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Abstract: Nonalcoholic fatty liver disease (NAFLD) is comprised of nonalcoholic fatty liver (NAFL)
and nonalcoholic steatohepatitis (NASH). It is defined by histologic or radiographic evidence of
steatosis in the absence of alternative etiologies, including significant alcohol consumption, steatogenic
medication use, or hereditary disorders. NAFLD is now the most common liver disease, and when
NASH is present it can progress to fibrosis and hepatocellular carcinoma. Different mechanisms have
been identified as contributors to the physiology of NAFLD; insulin resistance and related metabolic
derangements have been the hallmark of physiology associated with NAFLD. The mainstay of
treatment has classically involved lifestyle modifications focused on the reduction of insulin resistance.
However, emerging evidence suggests that the endocannabinoid system and its associated cannabinoid
receptors and ligands have mechanistic and therapeutic implications in metabolic derangements and
specifically in NAFLD. Cannabinoid receptor 1 antagonism has demonstrated promising effects with
increased resistance to hepatic steatosis, reversal of hepatic steatosis, and improvements in glycemic
control, insulin resistance, and dyslipidemia. Literature regarding the role of cannabinoid receptor
2 in NAFLD is controversial. Exocannabinoids and endocannabinoids have demonstrated some
therapeutic impact on metabolic derangements associated with NAFLD, although literature regarding
direct therapeutic use in NAFLD is limited. Nonetheless, the properties of the endocannabinoid
system, its receptors, substrates, and ligands remain a significant arena warranting further research,
with potential for a pharmacologic intervention for a disease with an anticipated increase in economic
and clinical burden.
Keywords: nonalcoholic fatty liver disease; NAFLD; nonalcoholic steatohepatitis; NASH;
cannabinoids; endocannabinoid system; endocannabinoid; exocannabinoid

1. Introduction
The predicted clinical burden of nonalcoholic fatty liver disease (NAFLD) is substantial,
with over 12 million incident cases expected in the United States and 600,000 in Europe [1].
The economic burden is predicted to be $103 billion and €35 billion in the United States and Europe,
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respectively [1]. These burdens can largely be attributed to a lack of availability of treatment and
chemopreventive agents for NAFLD or NAFLD-associated hepatocellular carcinoma (HCC) [2].
Lifestyle modifications (including weight loss, dietary changes, and exercise) have been the mainstay of
therapy, with metformin, statins, S-adenosylmethonine, vitamin replacements, and surgical resection
of early stage nonalcoholic steatohepatitis-related hepatocellular carcinoma (NASH-HCC) having
potential therapeutic implications. However, other therapeutic modalities are being studied. Of note,
the endocannabinoid system, inclusive of its receptors, substrates, and ligands, has been studied for
the past decade as it has mechanistic and therapeutic implications in NAFLD [3].
2. Definition of Nonalcoholic Fatty Liver Disease
NAFLD is defined as hepatic steatosis, diagnosed by histologic or radiographic evidence,
for which no other etiologies (i.e., significant alcohol consumption, steatogenic medication use,
hereditary disorders) are responsible [4]. It is characterized by the presence of fat accumulation
(i.e., steatosis) in more than 5% of hepatocytes as identified by histology, proton density fat fraction,
or magnetic resonance imaging [5]. Nonalcoholic fatty liver disease can be further categorized
into nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH) based on histologic
findings [4]. NAFL and NASH both histologically demonstrate the presence of hepatic steatosis,
whereas NASH is more specifically distinguished by inflammation with hepatocyte injury (ballooning)
with or without fibrosis [4].
3. Epidemiology of NAFLD
The prevalence of NAFLD varies based on the population studied and definition used [4].
Two studies utilizing liver donors estimated the global prevalence to be between 20% and 51% [4].
Studies utilizing evidence of disease diagnosed by ultrasound estimated the prevalence to be between
17% and 46% [4]. The prevalence of NAFLD in patients without metabolic risk factors remains as high
as 16% [6]. The prevalence of NAFLD ranges between 6% and 35% worldwide, with wide variations
inclusive of high prevalence in Europe [4,7]. The European Association for the Study of Liver (EASL)
reports prevalence as high as 46% worldwide [6]. Nonetheless, NAFLD is the most common liver
disease globally [4]. The incidence of NASH-related HCC ranges between 2.4% and 12.8%, primarily
in those with advanced fibrosis or cirrhosis [8]. A study by Wong et al. analyzing liver transplant
recipients between 2002 and 2012 identified NASH as the second leading cause of HCC-related liver
transplantation [9].
4. Demographics and Risk Factors Associated with NAFLD
Mexican American ethnicity is associated with a higher risk of NAFLD, although this risk
factor, along with male gender, demonstrated protection against advanced fibrosis within a cohort
of NAFLD patients [10]. Lower education was identified as a risk factor for advanced fibrosis in
the same cohort [10]. Prevalence is also noted to be higher in Americans of European descent and
African Americans [11]. Risk factors associated with NAFLD can be found in Table 1. Risk factors
agreed upon by EASL, the Asian-Pacific Working Party for NAFLD (APWP-NAFLD), the Chinese
Liver Disease Association (CLDA), the Italian Association for the Study of Liver (IASL), and the
American Gastroenterological Association (AGA)–American Association of the Study of Liver Disease
(AASLD)–American College of Gastroenterology (ACG) include manifestations of insulin resistance,
such as metabolic syndrome, type 2 diabetes mellitus, obesity, and dyslipidemia [12]. Emerging risk
factors associated with NAFLD include polycystic ovary syndrome, hypothyroidism, obstructive
sleep apnea, hypopituitarism, hypogonadism, and pancreatico-duodenal resection [4]. There are at
least two genes and several variants that have been implicated as risk factors for susceptibility to
NAFLD, whose presence varies across ethnic groups [11]. The literature supports the association of
dietary composition and physical activity with NAFLD, with evidence of increased consumption of
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processed foods, foods with high salt/fat content or corn syrup, low nutrient/high sodium/high fat
foods, low physical activity, and prolonged sitting times demonstrated in patients with NAFLD [11].
Risk factors identified in the progression of NASH to HCC include chronic systemic inflammation,
increased lipid storage, lipid toxicity, genetic polymorphism, increased iron absorption, intestinal
flora dysregulation, elevated lipopolysaccharide levels, insulin resistance, advanced age, concomitant
alcohol use, and increased insulin growth factor levels [2].
Table 1. Risk Factors Associated with nonalcoholic fatty liver disease (NAFLD) [4].
Conditions with Established Association

