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Reversal of diet-induced hepatic steatosis by
peripheral CB1 receptor blockade in mice is p53/
miRNA-22/SIRT1/PPARa dependent
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ABSTRACT

Objective: The endocannabinoid (eCB) system is increasingly recognized as being crucially important in obesity-related hepatic steatosis. By
activating the hepatic cannabinoid-1 receptor (CB1R), eCBs modulate lipogenesis and fatty acid oxidation. However, the underlying molecular
mechanisms are largely unknown.
Methods: We combined unbiased bioinformatics techniques, mouse genetic manipulations, multiple pharmacological, molecular, and cellular
biology approaches, and genomic sequencing to systematically decipher the role of the hepatic CB1R in modulating fat utilization in the liver and
explored the downstream molecular mechanisms.
Results: Using an unbiased normalized phylogenetic profiling analysis, we found that the CB1R evolutionarily coevolves with peroxisome
proliferator-activated receptor-alpha (PPARa), a key regulator of hepatic lipid metabolism. In diet-induced obese (DIO) mice, peripheral CB1R
blockade (using AM6545) induced the reversal of hepatic steatosis and improved liver injury in WT, but not in PPARa�/� mice. The antisteatotic
effect mediated by AM6545 in WT DIO mice was accompanied by increased hepatic expression and activity of PPARa as well as elevated hepatic
levels of the PPARa-activating eCB-like molecules oleoylethanolamide and palmitoylethanolamide. Moreover, AM6545 was unable to rescue
hepatic steatosis in DIO mice lacking liver sirtuin 1 (SIRT1), an upstream regulator of PPARa. Both of these signaling molecules were modulated
by the CB1R as measured in hepatocytes exposed to lipotoxic conditions or treated with CB1R agonists in the absence/presence of AM6545.
Furthermore, using microRNA transcriptomic profiling, we found that the CB1R regulated the hepatic expression, acetylation, and transcriptional
activity of p53, resulting in the enhanced expression of miR-22, which was found to specifically target SIRT1 and PPARa.
Conclusions: We provide strong evidence for a functional role of the p53/miR-22/SIRT1/PPARa signaling pathway in potentially mediating the
antisteatotic effect of peripherally restricted CB1R blockade.

� 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of
chronic liver disease worldwide, affecting more than 25% of the hu-
man population, and a leading cause of morbidity and mortality [1].
NAFLD, considered the hepatic manifestation of metabolic syndrome,
and its earliest stage, hepatic steatosis, are characterized by fat
accumulation that exceeds 5% of hepatocytes in the absence of sig-
nificant alcohol intake or secondary causes of lipid accumulation [1].
NAFLD is based on imbalances between lipid acquisition and removal
that are regulated by de novo lipogenesis, fatty acid b-oxidation, up-
take of circulating lipids, and their export to extrahepatic tissues. To
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date, various cellular, hormonal, metabolic, and genetic factors have
been linked to its development [1], yet no effective medications have
been approved to treat it.
Endocannabinoids (eCBs) are lipid ligands produced from membrane
phospholipids; they activate the cannabinoid receptors to modulate
food intake, body mass, and energy expenditure, mainly by activating
the cannabinoid-1 receptor (CB1R) abundantly expressed in the central
nervous system and also present in peripheral tissues, such as the liver
[2]. In fact, hepatic steatosis induced by a high-fat diet (HFD) depends
on the activation of the peripheral CB1Rs, including those in the liver.
Global or hepatic nullification of the CB1R protects mice from devel-
oping HFD-induced fatty liver [3,4]. Hepatocyte-selective
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Abbreviations

2-AG 2-arachidonoylglycerol
AA arachidonic acid
ACEA arachidonyl-20-chloroethylamide
AEA anandamide/arachidonoylethanolamine
ALT alanine aminotransferase
AST aspartate aminotransferase
BAX BCL-2-asocciated X apoptosis regulator
CB1R cannabinoid-1 receptor
CB2R cannabinoid-2 receptor
CBDA cannabidiolic acid
CBG cannabigerol
CBGA cannabigerolic acid
DIO diet-induced obesity
DOX doxorubicin
eCB endocannabinoid
FAAH fatty acid amide hydrolase
FFA free fatty acid

HFD high-fat diet
LBD ligand-binding domain
MAGL monoacylglycerol lipase
miR microRNA
NAD nicotinamide adenine dinucleotide
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
NPP normalized phylogenetic profiling
OEA oleoylethanolamide
PCA principal component analysis
PEA palmitoylethanolamide
PFT-a pifithrin-a
PPARa peroxisome proliferator-activated receptor-alpha
PPRE peroxisome proliferator response elements
PUMA p53 upregulated modulator of apoptosis
SIRT1 sirtuin 1
THC D9-tetrahydrocannbidiol
Veh vehicle
WT wild-type
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overexpression of the CB1R in mice increases the accumulation of
triglycerides in the liver, although these mice are resistant to diet-
induced obesity (DIO) [5,6]. Likewise, pharmacological blockade of
the CB1R by globally acting or peripherally restricted CB1R antagonists
improves hepatic steatosis in mice [6e8] and humans [9] by reducing
lipogenic gene expression [3,6,8] and upregulating fatty acid b-
oxidation [4,6,8,10]. However, to date, the specific molecular mech-
anism by which CB1R activation/blockade contributes to the develop-
ment/reversal of NAFLD remains elusive.

2. MATERIALS AND METHODS

2.1. Normalized phylogenetic profiling
To generate the normalized phylogenetic profiling (NPP) data [11e14],
proteomes of 1,029 species, including humans, were downloaded
from UniProt (June 2018 release) [15]. Short proteins with lengths of
fewer than 40 amino acids were excluded. When multiple isoforms
were annotated for the same gene, we retained only the longest iso-
form. Species were annotated according to the NCBI Taxonomy
Database [16]. NPP was based on the similarity between the query
(human) protein and the best hit BLAST measure [17,18] in each of the
different species. To reduce noise, bitscores smaller than threshold t
were clipped (“floored”) to t, where t ¼ 20.4. This bitscore threshold
was the minimal bitscore value across all of the species that corre-
sponded to an E value less than or equal to 0.05.
Each of the best BLAST hit’s bitscores was first normalized by the
bitscore of the query protein self-hit [19]. Then, the log2 of the
normalized bitscore was calculated. The log scores were normalized
by the level of conservation for all of the proteins in the specific pro-
teome by Z scoring all of the scores for a specific species [13,14].
Thus, we based our global analysis on a w20,000 genes � w1000
species NPP matrix, in which each data point xa,b was the NPP score
for gene a in species b compared to that of humans. Based on the
resulting NPP matrix, we constructed a w20,000 � 20,000 correla-
tion matrix containing the Pearson correlation coefficients between the
phylogenetic profiles of every gene pair.

