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Abstract: Endogenous cannabinoids (ECs) are lipid-signaling molecules that specifically bind to
cannabinoid receptor types 1 and 2 (CB1R and CB2R) and are highly expressed in central and many
peripheral tissues under pathological conditions. Activation of hepatic CB1R is associated with obesity,
insulin resistance, and impaired metabolic function, owing to increased energy intake and storage,
impaired glucose and lipid metabolism, and enhanced oxidative stress and inflammatory responses.
Additionally, blocking peripheral CB1R improves insulin sensitivity and glucose metabolism and also
reduces hepatic steatosis and body weight in obese mice. Thus, targeting EC receptors, especially
CB1R, may provide a potential therapeutic strategy against obesity and insulin resistance. There are
many CB1R antagonists, including inverse agonists and natural compounds that target CB1R and can
reduce body weight, adiposity, and hepatic steatosis, and those that improve insulin sensitivity and
reverse leptin resistance. Recently, the use of CB1R antagonists was suspended due to adverse central
effects, and this caused a major setback in the development of CB1R antagonists. Recent studies,
however, have focused on development of antagonists lacking adverse effects. In this review, we detail
the important role of CB1R in hepatic insulin resistance and the possible underlying mechanisms,
and the therapeutic potential of CB1R targeting is also discussed.
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1. Introduction

Insulin resistance is a pathological condition characterized by the inability of insulin to regulate
glucose and lipid metabolism in peripheral tissues even when insulin concentrations in the blood are
elevated [1,2]. Insulin is essential for the regulation of glucose homeostasis and energy metabolism.
Insulin resistance is a component of metabolic syndrome, which is associated with cardiovascular
diseases and type 2 diabetes mellitus (T2DM) [1]. In particular, hepatic insulin resistance increases
hepatic glucose production and triglyceride (TG) accumulation by impairing insulin-mediated
inhibition of gluconeogenesis and by changing insulin-mediated TG metabolism, respectively, and these
alterations contribute to hyperglycemia and dyslipidemia [1]. Additionally, obesity is a risk factor for
insulin resistance and positively correlates with insulin resistance [3]. Therefore, management of hepatic
insulin resistance and obesity provides an attractive strategy to combat T2DM and hepatic steatosis.

Endogenous cannabinoids (endocannabinoids, ECs) are lipid signaling molecules that regulate
numerous biochemical processes, such as those involved in neuroprotection, pain, motor function,
cardiovascular function, immune and inflammatory responses, energy balance, food intake, and cell
proliferation [4,5]. The most widely studied ECs are arachidonoyl ethanolamide or anandamide and
2-arachidonoyl glycerol (2-AG), which bind to the specific receptors, cannabinoid receptor type 1
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(CB1R) and CB2R, respectively. CB1R is found mainly in the brain, and CB2R is located in the cells
of the immune system. Both CB1R and CB2R are also expressed in many peripheral tissues under
pathological conditions [4,5]. Ample evidence exists suggesting that ECs play important roles in the
regulation of metabolism [6,7]. CB1R is expressed in the liver, muscle, pancreas, and adipose tissue,
which is highly involved in insulin action. EC signaling is deeply involved in insulin resistance and its
related metabolic disorders.

The activation of CB1R in the liver is associated with obesity and metabolic complications
such as insulin resistance and dyslipidemia by promoting the fatty acid uptake, lipogenesis, and
adipogenesis [8]. Many studies have revealed that the activation of hepatic CB1R induces insulin
resistance through several mechanisms [9–11] (Figure 1). Moreover, CB1R increases food intake by
modulating the release of orexigenic and anorexigenic neuropeptides in hypothalamic neurons, thereby
contributing to obesity [12–15]. Here, we discuss the importance of CB1R in hepatic insulin resistance,
the possible underlying mechanisms, and the therapeutic potential of targeting CB1R.
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also believed to inhibit the activation of mTORC2, thereby preventing the Ser473 phosphorylation of 
Akt. 
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modulatory proteins. The insulin receptor consists of two extracellular α subunits and two 
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IRS-2, and IRS-3) by the insulin receptor tyrosine kinase [16,17]. Receptor activation leads to 

Figure 1. Schematic representation of the insulin signaling pathway and the modulation of this
pathway by cannabinoid receptor type 1 (CB1R). The binding of insulin to the insulin receptor triggers
a signaling cascade, which involves tyrosine phosphorylation of insulin receptor substrate 1 (IRS1)
and the activation of phosphatidylinositol 3-kinase (PI3K). This leads to an increase in the level
of phosphatidylinositol-3,4,5-trisphosphate, which recruits Akt to the plasma membrane alongside
phosphatidylinositol-dependent kinase 1 (PDK1). In this cascade, Akt is phosphorylated at Thr308 by
PDK1 and at Ser473 by mammalian target of rapamycin complex 2 (mTORC2). The activated CB1R
mediates the activation of extracellular regulated kinase (ERK) and p38 mitogen-activated protein
kinase (MAPK), which subsequently inhibits the Ser 307 phosphorylation of IRS1. Activated CB1R
is also believed to inhibit the activation of mTORC2, thereby preventing the Ser473 phosphorylation
of Akt.

2. Insulin Signaling Pathways

Insulin signal transduction is a complex mechanism regulated by numerous enzymes and
modulatory proteins. The insulin receptor consists of two extracellular α subunits and two
transmembrane β subunits, and binding of insulin to the receptor results in autophosphorylation
on tyrosine residues and the subsequent tyrosine phosphorylation of insulin receptor substrates



Int. J. Mol. Sci. 2019, 20, 2109 3 of 17

(IRS-1, IRS-2, and IRS-3) by the insulin receptor tyrosine kinase [16,17]. Receptor activation leads
to phosphorylation of key tyrosine residues on IRSs that allows for association of IRSs with the
regulatory subunit of phosphoinositide 3-kinase (PI3K) through its SRC homology 2 (SH2) domains
(APS protein) [17]. Once activated, this protein creates suitable binding sites for IRSs that are then
activated via phosphorylation by various insulin-induced kinases such as protein kinase C (PKC),
serine/threonine-protein kinase 2 (SIK2), protein kinase B (AKT), p70 ribosomal protein S6 kinase 1
(S6K1), mammalian target of rapamycin (mTOR), extracellular signal-regulated kinase 1

2 (ERK1/2),
and rho-associated coiled-coil-containing protein kinase 1 (ROCK1) [18]. Additionally, AMP-activated
protein kinase (AMPK) and glycogen synthase kinase 3 (GSK3) are insulin-independent kinases that
also phosphorylate IRSs and trigger downstream signal transduction [18].

Subsequently, the activated IRS-1 triggers signal transduction by binding to the catalytic
subunit of PI3K, p110, and then phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to
phosphatidylinositol 3,4,5-trisphosphate (PIP3) [19]. PIP3 is a potent effector of AKT, and active
AKT inactivates GSK3, which is an inhibitor for glycogen synthase, thereby promoting glycogen
synthesis [17]. Activation of AKT also requires the protein kinase 3-phosphoinositide-dependent
protein kinase-1 (PDK1), which promotes the phosphorylation of AKT. The main function of insulin is
to induce translocation of the glucose transporter-4 (GLUT-4), thereby stimulating glucose uptake into
cells. Additionally, insulin activates non-IRS-dependent signaling pathways by other substrates such
as heterotrimeric G proteins and the son of sevenless (SOS) growth factor [20].

3. Insulin Resistance

Insulin resistance is a pathological condition characterized by the inability of insulin to elicit a
hormone response in insulin-dependent cells to regulate glucose and lipid metabolism [1,2]. Insulin
resistance is inversely correlated with insulin sensitivity in insulin-dependent tissues [21]. There are
multiple factors responsible for insulin resistance, including oxidative stress, inflammation, impairment
of insulin receptors, endoplasmic reticulum stress, and mitochondrial dysfunction, and these factors
trigger insulin resistance through various mechanisms in different type of tissues. It has been reported
that protein-tyrosine phosphatase 1B (PTP1B), a non-transmembrane tyrosine phosphatase, acts as a
negative regulator of insulin and leptin signaling. PTP1B can reverse insulin-induced phosphorylation
in tyrosine residues of IRS-1, which results in impairment of insulin signal transduction [22]. It can also
prevent weight gain and overfeeding by negative regulation of leptin signaling [23]. PTP1B knockout
(PTP1B−/−) mice exhibit enhanced insulin sensitivity and tyrosine phosphorylation of IRS-1 in the liver
and muscle tissues. Additionally, PTP1B−/− mice are resistant to weight gain even on a high-fat diet.
Moreover, PTP1B−/− mice are hypersensitive to leptin, which is involved in the regulation of satiety
and energy expenditure. Hence, PTP1B−/− mice are lean and insulin-sensitive. The leptin signaling
is also dependent on the tyrosine phosphorylation of IRS-1, which is mediated by the Janus kinase
(JAK)-signal transducer and activator of transcription (STAT) pathway. Additionally, up-regulation
of PTP1B has been reported in insulin resistance and obesity [24] and, thus, inhibition of PTP1B
significantly ameliorated insulin resistance [23,25]. PTP1B-deficient animal model also possesses a
lower risk of insulin resistance and obesity and exhibits improved insulin sensitivity in peripheral
tissues [26].

Previous studies suggest that several cytokines and inflammatory mediators in the plasma are
up-regulated in insulin resistance, including tumor necrosis factor-α (TNF-α), monocyte chemotactic
protein-1 (MCP-1), C-reactive protein (CRP), and interleukin-6 (IL-6) [27]. TNF-α alone could disrupt
insulin signaling via serine phosphorylation of IRS-1 and blocking of glucose entry into cells by reducing
GLUT-4 in the skeletal muscle cells [28]. In addition, the c-Jun N-terminal kinase (JNK) pathway
also stimulates IRS-1 serine phosphorylation in the mice liver, which results in insulin resistance [29].
Inhibition of the inhibitor of nuclear factor kappa-B kinase subunit beta (IKKβ) signaling pathway
(a subunit of IκB kinase) also plays an important role in enhancing the insulin sensitivity of skeletal
muscles, which is a key modulator in tissue inflammation [30]. The hypothesized mechanism linking



Int. J. Mol. Sci. 2019, 20, 2109 4 of 17

inflammation and insulin resistance is the activation of IKKβ/ nuclear factor kappa light chain enhancer
of activated B cells (NF-κB) and JNK pathways [29].