Conditions with Emerging Association *

Obesity
Type 2 diabetes mellitus
Dyslipidemia

Polycystic ovary syndrome
Hypothyroidism
Obstructive Sleep apnea
Hypopituitarism
Hypogonadism
Pancreato-duodenal resection

Metabolic syndrome **

* A few studies have suggested that individuals with type1 diabetes have increased prevalence of hepatic steatosis
based on liver imaging, but there is limited histological evidence. ** The Adult Treatment Panel III (the National
Cholesterol Education Program Expert Panel on the detection, evaluation, and treatment of High Blood Cholesterol
in Adults) clinical definition of the metabolic syndrome requires the presence of three or more of the following
features: (1) a waist circumference greater than 102 cm in men or greater than 88 cm in women; (2) a triglyceride
level of 150 mg/dL or greater; (3) a high-density lipoprotein (HDL) cholesterol level of less than 40 mg/dL in men
and less than 50 mg/dL in women; (4) a systolic blood pressure of 130 mm Hg or greater or a diastolic pressure of
85 mm Hg or greater; and (5) a fasting plasma glucose level of 110 mg/dL or greater.

5. Natural History of NAFLD
Patients with NAFL follow an insidious course with a lower likelihood of progression to
cirrhosis, whereas patients with NASH can more commonly and rapidly exhibit progression to
cirrhosis [4,13]. Patients with NASH can progress from fibrosis to cirrhosis with risk of development of
HCC [2]. However, recent literature suggests that NAFLD and NASH can present with HCC without
histologically progressing to cirrhosis [2]. Although the most common cause of death among all
patients with NAFLD, including those with NAFL and NASH, is cardiovascular disease, liver disease
and cancer are among the leading causes of death [5,14]. NAFLD-HCC has been demonstrated to have
a higher tumor burden and greater aggressiveness versus HCC related to hepatitis C virus (HCV),
resulting in decreased overall survival in the former group [15]. Those with NASH are at increased
risk of cirrhosis and liver-disease related death [16,17].
6. Pathophysiology of NAFLD
Insulin resistance, a hallmark of physiology underlying NAFLD, is hypothesized as the cause
of fat accumulation within the liver along with other etiologies of hepatic steatosis, including
excess intracellular fatty acids, oxidant stress, adenosine triphosphate depletion, and mitochondrial
dysfunction [18]. Hepatic steatosis is a result of the inability of the liver to oxidize or export free fatty
acids that have been delivered to or synthesized by the liver via adipose tissue lipolysis, de novo
lipogenesis, or dietary intake [6,19]. Additional lipid metabolites may also directly cause cell injury
and interfere with the ability of insulin to phosphorylate insulin receptor substrate-2, resulting in
insulin resistance [6]. More recent studies have correlated adipose tissue dysfunction with NAFLD as
a pathogenic mechanism in the disease. While several risk factors for NAFLD have been proposed
(Table 1), including obesity, adipose tissue itself has been shown to function in NAFLD by multiple
mechanisms as an independent organ [6]. Visceral adipose tissue, in particular, expands in response
to excess nutrient intake and accumulation of triglycerides, which, in turn, results in adipocyte
hypertrophy associated with increased pro-inflammatory markers and adipokines (i.e., adinopectin,
leptin, TNFα, and IL-6) [6]. Visceral adipose tissue can also progressively fibrose, limiting the amount
of stored fat and causing ectopic deposition of fat in the liver [6]. Cimini et al. propose that vitamin D
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may play a role in the pathogenesis of NAFLD based on its association with obesity and an unfavorable
metabolic profile as suggested in the existing literature [6]. Genetic modifiers have been associated
with susceptibility to NAFLD via the presence of higher liver fat content, namely PNPLA3 (encoding
palatin-like phospholipase domain-containing protein 3) and TM6SF2 (encoding transmembrane
6 superfamily member 2) [5,11].
7. The Mechanistic Role of the Endocannabinoid System in NAFLD
The role of cannabinoids has yet to reveal definite therapeutic properties in the treatment of
NAFLD. Cannabinoids (particularly, daily cannabis use) have been previously been identified as an
independent predictor of fibrosis and steatosis severity, although in the context of chronic HCV [20].
Additionally, active marijuana use in a nationally representative cohort was associated with a protective
effect against NAFLD independent of metabolic risk factors [21].