2.2. Animals and experimental protocol
The experimental protocol used was approved by the Institutional
Animal Care and Use Committee of Hebrew University (AAALAC
2 MOLECULAR METABOLISM 42 (2020) 101087 � 2020 The Authors. Published by Elsevier GmbH. T
accreditation #1285), reported in compliance with the ARRIVE
guidelines [20], and based on the principles of replacement, refine-
ment, and reduction. Male six-week-old liver-specific CB1R null mice
(LCB1�/�) [4], PPARa�/� (kindly provided to us by Jeffrey M. Peters
of Pennsylvania State University) [21], and liver-specific SIRT1�/�

(LSIRT1�/�) [22] mice and their littermate C57Bl/6 controls were
housed under specific pathogen-free (SPF) conditions up to five per
cage in standard plastic cages with natural soft sawdust as bedding.
The animals were maintained under a controlled temperature of 22e
24 �C at 55 � 5% humidity and alternating 12-h light/dark cycles
(lights were on between 7:00 and 19:00); the animals were provided
food and water ad libitum. To generate DIO, the mice were fed a HFD
(Research Diet; D12492; 60% of Kcal from fat, 20% from protein, and
20% from carbohydrates) for 14 weeks. Then HFD-fed wild-type,
PPARa�/�, or LSIRT1�/� obese mice received either vehicle (Veh;
1% Tween80, 4% DMSO, and 95% saline) or the peripherally
restricted CB1R antagonist AM6545 (10 mg/kg) daily for 7 days by
intraperitoneal injections. Body weight and food intake were moni-
tored daily. The mice were euthanized by cervical dislocation, their
livers were removed and either snap-frozen or fixed in buffered 4%
formalin, and trunk blood was collected to determine endocrine and
biochemical parameters.

2.3. Glucose tolerance (ipGTT) and insulin sensitivity tests (ipIST)
Mice that were fasted overnight were injected with glucose (1.5 g/kg
i.p.), followed by tail blood collection at 0, 15, 30, 45, 60, 90, and
120 min. Blood glucose levels were determined using an Elite gluc-
ometer (Bayer, Pittsburgh, PA, USA). On the following day, the mice
were fasted for 6 h before receiving insulin (0.75 U/kg, i.p.; Eli Lilly,
Indianapolis, IN, USA, or Actrapid vials, Novo Nordisk A/S, Bagsværd,
Denmark) and blood glucose levels were determined at the same in-
tervals as previously described.

2.4. Blood chemistry
Serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) were quantified using AMS Vegasys (Diamond Diagnostics,
Holliston, MA, USA) or Cobas C-111 Chemistry Analyzers (Roche,
Basel, Switzerland). Blood glucose was determined using an Elite
glucometer (Bayer). Serum insulin was determined using an Ultra-
Sensitive Mouse Insulin ELISA kit (Crystal Chem Inc., Elk Grove
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Village, IL, USA or Millipore, Darmstadt, Germany). Serum leptin and
adiponectin were determined by ELISA (B-Bridge International, Santa
Clara, CA, USA).

2.5. Hepatic triglyceride content
Liver tissue was extracted as previously described [23] and its tri-
glyceride content was determined using an EnzyChrom Triglyceride
assay kit (BioAssay Systems, Hayward, CA, USA).

2.6. Cell culture
HepG2 cells (ATCCHB-8065) or immortalizedmouse primary hepatocytes
described in [24] were cultured in RPMI-1640 media (Biological In-
dustries, Beit HaEmek, Israel) containing 10% Fetal Bovine Serum (FBS;
Cat# 12657, Gibco Biosciences, Dublin, Ireland) at 37 �C in a humidified
atmosphere of 5% CO2/95% air. Cell experiments were conducted at>
80% confluence in 6-well plates (7.5� 105 cells/well) as follows:

2.6.1. CB1R agonism/antagonism treatment
Cells were cultured in a serum-free RPMI-1640 medium for 16 h. The
peripherally restricted CB1R antagonist AM6545 was then added to the
medium at a final concentration of 1 mM, and 1 h later, the cells were
exposed to arachidonyl-20-chloroethylamide (ACEA; Cat# 91054,
Cayman Chemical, Ann Arbor, MI, USA) at final concentrations of 1e
10 mM or to HU-210 at a final concentration of 100 nM for 24 h.

2.6.2. CB2R agonism treatment
Cells were cultured in a serum-free RPMI-1640 medium for 16 h. The
cells were then exposed to HU-308 at a final concentration of 100 nM
for 24 h.

2.6.3. FAAH and MAGL inhibition
Cells were cultured in a serum-free RPMI-1640 medium for 16 h. The
dual FAAH and MAGL inhibitor JZL195 was then added to the medium
at a final concentration of 250 nM for 24 h.

2.6.4. Lipotoxic conditions
Cells were cultured in RPMI-1640 containing 1% fatty acid-free bovine
serum albumin (BSA; Cat# A7030; SigmaeAldrich, St. Louis, MO,
USA). AM6545 was added to the medium at a final concentration of
1 mM, followed by the addition of a mixed solution of sodium oleate
(Cat# O7501; SigmaeAldrich) and sodium palmitate (Cat# P9767;
SigmaeAldrich) at a ratio of 2:1, respectively, at a final concentration
of 0.3e1 mM.

2.6.5. Transcriptional inhibition of p53
Cells were cultured in a serum-free RPMI-1640 medium for 16 h. Then
pifithrin-a (PFT-a; Cat# 16209; Cayman Chemical) was added to the
medium at a final concentration of 25 mM, followed by the addition of
JZL195 at a final concentration of 250 nM for an additional 24 h.