Oxidative stress can also contribute to insulin resistance by impairing insulin signal
transduction [31]. In this context, oxidative stress activates IKKβ/NF-κB and JNK pathways, resulting
in phosphorylation of IRS proteins and ultimately IRS degradation [32]. Additionally, interlinking
pathways between oxidative stress and inflammation activate each other [33]. Oxidative stress also
induces insulin resistance by blocking relocation of IRS-1 and PIP (phosphatidylinositol)-kinase,
promoting phosphorylation of IRS-1, and decreasing GLUT-4 expression [34].

In addition to these factors, defects in serine phosphorylation of IRS-1 also plays a pivotal role in
insulin resistance [35]. Impairment of IRS-1 activation may induce insulin resistance via dependent
and independent phosphorylation of Akt [36]. Elements that reduce IRS-1 phosphorylation or activate
serine IRS-1 phosphorylation at the 307 site cause defects in insulin signal transduction, ultimately
resulting in insulin resistance [37,38]. Additionally, obesity increases free fatty acid (FFA) levels in the
plasma that are harmful to most cells, and this lipotoxicity has been reported to enhance IRS-1 serine 307
phosphorylation. Yang et al. (2010) demonstrated that obesity-induced ER stress also plays a critical role
in insulin resistance [39]. ER stress induces the expression of oxygen-regulated protein 150 (ORP150), a
molecular chaperon protecting cells from ER stress, and this expression alters the phosphorylation of
IRS-1, Akt, phosphoenolpyruvate carboxykinase (PEPCK), and glucose-6-phosphatase (G6Pase). These
findings suggest that ER stress could play a pivotal role in insulin signaling and gluconeogenesis [40].
Apart from common factors that contribute to insulin resistance, activation of hepatic CB1R is also
associated with obesity, insulin resistance, impaired glucose and lipid metabolism, and enhanced
oxidative stress and inflammatory responses. Hence, it is important to determine the role of CB1R in
obesity and insulin resistance.

4. Distribution and Biological Roles of CB1R in the Human Body

CB1R is found mainly in the central nervous system (CNS), particularly in several brain regions
such as the olfactory bulb, hippocampus, basal ganglia, and cerebellum that show the highest CB1R
expression [41]. The cerebral cortex, septum, amygdala, hypothalamus, parts of the brainstem, and the
dorsal horn of the spinal cord manifest moderate CB1R expression, while the thalamus and the ventral
horn of the spinal cord only weakly express CB1R. Cannabinoid type receptors are responsible for
most of the psychoactive effects of cannabinoids. CB1R and the EC system are primarily involved
in central neural phenomena and disorders, such as appetite and food intake, learning and memory,
anxiety and depression, multiple sclerosis, neurodegeneration, and addiction [4,42–44]. Both CB1R
agonists and antagonists influence feeding behavior in several in vivo mouse models. In fact, inhibition
of CB1R results in reduced food intake in several different animal models [45–47]. Mutant mice
(CB1−/−) exhibit a lean phenotype associated with reduced body weight and reduced fat mass [48].
Additionally, when anandamide is administered into the ventromedial nucleus of the rat hypothalamus,
it stimulates appetite and induces overeating. However, pre-treatment with the CB1R antagonist
(SR141716) impedes the anandamide-induced overeating [49]. Moreover, the early indication of
Alzheimer’s disease pathogenesis is abundant expression of CB1R in the hippocampus and cerebral
cortex region [50]. In brains affected by Alzheimer’s disease, the expression of microglial CB1R and
CB2R is elevated, and neuronal CB1R expression, specifically in the hippocampus and basal ganglia,
is reduced [51]. CB1R is also increased in the glial cells and has a critical role in the regulation of
inflammatory cytokines [52].

Apart from the CNS, CB1R is highly expressed in the peripheral nervous system and various
peripheral tissues [41,53–55]. Normally, the amount of CB1R is low in liver tissue [56]; however,
under pathological conditions, the expression of CB1R in hepatic cells increases, thus contributing
to hepatic insulin resistance, fibrosis, lipogenesis, and steatosis [53]. CB1R is also expressed in the
cardiovascular system under pathological conditions, where it promotes disease progression and cardiac
dysfunction [57]. Activation of CB1R leads to oxidative stress as well as inflammation and fibrosis
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affecting cardiomyocytes, vascular endothelial cells, and smooth muscle cells [58]. The activation of
the CB1R in isolated rat atria results in feeble cardiomyocyte contractility [59]. Numerous in vivo
studies have demonstrated that activation of CB1R promotes cardiomyocyte injury, oxidative stress,
inflammation, and fibrosis, and augments collagen deposition and cardiomyocyte overgrowth [60–62].
Thus, chronic inhibition of CB1R with rimonabant improves cardiac functions in the early and late
stages after myocardial infarction, decreases arterial stiffness, and reduces cardiac remodeling [63,64].
The expression of CB1R in the reproductive system has been shown to modulate oocyte maturation and
embryonic development [65]. In particular, activation of CB1R drives oocyte maturation by modulating
the phosphorylation status of Akt and ERK1/2 and enhancing embryo development [65]. Additionally,
other studies have provided evidence supporting the involvement of CB1R in oocyte maturation [66,67].
It has also been demonstrated that CB1-KO mice are resistant to LPS-induced embryo resorption and
exhibit a weaker uterine inflammatory response [68]. In the gastrointestinal (GI) tract, CB1R is located
in the neuronal and non-neuronal cells of the intestinal mucosal region, including enteroendocrine
cells, immune cells, and enterocytes [69]. CB1R can alter GI motility, secretion of gastric acid, fluids,
neurotransmitters, hormones, and the permeability of the intestinal epithelium via the action of
neuronal and non-neuronal cells [69]. Interestingly, 2-AG, an agonist of both CB1R and CB2R, has
been shown to reduce colitis and related systemic and central inflammation [70]. Additionally, AM841,
another potent agonist of these receptors, significantly reduces GI motility by activating CB1R in the
small and large intestine [71]. Additionally, this compound can normalize GI transit under acute stress
at an extremely low dose. The expression of CB1R has also been detected in adipose tissue, bone,
skeletal muscle, reproductive cells, and various other types of cells [53]. The localization and functions
of CB1R in the human body are detailed in Table 1.

Table 1. The distribution and functions of CB1R in the human body.

Sl.No. Localization Biological Role Implication

1 Brain

Anxiety and depression, appetite
and food intake, reward and

addiction, neuroprotection, neural
development, and sleep

CB1R overexpression results in increased
food intake and induces overeating.

2 Liver
Liver steatosis, fibrosis, insulin

resistance, lipogenesis, splanchnic,
and vasodilation

CB1R overexpression induces insulin
resistance and obesity.

3 Cardiovascular system Cardiac function, negative inotropy,
and vasodilation

CB1R overexpression promotes
cardiomyocyte injury, oxidative stress,

inflammation, and fibrosis.

4 Skeletal muscle Energy metabolism and muscle
fiber formation

CB1R overexpression impairs
insulin signaling.

5 Reproductive system
Fertility regulation, embryo

implantation, and
embryonic development

Activation of CB1R modulates the oocyte
maturation and embryonic development.

6 GI tract GI motility, enteroendocrine
function, and energy balance.

CB1R agonist reduces GI motility and
colitis-related inflammation.

5. Participation of CB1R in Obesity and Insulin Resistance

Evidence suggests that ECs are directly involved in the physiological control of food intake and
energy utilization by targeting central and peripheral sites, including skeletal muscle, the liver, and
adipose tissue [72]. CB1R activation in the CNS enhances food intake by regulating the activity of
hypothalamic neurons and the subsequent release of orexigenic and anorexigenic neuropeptides [12].
Additionally, activation of CB1R signaling in adipose tissue and in the liver causes obesity and
metabolic complications, including insulin resistance and dyslipidemia by increasing fatty acid uptake,
lipogenesis, and adipogenesis [8] (Figure 2).

CB1R activation increases the activity of lipoprotein lipase (LPL), which promotes the hydrolysis
of TGs into non-esterified fatty acids and their subsequent uptake by adipocytes, thus increasing fat
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storage in adipocytes [11,73]. CB1R also enhances fat storage via activation of lipogenic enzymes and
inhibition of AMPK [73]. Additionally, previous studies have revealed that CB1R activation in white
adipocytes stimulates adipogenesis, increases the amount of lipid droplets, and impairs biogenesis of
mitochondria [74,75]. CB1R activation not only inhibits thermogenesis in brown adipocytes but also
suppresses browning of white adipocytes to beige adipocytes [76]. Of note, CB1R-deficient mice possess
a lean phenotype and manifest resistance to diet-induced changes [77]. Moreover, CB1R activation
induces TNF-α expression and reduces the secretion of adiponectin [78]. Collectively, these findings
suggest that CB1R activity in adipose tissue may contribute to obesity and insulin resistance via the
regulation of white adipocyte expansion, brown adipocyte function, and inflammation. Evidence
suggests that CB1R is expressed in human and murine skeletal muscle, and its activation has negative
effects on insulin-mediated glucose uptake [79]. CB1R is also found in muscle mitochondria, and
pharmacological blockade of CB1R regulates mitochondrial oxidative metabolism [80] and controls
myoblast differentiation [81]. The activation of mitochondrial CB1 receptors in muscle cells has been
reported to be associated with the mitochondrial regulation of oxidative activity [82]. Moreover, muscle
CB1R ablation significantly improves whole-body performance and metabolism [83]. Previously, CB1R
over-expression in β-cells was reported to enhance insulin release [84,85]. In contrast, recent evidence
suggests that activation of CB1R induces apoptosis of pancreatic β-cells, revealing that it can directly
inhibit insulin receptor activation by blocking insulin receptor kinase activity [86]. Coupled with this
evidence, a lack of CB1R receptors in mice results in resistance to β-cell apoptosis, and improved
insulin receptor activity and β-cell function [87,88]. These findings provide a cue that a crosslink exists
between CB1R and insulin receptor signaling that influences β-cell survival and function.
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Figure 2. Biological role of CNS and peripheral CB1R in relation to obesity and insulin resistance.
The localization of CB1R in the peripheral tissues such as liver, adipose tissue, muscle, and pancreatic
β-cells has a potential role in obesity and related metabolic disorders without causing any adverse
effects on the central nervous system. (Up arrow denotes increase and down arrow denotes decrease).

