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Sources of liver fat in metabolic 
diseases
NAFLD is a continuum of liver patholo-
gies, usually seen in overweight or obese 
people, that can be described in three pro-
gressive stages: (a) fat accumulation in the 
liver (hepatic steatosis), (b) nonalcoholic 
steatohepatitis (NASH) associated with 
inflammation and fibrosis, and ultimately 
(c) cirrhosis and hepatocellular carcinoma 
(1). Excessive fat deposition into the liver, 
the earliest metabolic driver of NAFLD/
NASH, can occur via several mechanisms. 
One important source of liver fat is lipoly-
sis from adipose tissue, which releases free 
fatty acids (FFAs) into circulation that can 
be taken up by the liver. In healthy indi-
viduals, fasting promotes lipolysis and is 
suppressed by insulin after feeding. In the 
context of type 2 diabetes and insulin resis-
tance, unrestrained lipolysis leads to excess 
circulating FFAs that get deposited into 
the liver (2). Another major contributor is 
de novo lipogenesis (DNL) in the liver, a 
pathway that produces FA chains from ace-
tyl-CoA subunits by utilizing glucose and 
other substrates (3). DNL is upregulated 

in insulin resistance linked to unrestrained 
hepatic glucose production (HGP) and 
impaired glucose uptake in skeletal mus-
cle, providing glucose and other substrates 
for DNL. Thus, insulin resistance causes an 
increase in HGP, exacerbating hyperglyce-
mia, but does not further suppress DNL, 
contributing to the development of fatty 
liver. Dietary fat intake is a third source of 
liver fat accumulation.

It is not clear whether targeting one 
of these pathways is more advantageous 
compared with others in the prevention 
and treatment of NAFLD. A recent study 
has shown that approximately 47% of 
FAs that comprise triglycerides (TGs) in 
the liver come from FFAs in the blood, 
38% from DNL, and 15% from the diet 
(ref. 4 and Figure 1). It has been proposed 
that increased DNL is the main culprit in 
NAFLD (5). Although DNL is a substantial 
source of lipids that increases in subjects 
with NAFLD, nocturnal plasma FFA levels 
also increase with NAFLD (6). Thus, liver 
DNL is not the only pathway that may be 
targeted for the treatment of NAFLD. Esler 
et al. (7) review many different treatment 

approaches, including directly modulating 
lipid metabolism in the liver through the 
enzymes acetyl-CoA carboxylase (ACC), 
fatty acid synthase (FAS), and diacylglyc-
erol acyltransferase 2 (DGAT2). They also 
highlight a strategy to alter the delivery of 
FFAs from adipose tissue to the liver by 
targeting insulin resistance and/or adipose 
metabolism (7). Indeed, activation of adi-
pocyte Gi signaling to suppress lipolysis 
leads to decreased plasma FFA levels and 
liver TG levels (8). Weight loss through 
dietary restriction or other approaches is 
also a valid strategy against NAFLD (9).

CB-1 as a potential drug target 
for NAFLD
G protein–coupled cannabinoid recep-
tors and their ligands play a critical role 
in regulating energy homeostasis. In the 
early years of the field, research focused 
on the regulation of appetite by endocan-
nabinoids that act via CB-1 in the hypo-
thalamus (10). Although CB-1 antagonists 
looked promising for the treatment of 
obesity and its metabolic complications, 
unwanted neuropsychiatric effects led 
to their withdrawal from the market. For 
instance, the first CB-1 antagonist, rimon-
abant, caused weight loss and improved 
cardiometabolic parameters in over-
weight people (11), but also increased anx-
iety and suicidal ideation (12). Later, the 
discovery of functional CB-1 in peripheral 
tissues ushered the development of antag-
onists that are unable to cross the blood-
brain barrier, with the hope of reaping the 
metabolic benefits by targeting peripheral 
tissues without detrimental side effects 
(13). Many studies that are reviewed by 
Cinar et al. (13) highlight hepatocytes, adi-
pose tissue, skeletal muscle, and pancreat-
ic β cells as potential peripheral targets for 
CB-1 antagonists.