2.6.6. p53 activation
Cells were cultured in a serum-free RPMI-1640 medium for 16 h. Then
doxorubicin (DOX) was added to the medium at a final concentration of
1.9 mM for 24 h.

2.7. Mimic-miR-22e3p and antago-miR-22e3p transfection
HepG2 cells were transfected with miRIDIAN microRNA hsa-miR-22e3p
mimic (Cat# C-300493-03; Dharmacon, Lafayette, CO, USA) or miRI-
DIAN microRNA hsa-miR-22e3p hairpin inhibitor (Cat# C-300493-05;
Dharmacon) using lipofectamine 3000 (Cat# L3000-001; Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s protocol.
MOLECULAR METABOLISM 42 (2020) 101087 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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2.8. Luciferase reporter assay

2.8.1. PPARa activity assay
To measure PPARa activity, HepG2 cells were seeded in 96-well plates
and transfected with PPRE X3-TK-luc and pRL-SV40P plasmids (Cat#
1015 and 27163, respectively; Addgene, Watertown, MA, USA) at a
ratio of 1:40 using lipofectamine 3000 (Cat# L3000-001; Invitrogen),
according to the manufacturer’s protocol. Transfected cells were
treated with ACEA at a final concentration of 10 mM for 24 h. Luciferase
activity was measured using a Dual-Glo Luciferase assay system (Cat#
E2920; Promega, Madison, WI, USA) according to the manufacturer’s
protocol.

2.8.2. miR-22 direct target assay
To determine whether PPARa and SIRT1 are direct targets of miR-22,
HepG2 cells were seeded in 96-well plates and co-transfected with
miRIDIAN microRNA hsa-miR-22e3p mimic (Cat# C-300493-03;
Dharmacon) with a custom-made plasmid containing the luciferase
reporter gene paired to the PPARa 30UTR sequence (Cat# CS-
HmiT105045-MT06-02; Genecopoeia, Rockville, MD, USA) or the
SIRT1 30UTR miRNA Reporter LeniVector (Cat# 438060810195;
Applied Biological Materials, Richmond, BC, Canada) and a pRL-SV40P
plasmid (Cat# 27163; Addgene) at a ratio of 1:40 using lipofectamine
3000 (Cat# L3000-001; Invitrogen) according to the manufacturer’s
protocol. After 16 h, the luciferase activity was measured using a Dual-
Glo Luciferase assay system (Cat# E2920; Promega) according to the
manufacturer’s protocol.

2.9. p53 transcriptional activity assay
HepG2 cells were incubated in black 96-well plates (Cat# 655090;
Greiner, Kremsmünster, Austria) at a density of 4 � 105 cells per well.
After 24 h, the cells were transfected with pGF-p53-mCMV-EF1a-Puro
lentivector (Cat# TR200PA-P; System Biosciences, Palo Alto, CA, USA)
using lipofectamine 3000 (Cat# L3000-001; Invitrogen) according to
the manufacturer’s protocol. After 8 h, the transfected cells were
treated with ACEA at a final concentration of 10 mM or DOX at a final
concentration of 1.9 mM for 24 h. The medium from each well was
replaced by 1x PBS, and the fluorescence intensity was measured with
a SpectraMax iD3 microplate reader (Molecular Devices, San Jose, CA,
USA) at a wavelength of ex:470/em:510 nm for GFP. The results were
normalized to the total protein levels in each well.

2.10. Cellular fat accumulation
HepG2 cells were incubated in black 96-well plates (Cat# 655090;
Greiner) at a density of 4� 105 cells per well and treated with O:P (2:1,
respectively) at final concentrations of 0.3e1 mM for 24 h. Each well
was washed twice with 1x PBS and then stained with Nile Red (Cat#
19123; SigmaeAldrich) and Hoechst by adding a Nile Red/Hoechst
mixed solution (1 mg/mL; diluted in 1x PBS) to the cells for 15 min at
37 �C. The cells were then washed with 1x PBS, and the fluorescence
intensity was measured with a SpectraMax iD3 microplate reader
(Molecular Devices) at wavelengths of ex:488/em:550 and ex:350/
em:461 nm for Nile Red and Hoechst, respectively. The results were
normalized to the total protein levels of each well and presented as a
change in the accumulation of lipids in comparison with the Veh-
treated group.

2.11. Western blotting
Liver homogenates were prepared in a RIPA buffer (Thermo Fisher
Scientific, Rockford, IL, USA; 25 mM TriseHCl pH 7.6, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) using
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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BulletBlender and zirconium oxide beads (Next Advanced, Inc., Troy,
NY, USA). Cells were harvested and precipitated in 1x PBS and then
resuspended in RIPA buffer. Protein concentrations were measured
with a Pierce BCA Protein assay kit (Thermo Fisher Scientific). Samples
were resolved by SDS-PAGE (4e15% acrylamide, 150V) and trans-
ferred to PVDF or nitrocellulose membranes using a Trans-Blot Turbo
Transfer System (Bio-Rad, Hercules, CA, USA). Membranes were then
incubated for 1 h in 5% milk (in 1xTBS-T) to block unspecific binding.
Blots were incubated overnight with primary antibodies against PPARa
(1:1000; Cat# ab8934, Abcam Cambridge, MA, USA), SIRT1 (1:1000;
Cat# 9475S, Cell Signaling Technology, Danvers, MA, USA), P53(1C12)
(1:500; Cat# 2524, Cell Signaling Technology), and Ac-P53 (Lys382)
(1:750; Cat# 2525, Cell Signaling Technology) at 4 �C or with b-actin
horseradish peroxidase (HRP)-conjugated primary antibody (1:30000;
Cat# ab49900, Abcam) for 1 h at room temperature. Anti-rabbit
(1:2500; Cat# ab97085, Abcam) or anti-mouse (1:5000; Cat#
ab98799, Abcam) HRP-conjugated secondary antibodies were used for
1 h at room temperature, followed by chemiluminescence detection
using a Clarity Western ECL Blotting Substrate (Bio-Rad). Densitometry
was quantified using ImageJ and Image Lab software.

2.12. Nuclear localization of p53
Cells were harvested and precipitated in 1x PBS. Their nuclear fraction
was extracted using a Nuclear Extraction kit (Cat# ab113474, Abcam)
according to the manufacturer’s protocol, and the expression levels of
p53 were measured by Western blotting against fibrillarin (1:750; Cat#
ab4566, Abcam).