The endocannabinoid system, within which cannabinoids in cannabis function, has potential
mechanistic and therapeutic roles in NAFLD. Within the endocannabinoid system, two specific
G-protein receptors have been identified that may play a role in liver disease [19]. Cannabinoid receptor
1 (CB1) and cannabinoid receptor 2 (CB2) are bound by ligands called endocannabinoids which are
highly lipophilic [19]. CB1 is predominant in the brain and expressed in peripheral tissues at lower
levels, functioning primarily in the psychotropic and behavioral effects elicited by cannabinoids [19].
CB2 is expressed primarily in the peripheral tissue with low-level activity detected in the central
nervous system, functioning rather in the modulation of innate immunity and bone mass with some
antitumor properties [19]. In particular, CB1 has been detected in endothelial cells and hepatocytes
and CB2 has been identified in Kupffer cells [19]. Because of the metabolic effects of endocannabinoids,
studies have investigated their possible utility in liver disease [21]. Endocannabinoids that have been
extensively studied include anandamine (arachidonoyl ethanolamide, AEA) and 2-arachidonoyl
glycerol (2-AG), which are synthesized on demand and activate CB1 and CB2 [19]. 2-AG was
found to have a positive correlation with liver fat content in overweight women with NAFLD,
suggesting that 2-AG may increase de novo lipogenesis [22]. The synthesis of 2-AG, AEA, and other
endocannabinoids is increased by steatogenic agents, such as a high-fat diet, ethanol, and possibly
obesity, potentiating the activity of CB1 receptors [23]. CB1 receptor activity upregulation has been
hypothesized to lead to increased de novo fatty acid synthesis and decreased fatty acid oxidation [23].
It has also been hypothesized that CB1 upregulation increases lipogenic gene expression, activates
lipoprotein lipase in adipose tissue, and decreases secretion of triglyceride-rich very-low-density
lipoprotein [21]. The exocannabinoids, which are major components of cannabis, that have been studied
include tetrahydrocannabinol (THC), tetrahydrocannabivarin (THCV), and cannabidiol (CBD) [24,25].
THC particularly acts on CB1, CB2, transient receptor potential cation channel subfamily C member
1, and the G-protein-coupled receptors GPR56 and GPR11 [24]. Recent literature suggests that THC
increases AEA and 2-AG in hepatocytes by competing with them in binding to fatty acid binding
protein-1, making them less available for degradation and hydrolysis [26]. THCV, an analog of THC,
can act as a CB1/CB2 agonist in low doses and/or a CB1/CB2 neutral antagonist in high doses;
however, further investigation is warranted as alternate studies show that isomers of THCV can induce
agonist effects independently [27,28].
8. Therapeutic Potential for the Endocannabinoid System in NAFLD
The pharmacologic modulation of the endocannabinoid receptors has been studied in clinical
settings concerning obesity, and secondary to their presence within the hepatic system, they have
been additionally studied in NAFLD [19]. Increased endocannabinoid tone has been demonstrated
in the setting of liver injury, with increases in endocannabinoids correlating to the nature of the
injury [3]. Antagonism of CB1 receptors has been demonstrated to reduce food intake and increase
energy expenditure in animal studies, resulting in an improvement in the metabolic syndrome [19].
In fact, prior studies showed that mice deficient in CB1 were resistant to diet-induced obesity,
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and increases in de novo lipogenesis in mice consuming a high-fat diet were inhibited by CB1
antagonism [29]. Jourdan et al. demonstrated that reduction in CB1 activity in visceral fat was
associated with normalization of adipocyte metabolism in animal models as well [30]. Similar
findings in 2008 by Osei-Hyiaman et al. were coupled with findings of resistance within obese
mice to steatosis, dyslipidemia, and insulin resistance [31]. The results of this study showed that AEA
activates a pathway within the liver that participates in the development of diet-induced obesity and
hepatic steatosis [26]. Due to its association with a reduction of body weight, waist circumference,
triglyceride levels, and hyperinsulinemia, the CB1 receptor antagonist Rimonabant was studied for
its effects on hepatic steatosis [32–35]. Rimonabant reduced hepatomegaly and hepatic steatosis,
reduced markers of liver damage, and reduced levels of hepatic TNFα, suggesting a reduction in