Insulin resistance is a pathological condition, in which the cells do not respond to the insulin
hormone [1,2]. Both insulin resistance in peripheral tissues and relative deficiency in insulin secretion
by β-cells are crucial for the development of T2DM [1]. As mentioned above, hepatic insulin resistance
increases hepatic glucose production and TG accumulation, thereby causing hyperglycemia and
dyslipidemia [1]. Hepatic insulin resistance is a general characteristic of most types of metabolic
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disorders such as obesity, dyslipidemia, metabolic syndrome, hypertension, nonalcoholic fatty liver
disorder (NAFLD), and T2DM [2]. Hepatic CB1R activation induces insulin resistance via several
mechanisms in an endoplasmic reticulum (ER) stress-dependent manner [9–11] (Figure 3). Engagement
of CB1R inhibits insulin signaling by elevating inhibitory serine-307 phosphorylation of IRS1 and by
stimulating the dephosphorylation of insulin-activated PKB/AKT through up-regulation of the S/T
phosphatase PH domain and leucine-rich repeats protein phosphatase 1 (PHLPP1) [10]. Additionally,
PHLPP1 directly dephosphorylates and inactivates Akt-2, which is a downstream target of CB1R that
induces insulin resistance [89]. Activation of this receptor also stimulates the expression of lipin 1, a
phosphatidic acid phosphatase, via an ER stress-inducible transcription factor called cAMP-responsive
element-binding protein H (CREBH) [90]. This event subsequently leads to the accumulation of
diacylglycerol (DAG), resulting in the phosphorylation of PKC and inhibition of insulin receptor
signaling. Additionally, CB1R-mediated ER stress increases the production of ceramide by up-regulating
de novo ceramide synthesis and suppressing ceramide degradation, ultimately inhibiting insulin
signaling [91]. Aside from ER stress dependence, hepatic CB1R activation decreases insulin clearance
as a consequence of down-regulation of insulin-degrading enzyme (IDE) [8]. High-fat diets (HFDs)
induce hepatic insulin resistance in mice through CB1R-mediated inhibition of insulin signaling and
clearance [10]. More recently, Liu et al. (2019) demonstrated that blockade of peripheral CB1R improves
insulin sensitivity and glycemic control through the hepatic sirtuin 1 (Sirt1)/mTORC2/Akt signaling
pathway, where it promotes energy expenditure by increasing fatty acid oxidation in a manner that is
independent of hepatic Sirt1 and involves AMPK activation [92].
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Figure 3. Molecular mechanisms of CB1R involvement in hepatic insulin resistance and glucose
metabolism disorders. Down arrows indicate suppression, up arrows indicate activation, and
dotted arrows indicate multiple pathways. (Abbreviations: CB1R, cannabinoid 1 receptor; 2-AG,
2-arachidonoylglycerol; HFD, high-fat diet; CREBH, cyclic AMP response element-binding protein H;
ERRγ, estrogen-related receptors γ; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glucose
6-phosphatase; IDE, insulin-degrading enzyme; PKC, protein kinase C; PHLPP1, S/T phosphatase PH
domain and leucine-rich repeats protein phosphatase 1; DAG, diacylglycerol).
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It has been demonstrated that CREBH, the target transcription factor of CB1R, in conjunction
with insulin resistance, also plays a pivotal role in the regulation of hepatic gluconeogenesis during
fasting as well as diet-induced insulin resistance in rodent models [93]. CB1R activation induces
genes involved in gluconeogenesis, specifically PEPCK and G6Pase via CREBH, to elevate glucose
production [93]. This evidence suggests that CREBH is the direct target of CB1R in the regulation of
both hepatic insulin resistance and gluconeogenesis. Additionally, estrogen-related receptors (ERRs)
substantially participate in CB1R-mediated insulin resistance and gluconeogenesis [94]. The ERR
group has three members, α, β, and γ, that belong to the NR3B subfamily. It has been demonstrated
that hepatic ERRγ is associated with the regulation of hepatic gluconeogenesis and is involved in
the impairment of insulin signaling [95,96]. Moreover, ERRγ is a transcriptional mediator of the
downstream effects of CB1R, where ERRγ blocks alcohol-induced cytochrome P450 2E1 (CYP2E1)
expression, a major contributor to alcohol-induced reactive oxygen species (ROS) and liver injury, to
ameliorate chronic alcohol-induced liver injury [94]. Accordingly, ERRγ is the downstream effector
of CB1R and is associated with gluconeogenesis and insulin signaling. Therefore, ERRγ may play
an important part in CB1R-mediated insulin resistance. Given this, further studies are necessary to
validate the role of ERRγ in CB1R-mediated insulin resistance, and these findings will provide a new
insight into the insulin resistance mechanism. Taken together, these data indicate that activation of
CB1R under pathological conditions leads to obesity and contributes to insulin resistance. Finally,
chronic high CB1R activity may progress to the development of T2DM.

The triggering of hepatic CB1R signaling is also involved in the development of hepatic steatosis
as well as insulin resistance and T2DM [97]. Hepatic CB1R activation stimulates lipogenesis
transcription factor and sterol-regulatory element-binding transcription factor 1c (SREBP1c) and
increases accumulation of TGs via up-regulation of its downstream lipogenesis genes, including fatty
acid synthase (FAS), stearoyl-coenzyme A (CoA) desaturase 1 (SCD1), and acetyl-CoA carboxylase
(ACC), thus leading to hepatic steatosis. Additionally, CB1R activation decreases fatty acid oxidation
via inhibition of AMPK and reduces the release of TG-rich very low-density lipoprotein (VLDL), which
also contributes to hepatic steatosis [98–100]. Subsequently, hepatic TG accumulation causes insulin
resistance. Consequently, activation of hepatic CB1R is involved in the development of hepatic steatosis,
insulin resistance, and T2DM. In this regard, selective inhibition of hepatic CB1R signaling may be a
molecular strategy for the treatment of T2DM and hepatic steatosis. Authors should discuss the results
and their interpretation in relation to previous studies and the working hypotheses. The findings and
their implications should be discussed in the broadest possible context. Future research directions may
also be highlighted.

CB1R is known to form a heterodimer complex with class A G protein-coupled receptor (GPCR)
superfamily, which includes human orexin 1 (OX1) and OX2 receptors [101]. Orexin receptor signaling
triggers the production of 2-AG, which consequently activates the CB1R. CB1R has been reported
to regulate many physiological functions such as analgesia, appetite, learning, and memory [42,102].
This suggests that the functional interaction (and heteromerization) between CB1R and OX1/OX2
receptor may contribute to the pathology of some diseases. There are several studies that have
demonstrated the molecular and functional crosstalk between CB1R and OX1 receptor. This crosstalk
may occur in the neuronal membrane of the nerve terminals at various brain regions. Specifically,
the co-expression of CB1R and OX1 was observed in the hippocampus [103]. Hence, alteration in the
expression of CB1R/OX1 may play a major role in CNS disease in certain brain regions. However, the
interaction between the two receptors in vivo is still unclear.

6. The Functions of CB1R in Pancreatic β-Cells and Skeletal Muscle

Impaired insulin secretion by β-cells is a causal factor in the development of T2DM concomitant
with insulin resistance. There are contradictory opinions regarding the synthesis of ECs in pancreatic
islets, a process that varies from species to species. Few researchers claim that there is no synthesis of
ECs in β-cells; however, CB1R expression has been shown in β-cells, of which activation enhances



Int. J. Mol. Sci. 2019, 20, 2109 9 of 17

insulin release [84,85]. Recent findings revealed that ablation of CB1R in beta cells increases cell
proliferation and early-phase insulin secretion, and also significantly prevents diet-induced intra-islet
inflammation [88]. The CB1R antagonist ibipinabant mitigates β-cell loss without affecting body
weight [104]. A recent study suggested that CB1R can suppress insulin signaling by blocking
insulin receptor kinase activity via formation of a heteromeric complex with the insulin receptor [86].
The heteromeric-complex formation reduces phosphorylation of the pro-apoptotic regulator B-cell
lymphoma 2-associated death promoter (BAD), thus leading to β-cell death [48]. It has been reported
that insulin positively regulates β-cell proliferation in an autocrine manner through the insulin receptor
signaling pathway. A recent report also suggested that CB1R and insulin receptor signaling function in
the regulation of β-cell proliferation [87].

Additional evidence suggests that the CB1R activation in skeletal muscle decreases basal and
insulin-mediated glucose uptake [79]. CB1R knockdown in muscle up-regulates insulin receptor
signaling and regulates IL-6 and myostatin expression in a manner sufficient to regulate whole-body
metabolism and physical performance [83]. The engagement of CB1R reduces the responsiveness of
skeletal muscle to insulin by acting on the PI3K-PKB axis and the rapidly accelerated fibrosarcoma
(Raf)-mitogen-activated protein kinase kinase (MEK) 1-2-ERK1/2 pathways [79]. Thus, CB1R signal
transduction in peripheral tissues contributes to the development of T2DM through the induction of
insulin resistance and impairment of insulin release (Figure 4).
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7. The Therapeutic Potential

CB1R may be a promising therapeutic agent for obesity, insulin resistance, T2DM, and other
metabolic syndromes. Rimonabant, an inverse agonist of central CB1R, has been recently approved as an
antiobesity drug [105]. Specifically, this drug reduces body weight and insulin resistance and improves
glucose metabolism. Its approval was suspended due to an increased risk of adverse psychiatric effects,
such as anxiety, depression, and suicidal ideation. Since the withdrawal of rimonabant from the market,
many investigators have studied peripheral CB1R inhibitors with milder side effects. A previous
study suggests that the inhibition of CB1R by the selective antagonist SR141716 may provide an
effective strategy for improving insulin sensitivity, and this approach promotes weight loss and insulin
sensitivity by directly enhancing peripheral energy metabolism [106]. Additionally, SR141716 reduces
2-AG-induced insulin insensitivity in 3T3-L1 adipocytes [11]. A CB1R neutral antagonist AM6545
is equally effective as compared to its parent compound rimonabant at reversing hepatic steatosis
but is less effective in reducing body weight, adiposity, insulin resistance, hyperleptinemia, and food
intake [99]. A recent study indicates that the peripherally restricted CB1R inverse agonist JD5037 can
reduce appetite, body weight, hepatic steatosis, and insulin resistance [107]. It exerts antiobesity effects
by reversing leptin resistance. Another universal CB1R antagonist, ibipinabant, attenuates β-cell loss
without changing the body weight [104].