2.13. Real-time PCR
Total RNA from mouse livers and HepG2 cells was extracted using
TRIzol (Invitrogen), followed by DNase I treatment (Invitrogen), and
reverse-transcribed using an Iscript cDNA kit (Bio-Rad). Real-time PCR
was conducted using iTaq Universal SYBR Green Supermix (Bio-Rad)
and the CFX connect ST system (Bio-Rad). The human and mouse
primer list is detailed in Supplementary Table 5. Normalization was
performed against human or mouse b-actin and Gapdh. Pri-miR-22
expression was measured by real-time PCR on cDNA synthesized
from total RNA, which was isolated as previously described.
MiRNA from total RNA extracted from mouse livers and HepG2 cells was
purified using TRIzol, followed by an overnight ethanol precipitation.
cDNA was synthesized using a qScript microRNA cDNA Synthesis kit
(Cat# 95107; Quanta Biosciences, Beverly, MA, USA). MicroRNA
expression was measured by real-time PCR using PerfeCTa SYBR Green
Supermix (Cat# 95054; Quanta Biosciences). Normalization of miR-22e
3p (PerfeCTa microRNA assay) was performed against human or mouse
RNU6 (PerfeCTa microRNA assay). Total RNA was also used for in-house
small RNA library preparation and miRNA sequence profiling as previ-
ously described [25]. The resulting FASTQ files were demultiplexed,
mapped, and annotated using a published pipeline [26].

2.14. Histopathology
Five mm paraffin-embedded liver sections were stained with hema-
toxylin and eosin staining. Liver images were captured with a Zeiss
AxioCam ICc5 color camera mounted on a Zeiss Axio Scope A1 light
microscope and taken from 10 random 40x fields for each animal.
Lipid staining was conducted using an Oil Red O staining kit (Cat#
ab150678; Abcam) according to the manufacturer’s protocol. Briefly,
20 mm optimal cutting temperature (O.C.T) (4583; SciGen, Inc., Gar-
dena, CA, USA) compound-embedded liver sections were placed in
propylene glycerol, followed by an Oil Red O solution and hematoxylin
staining. Stained sections were photographed as previously described.
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2.15. Immunohistochemistry
Liver tissues were fixed in buffered 4% formalin for 48 h and then
embedded in paraffin. Sections were deparaffinized and hydrated.
Heat-mediated antigen retrieval was performed with 10 mM citrate
buffer pH 6.0 (Thermo Fisher Scientific). Endogenous peroxide was
inhibited by incubating with a freshly prepared 3% H2O2 solution in
MeOH. Unspecific antigens were blocked by incubating sections for 1 h
with 2.5% horse serum (Cat# VE-S-2000; Vector Laboratories, Bur-
lingame, CA, USA). To assess the PPARa expression, 5 mm liver
sections were stained with rabbit anti-mouse PPARa (1:400; Cat#
ab61182; Abcam), followed by a goat anti-rabbit or HRP conjugate
(ImmPRESS; Vector Laboratories). Color was developed after incuba-
tion with 3,30-diaminobenzidine (DAB) substrate (Cat# SK-4105; Vector
Laboratories; ImmPACT DAB Peroxidase (HRP) substrate), followed by
hematoxylin counterstaining and mounting (Cat# Vecmount H-5000;
Vector Laboratories). Stained sections were photographed as previ-
ously described. The positive area was quantified using ImageJ with a
minimum of 5e6 random liver sections per mouse.

2.16. FAAH and MAGL activity
The ability of AM6545 to modulate fatty acid amide hydrolase (FAAH)
and monoacylglycerol lipase (MAGL) activity was tested using inhibitor
screening kits (Cayman Chemical) based on the release of a fluo-
rophore from a synthetic substrate by recombinant human FAAH and
MAGL.

2.17. Endocannabinoid measurements
The extraction, purification, and quantification of anandamide (AEA), 2-
arachydonoylglycerol (2-AG), arachidonic acid (AA), oleoylethanola-
mide (OEA), and palmitoylethanolamide (PEA) in mouse liver tissue
were performed by stable isotope dilution liquid chromatography/
tandem mass spectrometry (LC-MS/MS) as previously described [27].

2.18. SIRT1 activity assay
Mouse livers were homogenated in a lysis buffer (Cat# ab152163;
Abcam) using BulletBlender and zirconium oxide beads (Next
Advanced). SIRT1 immunoprecipitation and activity assays were con-
ducted according to the manufacturer’s protocol (Cat# ab156065;
Abcam). Briefly, a SIRT1 primary antibody (Cat# 2028; Cell Signaling
Technology) was incubated overnight with liver lysates at 4 �C.
Samples were then incubated with protein A/G PLUS-Agarose (Cat#
sc-2003; Santa Cruz Biotechnology, Heidelberg, Germany) and
precipitated by centrifugation. After three washes with a lysis buffer,
the purified SIRT1 reconstituted with the reaction mix and was loaded
into 96-well plates (Cat# 655090; Greiner). The fluorescence intensity
was measured with a SpectraMax iD3 reader (Molecular Devices) at a
wavelength of ex:340/em:460 nm.