hepatic inflammation [35]. Such findings implied a reduction in insulin resistance within the liver
with slowed progression of hepatic steatosis to fibrosis and cirrhosis [35]. Although this drug was
initially approved for use within the United States, it was withdrawn after being found to increase
the risk of central nervous system toxicity, particularly anxiety and depression [36,37]. An alternative
non-brain-penetrant CB1 antagonist, AM6545, was studied thereafter, demonstrating reduced food
intake without malaise, improved glycemic control, improved dyslipidemia, and reversal of hepatic
steatosis [38,39]. Proposed mechanisms in the improvement of metabolic factors by AM6545 include an
increase in adiponectin and a reduction of TNFα and leptin levels [40]. JD5037, a peripherally-restricted
CB1 inverse agonist, has also been demonstrated to reduce food intake, body weight, and adiposity
in animal studies without established psychiatric side effects, showing improved potential for a
therapeutic role in hepatic steatosis [41]. The role of CB2 agonism versus antagonism is conflicting
in the current literature. Although CB2 has been established as antisteatogenic in alcohol-mediated
liver disease by reducing steatogenic cytokines in CB2-stimulated Kuppfer cells, its role in NAFLD is
controversial [42]. In previous animal studies examining the role of CB2 receptors in adipose tissue
inflammation, CB2 agonists, such as JWH-133, increased obesity-associated inflammation, insulin
resistance, and hepatic steatosis [43]. Conversely, CB2-deficient mice demonstrated improvement
of steatosis and insulin resistance despite increases in food intake and body weight with age [44].
A study by De Godartti et al. supports these findings with the demonstration of an increase in the
degree of steatosis by CB2 agonists [45]. Other studies suggest that CB2 agonism in rats improved
glucose tolerance, while CB2 antagonists, such as AM630, worsened glucose tolerance [46]. Recent
studies suggest that CB2 may play a role in reducing acute liver injury [47,48]. CB2 receptors activated
by 2-AG have also been postulated to allow for hepatocyte survival and regeneration following
acute insult, suggesting that they may be antifibrinogenic [19]. However, this hypothesis has been
questioned in a study conducted by Louvet et al. [49]. Studies additionally suggest that CB1 receptors,
whose antagonism may be antifibrinogenic, may also promote liver regeneration via activation by
AEA [42,50].
A summary of agonism and antagonism/deficiency of CB1 can be found in Table 2. The agonism
and antagonism/deficiency of CB2 has been excluded due to conflicting findings regarding its role
in NAFLD. Exocannabinoids (i.e., THC, THCV, CBD), in addition to endocannabinoids, can mediate
effects via cannabinoid receptors as aforementioned [24,25]. Some studies suggest that CBD and
THCV improve insulin resistance and reduce accumulated lipid levels in a model of hepatosteatosis,
suggesting potential therapeutic effects in NAFLD [25]. CBD has demonstrated a reduction in
total cholesterol with increases in high-density lipoprotein cholesterol as well as a reduced liver
triglyceride concentration [27]. THCV causes hypophagia and weight loss [28]. One study showed
that it additionally demonstrated reduced body fat content, increased energy expenditure, reduced
fasting insulin and a 30-min insulin response to oral glucose tolerance testing, and reduced liver
triglycerides similar to the CB1 antagonist AM251 [51]. Its positive effects on glycemic control were
reiterated by a study done by Jadoon et al. [27]. Studies also demonstrate that THC provides protection
against ischemic-reperfusion injury within the liver at low doses [52]. With such therapeutic effects on
metabolic risk factors associated with NAFLD, the therapeutic role of cannabis use is being investigated
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in the setting of NAFLD. A study by Adejumo et al. demonstrated that cannabis use was associated
with a lower prevalence of NAFLD [53]. There remains a paucity of literature regarding the direct
therapeutic benefit of exocannabinoids in NAFLD.
Table 2. Agonism and Antagonism and/or Deficiency of CB1.
Cannabinoid Receptor 1 (CB1) Agonism
Increased rate of de novo fatty acid synthesis
(via upregulation) [21,23]
Decreased fatty acid oxidation
(via upregulation) [21,23]
Increased lipogenic gene expression
(via upregulation) [21]
Activation of lipoprotein lipase in adipose tissue
(via upregulation) [21]
Decreased secretion of triglyceride-rich very low
density lipoprotein (via upregulation) [21]
Liver regeneration [48]

