of these
compounds have been analyzed after both acute and chronic
(28 days) dosing, and no signs of drug leakage to the brain
over time have been observed [30, 37]. Moreover, obesity is
characterized by an altered BBB function [45], and the brain
penetrance of these drugs might be altered under obeso-
genic conditions, a possibility rarely tested in the screenings
performed so far. Another aspect underlying the pharma-
cokinetic profile that requires further investigation is the
elimination half-life, which is very long (771h) for the
TM38837 in healthy human subjects [90], an undesirable
profile that might explain why this molecule has not been
moved forward in clinical studies after completion of a
phase 1 clinical trial. MRI-1867 and JD5037 display a
shorter elimination half-life in mice (4—6h) [37, 91], how-
ever the elimination half-life and bioavailability of JD5037
in rats and dogs vary significantly between doses, animals
species, and sex [91]. Thus, the pharmacokinetic profile of
these molecules may change significantly across different
animal species, and may be influenced by several factors
including dose, duration of treatment, and sex, all variables
mostly neglected in the studies performed so far.

Potential neuroendocrine negative effects

The hypothalamic—pituitary—adrenal (HPA) axis is a critical
stress system that involves both neuronal and endocrine
effectors. The ECS plays a key role in the regulation of HPA
axis activity, thanks to redundant neurophysiological
mechanisms controlled by CB1 expressed in several brain
stress centres, as reviewed in ref. [55]. Peripheral sites of
action, such as adrenal glands, could also participate in the
endocannabinoid-mediated modulation of the HPA function.
Indeed, CB1 agonism decreases adrenocortical steroidogen-
esis and epinephrine release from human adrenal cells
[92, 93]. Our group has shown that peripheral mechanisms
involving heightened sympathetic neurotransmission are

implicated in the anxiogenic effects of rimonabant, as phar-
macological blockade of peripheral SNS activity blunts the
effects of this drug on anxiety in mice [94]. Since the phar-
macological blockade of peripheral CB1 might similarly lead
to elevated SNS activity (see the previous section), we may
speculate that peripheral CB1 might influence the stress
response thanks to their ability to modulate the SNS. The
preclinical characterization of some peripherally restricted
CBI blockers has not evidenced so far any sign of anxiety-like
behaviour (Table 1). However, this conclusion seems pre-
mature since: (i) most of the studies performed (see refs.
[51, 67, 8689, 95]) have explored the effects of acute drug
injection on the stress response, without investigating the
influence of chronic administration and of different dosing,
which are crucial aspect in terms of clinical translation. (ii) A
long-term (35 days) administration of JD5037 in rats leads to a
higher incidence of stereotypic behaviours, which could reflect
anxiety [96], including repetitive grooming, excessive/repeti-
tive scratching or shaking of the head [91]. (iii) Although
TM38837 showed reduced fear-promoting effects compared
with rimonabant in mice, a higher dose of this drug (100 mg/
kg) can induce a sustained fear response [97], observed in
relation to stressful events [96]. (iv) Finally, behavioural tests
aimed at identifying anxiety-like behaviours or other abnormal
behaviours in rodents are influenced by environmental vari-
ables and by the type of animal model used, including gender,
hormonal status, age, strain, day-light cycle, and type of
housing [96]. None of these variables have been taken into
account or explicitly described during the studies performed
so far, raising the issue that the lack of anxiogenic effects
observed may have been masked by these possible influencing
factors. We should also mention that CB1 is expressed and
functional at the level of the hypothalamic—pituitary—gonadal
axis [55]. High levels of endocannabinoids may negatively
affect reproduction, fertility, and sexual behaviour by acting at
different central and peripheral sites [55], suggesting that CB1
blockade should not harm these behaviours [55]. Accordingly,
brain-penetrant CB1 blockers improve the sexual activity of
male rats [98, 99], albeit the effects of cannabinoids on sexual
behaviour and gonadal hormone function may differ between
genders [100]. Our understanding of the impact of cannabi-
noids on female sexual function is still limited [101], and
further clarification of this topic will be needed to exclude
potential negative effects of peripheral CB1 inhibitors in
females.

Are peripheral CB1 antagonists safe at the
cardiovascular level?