Natural products derived from medicinal herbs are considered less toxic and may cause fewer
adverse effects. N-oleoyl glycine, a lipoamino acid, promotes 3T3-L1 adipogenesis and insulin-mediated
AKT signaling that is associated with the activation of CB1R [108]. More recently, we demonstrated that
gomisin N (GN), a lignin derived from Schisandra chinensis, significantly improves hepatic CB1-mediated
insulin resistance and gluconeogenesis [109]. GN reverses the 2-AG-mediated impairment of
insulin signaling through modulation of insulin resistance-associated gene expression in HepG2
cells. Additionally, GN inhibits 2-AG-induced intracellular TG accumulation and glucose production in
HepG2 cells by down-regulating genes associated with lipogenesis and gluconeogenesis, respectively.
GN administration to HFD-fed obese mice reduces HFD-mediated inhibition of insulin signaling and
increases fasting blood glucose and insulin levels. These findings indicate that GN protects against
CB1-mediated impairment of hepatic insulin signaling and gluconeogenesis, thereby ameliorating
hyperglycemia. Collectively, these data suggest that CB1R may be a therapeutic target in metabolic
disorders associated with insulin resistance (Table 2). Moreover, CB1R blockade may be a beneficial
outcome expected from the effects of antagonists undergoing toxicological screening and clinical
testing. Natural compounds such as GN and N-oleoyl glycine require more attention, and their
pharmacological effects need to be further investigated.

Table 2. The list of CB1R-specific antagonists, inverse agonists, and compounds that improve
insulin resistance.

Sl.No. Compounds Biological Benefits Cell Models

1 SR141716

Antiobesity, hepatoprotective,
promoted insulin sensitivity,

reduced aging-related insulin
resistance, and reduced
metabolic dysfunction

Mouse 3T3 F442A cells, obese (fa/fa)
rats, 3T3-L1 adipocytes, rat L6
myotubes, and C57BL/6 mice

2 AM6545 Cardiometabolic risk HFD-fed obese mice and CB1R−/−

transgenic mice

3 JD5037 Antiobesity effects by reversing
leptin resistance Diet-induced obesity (DIO) mice

4 Ibipinabant Antidiabetic effects β-cells

5 Gomisin N Reduced insulin resistance and
gluconeogenesis HepG2 cells

6 N-oleoyl glycine Reduced adipogenesis and
increased insulin sensitivity 3T3-L1 adipocytes



Int. J. Mol. Sci. 2019, 20, 2109 11 of 17

8. Conclusions

The role of CB1R in the EC system has recently received a great deal of attention due to its role as
a master regulator of whole-body and cell metabolism and the observation that it is associated with
critical processes modulating food intake, energy expenditure, lipogenesis, glucose uptake, insulin
resistance, and gluconeogenesis. Under pathological conditions, an enhanced expression of CB1R is
observed in the hepatic cells, which contributes to the hepatic insulin resistance, fibrosis, lipogenesis,
and steatosis. The evidence strongly indicates that pharmacological blockade of CB1R provides a
promising approach against obesity and metabolic syndrome. It should be noted that CB1R-deficient
mice are resistant to obesity and metabolic syndrome, and CREBH is a target of CB1R in the regulation
of hepatic insulin resistance. ERRγ is also a downstream effector of CB1R and may play an important
part in CB1R-mediated insulin resistance. The role of CREBH and ERRγ in insulin resistance and
obesity deserves special attention. Recently, the interaction between CB1R and orexin receptor was
reported. It was demonstrated that the inhibition of peripheral CB1R improves insulin sensitivity
and glycemic control through the hepatic Sirt1/mTORC2/Akt signaling pathway. Moreover, CB1R
can suppress insulin signaling by blocking the insulin receptor kinase activity. The CB1R antagonist,
ibipinabant attenuates β-cell loss without affecting the body weight. Additionally, CB1R exerts its
antiobesity activity by reversing the leptin resistance. Further, CB1R reduces the insulin sensitivity
of skeletal muscles by targeting the PI3K-PKB axis and the Raf-MEK1/2-ERK1/2 pathway. Natural
compounds such as GN and N-oleoyl glycine that exert an inhibitory effect on CB1R deserve further
research and clinical trials, as they may possess therapeutic potential. In this review, we discussed
the important role and the possible underlying mechanisms of CB1R in hepatic insulin resistance
and metabolic syndrome that will provide clues for the treatment of CB1R-mediated hepatic insulin
resistance without causing any adverse effect on the CNS.

Author Contributions: Conceptualization, A.N. and M.H.J.; writing, review, and editing, A.N., J.S., and M.H.J.

Funding: This study was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIP) (No. 2014R1A5A2009936).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Finck, B.N. Targeting metabolism, insulin resistance, and diabetes to treat nonalcoholic steatohepatitis.
Diabetes 2018, 67, 2485–2493. [CrossRef]

2. Samuel, V.T.; Shulman, G.I. The pathogenesis of insulin resistance: Integrating signaling pathways and
substrate flux. J. Clin. Investig. 2016, 126, 12–22. [CrossRef]

3. Guilherme, A.; Virbasius, J.V.; Puri, V.; Czech, M.P. Adipocyte dysfunctions linking obesity to insulin
resistance and type 2 diabetes. Nat. Rev. Mol. Cell Biol. 2008, 9, 367–377. [CrossRef] [PubMed]

4. Pacher, P.; Batkai, S.; Kunos, G. The endocannabinoid system as an emerging target of pharmacotherapy.
Pharmacol. Rev. 2006, 58, 389–462. [CrossRef] [PubMed]

5. Simon, V.; Cota, D. Mechanisms in endocrinology: Endocannabinoids and metabolism: Past, present and
future. Eur. J. Endocrinol. 2017, 176, R309–R324. [CrossRef] [PubMed]

6. Matias, I.; Di Marzo, V. Endocannabinoids and the control of energy balance. Trends Endocrinol. Metab. 2007,
18, 27–37. [CrossRef]

7. Kunos, G. Understanding metabolic homeostasis and imbalance: What is the role of the endocannabinoid
system? Am. J. Med. 2007, 120, S18–S24. [CrossRef]

8. Mazier, W.; Saucisse, N.; Gatta-Cherifi, B.; Cota, D. The endocannabinoid system: Pivotal orchestrator of
obesity and metabolic disease. Trends Endocrinol. Metab. 2015, 26, 524–537. [CrossRef] [PubMed]

9. Eckardt, K.; Sell, H.; Taube, A.; Koenen, M.; Platzbecker, B.; Cramer, A.; Horrighs, A.; Lehtonen, M.;
Tennagels, N.; Eckel, J. Cannabinoid type 1 receptors in human skeletal muscle cells participate in the
negative crosstalk between fat and muscle. Diabetologia 2009, 52, 664–674. [CrossRef] [PubMed]

http://dx.doi.org/10.2337/dbi18-0024
http://dx.doi.org/10.1172/JCI77812
http://dx.doi.org/10.1038/nrm2391
http://www.ncbi.nlm.nih.gov/pubmed/18401346
http://dx.doi.org/10.1124/pr.58.3.2
http://www.ncbi.nlm.nih.gov/pubmed/16968947
http://dx.doi.org/10.1530/EJE-16-1044
http://www.ncbi.nlm.nih.gov/pubmed/28246151
http://dx.doi.org/10.1016/j.tem.2006.11.006
http://dx.doi.org/10.1016/j.amjmed.2007.06.007
http://dx.doi.org/10.1016/j.tem.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26412154
http://dx.doi.org/10.1007/s00125-008-1240-4
http://www.ncbi.nlm.nih.gov/pubmed/19089403


Int. J. Mol. Sci. 2019, 20, 2109 12 of 17

10. Liu, J.; Zhou, L.; Xiong, K.; Godlewski, G.; Mukhopadhyay, B.; Tam, J.; Yin, S.; Gao, P.; Shan, X.; Pickel, J.; et al.
Hepatic cannabinoid receptor-1 mediates diet-induced insulin resistance via inhibition of insulin signaling
and clearance in mice. Gastroenterology 2012, 142, 1218–1228 e1211. [CrossRef] [PubMed]

11. Motaghedi, R.; McGraw, T.E. The cb1 endocannabinoid system modulates adipocyte insulin sensitivity.
Obesity 2008, 16, 1727–1734. [CrossRef]

12. Jbilo, O.; Ravinet-Trillou, C.; Arnone, M.; Buisson, I.; Bribes, E.; Peleraux, A.; Penarier, G.; Soubrie, P.;
Le Fur, G.; Galiegue, S.; et al. The cb1 receptor antagonist rimonabant reverses the diet-induced obesity
phenotype through the regulation of lipolysis and energy balance. FASEB J. 2005, 19, 1567–1569. [CrossRef]

13. Engeli, S.; Bohnke, J.; Feldpausch, M.; Gorzelniak, K.; Janke, J.; Batkai, S.; Pacher, P.; Harvey-White, J.;
Luft, F.C.; Sharma, A.M.; et al. Activation of the peripheral endocannabinoid system in human obesity.
Diabetes 2005, 54, 2838–2843. [CrossRef] [PubMed]

14. Cota, D.; Marsicano, G.; Tschop, M.; Grubler, Y.; Flachskamm, C.; Schubert, M.; Auer, D.; Yassouridis, A.;
Thone-Reineke, C.; Ortmann, S.; et al. The endogenous cannabinoid system affects energy balance via central
orexigenic drive and peripheral lipogenesis. J. Clin. Investig. 2003, 112, 423–431. [CrossRef] [PubMed]