CB1 Antagonism and/or Deficiency
Reduce food intake (also via antagonism by AM6545 and inverse
agonism by JD5037) [19,38,39,41]
Increased energy expenditure (via antagonism) [19]
Improved metabolic syndrome [19]
Resistance to diet-induced obesity (via deficiency) [29]
Inhibition of increased de novo lipogenesis (via antagonism) [24]
Normalization of adipocyte metabolism (via reduction in activity) [30]
Resistance to steatosis, dyslipidemia and insulin resistance [31]
Reduction in markers of liver damage (via antagonism by
Rimonabant) [35]
Reduction of hepatic TNFα (via antagonism by Rimonabant) [35]
Reduction in insulin resistance (via antagonism by Rimonabant) [35]
Slowed progression of hepatic steatosis to fibrosis and cirrhosis (via
antagonism by Rimonabant) [35]
Improved glycemic control (via antagonism by AM6545) [38,39]
Improved dyslipidemia (via antagonism by AM6545) [38,39]
Reversal of hepatic steatosis (via antagonism by AM6545) [38,39]
Reduction of body weight and adiposity (via inverse agonism by
JD5037) [41]
Antifibrinogenic [48]

9. Conclusions
Due to the anticipated rise of the economic and clinical burden of NAFLD, which is now the
most common liver disease globally, and the potential for progression or occurrence of hepatocellular
carcinoma, newer modalities of therapy are being investigated [1,4]. While lifestyle modifications
have been the mainstay of therapy, recent investigation of the role of the endocannabinoid system has
revealed mechanistic properties specific to hepatic steatosis. Due to the presence of such mechanistic
properties, therapies based on the pharmacomodulation of cannabinoid receptors have shown
promising and informative results. Although CB2 agonism and antagonism have shown conflicting
results regarding their role in NAFLD, CB1 antagonism has demonstrated therapeutic benefits
especially when central nervous system penetration has been minimized or eliminated [35,37,54].
Literature regarding the therapeutic benefits of cannabinoids, although promising, is limited and
warrants further investigation.
Conflicts of Interest: The authors declare no conflict of interest, including financial and material support for the
research and work in this manuscript.

References
1.

2.

3.

Younossi, Z.M.; Blissett, D.; Blissett, R.; Henry, L.; Stepanova, M.; Younossi, Y.; Racila, A.; Hunt, S.;
Beckerman, R. The economic and clinical burden of nonalcoholic fatty liver disease in the United States and
Europe. Hepatology 2016, 64, 1577–1586. [CrossRef] [PubMed]
Cholankeril, G.; Patel, R.; Khurana, S.; Satapathy, S.K. Hepatocellular carcinoma in non-alcoholic
steatohepatitis: Current knowledge and implications for management. World J. Hepatol. 2017, 9, 533–543.
[CrossRef] [PubMed]
Mallat, A.; Lotersztajn, S. Endocannabinoids and liver disease. I. Endocannabinoids and their receptors in
the liver. Am. J. Physiol.-Gastrointest. Liver Physiol. 2008, 294, G9–G12. [CrossRef] [PubMed]

Medicines 2018, 5, 47

4.

5.

6.

7.
8.

9.

10.

11.

12.
13.

14.
15.

16.
17.
18.
19.

20.

21.
22.

23.