2.19. Time-resolved fluorescence resonance energy transfer (TR-
FRET) assays in vitro
To measure ligand binding to PPARa, TR-FRET was performed with a
LanthaScreen TR-FRET PPARa competitive binding assay according to
the manufacturer’s instructions (Invitrogen). Briefly, a serial dilution of
AM6545 and GW7647, a selective PPARa agonist, was prepared in a
384-well polypropylene assay plate. Fluormone Pan-PPAR Green,
PPARa-LBD, and terbium (Tb)-labeled anti-GST Abs were then added
to each sample. The assay plate was incubated for 2 h at room
temperature prior to measuring the 520 nm/495 nm emission ratio of
each well using an Infinite F500 microplate reader (Tecan, Männedorf,
Switzerland) with instrument settings as described in the manufac-
turer’s instructions for LanthaScreen assays.
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Figure 1: Analysis of phylogenetic profiling of the top 100 coevolved genes related to CNR1. (A) A normalized phylogenetic profile (NPP) gene by species; each row represents the
NPP of a single gene across 1,028 species (columns) ordered by their phylogenetic distance from Homo sapiens. The colors in the heat map indicate the relative degree of
conservation between human protein and its ortholog in a certain species (column). The bars on the right side represent genes enriched for (i) diseases: breast cancer, obesity and
energy metabolism, heart disease and liver disease, or (ii) pathways: peptide ligand-binding receptors, signaling by GPCR, and developmental biology. (B) Venn diagrams rep-
resenting the intersecting genes between the tested disease/pathway-associated genes analyzed with GeneAnalytics. TGFB1, PPARA, KRT8, and KRT19 are among the most
representative genes within the tested diseases. (C) VarElect analysis ranking genes to phenotype/diseases terms. Applied on the top 100 coevolved genes with CNR1 annotated to
NAFLD, revealing PPARA to be the top ranked gene.
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2.20. PPARa reporter assay
Activation of PPARa was quantified by a human PPARa reporter
assay (Indigo Biosciences, State College, PA, USA) according to the
manufacturer’s instructions. Briefly, overexpressed PPARa reporter
cells were dispensed into a 96-well plate, then immediately dosed
with AM6545 and/or synthetic agonist GW590735. Following 22 h of
incubation, the treatment media were discarded and luciferase
detection reagent was added. The light emission intensity from the
ensuing luciferase reaction was quantified after 15 min using a
BioTek Synergy 2 luminometer; it was directly proportional to the
relative level of PPARa activation in the reporter cells. DMSO levels
were equal in all of the samples and never exceeded 0.1%. The
results are reported as the percent activation compared to DMSO-
only controls.

2.21. Materials
AM6545 was synthesized at the Center for Drug Discovery, North-
eastern University, Boston, MA, USA. ACEA (Cat# 91054), PFT-a (Cat#
16209), and JZL195 (Cat# 13668) were purchased from Cayman
Chemical. HU-210 and HU-308 were kindly provided by Prof. Raphael
Mechoulam of Hebrew University, Jerusalem, Israel. DOX was kindly
provided by Prof. Yinon Ben Neriah of Hebrew University, Jerusalem,
Israel.

2.22. Human analysis
Human transcriptomics data were reanalyzed from the GSE48452 and
GSE106737 data sets (Gene Expression Omnibus repository accession
numbers) that were published in Ahrens et al. 2013 [28] and Haas
et al. 2019 [29], respectively. Data were quantile normalized and
transcripts were filtered by a threshold value to attain normal
distribution.

2.23. Statistics
Values are expressed as the mean � SEM. Unpaired two-tailed Stu-
dent’s t-test was used to determine differences between the Veh- and
drug-treated groups. The results in multiple groups and time-
dependent variables were compared by ANOVA, followed by a Bon-
ferroni test (GraphPad Prism v6 for Windows). Significance was at
P < 0.05. Deep sequencing-based miRNA count profiles were
analyzed using the DESeq2 [30] and edgeR [31] R/Bioconductor sta-
tistical packages as previously described [25].

3. RESULTS

3.1. Hepatic CB1R regulates PPARa expression and activity
To impartially identify proteins that are functionally linked to the CB1R
and that may contribute to its role in modulating fat utilization in the
liver, we employed NPP analysis [14] of the CB1R gene (CNR1) to
detect genes that locally coevolved with it and are functionally related
as previously demonstrated [13]. Our analysis revealed the top 100
genes (53 genes remained after paralog filtration) that coevolved with
the CB1R (Figure 1A and Supplementary Table 1). In agreement with
CNR1 being an eCB receptor protein, applying GeneAnalytics [32]
analysis and performing enrichment for diseases and pathways
revealed that these genes are generally related to proteins involved in
breast cancer, obesity and energy metabolism, heart and liver dis-
eases, as well as peptide-ligand binding receptors and signaling by
GPCR (Figure 1A,B and Supplementary Table 2). Intersecting the
obtained gene sets revealed a handful of genes: TGFB1, PPARA,
KRT8, and KRT19. To further identify which of the CB1R coevolved
genes are also associated with NAFLD, we applied the VarElect tool
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[32], generating rank-ordered NAFLD-related prioritization on the top
100 CNR1 coevolved genes. The top-ranked gene was peroxisome
proliferator-activated receptor-alpha (PPARa; P < 0.0002,
Figure 1C), which is abundantly expressed in the liver and an
important modulator of hepatic lipid metabolism. Upon activation,
PPARa is known to stimulate the transcription of target genes by
binding to peroxisome proliferator response elements (PPRE),
resulting in the activation of mitochondrial and peroxisomal fatty acid
b-oxidation pathways as well as lipid uptake and transport [33]. Its
genetic deletion predisposes mice to develop hepatic steatosis and
steatohepatitis [34,35], whereas its activation protects the liver from
DIO-induced NAFLD [34] and inflammation [35].
To assess whether hepatic PPARa is directly modulated by the CB1R,
we checked its expression levels in hepatocytes following specific
pharmacological modulation of the CB1R. Stimulating the CB1R using
ACEA downregulated the mRNA and protein levels of PPARa
(Figure 2AeC) as well as its activity as manifested by reducing the
promoter activity of PPRE using a Luciferase reporter assay
(Figure 2D) and downregulating the expression of its targeted genes
(Figure 2E). These effects were significantly reversed by pretreating
the cells with the peripherally restricted CB1R antagonist AM6545.
Both a 7-day treatment of WT DIO mice with AM6545 and hepatocyte
ablation of the CB1R in the DIO mice resulted in the induction of the
hepatic expression of PPARa (Figure 2FeK), an effect that triggered a
significant upregulation of its targeted genes in vivo (Figure 2L and
M). To exclude the possibility that AM6545 binds to the ligand-
binding domain (LBD) of PPARa and directly or allosterically acti-
vates it, three in vitro assays were performed: a TR-FRET-based
competitive ligand-binding assay, a PPARa functional activity
assay, and an allosteric modulation assessment of PPARa. Compared
with the selective PPARa agonists GW7647 and GW590735, AM6545
failed to either bind to or act on PPARa directly/allosterically
(Supplementary Fig. 1). Taken together, these findings suggest that
hepatic PPARa is controlled by the CB1R.