15. Pi-Sunyer, F.X.; Aronne, L.J.; Heshmati, H.M.; Devin, J.; Rosenstock, J.; Group, R.I.-N.A.S. Effect of rimonabant,
a cannabinoid-1 receptor blocker, on weight and cardiometabolic risk factors in overweight or obese patients:
Rio-north america: A randomized controlled trial. JAMA 2006, 295, 761–775. [CrossRef] [PubMed]

16. Faerch, K.; Vistisen, D.; Pacini, G.; Torekov, S.S.; Johansen, N.B.; Witte, D.R.; Jonsson, A.; Pedersen, O.;
Hansen, T.; Lauritzen, T.; et al. Insulin resistance is accompanied by increased fasting glucagon and delayed
glucagon suppression in individuals with normal and impaired glucose regulation. Diabetes 2016, 65,
3473–3481. [CrossRef] [PubMed]

17. Bevan, P. Insulin signalling. J. Cell Sci. 2001, 114, 1429–1430. [PubMed]
18. Copps, K.D.; White, M.F. Regulation of insulin sensitivity by serine/threonine phosphorylation of insulin

receptor substrate proteins irs1 and irs2. Diabetologia 2012, 55, 2565–2582. [CrossRef]
19. Ho, C.K.; Sriram, G.; Dipple, K.M. Insulin sensitivity predictions in individuals with obesity and type ii

diabetes mellitus using mathematical model of the insulin signal transduction pathway. Mol. Genet. Metab.
2016, 119, 288–292. [CrossRef] [PubMed]

20. Taniguchi, C.M.; Emanuelli, B.; Kahn, C.R. Critical nodes in signalling pathways: Insights into insulin action.
Nat. Rev. Mol. Cell Biol. 2006, 7, 85–96. [CrossRef] [PubMed]

21. Perry, R.J.; Samuel, V.T.; Petersen, K.F.; Shulman, G.I. The role of hepatic lipids in hepatic insulin resistance
and type 2 diabetes. Nature 2014, 510, 84–91. [CrossRef]

22. Yip, S.C.; Saha, S.; Chernoff, J. Ptp1b: A double agent in metabolism and oncogenesis. Trends Biochem. Sci.
2010, 35, 442–449. [CrossRef] [PubMed]

23. Koren, S.; Fantus, I.G. Inhibition of the protein tyrosine phosphatase ptp1b: Potential therapy for obesity,
insulin resistance and type-2 diabetes mellitus. Best Pract. Res. Clin. Endocrinol. Metab. 2007, 21, 621–640.
[CrossRef] [PubMed]

24. Elchebly, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.; Collins, S.; Loy, A.L.; Normandin, D.; Cheng, A.;
Himms-Hagen, J.; Chan, C.C.; et al. Increased insulin sensitivity and obesity resistance in mice lacking the
protein tyrosine phosphatase-1b gene. Science 1999, 283, 1544–1548. [CrossRef]

25. Sun, C.; Zhang, F.; Ge, X.; Yan, T.; Chen, X.; Shi, X.; Zhai, Q. Sirt1 improves insulin sensitivity under
insulin-resistant conditions by repressing ptp1b. Cell Metab. 2007, 6, 307–319. [CrossRef] [PubMed]

26. Klaman, L.D.; Boss, O.; Peroni, O.D.; Kim, J.K.; Martino, J.L.; Zabolotny, J.M.; Moghal, N.; Lubkin, M.;
Kim, Y.B.; Sharpe, A.H.; et al. Increased energy expenditure, decreased adiposity, and tissue-specific insulin
sensitivity in protein-tyrosine phosphatase 1b-deficient mice. Mol. Cell Biol. 2000, 20, 5479–5489. [CrossRef]
[PubMed]

27. Dandona, P.; Aljada, A.; Bandyopadhyay, A. Inflammation: The link between insulin resistance, obesity and
diabetes. Trends Immunol. 2004, 25, 4–7. [CrossRef] [PubMed]

28. Peraldi, P.; Spiegelman, B. Tnf-alpha and insulin resistance: Summary and future prospects. Mol. Cell Biochem.
1998, 182, 169–175. [CrossRef]

29. de Luca, C.; Olefsky, J.M. Inflammation and insulin resistance. FEBS Lett. 2008, 582, 97–105. [CrossRef]
[PubMed]

http://dx.doi.org/10.1053/j.gastro.2012.01.032
http://www.ncbi.nlm.nih.gov/pubmed/22307032
http://dx.doi.org/10.1038/oby.2008.309
http://dx.doi.org/10.1096/fj.04-3177fje
http://dx.doi.org/10.2337/diabetes.54.10.2838
http://www.ncbi.nlm.nih.gov/pubmed/16186383
http://dx.doi.org/10.1172/JCI17725
http://www.ncbi.nlm.nih.gov/pubmed/12897210
http://dx.doi.org/10.1001/jama.295.7.761
http://www.ncbi.nlm.nih.gov/pubmed/16478899
http://dx.doi.org/10.2337/db16-0240
http://www.ncbi.nlm.nih.gov/pubmed/27504013
http://www.ncbi.nlm.nih.gov/pubmed/11282018
http://dx.doi.org/10.1007/s00125-012-2644-8
http://dx.doi.org/10.1016/j.ymgme.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/27746033
http://dx.doi.org/10.1038/nrm1837
http://www.ncbi.nlm.nih.gov/pubmed/16493415
http://dx.doi.org/10.1038/nature13478
http://dx.doi.org/10.1016/j.tibs.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20381358
http://dx.doi.org/10.1016/j.beem.2007.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18054739
http://dx.doi.org/10.1126/science.283.5407.1544
http://dx.doi.org/10.1016/j.cmet.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17908559
http://dx.doi.org/10.1128/MCB.20.15.5479-5489.2000
http://www.ncbi.nlm.nih.gov/pubmed/10891488
http://dx.doi.org/10.1016/j.it.2003.10.013
http://www.ncbi.nlm.nih.gov/pubmed/14698276
http://dx.doi.org/10.1023/A:1006865715292
http://dx.doi.org/10.1016/j.febslet.2007.11.057
http://www.ncbi.nlm.nih.gov/pubmed/18053812


Int. J. Mol. Sci. 2019, 20, 2109 13 of 17

30. Hundal, R.S.; Petersen, K.F.; Mayerson, A.B.; Randhawa, P.S.; Inzucchi, S.; Shoelson, S.E.; Shulman, G.I.
Mechanism by which high-dose aspirin improves glucose metabolism in type 2 diabetes. J. Clin. Investig.
2002, 109, 1321–1326. [CrossRef] [PubMed]

31. Houstis, N.; Rosen, E.D.; Lander, E.S. Reactive oxygen species have a causal role in multiple forms of insulin
resistance. Nature 2006, 440, 944–948. [CrossRef] [PubMed]

32. Evans, J.L.; Maddux, B.A.; Goldfine, I.D. The molecular basis for oxidative stress-induced insulin resistance.
Antioxid. Redox Signal. 2005, 7, 1040–1052. [CrossRef] [PubMed]

33. Yaribeygi, H.; Mohammadi, M.T.; Rezaee, R.; Sahebkar, A. Crocin improves renal function by declining
nox-4, il-18, and p53 expression levels in an experimental model of diabetic nephropathy. J. Cell Biochem.
2018, 119, 6080–6093. [CrossRef] [PubMed]

34. Hurrle, S.; Hsu, W.H. The etiology of oxidative stress in insulin resistance. Biomed. J. 2017, 40, 257–262.
[CrossRef] [PubMed]

35. Avruch, J. Insulin signal transduction through protein kinase cascades. Mol. Cell Biochem. 1998, 182, 31–48.
[CrossRef]

36. Beeson, M.; Sajan, M.P.; Dizon, M.; Grebenev, D.; Gomez-Daspet, J.; Miura, A.; Kanoh, Y.; Powe, J.;
Bandyopadhyay, G.; Standaert, M.L.; et al. Activation of protein kinase c-zeta by insulin and
phosphatidylinositol-3,4,5-(po4)3 is defective in muscle in type 2 diabetes and impaired glucose tolerance:
Amelioration by rosiglitazone and exercise. Diabetes 2003, 52, 1926–1934. [CrossRef]

37. Hirosumi, J.; Tuncman, G.; Chang, L.; Gorgun, C.Z.; Uysal, K.T.; Maeda, K.; Karin, M.; Hotamisligil, G.S.
A central role for jnk in obesity and insulin resistance. Nature 2002, 420, 333–336. [CrossRef]

38. Sesti, G. Pathophysiology of insulin resistance. Best Pract. Res. Clin. Endocrinol. Metab. 2006, 20, 665–679.
[CrossRef]

39. Yang, L.; Li, P.; Fu, S.; Calay, E.S.; Hotamisligil, G.S. Defective hepatic autophagy in obesity promotes er
stress and causes insulin resistance. Cell Metab. 2010, 11, 467–478. [CrossRef]

40. Nakatani, Y.; Kaneto, H.; Kawamori, D.; Yoshiuchi, K.; Hatazaki, M.; Matsuoka, T.A.; Ozawa, K.; Ogawa, S.;
Hori, M.; Yamasaki, Y.; et al. Involvement of endoplasmic reticulum stress in insulin resistance and diabetes.
J. Biol. Chem. 2005, 280, 847–851. [CrossRef]

41. Mackie, K. Distribution of cannabinoid receptors in the central and peripheral nervous system.
Handb Exp. Pharmacol. 2005, 299–325. [CrossRef]

42. Kano, M.; Ohno-Shosaku, T.; Hashimotodani, Y.; Uchigashima, M.; Watanabe, M. Endocannabinoid-mediated
control of synaptic transmission. Physiol. Rev. 2009, 89, 309–380. [CrossRef]

43. Di Marzo, V.; Stella, N.; Zimmer, A. Endocannabinoid signalling and the deteriorating brain. Nat. Rev. Neurosci.
2015, 16, 30–42. [CrossRef]