7 of 9

Chalasani, N.; Younossi, Z.; Lavine, J.E.; Diehl, A.M.; Brunt, E.M.; Cusi, K.; Charlton, M.; Sanyal, A.J.
The diagnosis and management of non-alcoholic fatty liver disease: Practice Guideline by the American
Association for the Study of Liver Diseases, American College of Gastroenterology, and the American
Gastroenterological Association. Hepatology 2012, 55, 2005–2023. [CrossRef] [PubMed]
European Association for the Study of the Liver; European Association for the Study of Diabetes (EASD).
EASL-EASD-EASO Clinical Practice Guidelines for the management of non-alcoholic fatty liver disease.
Obes. Facts 2016, 9, 65–90.
Cimini, F.A.; Barchetta, I.; Carotti, S.; Bertoccini, L.; Baroni, M.G.; Vespasiani-Gentilucci, U.; Cavallo, M.G.;
Morini, S. Relationship between adipose tissue dysfunction, vitamin D deficiency and the pathogenesis of
non-alcoholic fatty liver disease. World J. Gastroenterol. 2017, 23, 3407–3417. [CrossRef] [PubMed]
Bellentani, S.; Scaglioni, F.; Marino, M.; Bedogni, G. Epidemiology of non-alcoholic fatty liver disease.
Dig. Dis. 2010, 28, 155–161. [CrossRef] [PubMed]
White, D.L.; Kanwal, F.; El-Serag, H.B. Association between nonalcoholic fatty liver disease and risk for
hepatocellular cancer, based on systematic review. Clin. Gastroenterol. Hepatol. 2012, 10, 1342–1359. [CrossRef]
[PubMed]
Wong, R.J.; Cheung, R.; Ahmed, A. Nonalcoholic steatohepatitis is the most rapidly growing indication for
liver transplantation in patients with hepatocellular carcinoma in the US. Hepatology 2014, 59, 2188–2195.
[CrossRef] [PubMed]
Le, M.H.; Devaki, P.; Ha, N.B.; Jun, D.W.; Te, H.S.; Cheung, R.C.; Nguyen, M.H. Prevalence of non-alcoholic
fatty liver disease and risk factors for advanced fibrosis and mortality in the United States. PLoS ONE 2017,
12, e0173499. [CrossRef] [PubMed]
Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global burden
of NAFLD and NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 2018,
15, 11. [CrossRef] [PubMed]
Nascimbeni, F.; Pais, R.; Bellentani, S.; Day, C.P.; Ratziu, V.; Loria, P.; Lonardo, A. From NAFLD in clinical
practice to answers from guidelines. J. Hepatol. 2013, 59, 859–871. [CrossRef] [PubMed]
Singh, S.; Allen, A.M.; Wang, Z.; Prokop, L.J.; Murad, M.H.; Loomba, R. Fibrosis progression in nonalcoholic
fatty liver vs nonalcoholic steatohepatitis: A systematic review and meta-analysis of paired-biopsy studies.
Clin. Gastroenterol. Hepatol. 2015, 13, 643–654. [CrossRef] [PubMed]
Targher, G.; Day, C.P.; Bonora, E. Risk of cardiovascular disease in patients with nonalcoholic fatty liver
disease. N. Eng. J. Med. 2010, 363, 1341–1350. [CrossRef] [PubMed]
Piscaglia, F.; Svegliati-Baroni, G.; Barchetti, A.; Pecorelli, A.; Marinelli, S.; Tiribelli, C.; Bellentani, S. Clinical
patterns of hepatocellular carcinoma in nonalcoholic fatty liver disease: A multicenter prospective study.
Hepatology 2016, 63, 827–838. [CrossRef] [PubMed]
Matteoni, C.A.; Younossi, Z.M.; Gramlich, T.; Boparai, N.; Liu, Y.C.; McCullough, A.J. Nonalcoholic fatty liver
disease: A spectrum of clinical and pathological severity. Gastroenterology 1999, 116, 1413–1419. [CrossRef]
Rafiq, N.; Bai, C.; Fang, Y.; Srishord, M.; McCullough, A.; Gramlich, T.; Younossi, Z.M. Long-term follow-up
of patients with nonalcoholic fatty liver. Clin. Gastroenterol. Hepatol. 2009, 7, 234–238. [CrossRef] [PubMed]
Neuschwander-Tetri, B.A.; Caldwell, S.H. Nonalcoholic steatohepatitis: Summary of an AASLD Single Topic
Conference. Hepatology 2003, 37, 1202–1219. [CrossRef] [PubMed]
Mallat, A.; Teixeira-Clerc, F.; Deveaux, V.; Manin, S.; Lotersztajn, S. The endocannabinoid system as a key
mediator during liver diseases: New insights and therapeutic openings. Br. J. Pharmacol. 2011, 163, 1432–1440.
[CrossRef] [PubMed]
Hézode, C.; Zafrani, E.S.; Roudot-Thoraval, F.; Costentin, C.; Hessami, A.; Bouvier-Alias, M.; Medkour, F.;
Pawlostky, J.M.; Lotersztajn, S.; Mallat, A. Daily cannabis use: A novel risk factor of steatosis severity in
patients with chronic hepatitis C. Gastroenterology 2008, 134, 432–439. [CrossRef] [PubMed]
Tam, J.; Liu, J.; Mukhopadhyay, B.; Cinar, R.; Godlewski, G.; Kunos, G. Endocannabinoids in liver disease.
Hepatology 2011, 53, 346–355. [CrossRef] [PubMed]
Westerbacka, J.; Kotronen, A.; Fielding, B.A.; Wahren, J.; Hodson, L.; Perttilä, J.; Seppänen-Laakso, T.;
Suortti, T.; Arola, J.; Hultcrantz, R.; et al. Splanchnic balance of free fatty acids, endocannabinoids, and lipids
in subjects with nonalcoholic fatty liver disease. Gastroenterology 2010, 139, 1961–1971. [CrossRef] [PubMed]
Purohit, V.; Rapaka, R.; Shurtleff, D. Role of cannabinoids in the development of fatty liver (steatosis). AAPS J.
2010, 12, 233–237. [CrossRef] [PubMed]

Medicines 2018, 5, 47

24.
25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.
37.

38.

39.

40.

41.