3.2. Peripheral CB1R blockade attenuates hepatic steatosis via
PPARa
We next examined the metabolic effect of AM6545 in WT and
PPARa�/� mice fed a HFD for 14 weeks. A significant reduction in
body weight and hepatic steatosis was evident as early as after 7
days of treating DIO mice with AM6545 (10 mg/kg, i.p.) [6]. In
agreement with previous reports [34,35], both wild-type and
PPARa�/� mice became obese on a HFD; however, treatment with
AM6545 significantly reduced their body weight (Supplementary
Fig. 2a). While an insignificant reduction was measured in fasting
blood glucose levels (Supplementary Fig. 2b), short-term AM6545
treatment significantly reduced hyperinsulinemia (Supplementary
Fig. 2c) and glucose intolerance (Supplementary Figs. 2d and e)
without affecting insulin sensitivity (Supplementary Figs. 2f and g) in
both the WT and PPARa�/� DIO mice. Both AM6545-treated geno-
types exhibited reduced hyperleptinemia (Supplementary Fig. 2h) and
elevated adiponectin levels (Supplementary Fig. 2i). Surprisingly, the
HFD-induced hepatic steatosis as manifested by elevated fat accu-
mulation in the liver, increased hepatic triglyceride content, and
hepatocellular damage, manifested by elevated circulating ALT and
AST levels, was significantly reduced by AM6545 in DIO WT, but not
in the obese PPARa�/� mice (Figure 3AeD). Moreover, AM6545
failed to increase the expression of PPARa-related genes in the null
mice (Figure 3E and Figure 2L). These findings suggest a PPARa-
dependent mechanism by which peripheral CB1R blockade attenu-
ates DIO-related fatty liver.
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Figure 2: CB1R regulates PPARa expression and activity. Changes in the mRNA (A) and protein (B and C) expression as well as activity (D) of PPARa in hepatocytes exposed to
vehicle or ACEA (10 mM) in the absence/presence of AM6545 (1 mM) for 24 h. ACEA reduced the mRNA expression levels of PPARa-related target genes in hepatocytes (E). Male
six-week-old C57Bl/6 and LCB1�/� mice were fed a HFD for 14 weeks. Then C57Bl/6 mice were treated with AM6545 (10 mg/kg, i.p.) for 7 days. Increased mRNA (F and I) and
protein (G, H, J, and K) expression of hepatic PPARa was found in AM6545-treated and obese LCB1�/� mice. The relative expression levels of PPARa-related target genes in the
livers of obese WT treated with AM6545 (L) or LCB1�/� (M). The values represent the percent fold change in expression relative to vehicle-treated animals (L) or WT littermate
controls (M). In vitro data represent the mean � SEM from 2 to 5 independent experiments. *P < 0.05 relative to vehicle-treated cells. #P < 0.05 relative to ACEA-treated cells.
In vivo data represent the mean � SEM from 5 to 11 mice per group. *P < 0.05 relative to vehicle-treated or wild-type groups. For panels G and J, original magnification of �20
and � 40. Scale bars, 100 mm.
3.3. Pharmacological blockade or genetic deletion of CB1R elevates
the hepatic levels of eCB-like molecules
PPARa is a ligand activated by endogenous agonists, which include
free fatty acids (FFAs) and their derivatives, such as eCBs. In fact,
several lines of evidence suggest that a link exists between the eCB
system and PPARa. For instance, selected cannabinoids and their
analogs (such as 15-HETE-G, OEA, PEA, AEA, and WIN-55,212e2) are
PPARa agonists [36e41]. Therefore, we next assessed the endoge-
nous hepatic levels of eCBs and their analogs in DIO mice treated with
AM6545. We found that although 2-AG levels did not change signifi-
cantly (Supplementary Figs. 3a), a robust upregulation in the hepatic
MOLECULAR METABOLISM 42 (2020) 101087 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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levels of AEA, AA, OEA, and PEA was measured following peripheral
CB1R blockade (Supplementary Figs. 3bee). This suggests a link
between the blockade of CB1R and the increased hepatic activation of
PPARa caused by its endogenous occurring ligands. Although the
AM6545-induced elevation in the AEA levels might contribute to the
activation of the CB1R to enhance hepatic de novo lipogenesis [3], the
present findings support an opposite mechanism whereby the eCB-like
molecules OEA and PEA contribute to the activation of PPARa, resulting
in increased FFA b-oxidation. Similar observations were also found in
mice lacking the CB1R specifically in hepatocytes (Supplementary
Figs. 3fej). The elevated OEA and PEA levels following the blockade
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Figure 3: Reversal of HFD-induced hepatic steatosis and hepatic injury by peripheral CB1R blockade is PPARa dependent. Male six-week-old PPARa�/� and their littermate
control mice were fed a HFD for 14 weeks and then treated with AM6545 (10 mg/kg, i.p.) for 7 days. AM6545 failed to reverse HFD-induced hepatic steatosis in PPARa�/� mice as
documented by Oil Red O staining of liver sections (A), hepatic triglyceride quantification (B), and serum ALT (C) and AST (D) levels. The relative expression levels of PPARa-related
target genes in the livers of PPARa�/� mice treated with AM6545 (E). The values represent the percent fold change in expression relative to the WT littermate controls. Data
represent the mean � SEM from 4 to 7 mice per group. *P < 0.05 relative to the vehicle-treated group from the same strain. For panel A, original magnification of � 40. Scale
bars, 100 mm.
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Figure 4: CB1R regulates SIRT1 expression and activity. Changes in the mRNA (A and D) and protein (B, C, E, and F) expression of SIRT1 in hepatocytes exposed to vehicle, ACEA
(10 mM), or a 1 mM mixture of oleate and palmitate (O:P ¼ 2:1, respectively) in the absence/presence of AM6545 (1 mM) for 24 h. In vitro SIRT1 activity (GeJ) was assessed by
monitoring the acetylation levels of p53, which was inhibited by ACEA and O:P and increased following pretreatment of the cells with AM6545. In vivo hepatic SIRT1 expression and
activity were measured in male six-week-old C57Bl/6 and LCB1�/� mice fed a HFD for 14 weeks. Wild-type mice were treated with AM6545 (10 mg/kg, i.p.) for 7 days. Increased
mRNA (K and N) and protein (L, M, O, and P) expression of hepatic SIRT1 was documented in AM6545-treated and LCB1�/� mice. AM6545 increased SIRT1 activity as measured
using a SIRT1 activity assay in liver homogenates from WT DIO mice treated with AM6545 or obese LCB1�/� animals (Q, R). In vitro data represent the mean � SEM from 3 to 5
independent experiments. *P < 0.05 relative to vehicle-treated cells. #P < 0.05 relative to ACEA- or O:P-treated cells. In vivo data represent the mean � SEM from 5 to 12 mice
per group. *P < 0.05 relative to the vehicle-treated or wild-type groups.
of the CB1R by AM6545 was probably related to their increased syn-
thesis rather than the direct inhibition of their breakdown, since
AM6545 was not found to affect FAAH or MAGL activity
(Supplementary Fig. 3k and l).