44. Iversen, L. Cannabis and the brain. Brain 2003, 126, 1252–1270. [CrossRef]
45. Williams, C.M.; Kirkham, T.C. Anandamide induces overeating: Mediation by central cannabinoid (cb1)

receptors. Psychopharmacology 1999, 143, 315–317. [CrossRef]
46. Colombo, G.; Agabio, R.; Diaz, G.; Lobina, C.; Reali, R.; Gessa, G.L. Appetite suppression and weight loss

after the cannabinoid antagonist sr 141716. Life Sci. 1998, 63, PL113–PL117. [CrossRef]
47. Werner, N.A.; Koch, J.E. Effects of the cannabinoid antagonists am281 and am630 on deprivation-induced

intake in lewis rats. Brain Res. 2003, 967, 290–292. [CrossRef]
48. Croci, T.; Manara, L.; Aureggi, G.; Guagnini, F.; Rinaldi-Carmona, M.; Maffrand, J.P.; Le Fur, G.; Mukenge, S.;

Ferla, G. In vitro functional evidence of neuronal cannabinoid cb1 receptors in human ileum. Br. J. Pharmacol.
1998, 125, 1393–1395. [CrossRef]

49. Jamshidi, N.; Taylor, D.A. Anandamide administration into the ventromedial hypothalamus stimulates
appetite in rats. Br. J. Pharmacol. 2001, 134, 1151–1154. [CrossRef]

50. Riedel, G.; Davies, S.N. Cannabinoid function in learning, memory and plasticity. Handb Exp. Pharmacol.
2005, 445–477. [CrossRef]

51. Ramirez, B.G.; Blazquez, C.; Gomez del Pulgar, T.; Guzman, M.; de Ceballos, M.L. Prevention of alzheimer’s
disease pathology by cannabinoids: Neuroprotection mediated by blockade of microglial activation.
J. Neurosci. 2005, 25, 1904–1913. [CrossRef] [PubMed]

52. Molina-Holgado, F.; Pinteaux, E.; Moore, J.D.; Molina-Holgado, E.; Guaza, C.; Gibson, R.M.; Rothwell, N.J.
Endogenous interleukin-1 receptor antagonist mediates anti-inflammatory and neuroprotective actions of
cannabinoids in neurons and glia. J. Neurosci. 2003, 23, 6470–6474. [CrossRef]

http://dx.doi.org/10.1172/JCI0214955
http://www.ncbi.nlm.nih.gov/pubmed/12021247
http://dx.doi.org/10.1038/nature04634
http://www.ncbi.nlm.nih.gov/pubmed/16612386
http://dx.doi.org/10.1089/ars.2005.7.1040
http://www.ncbi.nlm.nih.gov/pubmed/15998259
http://dx.doi.org/10.1002/jcb.26806
http://www.ncbi.nlm.nih.gov/pubmed/29575259
http://dx.doi.org/10.1016/j.bj.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/29179880
http://dx.doi.org/10.1023/A:1006823109415
http://dx.doi.org/10.2337/diabetes.52.8.1926
http://dx.doi.org/10.1038/nature01137
http://dx.doi.org/10.1016/j.beem.2006.09.007
http://dx.doi.org/10.1016/j.cmet.2010.04.005
http://dx.doi.org/10.1074/jbc.M411860200
http://dx.doi.org/10.1007/3-540-26573-2_10
http://dx.doi.org/10.1152/physrev.00019.2008
http://dx.doi.org/10.1038/nrn3876
http://dx.doi.org/10.1093/brain/awg143
http://dx.doi.org/10.1007/s002130050953
http://dx.doi.org/10.1016/S0024-3205(98)00322-1
http://dx.doi.org/10.1016/S0006-8993(02)04274-9
http://dx.doi.org/10.1038/sj.bjp.0702190
http://dx.doi.org/10.1038/sj.bjp.0704379
http://dx.doi.org/10.1007/3-540-26573-2_15
http://dx.doi.org/10.1523/JNEUROSCI.4540-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15728830
http://dx.doi.org/10.1523/JNEUROSCI.23-16-06470.2003


Int. J. Mol. Sci. 2019, 20, 2109 14 of 17

53. Maccarrone, M.; Bab, I.; Biro, T.; Cabral, G.A.; Dey, S.K.; Di Marzo, V.; Konje, J.C.; Kunos, G.; Mechoulam, R.;
Pacher, P.; et al. Endocannabinoid signaling at the periphery: 50 years after thc. Trends Pharmacol. Sci. 2015,
36, 277–296. [CrossRef] [PubMed]

54. Tam, J.; Trembovler, V.; Di Marzo, V.; Petrosino, S.; Leo, G.; Alexandrovich, A.; Regev, E.; Casap, N.; Shteyer, A.;
Ledent, C.; et al. The cannabinoid cb1 receptor regulates bone formation by modulating adrenergic signaling.
FASEB J. 2008, 22, 285–294. [CrossRef]

55. Clapper, J.R.; Moreno-Sanz, G.; Russo, R.; Guijarro, A.; Vacondio, F.; Duranti, A.; Tontini, A.; Sanchini, S.;
Sciolino, N.R.; Spradley, J.M.; et al. Anandamide suppresses pain initiation through a peripheral
endocannabinoid mechanism. Nat. Neurosci. 2010, 13, 1265–1270. [CrossRef]

56. Miller, L.K.; Devi, L.A. The highs and lows of cannabinoid receptor expression in disease: Mechanisms and
their therapeutic implications. Pharmacol. Rev. 2011, 63, 461–470. [CrossRef] [PubMed]

57. Rozenfeld, R. Type i cannabinoid receptor trafficking: All roads lead to lysosome. Traffic 2011, 12, 12–18.
[CrossRef] [PubMed]

58. Montecucco, F.; Di Marzo, V. At the heart of the matter: The endocannabinoid system in cardiovascular
function and dysfunction. Trends Pharmacol. Sci. 2012, 33, 331–340. [CrossRef] [PubMed]

59. Sterin-Borda, L.; Del Zar, C.F.; Borda, E. Differential cb1 and cb2 cannabinoid receptor-inotropic response
of rat isolated atria: Endogenous signal transduction pathways. Biochem. Pharmacol. 2005, 69, 1705–1713.
[CrossRef] [PubMed]

60. Mukhopadhyay, P.; Rajesh, M.; Batkai, S.; Patel, V.; Kashiwaya, Y.; Liaudet, L.; Evgenov, O.V.; Mackie, K.;
Hasko, G.; Pacher, P. Cb1 cannabinoid receptors promote oxidative stress and cell death in murine models of
doxorubicin-induced cardiomyopathy and in human cardiomyocytes. Cardiovasc. Res. 2010, 85, 773–784.
[CrossRef]

61. Rajesh, M.; Batkai, S.; Kechrid, M.; Mukhopadhyay, P.; Lee, W.S.; Horvath, B.; Holovac, E.; Cinar, R.;
Liaudet, L.; Mackie, K.; et al. Cannabinoid 1 receptor promotes cardiac dysfunction, oxidative stress,
inflammation, and fibrosis in diabetic cardiomyopathy. Diabetes 2012, 61, 716–727. [CrossRef]

62. Piotrowska, Z.; Niezgoda, M.; Lebkowski, W.; Filipek, A.; Domian, N.; Kasacka, I. Sex differences in
distribution of cannabinoid receptors (cb1 and cb2), s100a6 and cacybp/sip in human ageing hearts.
Biol. Sex. Differ. 2018, 9, 50. [CrossRef] [PubMed]

63. Slavic, S.; Lauer, D.; Sommerfeld, M.; Kemnitz, U.R.; Grzesiak, A.; Trappiel, M.; Thone-Reineke, C.;
Baulmann, J.; Paulis, L.; Kappert, K.; et al. Cannabinoid receptor 1 inhibition improves cardiac function and
remodelling after myocardial infarction and in experimental metabolic syndrome. J. Mol. Med. 2013, 91,
811–823. [CrossRef]

64. Lim, S.Y.; Davidson, S.M.; Yellon, D.M.; Smith, C.C. The cannabinoid cb1 receptor antagonist, rimonabant,
protects against acute myocardial infarction. Basic Res. Cardiol. 2009, 104, 781–792. [CrossRef]

65. Lopez-Cardona, A.P.; Perez-Cerezales, S.; Fernandez-Gonzalez, R.; Laguna-Barraza, R.; Pericuesta, E.;
Agirregoitia, N.; Gutierrez-Adan, A.; Agirregoitia, E. Cb1 cannabinoid receptor drives oocyte maturation and
embryo development via pi3k/akt and mapk pathways. FASEB J. 2017, 31, 3372–3382. [CrossRef] [PubMed]

66. Agirregoitia, E.; Totorikaguena, L.; Exposito, A.; Mendoza, R.; Matorras, R.; Agirregoitia, N. Dynamic of
expression and localization of cannabinoid-degrading enzymes faah and mgll in relation to cb1 during
meiotic maturation of human oocytes. Cell Tissue Res. 2016, 365, 393–401. [CrossRef]

67. Gebeh, A.K.; Willets, J.M.; Marczylo, E.L.; Taylor, A.H.; Konje, J.C. Ectopic pregnancy is associated with high
anandamide levels and aberrant expression of faah and cb1 in fallopian tubes. J. Clin. Endocrinol. Metab.
2012, 97, 2827–2835. [CrossRef]

68. Wolfson, M.L.; Correa, F.; Leishman, E.; Vercelli, C.; Cymeryng, C.; Blanco, J.; Bradshaw, H.B.; Franchi, A.M.
Lipopolysaccharide-induced murine embryonic resorption involves changes in endocannabinoid profiling
and alters progesterone secretion and inflammatory response by a cb1-mediated fashion. Mol. Cell Endocrinol.
2015, 411, 214–222. [CrossRef]

69. Izzo, A.A.; Sharkey, K.A. Cannabinoids and the gut: New developments and emerging concepts.
Pharmacol. Ther. 2010, 126, 21–38. [CrossRef] [PubMed]