Liver CB-1 is not a good 
peripheral target for NAFLD
Previous reports suggested that the liv-
er would be a good peripheral tissue for 
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Cannabinoid receptor 1 (CB-1) antagonists are potential candidates for 
treating obesity and metabolic complications. Despite clear metabolic 
benefits, unwanted side effects in the brain pose issues for patients. 
With the hope of overcoming this obstacle, CB-1 in peripheral tissues has 
become a potential drug target. Previous studies had suggested that liver 
CB-1 would be an excellent target to prevent development of nonalcoholic 
steatohepatitis (NAFLD). However, in this issue of the JCI, Wang et al. 
showed that CB-1 was barely detectable in the liver and deletion of CB-1 
in hepatocytes provided no metabolic benefits against NAFLD. These 
contradictory results raise substantial concerns about the potential benefits 
of peripheral CB-1 blockers against NAFLD.
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cyte-specific deletion in mice is sufficient 
to prevent diet-induced obesity (25). Until 
these studies are disproven using pharma-
cological and genetic approaches, there is 
still hope for peripheral CB-1 inhibitors to 
treat obesity and NAFLD.
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dicts previous studies that claim that liver 
samples from NAFLD patients have a 34.2-
fold increase in CB-1 expression compared 
with controls (16). Why this discrepancy? It 
is possible that CB-1 in the liver in NAFLD 
patients is regulated by unknown factors, 
e.g., the degree of liver fibrosis (19) or gut 
microbiota (20). Since the microbiome 
composition of mice is affected by housing 
conditions, this variability might explain 
the discrepancy between studies from dif-
ferent laboratories.

Is adipose tissue CB-1 a 
feasible target in NAFLD?
An important question that remains unan-
swered is whether peripheral CB-1 antago-
nists can still be useful in the treatment of 
NAFLD. Nimacimab, a peripheral nega-
tive-allosteric modulating antibody target-
ing CB-1, has completed a phase Ib study 
for NAFLD treatment. Success may still be 
achieved through off-target effects or other 
peripheral tissues. For the latter, adipose 
tissue is a plausible candidate. Lipolysis in 
the adipose tissues releases FFAs into the 
bloodstream and is a major source of liver 
fat. CB-1 is highly expressed in adipose tis-
sues both in mice (18, 21, 22) and humans 
(23), making it a feasible pharmaceutical 
target. Moreover, CB-1 expression in adipo-
cytes is upregulated in obese rats (22). Acti-
vation of adipocyte CB-1 leads to increased 
lipolysis (ref. 24 and Figure 1) and its adipo-

a pharmaceutical intervention against 
NAFLD (Figure 1). CB-1 is expressed in 
the liver, and its activation in hepatocytes 
by an agonist leads to increased DNL 
(14). Whole-body and liver-specific CB-1–
knockout mice both show less steatosis on 
a high-fat diet (HFD), and CB-1 agonist 
treatment fails to increase DNL in these 
animals (15), highlighting the regulation 
of liver DNL through CB-1. Recapitulating 
the effects seen by Osei-Hyiaman et al., 
another study showed that liver-specific 
CB-1–knockout mice have decreased insu-
lin resistance on an HFD (16). However, 
in this issue of the JCI, Wang et al. raise 
concerns about the reproducibility of the 
effects seen in hepatocyte-specific CB-1–
knockout mice (17). Wang et al. reveal 
that deletion of CB-1 in hepatocytes did 
not alter DNL or insulin resistance, or the 
development of NAFLD in response to an 
HFD, and was not protective against car-
bon tetrachloride–induced fibrosis (17).