8 of 9

Patsenker, E.; Stickel, F. Cannabinoids in liver diseases. Clin. Liver Dis. 2016, 7, 21–25. [CrossRef]
Silvestri, C.; Paris, D.; Martella, A.; Melck, D.; Guadagnino, I.; Cawthorne, M.; Motta, A.; Di Marzo, V. Two
non-psychoactive cannabinoids reduce intracellular lipid levels and inhibit hepatosteatosis. J. Hepatol. 2015,
62, 1382–1390. [CrossRef] [PubMed]
McIntosh, A.L.; Martin, G.G.; Huang, H.; Landrock, D.; Kier, A.B.; Schroeder, F. ∆9 -Tetrahydrocannabinol
induces endocannabinoid accumulation in mouse hepatocytes: Antagonism by Fabp1 gene ablation.
J. Lipid Res. 2018, 59, 646–657. [CrossRef] [PubMed]
Jadoon, K.A.; Ratcliffe, S.H.; Barrett, D.A.; Thomas, E.L.; Stott, C.; Bell, J.D.; O’Sullivan, S.E.; Tan, G.D. Efficacy
and safety of cannabidiol and tetrahydrocannabivarin on glycemic and lipid parameters in patients with
type 2 diabetes: A randomized, double-blind, placebo-controlled, parallel group pilot study. Diabetes Care
2016, 39, 1777–1786. [CrossRef] [PubMed]
Pertwee, R.G.; Thomas, A.; Stevenson, L.A.; Ross, R.A.; Varvel, S.A.; Lichtman, A.H.; Martin, B.R.;
Razdan, R.K. The psychoactive plant cannabinoid, ∆9 -tetrahydrocannabinol, is antagonized by ∆8 -and
∆9 -tetrahydrocannabivarin in mice in vivo. Br. J. Pharmacol. 2007, 150, 586–594. [CrossRef] [PubMed]
Osei-Hyiaman, D.; DePetrillo, M.; Pacher, P.; Liu, J.; Radaeva, S.; Bátkai, S.; Harvey-White, J.; Mackie, K.;
Offertáler, L.; Wang, L.; et al. Endocannabinoid activation at hepatic CB 1 receptors stimulates fatty acid
synthesis and contributes to diet-induced obesity. J. Clin. Investig. 2005, 115, 1298–1305. [CrossRef] [PubMed]
Jourdan, T.; Djaouti, L.; Demizieux, L.; Gresti, J.; Vergès, B.; Degrace, P. CB1 antagonism exerts specific
molecular effects on visceral and subcutaneous fat and reverses liver steatosis in diet-induced obese mice.
Diabetes 2010, 59, 926–934. [CrossRef] [PubMed]
Osei-Hyiaman, D.; Liu, J.; Zhou, L.; Godlewski, G.; Harvey-White, J.; Jeong, W.I.; Bátkai, S.; Marsicano, G.;
Lutz, B.; Buettner, C.; et al. Hepatic CB 1 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]
Després, J.P.; Golay, A.; Sjöström, L. Effects of rimonabant on metabolic risk factors in overweight patients
with dyslipidemia. N. Eng. J. Med. 2005, 353, 2121–2134. [CrossRef] [PubMed]
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]
Van Gaal, L.F.; Scheen, A.J.; Rissanen, A.M.; Rössner, S.; Hanotin, C.; Ziegler, O. Long-term effect of CB1
blockade with rimonabant on cardiometabolic risk factors: Two year results from the RIO-Europe Study.
Eur. Heart J. 2008, 29, 1761–1771. [CrossRef] [PubMed]
Gary-Bobo, M.; Elachouri, G.; Gallas, J.F.; Janiak, P.; Marini, P.; Ravinet-Trillou, C.; Chabbert, M.; Cruccioli, N.;
Pfersdorff, C.; Roque, C.; et al. Rimonabant reduces obesity-associated hepatic steatosis and features of
metabolic syndrome in obese Zucker fa/fa rats. Hepatology 2007, 46, 122–129. [CrossRef] [PubMed]
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]
Moreira, F.A.; Grieb, M.; Lutz, B. Central side-effects of therapies based on CB1 cannabinoid receptor agonists
and antagonists: Focus on anxiety and depression. Best Pract. Res. Clin. Endocrinol. Metab. 2009, 23, 133–144.
[CrossRef] [PubMed]
Cluny, N.L.; Vemuri, V.K.; Chambers, A.P.; Limebeer, C.L.; Bedard, H.; Wood, J.T.; Lutz, B.; Zimmer, A.;
Parker, L.A.; Makriyannis, A.; et al. A novel peripherally restricted cannabinoid receptor antagonist,
AM6545, reduces food intake and body weight, but does not cause malaise, in rodents. Br. J. Pharmacol. 2010,
161, 629–642. [CrossRef] [PubMed]
Tam, J.; Vemuri, V.K.; Liu, J.; Bátkai, 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]
Ma, H.; Zhang, G.; Mou, C.; Fu, X.; Chen, Y. Peripheral CB1 Receptor Neutral Antagonist, AM6545,
Ameliorates Hypometabolic Obesity and Improves Adipokine Secretion in Monosodium Glutamate Induced
Obese Mice. Front. Pharmacol. 2018, 9, 156. [CrossRef] [PubMed]
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] [PubMed]