70. Sharkey, K.A.; Wiley, J.W. The role of the endocannabinoid system in the brain-gut axis. Gastroenterology
2016, 151, 252–266. [CrossRef]

http://dx.doi.org/10.1016/j.tips.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25796370
http://dx.doi.org/10.1096/fj.06-7957com
http://dx.doi.org/10.1038/nn.2632
http://dx.doi.org/10.1124/pr.110.003491
http://www.ncbi.nlm.nih.gov/pubmed/21752875
http://dx.doi.org/10.1111/j.1600-0854.2010.01130.x
http://www.ncbi.nlm.nih.gov/pubmed/21040297
http://dx.doi.org/10.1016/j.tips.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22503477
http://dx.doi.org/10.1016/j.bcp.2005.03.027
http://www.ncbi.nlm.nih.gov/pubmed/15885656
http://dx.doi.org/10.1093/cvr/cvp369
http://dx.doi.org/10.2337/db11-0477
http://dx.doi.org/10.1186/s13293-018-0209-3
http://www.ncbi.nlm.nih.gov/pubmed/30482253
http://dx.doi.org/10.1007/s00109-013-1034-0
http://dx.doi.org/10.1007/s00395-009-0034-2
http://dx.doi.org/10.1096/fj.201601382RR
http://www.ncbi.nlm.nih.gov/pubmed/28428264
http://dx.doi.org/10.1007/s00441-016-2381-2
http://dx.doi.org/10.1210/jc.2012-1780
http://dx.doi.org/10.1016/j.mce.2015.04.032
http://dx.doi.org/10.1016/j.pharmthera.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20117132
http://dx.doi.org/10.1053/j.gastro.2016.04.015


Int. J. Mol. Sci. 2019, 20, 2109 15 of 17

71. Keenan, C.M.; Storr, M.A.; Thakur, G.A.; Wood, J.T.; Wager-Miller, J.; Straiker, A.; Eno, M.R.; Nikas, S.P.;
Bashashati, M.; Hu, H.; et al. Am841, a covalent cannabinoid ligand, powerfully slows gastrointestinal
motility in normal and stressed mice in a peripherally restricted manner. Br. J. Pharmacol. 2015, 172,
2406–2418. [CrossRef] [PubMed]

72. Pagotto, U.; Marsicano, G.; Cota, D.; Lutz, B.; Pasquali, R. The emerging role of the endocannabinoid system
in endocrine regulation and energy balance. Endocr. Rev. 2006, 27, 73–100. [CrossRef] [PubMed]

73. Matias, I.; Gonthier, M.P.; Orlando, P.; Martiadis, V.; De Petrocellis, L.; Cervino, C.; Petrosino, S.; Hoareau, L.;
Festy, F.; Pasquali, R.; et al. Regulation, function, and dysregulation of endocannabinoids in models of
adipose and beta-pancreatic cells and in obesity and hyperglycemia. J. Clin. Endocrinol. Metab. 2006, 91,
3171–3180. [CrossRef]

74. Matias, I.; Bisogno, T.; Di Marzo, V. Endogenous cannabinoids in the brain and peripheral tissues: Regulation
of their levels and control of food intake. Int. J. Obes. 2006, 30, S7–S12. [CrossRef] [PubMed]

75. Tedesco, L.; Valerio, A.; Dossena, M.; Cardile, A.; Ragni, M.; Pagano, C.; Pagotto, U.; Carruba, M.O.; Vettor, R.;
Nisoli, E. Cannabinoid receptor stimulation impairs mitochondrial biogenesis in mouse white adipose tissue,
muscle, and liver: The role of enos, p38 mapk, and ampk pathways. Diabetes 2010, 59, 2826–2836. [CrossRef]
[PubMed]

76. Perwitz, N.; Fasshauer, M.; Klein, J. Cannabinoid receptor signaling directly inhibits thermogenesis and
alters expression of adiponectin and visfatin. Horm. Metab. Res. 2006, 38, 356–358. [CrossRef] [PubMed]

77. Ravinet Trillou, C.; Delgorge, C.; Menet, C.; Arnone, M.; Soubrie, P. Cb1 cannabinoid receptor knockout in
mice leads to leanness, resistance to diet-induced obesity and enhanced leptin sensitivity. Int. J. Obes. Relat.
Metab. Disord 2004, 28, 640–648. [CrossRef]

78. Ge, Q.; Maury, E.; Rycken, L.; Gerard, J.; Noel, L.; Detry, R.; Navez, B.; Brichard, S.M. Endocannabinoids
regulate adipokine production and the immune balance of omental adipose tissue in human obesity.
Int. J. Obes. 2013, 37, 874–880. [CrossRef]

79. Lipina, C.; Stretton, C.; Hastings, S.; Hundal, J.S.; Mackie, K.; Irving, A.J.; Hundal, H.S. Regulation of map
kinase-directed mitogenic and protein kinase b-mediated signaling by cannabinoid receptor type 1 in skeletal
muscle cells. Diabetes 2010, 59, 375–385. [CrossRef]

80. Arrabal, S.; Lucena, M.A.; Canduela, M.J.; Ramos-Uriarte, A.; Rivera, P.; Serrano, A.; Pavon, F.J.; Decara, J.;
Vargas, A.; Baixeras, E.; et al. Pharmacological blockade of cannabinoid cb1 receptors in diet-induced
obesity regulates mitochondrial dihydrolipoamide dehydrogenase in muscle. PLoS ONE 2015, 10, e0145244.
[CrossRef]

81. Iannotti, F.A.; Silvestri, C.; Mazzarella, E.; Martella, A.; Calvigioni, D.; Piscitelli, F.; Ambrosino, P.; Petrosino, S.;
Czifra, G.; Biro, T.; et al. The endocannabinoid 2-ag controls skeletal muscle cell differentiation via cb1
receptor-dependent inhibition of kv7 channels. Proc. Natl. Acad. Sci. USA 2014, 111, E2472–E2481. [CrossRef]

82. Mendizabal-Zubiaga, J.; Melser, S.; Benard, G.; Ramos, A.; Reguero, L.; Arrabal, S.; Elezgarai, I.;
Gerrikagoitia, I.; Suarez, J.; Rodriguez De Fonseca, F.; et al. Cannabinoid cb1 receptors are localized
in striated muscle mitochondria and regulate mitochondrial respiration. Front. Physiol. 2016, 7, 476.
[CrossRef] [PubMed]

83. Gonzalez-Mariscal, I.; Montoro, R.A.; O’Connell, J.F.; Kim, Y.; Gonzalez-Freire, M.; Liu, Q.R.; Alfaras, I.;
Carlson, O.D.; Lehrmann, E.; Zhang, Y.; et al. Muscle cannabinoid 1 receptor regulates il-6 and myostatin
expression, governing physical performance and whole-body metabolism. FASEB J. 2019, fj201801145R.
[CrossRef]

84. Horvath, B.; Mukhopadhyay, P.; Hasko, G.; Pacher, P. The endocannabinoid system and plant-derived
cannabinoids in diabetes and diabetic complications. Am. J. Pathol. 2012, 180, 432–442. [CrossRef]

85. Malenczyk, K.; Jazurek, M.; Keimpema, E.; Silvestri, C.; Janikiewicz, J.; Mackie, K.; Di Marzo, V.;
Redowicz, M.J.; Harkany, T.; Dobrzyn, A. Cb1 cannabinoid receptors couple to focal adhesion kinase
to control insulin release. J. Biol. Chem. 2013, 288, 32685–32699. [CrossRef]

86. Kim, W.; Lao, Q.; Shin, Y.K.; Carlson, O.D.; Lee, E.K.; Gorospe, M.; Kulkarni, R.N.; Egan, J.M. Cannabinoids
induce pancreatic beta-cell death by directly inhibiting insulin receptor activation. Sci. Signal. 2012, 5, ra23.
[CrossRef]

87. Kim, W.; Doyle, M.E.; Liu, Z.; Lao, Q.; Shin, Y.K.; Carlson, O.D.; Kim, H.S.; Thomas, S.; Napora, J.K.;
Lee, E.K.; et al. Cannabinoids inhibit insulin receptor signaling in pancreatic beta-cells. Diabetes 2011, 60,
1198–1209. [CrossRef]

http://dx.doi.org/10.1111/bph.13069
http://www.ncbi.nlm.nih.gov/pubmed/25572435
http://dx.doi.org/10.1210/er.2005-0009
http://www.ncbi.nlm.nih.gov/pubmed/16306385
http://dx.doi.org/10.1210/jc.2005-2679
http://dx.doi.org/10.1038/sj.ijo.0803271
http://www.ncbi.nlm.nih.gov/pubmed/16570107
http://dx.doi.org/10.2337/db09-1881
http://www.ncbi.nlm.nih.gov/pubmed/20739683
http://dx.doi.org/10.1055/s-2006-925401
http://www.ncbi.nlm.nih.gov/pubmed/16718635
http://dx.doi.org/10.1038/sj.ijo.0802583
http://dx.doi.org/10.1038/ijo.2012.123
http://dx.doi.org/10.2337/db09-0979
http://dx.doi.org/10.1371/journal.pone.0145244
http://dx.doi.org/10.1073/pnas.1406728111
http://dx.doi.org/10.3389/fphys.2016.00476
http://www.ncbi.nlm.nih.gov/pubmed/27826249
http://dx.doi.org/10.1096/fj.201801145R
http://dx.doi.org/10.1016/j.ajpath.2011.11.003
http://dx.doi.org/10.1074/jbc.M113.478354
http://dx.doi.org/10.1126/scisignal.2002519
http://dx.doi.org/10.2337/db10-1550


Int. J. Mol. Sci. 2019, 20, 2109 16 of 17

88. Gonzalez-Mariscal, I.; Montoro, R.A.; Doyle, M.E.; Liu, Q.R.; Rouse, M.; O’Connell, J.F.; Santa-Cruz Calvo, S.;
Krzysik-Walker, S.M.; Ghosh, S.; Carlson, O.D.; et al. Absence of cannabinoid 1 receptor in beta cells protects
against high-fat/high-sugar diet-induced beta cell dysfunction and inflammation in murine islets. Diabetologia
2018, 61, 1470–1483. [CrossRef] [PubMed]

89. Grzechnik, A.T.; Newton, A.C. Phlpping through history: A decade in the life of phlpp phosphatases.
Biochem. Soc. Trans. 2016, 44, 1675–1682. [CrossRef] [PubMed]