3.4. Hepatic CB1R regulates SIRT1 expression and activity
Recent evidence indicates that inhibiting the hepatic function of
NADþ-dependent histone deacetylase sirtuin 1 (SIRT1), a key
modulator of hepatic PPARa activity, contributes to DIO-related he-
patic steatosis [22], whereas SIRT1 activation protects against DIO-
induced metabolic disorders by increasing fatty acid b-oxidation [42].
In fact, liver-specific SIRT1 knockout (LSIRT1�/�) mice display
MOLECULAR METABOLISM 42 (2020) 101087 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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impaired hepatic PPARa signaling, which is accompanied by
enhanced hepatic fat accumulation when challenged with a HFD [22].
Therefore, we next evaluated whether the expression and function of
SIRT1 are also regulated by the CB1R. Similar to its effect on PPARa,
CB1R activation or lipotoxicity reduced the expression and deacety-
lase activity of SIRT1 in hepatocytes, whereas blocking the CB1R by
AM6545 normalized these changes (Figure 4AeJ). Moreover,
elevated hepatic levels of SIRT1 were found in both the WT DIO mice
treated with AM6545 (Figure 4KeM) and obese liver-specific CB1R
null animals (Figure 4NeP), an increase that resulted in enhanced
activity (Figure 4Q and R), suggesting that hepatic SIRT1 is also
regulated by the CB1R.
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Figure 5: Reversal of HFD-induced hepatic steatosis and hepatic injury by peripheral CB1R blockade is SIRT1 dependent. Male six-week-old LSIRT1�/� and their littermate control
mice were fed a HFD for 14 weeks and then treated with AM6545 (10 mg/kg, i.p.) for 7 days. AM6545 failed to reverse HFD-induced hepatic steatosis in LSIRT1�/� mice as
manifested by fat accumulation in hepatocytes (A), hepatic triglyceride quantification (B), and elevated serum ALT (C) and AST (D) levels. The relative expression levels of PPARa-
related target genes in the livers of LSIRT1�/� mice treated with AM6545 are shown (E). The values represent the percent fold change in expression relative to the WT littermate
controls. Data represent the mean � SEM from 4 to 15 mice per group. *P < 0.05 relative to the vehicle-treated group from the same strain. For panels a, original magnification
of � 40. Scale bars, 100 mm.
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Figure 6: Hepatic CB1R regulates PPARa and SIRT1 expression via miR-22-3-p. C57Bl/6 mice were fed a HFD for 14 weeks and then treated with AM6545 (10 mg/kg, i.p.) for 1
week. (AeB) miRNA profiles were obtained via deep sequencing of small RNA libraries prepared in house. Principal component analysis based on miR count profiles shows distinct
discrimination by treatment (A). The results of miR sequence family differential expression analysis are displayed as an MA plot (B) in which red points denote P < 0.05. The
mature sequences of miR-22 and base pairing alignments with the 30 UTR of PPARa (left) and SIRT1 (right) are shown as predicted by miRanda (C). Co-transfection of hepatocytes
with mimic-miR-22 and a luciferase reporter containing the 30UTR sequence of the PPARa and SIRT1 genes that contained miR-22 recognition sequences reduced the luciferase
activity of both PPARa (D) and SIRT1 (E). A reduction in luciferase activity in cells containing the 30UTR sequence of SIRT1 (G) but not PPARa (F) was recorded when the cells were
treated with ACEA. One-week treatment with AM6545 (H) or genetic ablation of hepatic CB1R (I) resulted in significant reductions in hepatic miR-22 levels. Similarly, AM6545
(1 mM) reduced the elevated expression levels of miR-22 in hepatocytes exposed to 0.6 mM oleate and palmitate (O:P ¼ 2:1, respectively, J) or 1 mM ACEA (K) for 24 h. Transient
transfection of hepatocytes with a miR-22 hairpin inhibitor reduced the ability of the cells to accumulate fat following exposure to O:P (L) or ACEA (M) treatment. ACEA was unable
to reduce the expression of PPARa (N) and SIRT1 (O) in the transfected cells with a miR-22 hairpin inhibitor. AM6545 (1 mM) was unable to prevent the ACEA-induced reduction in
PPARa (P) and SIRT1 (Q) in hepatocytes transiently transfected with mimic-miR-22. AM6545 reduced the hepatic expression of pri-mir-22 in DIO mice (R). Similarly, AM6545
(1 mM) reduced the elevated expression levels of pri-mir-22 in hepatocytes exposed to 1 mM ACEA (S) or 0.6 mM oleate and palmitate (O:P, 2:1, respectively, T) for 24 h. In vitro
data represent the mean � SEM from 2 to 3 independent experiments. *P < 0.05 relative to the vehicle-treated group. #P < 0.05 relative to the same treatment in the
untransfected group. In vivo data represent the mean � SEM from 5 to 14 mice per group. *P < 0.05 relative to the vehicle-treated or wild-type groups.
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Testing the metabolic efficacy of peripherally restricted CB1R blockade
in obese LSIRT1�/� mice and their littermates revealed a pattern
similar to those found in PPARa�/� animals. These findings suggest a
hepatic SIRT1-independent effect on the ability of AM6545 to reduce
body weight and hyperleptinemia and improve glycemic homeostasis
(Supplementary Figs. 4aeh). In addition, a SIRT1-dependent effect of
peripheral CB1R blockade to reverse diet-induced hepatic steatosis as
manifested by the inability of AM6545 to reduce hepatic triglyceride
content and circulating transaminases (Figure 5AeD). Moreover,
AM6545 failed to increase the expression of PPARa-related genes in
the LSIRT1�/� mice (Figure 5E), further suggesting that a link exists
between the CB1R, SIRT1, and PPARa in modulating fat utilization in
the liver.