Medicines 2018, 5, 47

42.
43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

9 of 9

Mallat, A.; Teixeira-Clerc, F.; Lotersztajn, S. Cannabinoid signaling and liver therapeutics. J. Hepatol. 2013,
59, 891–896. [CrossRef] [PubMed]
Deveaux, V.; Cadoudal, T.; Ichigotani, Y.; Teixeira-Clerc, F.; Louvet, A.; Manin, S.; Tran-Van Nhieu, J.;
Belot, M.P.; Zimmer, A.; Even, P.; et al. Cannabinoid CB2 receptor potentiates obesity-associated
inflammation, insulin resistance and hepatic steatosis. PLoS ONE 2009, 4, e5844. [CrossRef] [PubMed]
Agudo, J.; Martin, M.; Roca, C.; Molas, M.; Bura, A.S.; Zimmer, A.; Bosch, F.; Maldonado, R. Deficiency of
CB2 cannabinoid receptor in mice improves insulin sensitivity but increases food intake and obesity with
age. Diabetologia 2010, 53, 2629–2640. [CrossRef] [PubMed]
De Gottardi, A.; Spahr, L.; Ravier-Dall’Antonia, F.; Hadengue, A. Cannabinoid receptor 1 and 2 agonists
increase lipid accumulation in hepatocytes. Liver Int. 2010, 30, 1482–1489. [CrossRef] [PubMed]
Bermudez-Silva, F.J.; Sanchez-Vera, I.; Suárez, J.; Serrano, A.; Fuentes, E.; Juan-Pico, P.; Nadal, A.;
de Fonseca, F.R. Role of cannabinoid CB2 receptors in glucose homeostasis in rats. Eur. J. Pharmacol.
2007, 565, 207–211. [CrossRef] [PubMed]
Teixeira-Clerc, F.; Belot, M.P.; Manin, S.; Deveaux, V.; Cadoudal, T.; Chobert, M.N.; Louvet, A.; Zimmer, A.;
Tordjmann, T.; Mallat, A.; et al. Beneficial paracrine effects of cannabinoid receptor 2 on liver injury and
regeneration. Hepatology 2010, 52, 1046–1059. [CrossRef] [PubMed]
Lotersztajn, S.; Teixeira-Clerc, F.; Julien, B.; Deveaux, V.; Ichigotani, Y.; Manin, S.; Tran-Van-Nhieu, J.; Karsak, M.;
Zimmer, A.; Mallat, A. CB2 receptors as new therapeutic targets for liver diseases. Br. J. Pharmacol. 2008,
153, 286–289. [CrossRef] [PubMed]
Louvet, A.; Teixeira-Clerc, F.; Chobert, M.N.; Deveaux, V.; Pavoine, C.; Zimmer, A.; Pecker, F.; Mallat, A.;
Lotersztajn, S. Cannabinoid CB2 receptors protect against alcoholic liver disease by regulating Kupffer cell
polarization in mice. Hepatology 2011, 54, 1217–1226. [CrossRef] [PubMed]
Mukhopadhyay, B.; Cinar, R.; Yin, S.; Liu, J.; Tam, J.; Godlewski, G.; Harvey-White, J.; Mordi, I.; Cravatt, B.F.;
Lotersztajn, S.; et al. Hyperactivation of anandamide synthesis and regulation of cell-cycle progression via
cannabinoid type 1 (CB1) receptors in the regenerating liver. Proc. Natl. Acad. Sci. USA 2011, 108, 6323–6328.
[CrossRef] [PubMed]
Wargent, E.T.; Zaibi, M.S.; Silvestri, C.; Hislop, D.C.; Stocker, C.J.; Stott, C.G.; Guy, G.W.; Duncan, M.;
Di Marzo, V.; Cawthorne, M.A. The cannabinoid ∆9 -tetrahydrocannabivarin (THCV) ameliorates insulin
sensitivity in two mouse models of obesity. Nutr. Diabetes 2013, 3, e68. [CrossRef] [PubMed]
Hochhauser, E.; Lahat, E.; Sultan, M.; Pappo, O.; Waldman, M.; Sarne, Y.; Shainberg, A.; Gutman, M.;
Safran, M.; Ari, Z.B. Ultra low dose delta 9-tetrahydrocannabinol protects mouse liver from ischemia
reperfusion injury. Cell. Physiol. Biochem. 2015, 36, 1971–1981. [CrossRef] [PubMed]
Adejumo, A.C.; Alliu, S.; Ajayi, T.O.; Adejumo, K.L.; Adegbala, O.M.; Onyeakusi, N.E.; Akinjero, A.M.;
Durojaiye, M.; Bukong, T.N. Cannabis use is associated with reduced prevalence of non-alcoholic fatty liver
disease: A cross-sectional study. PLoS ONE 2017, 12, e0176416. [CrossRef] [PubMed]
Kaser, S.; Ebenbichler, C.F.; Tilg, H. Pharmacological and non-pharmacological treatment of non-alcoholic
fatty liver disease. Int. J. Clin. Pract. 2010, 64, 968–983. [CrossRef] [PubMed]
© 2018 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/).