90. Chanda, D.; Kim, Y.H.; Kim, D.K.; Lee, M.W.; Lee, S.Y.; Park, T.S.; Koo, S.H.; Lee, C.H.; Choi, H.S. Activation
of cannabinoid receptor type 1 (cb1r) disrupts hepatic insulin receptor signaling via cyclic amp-response
element-binding protein h (crebh)-mediated induction of lipin1 gene. J. Biol. Chem. 2012, 287, 38041–38049.
[CrossRef] [PubMed]

91. Cinar, R.; Godlewski, G.; Liu, J.; Tam, J.; Jourdan, T.; Mukhopadhyay, B.; Harvey-White, J.; Kunos, G.
Hepatic cannabinoid-1 receptors mediate diet-induced insulin resistance by increasing de novo synthesis of
long-chain ceramides. Hepatology 2014, 59, 143–153. [CrossRef]

92. Liu, J.; Godlewski, G.; Jourdan, T.; Liu, Z.; Cinar, R.; Xiong, K.; Kunos, G. Cannabinoid-1 receptor
antagonism improves glycemic control and increases energy expenditure through sirtuin-1/mechanistic
target of rapamycin complex 2 and 5’adenosine monophosphate-activated protein kinase signaling. Hepatology
2019, 69, 1535–1548. [CrossRef]

93. Lee, M.W.; Chanda, D.; Yang, J.; Oh, H.; Kim, S.S.; Yoon, Y.S.; Hong, S.; Park, K.G.; Lee, I.K.; Choi, C.S.; et al.
Regulation of hepatic gluconeogenesis by an er-bound transcription factor, crebh. Cell Metab. 2010, 11,
331–339. [CrossRef]

94. Kim, D.K.; Kim, Y.H.; Jang, H.H.; Park, J.; Kim, J.R.; Koh, M.; Jeong, W.I.; Koo, S.H.; Park, T.S.; Yun, C.H.; et al.
Estrogen-related receptor gamma controls hepatic cb1 receptor-mediated cyp2e1 expression and oxidative
liver injury by alcohol. Gut 2013, 62, 1044–1054. [CrossRef]

95. Kim, D.K.; Ryu, D.; Koh, M.; Lee, M.W.; Lim, D.; Kim, M.J.; Kim, Y.H.; Cho, W.J.; Lee, C.H.; Park, S.B.; et al.
Orphan nuclear receptor estrogen-related receptor gamma (errgamma) is key regulator of hepatic
gluconeogenesis. J. Biol. Chem. 2012, 287, 21628–21639. [CrossRef]

96. Kim, D.K.; Kim, J.R.; Koh, M.; Kim, Y.D.; Lee, J.M.; Chanda, D.; Park, S.B.; Min, J.J.; Lee, C.H.; Park, T.S.; et al.
Estrogen-related receptor gamma (errgamma) is a novel transcriptional regulator of phosphatidic acid
phosphatase, lipin1, and inhibits hepatic insulin signaling. J. Biol. Chem. 2011, 286, 38035–38042. [CrossRef]
[PubMed]

97. Osei-Hyiaman, D.; DePetrillo, M.; Pacher, P.; Liu, J.; Radaeva, S.; Batkai, S.; Harvey-White, J.; Mackie, K.;
Offertaler, L.; Wang, L.; et al. Endocannabinoid activation at hepatic cb1 receptors stimulates fatty acid
synthesis and contributes to diet-induced obesity. J. Clin. Investig. 2005, 115, 1298–1305. [CrossRef] [PubMed]

98. Osei-Hyiaman, D.; Liu, J.; Zhou, L.; Godlewski, G.; Harvey-White, J.; Jeong, W.I.; Batkai, S.; Marsicano, G.;
Lutz, B.; Buettner, C.; et al. Hepatic cb1 receptor is required for development of diet-induced steatosis,
dyslipidemia, and insulin and leptin resistance in mice. J. Clin. Investig. 2008, 118, 3160–3169. [CrossRef]
[PubMed]

99. Tam, J.; Vemuri, V.K.; Liu, J.; Batkai, S.; Mukhopadhyay, B.; Godlewski, G.; Osei-Hyiaman, D.; Ohnuma, S.;
Ambudkar, S.V.; Pickel, J.; et al. Peripheral cb1 cannabinoid receptor blockade improves cardiometabolic risk
in mouse models of obesity. J. Clin. Investig. 2010, 120, 2953–2966. [CrossRef] [PubMed]

100. Jourdan, T.; Demizieux, L.; Gresti, J.; Djaouti, L.; Gaba, L.; Verges, B.; Degrace, P. Antagonism of peripheral
hepatic cannabinoid receptor-1 improves liver lipid metabolism in mice: Evidence from cultured explants.
Hepatology 2012, 55, 790–799. [CrossRef]

101. Thompson, M.D.; Sakurai, T.; Rainero, I.; Maj, M.C.; Kukkonen, J.P. Orexin receptor multimerization versus
functional interactions: Neuropharmacological implications for opioid and cannabinoid signalling and
pharmacogenetics. Pharmaceuticals 2017, 10, 79. [CrossRef] [PubMed]

102. Jantti, M.H.; Putula, J.; Turunen, P.M.; Nasman, J.; Reijonen, S.; Lindqvist, C.; Kukkonen, J.P. Autocrine
endocannabinoid signaling through cb1 receptors potentiates ox1 orexin receptor signaling. Mol. Pharmacol.
2013, 83, 621–632. [CrossRef]

103. Zhu, F.; Wang, X.Q.; Chen, Y.N.; Yang, N.; Lang, S.Y.; Zuo, P.P.; Zhang, J.T.; Li, R.S. Changes and overlapping
distribution in the expression of cb1/ox1-gpcrs in rat hippocampus by kainic acid-induced status epilepticus.
Brain Res. 2015, 1597, 14–27. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00125-018-4576-4
http://www.ncbi.nlm.nih.gov/pubmed/29497784
http://dx.doi.org/10.1042/BST20160170
http://www.ncbi.nlm.nih.gov/pubmed/27913677
http://dx.doi.org/10.1074/jbc.M112.377978
http://www.ncbi.nlm.nih.gov/pubmed/22989885
http://dx.doi.org/10.1002/hep.26606
http://dx.doi.org/10.1002/hep.30364
http://dx.doi.org/10.1016/j.cmet.2010.02.016
http://dx.doi.org/10.1136/gutjnl-2012-303347
http://dx.doi.org/10.1074/jbc.M111.315168
http://dx.doi.org/10.1074/jbc.M111.250613
http://www.ncbi.nlm.nih.gov/pubmed/21911493
http://dx.doi.org/10.1172/JCI200523057
http://www.ncbi.nlm.nih.gov/pubmed/15864349
http://dx.doi.org/10.1172/JCI34827
http://www.ncbi.nlm.nih.gov/pubmed/18677409
http://dx.doi.org/10.1172/JCI42551
http://www.ncbi.nlm.nih.gov/pubmed/20664173
http://dx.doi.org/10.1002/hep.24733
http://dx.doi.org/10.3390/ph10040079
http://www.ncbi.nlm.nih.gov/pubmed/28991183
http://dx.doi.org/10.1124/mol.112.080523
http://dx.doi.org/10.1016/j.brainres.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25446454


Int. J. Mol. Sci. 2019, 20, 2109 17 of 17

104. Rohrbach, K.; Thomas, M.A.; Glick, S.; Fung, E.N.; Wang, V.; Watson, L.; Gregory, P.; Antel, J.;
Pelleymounter, M.A. Ibipinabant attenuates beta-cell loss in male zucker diabetic fatty rats independently of
its effects on body weight. Diabetes Obes. Metab. 2012, 14, 555–564. [CrossRef] [PubMed]

105. Christensen, R.; Kristensen, P.K.; Bartels, E.M.; Bliddal, H.; Astrup, A. Efficacy and safety of the weight-loss
drug rimonabant: A meta-analysis of randomised trials. Lancet 2007, 370, 1706–1713. [CrossRef]

106. Bensaid, M.; Gary-Bobo, M.; Esclangon, A.; Maffrand, J.P.; Le Fur, G.; Oury-Donat, F.; Soubrie, P.
The cannabinoid cb1 receptor antagonist sr141716 increases acrp30 mrna expression in adipose tissue
of obese fa/fa rats and in cultured adipocyte cells. Mol. Pharmacol. 2003, 63, 908–914. [CrossRef] [PubMed]

107. Tam, J.; Cinar, R.; Liu, J.; Godlewski, G.; Wesley, D.; Jourdan, T.; Szanda, G.; Mukhopadhyay, B.; Chedester, L.;
Liow, J.S.; et al. Peripheral cannabinoid-1 receptor inverse agonism reduces obesity by reversing leptin
resistance. Cell Metab. 2012, 16, 167–179. [CrossRef]

108. Wang, S.; Xu, Q.; Shu, G.; Wang, L.; Gao, P.; Xi, Q.; Zhang, Y.; Jiang, Q.; Zhu, X. N-oleoyl glycine, a lipoamino
acid, stimulates adipogenesis associated with activation of cb1 receptor and akt signaling pathway in 3t3-l1
adipocyte. Biochem. Biophys. Res. Commun. 2015, 466, 438–443. [CrossRef]

109. Nagappan, A.; Jung, D.Y.; Kim, J.H.; Jung, M.H. Protective effects of gomisin n against hepatic cannabinoid
type 1 receptor-induced insulin resistance and gluconeogenesis. Int. J. Mol. Sci. 2018, 19, 968. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1463-1326.2012.01563.x
http://www.ncbi.nlm.nih.gov/pubmed/22268426
http://dx.doi.org/10.1016/S0140-6736(07)61721-8
http://dx.doi.org/10.1124/mol.63.4.908
http://www.ncbi.nlm.nih.gov/pubmed/12644592
http://dx.doi.org/10.1016/j.cmet.2012.07.002
http://dx.doi.org/10.1016/j.bbrc.2015.09.046
http://dx.doi.org/10.3390/ijms19040968
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Insulin Signaling Pathways 
	Insulin Resistance 
	Distribution and Biological Roles of CB1R in the Human Body 
	Participation of CB1R in Obesity and Insulin Resistance 
	The Functions of CB1R in Pancreatic -Cells and Skeletal Muscle 
	The Therapeutic Potential 
	Conclusions 
	References