Wang et al. convincingly show that the 
liver is unlikely to be a relevant target for 
CB-1 antagonists (17). Their elegant and 
thorough single-cell gene expression stud-
ies with mouse cells show that CB-1 was 
barely detectable in the liver tissue among 
the different cell types analyzed, consis-
tent with a previous report (18). Analysis 
of liver samples from human patients with 
NAFLD/NASH showed minimal expres-
sion of this receptor. This result contra-

Figure 1. Source of liver fats during NAFLD and the role of CB-1 signaling in liver and adipose tissue. 
Free fatty acids (FFAs) produced by lipolysis in adipose tissue, de novo lipogenesis (DNL) in the 
liver, and dietary lipids are major sources (approximately 47%, 38%, and 15%, respectively) of FAs 
that comprise triglycerides (TG) in the liver. Activation of cannabinoid receptor 1 (CB-1) signaling by 
agonists in the liver was previously shown to increase DNL (14). Wang et al. (17) dispute the presence 
of CB-1 in the liver and downstream metabolic effects. However, it is possible that blockade of CB-1 
signaling in adipose tissue may decrease lipolysis and FFA release, thereby protecting against NAFLD.

https://www.jci.org
https://doi.org/10.1172/JCI154147
mailto://puigserver@dfci.harvard.edu
mailto://beste_mutlu@dfci.harvard.edu
https://doi.org/10.1038/nrm2391
https://doi.org/10.1038/nrm2391
https://doi.org/10.1038/nrm2391
https://doi.org/10.1172/JCI134165
https://doi.org/10.1172/JCI134165
https://doi.org/10.1172/JCI134165
https://doi.org/10.1016/j.molmet.2015.03.004
https://doi.org/10.1016/j.molmet.2015.03.004
https://doi.org/10.1016/j.molmet.2015.03.004
https://doi.org/10.1053/j.gastro.2013.11.049
https://doi.org/10.1053/j.gastro.2013.11.049
https://doi.org/10.1053/j.gastro.2013.11.049
https://doi.org/10.1053/j.gastro.2013.11.049
https://doi.org/10.1016/j.jcmgh.2019.04.007
https://doi.org/10.1016/j.jcmgh.2019.04.007
https://doi.org/10.1016/j.jcmgh.2019.04.007
https://doi.org/10.1038/s41467-020-16756-x
https://doi.org/10.1038/s41467-020-16756-x
https://doi.org/10.1038/s41467-020-16756-x
https://doi.org/10.1038/s41467-020-16756-x
https://doi.org/10.1002/hep.29367
https://doi.org/10.1002/hep.29367
https://doi.org/10.1002/hep.29367
https://doi.org/10.1002/hep.29367
https://doi.org/10.1002/hep.29367
https://doi.org/10.1038/35071088
https://doi.org/10.1038/35071088
https://doi.org/10.1038/35071088
https://doi.org/10.1056/NEJMoa044537
https://doi.org/10.1056/NEJMoa044537
https://doi.org/10.1056/NEJMoa044537
https://doi.org/10.1016/S0140-6736(07)61721-8
https://doi.org/10.1016/S0140-6736(07)61721-8
https://doi.org/10.1016/S0140-6736(07)61721-8
https://doi.org/10.1016/S0140-6736(07)61721-8


The Journal of Clinical Investigation   C O M M E N T A R Y

3J Clin Invest. 2021;131(22):e154147  https://doi.org/10.1172/JCI154147

2014;9(2):e90016.
 22. Bensaid M, et al. The cannabinoid CB1receptor 

antagonist SR141716 increases Acrp30 mRNA 
expression in adipose tissue of obese fa/fa rats 
and in cultured adipocyte cells. Mol Pharmacol. 
2003;63(4):908–914.

 23. Uhlen M, et al. Proteomics. Tissue-based 
map of the human proteome. Science. 
2015;347(6220):1260419.

 24. Muller T, et al. Overactivation of the endocan-
nabinoid system alters the antilipolytic action 
of insulin in mouse adipose tissue. Am J Physiol 
Endocrinol Metab. 2017;313(1):E26–E36.

 25. Ruiz De Azua I, et al. Adipocyte cannabinoid 
receptor CB1 regulates energy homeostasis 
and alternatively activated macrophages. J Clin 
Invest. 2017;127(11):4148–4162.

does not contribute to NAFLD. J Clin Invest. 
2021;131(21):e152242.