The ECS has complex and still controversial roles in car-
diovascular pathologies. While some studies have shown
positive effects of rimonabant on the cardiovascular func-
tion in animal models of obesity, this drug can also decrease
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cardiac contractility, a defect observed in some obese
patient [102]. Moreover, rimonabant treatment in humans
may induce a subthreshold increase in blood pressure,
which may counteract, and thus limit, the blood pressure
reduction achieved through weight loss [102]. CBI-KO
mice show subtle but significant alterations in sleep-wake
cardiorespiratory control in response to chronic feeding
with HFD [103], which are associated with a reduced car-
diac baroreflex sensitivity (BRS). BRS is severely reduced
in obese subjects [104], and is a negative prognostic factor
in obesity-associated cardiovascular diseases. Thus, phar-
macological CB1 blockade may have negative cardiovas-
cular consequences by worsening BRS control in obese
subjects.

None of the studies published so far have addressed the
cardiovascular profile of animal models treated with per-
ipheral CB1 antagonists, which, in the light of the current
controversy on the topic, deserves further investigation.

Gl side-effects

Weight-loss and anti-diabetic medications are generally
characterized by poor adherence, mainly due to their
associated side-effects. Although the low adherence to
rimonabant treatment in humans can be mainly explained
by its psychiatric effects, GI side-effects such as nausea,
vomiting, and diarrhoea were the most frequent dose-
related complications of this drug [10]. Since peripheral
CBI1 located in the GI tract and the vagus nerve may be
implicated in these side-effects [26], it is plausible that
peripheral CB1 blockers may have similar unwanted
actions. Although JD5037 (3 mg/kg) does not induce
nausea-like effects in lean mice, as assessed by conditioned
taste aversion [30], little is known on the potential aversive
effects of escalating doses of this drug. Of note, JD5037
can reverse CBl-induced decrease in GI motility [30].
Hence, such prokinetic activity may favour diarrhoea and
thus undermine drug adherence. In certain pathological
conditions of the GI tract, such as Crohn’s disease or irri-
table bowel syndrome (IBD), the ECS conveys protection
to the GI tract, e.g. from inflammation and abnormal gastric
and enteric secretion [105]. Moreover, CB1 activation
inhibits gastric acid secretion, possibly preventing the
formation of gastric ulcers [106]. Thus, chronic peripheral
CB1 blockade might lead to increased intestinal motility
and intestinal permeability, potentially causing diarrhoea
and negative gastric consequences such as IBD and ulcers,
all possibilities that still require scrutiny.

In conclusion, although peripheral CB1 blockers may
have lower psychiatric side-effects relative to brain-
penetrant agents, several open questions on the safety pro-
file of these agents remain (Fig. 2) and warrant further
investigation.
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Fig. 2 The prolonged use of peripheral CB1 blockers may lead to
brain leakage in obese patients having alterations in the blood-
brain barrier. By acting at the level of the adrenal gland, these drugs
may interfere with the stress axis. Potential negative effects on the
cardiovascular system may include impaired baroreflex sensitivity and
increased blood pressure. Chronic peripheral CB1 blockade might also
lead to increased intestinal motility and intestinal permeability,
potentially causing diarrhea and negative gastric consequences such as
irritable bowel syndrome and ulcers.

Can peripheral CB1 inhibitors ‘compete’ with
current pharmacotherapies or with new
drugs on the horizon?