 18. Tang Y, et al. Beneficial metabolic effects of 
CB1R anti-sense oligonucleotide treatment 
in diet-induced obese AKR/J mice. PLoS One. 
2012;7(8):e42134.

 19. Dai E, et al. Hepatic expression of cannabinoid 
receptors CB1 and CB2 correlate with fibrogene-
sis in patients with chronic hepatitis B. Int J Infect 
Dis. 2017;59:124–130.

 20. Lang S, Schnabl B. Microbiota and fatty liver dis-
ease-the known, the unknown, and the future. 
Cell Host Microbe. 2020;28(2):233–244.

 21. Vida M, et al. CB1 blockade potentiates 
down-regulation of lipogenic gene expres-
sion in perirenal adipose tissue in high car-
bohydrate diet-induced obesity. PLoS One. 

 13. Cinar R, et al. The therapeutic potential of 
second and third generation CB1R antagonists. 
Pharmacol Ther. 2020;208:107477.

 14. Osei-Hyiaman D, et al. Endocannabinoid acti-
vation at hepatic CB1 receptors stimulates fatty 
acid synthesis and contributes to diet-induced 
obesity. J Clin Invest. 2005;115(5):1298–1305.

 15. Osei-Hyiaman D, et al. Hepatic CB1 receptor is 
required for development of diet-induced steato-
sis, dyslipidemia, and insulin and leptin resistance 
in mice. J Clin Invest. 2008;118(9):3160–3169.

 16. Liu J, et al. Hepatic cannabinoid receptor-1 medi-
ates diet-induced insulin resistance via inhibi-
tion of insulin signaling and clearance in mice. 
Gastroenterology. 2012;142(5):1218–1228.

 17. Wang S, et al. Cannabinoid receptor 1 sig-
naling in hepatocytes and stellate cells 

https://www.jci.org
https://doi.org/10.1172/JCI154147
https://doi.org/10.1371/journal.pone.0090016
https://doi.org/10.1124/mol.63.4.908
https://doi.org/10.1124/mol.63.4.908
https://doi.org/10.1124/mol.63.4.908
https://doi.org/10.1124/mol.63.4.908
https://doi.org/10.1124/mol.63.4.908
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1152/ajpendo.00374.2016
https://doi.org/10.1152/ajpendo.00374.2016
https://doi.org/10.1152/ajpendo.00374.2016
https://doi.org/10.1152/ajpendo.00374.2016
https://doi.org/10.1172/JCI83626
https://doi.org/10.1172/JCI83626
https://doi.org/10.1172/JCI83626
https://doi.org/10.1172/JCI83626
https://doi.org/10.1371/journal.pone.0042134
https://doi.org/10.1371/journal.pone.0042134
https://doi.org/10.1371/journal.pone.0042134
https://doi.org/10.1371/journal.pone.0042134
https://doi.org/10.1016/j.ijid.2017.03.008
https://doi.org/10.1016/j.ijid.2017.03.008
https://doi.org/10.1016/j.ijid.2017.03.008
https://doi.org/10.1016/j.ijid.2017.03.008
https://doi.org/10.1016/j.chom.2020.07.007
https://doi.org/10.1016/j.chom.2020.07.007
https://doi.org/10.1016/j.chom.2020.07.007
https://doi.org/10.1371/journal.pone.0090016
https://doi.org/10.1371/journal.pone.0090016
https://doi.org/10.1371/journal.pone.0090016
https://doi.org/10.1371/journal.pone.0090016
https://doi.org/10.1172/JCI23057
https://doi.org/10.1172/JCI23057
https://doi.org/10.1172/JCI23057
https://doi.org/10.1172/JCI23057
https://doi.org/10.1172/JCI34827
https://doi.org/10.1172/JCI34827
https://doi.org/10.1172/JCI34827
https://doi.org/10.1172/JCI34827
https://doi.org/10.1053/j.gastro.2012.01.032
https://doi.org/10.1053/j.gastro.2012.01.032
https://doi.org/10.1053/j.gastro.2012.01.032
https://doi.org/10.1053/j.gastro.2012.01.032