The major FDA-approved anti-obesity medications currently
available include phentermine, orlistat, phentermine/topir-
amate extended release, lorcaserin, naltrexone sustained
release (SR)/bupropion SR and the glucagon-like peptide-1
receptor (GLP-1R) agonist liraglutide, which is the only
injectable formulation [107]. Recently, the GLP-1R agonist
semaglutide has been approved as a once-weekly therapy, due
to its promising efficacy in patients with obesity, but without
T2D [108]. While these medications offer a solution for the
clinical management of those patients who fail to respond to
lifestyle modifications, adherence to therapy is still challen-
ging due to side-effects, the modest weight-lowering efficacy
(which rarely exceed 10%), and the high number of non-
responders [107]. The latter aspect represents a significant
obstacle, which occurs due to the high biological hetero-
geneity of obesity, translating into heterogeneity to the treat-
ment response. Thus, our available pharmacological
armamentarium is still limited, and it does not allow reaching
a transformative impact against this disease or substituting the
large therapeutic effects of bariatric surgery, a procedure with
its risks [109]. In this context, pharmacological blockers of
peripheral CB1 may have additional therapeutic value for the
following reasons: (1) our ability to measure circulating
endocannabinoids and to correlate these changes with
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different profiles of ‘obesities’ has been recently improved
[15, 110] (see also “ECS dysregulation in human obesity:
marker or mechanism of disease?” section of this review),
which may allow predicting whether specific sub-clusters of
patients may have a higher benefits/risk ratio in response to
peripheral CB1 blockade. (2) Based on preclinical studies,
peripheral CB1 inhibition shows potential for the treatment of
insulin resistance, dyslipidemia, diabetic nephropathy, and
NASH, independently from weight loss. Should these pre-
clinical observations be confirmed in humans, peripheral CB1
inhibition may represent a competitive/complementary phar-
macological approach, as none of the currently available
pharmacotherapies can concomitantly tackle both fat mass
excess and long-term systemic and tissue-specific complica-
tions. Interesting new options are on the horizon, such as
GLP-1/Glucagon co-agonists, GLP-1/GIP co-agonists, or
GLP-1/GIP/Glucagon triagonists. In preclinical models, these
molecules allow prominent weight-loss and clear-cut
improvements in systemic glycemic control and lipid meta-
bolism [111]. Of note, brain-penetrant CB1 inhibitors can
empower the insulinotropic and glycemic effects of a GLP-1
agonist [112], and chronic co-treatment of rimonabant and a
GLP-1 agonist in DIO mice allows greater weight-lowering
effects than individual monotherapies [113]. Likewise, per-
ipheral CB1 inhibitors may be used to potentiate the gluco-
metabolic and weight-lowering efficacy of these GLP-1 based
molecules. However, as previously discussed, several open
questions remain concerning the safety profile of peripheral
CBI1 blockers (Fig. 2). Only a clear answer to these questions
will allow predicting whether this class of drugs might
compete with current or future available pharmacotherapies or
whether it may be used as adjuvant therapy. Nonetheless,
none of the drugs available against obesity is deprived of risks
[107], and these risks should always be critically assessed
taking into account the potentially lethal consequences of
obesity [1].

Concluding remarks: will we ever use again
pharmacological CB1 blockers for the
therapy of obesity?

The whirlwind recent generation of peripherally restricted
CBI1 blockers and the clear ability of these agents to pro-
foundly ameliorate obesity and its multiple comorbidities in
preclinical models might reanimate the use of pharmacolo-
gical CB1 blockers for the clinical management of this
disease. While this second generation of CB1 antagonists
may have a safer profile due to their low brain penetrance,
decades of research have firmly established that ECS activity
is controlled by redundant mechanisms involving both the
brain and the periphery [8, 11]. This should warn us on the
appearance of the same side-effects previously observed

with the brain-penetrant rimonabant, a possibility that still
requires detailed scrutiny. Luckily, thanks to the recent
determination of the crystal structure of CB1 [114], we are
learning that this receptor can plastically respond to a large
array of ligands [114], providing an inherent advantage for
the rational design of unimolecular compounds with multi-
ple targets. The recent development of the fusion molecule
MRI-1867, and the unique ability of this drug to improve the
chronic consequences of obesity on kidneys and liver
function, represents a concrete example of how such struc-
tural plasticity can translate into CB1-based molecules with
a larger window of therapeutic efficacy [36, 37]. Should
these molecules retain their exceptional preclinical efficacy
in humans, this might out-weight the still residual safety
concerns associated with this class of molecules.

Obesity is heterogeneous and requires pharmacological
approaches targeting multiple mechanisms of action.
Unimolecular GLP-1 based multi-agonists able to con-
comitantly target multiple metabolic pathways demonstrate
exceptional preclinical efficacy and are currently under
clinical scrutiny [111, 115]. The chemical fusion of per-
ipheral CB1 inhibitors to this variegate molecular portfolio
may lead to unimolecular pharmacological entities able to
close the still-too-large gap between the efficacy of cur-
rently available pharmacological tools relative to the effi-
cacy of bariatric surgery. By closing this gap, we may be
able to treat severe obesity and diabetes using pharmacol-
ogy, while overcoming the risk associated with these sur-
gical procedures [109]. Towards this ultimate goal, we
should continue studying the bright side of peripheral CB1
blockade, while investigating also its dark side, in order to
avoid the same mistakes of the past.
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