3.5. Hepatic CB1R regulates PPARa and SIRT1 via miR22
Emerging evidence suggests that epigenetic alterations, in particular
those leading to abnormal microRNA (miR) expression, are implicated
in regulating both SIRT1 and PPARs expression or activity in various
tissues (reviewed in [43,44]). To decipher whether (and more impor-
tantly, which) miRs link CB1R with SIRT1 and PPARa, we performed
miR sequence profiling of liver tissues collected from the DIO mice
treated with AM6545 or vehicle (Veh). Principal component analysis
(PCA) of these samples by miR profiles, plotted in Figure 6A, suggested
that major miR transcriptome alterations exist between the two groups.
To identify specific miRs in the liver that are modulated by CB1R
blockade, we evaluated miR differential expression. A total of 269 miRs
were confidently detected. While the majority of miRs did not exhibit a
significant differential expression between the two groups, several
miRs were either over- (n ¼ 58) or under-expressed (n ¼ 32) in
AM6545- compared with Veh-treated animals (Figure 6B). Of those
that were significantly dysregulated in the AM6545-treated mice
(Supplementary Tables 3 and 4), only miR-22e3p (miR-22), conserved
among mammalians (Supplementary Fig. 5) and highly expressed miR
in the liver that was significantly downregulated by AM6545, was
predicted to target both SIRT1 and PPARa based on six computational
methods (DIANA-microT, ElMMo, miRanda, PicTar, Pita, and Tar-
getScan; Figure 6C and Supplementary Tables 3 and 4).
To determine whether miR-22 specifically targets PPARa and SIRT1,
we performed in vitro functional assays in hepatocytes using a
luciferase reporter paired to the 30UTR sequences of the PPARa and
SIRT1 genes, which contain the miR-22 recognition sequence, and
tested their repression by activating miR-22 (using mimic-miR-22
overexpression). The overexpression of miR-22 in these cells
(Supplementary Fig. 6b) decreased the luciferase activity in hepato-
cytes transfected with luciferase reporters containing the 30UTR se-
quences of PPARa and SIRT1 compared with untransfected cells
(Figure 6D,E). Interestingly, when we tested the indirect effect of
activating miR-22 via CB1R agonism, the reduction in luciferase ac-
tivity following the exposure of hepatocytes to ACEA was only limited
to SIRT1 (Figure 6F,G). The reduction in miR-22 expression following
either pharmacological blockade or genetic ablation of the CB1R in the
liver was further validated by qPCR in vivo (Figure 6H,I) as well as in
hepatocytes either exposed to lipotoxic conditions or treated with
ACEA (Figure 6J,K). The specific regulatory role of the CB1R in miR-22
was validated in hepatocytes treated with the highly potent CB1R and
CB2R agonists HU-210 and HU-308, respectively (Supplementary
Fig. 7), demonstrating that this miR is not regulated by the CB2R.
Transfection of hepatocytes with a miR-22 hairpin inhibitor
(Supplementary Fig. 6a) led to reduced cellular fat accumulation
under lipotoxic and CB1R agonism conditions (Figure 6L,M). More-
over, hepatocyte transfection with a miR-22 hairpin inhibitor resulted
12 MOLECULAR METABOLISM 42 (2020) 101087 � 2020 The Authors. Published by Elsevier GmbH. T
in a diminished ability of ACEA to reduce PPARa and SIRT1 expression
(Figure 6N and O). In contrast, AM6545 was unable to reverse the
CB1R-induced downregulation of PPARa and SIRT1 expression in
hepatocytes transfected with mimic-miR-22 (Figure 6P and Q and
Supplementary Fig. 6b). To determine whether CB1R regulates miR-
22 at the primary transcript level, we assessed the expression of
miR-22’s primary transcript (pri-miR-22) and found that indeed,
chronic and acute blockade of the CB1R (in DIO mice and hepatocytes,
respectively) downregulated its expression in a pattern similar to that
of mature miR-22 (Figure 6ReT).

3.6. Hepatic CB1R regulates miR22 via modulating p53 activity
Since the transcription factor p53 is known to induce changes in miR
expression (reviewed in [45]) and its activity was reported to be
regulated by the CB1R [46], we first evaluated p53 expression in vivo
and found that it was downregulated by either pharmacological
blockade or genetic ablation of the CB1R in hepatocytes (Figure 7Ae
D). Interestingly, an opposite p53 expression pattern was found when
we activated the CB1R in HepG2 cells using the highly potent CB1R
agonist HU-210 (100 nM); we found that its expression significantly
increased in comparison with vehicle-treated cells (Figure 7E,F). We
further verified this in immortalized mouse primary hepatocytes
treated with ACEA and AM6545 (Figure 7G,H). We next transfected
hepatocytes with a GFP reporter gene derived by a p53 transcriptional
responsive element paired with a minimal CMV promotor and tested
the effect of CB1R activation/blockade on p53 transcriptional activity.
Specific activation of the CB1R by ACEA increased p53 transcriptional
activity in hepatocytes as manifested by the increased GFP fluores-
cence, an effect that was abolished by pretreating the cells with
AM6545 (Figure 7I). We also assessed the mRNA expression of p21,
PUMA, BAX, and miR-34a, which are known to be directly regulated
by p53 [47,48] and found that ACEA increased their expression,
whereas AM6545 reduced it (Figure 7J). To actively regulate the
transcription of genes, p53 protein must migrate into the nucleus
[49]. Therefore, we analyzed the nuclear levels of p53 protein
expression following the activation/blockade of the CB1R in hepato-
cytes and found elevated levels in CB1R-activated hepatocytes, an
effect that was downregulated by AM6545 treatment (Figure 7K,L).
Furthermore, indirect activation of the CB1R (via inhibiting eCB
degradation using JZL195) and by exposing hepatocytes to lipotoxic
conditions upregulated the expression of miR-34a, an effect that was
completely inhibited by AM6545 (Figure 7M and N). Moreover, CB1R-
induced upregulation of both miR-34a and miR-22 was completely
inhibited by pifithrin-a (PFT-a), a reversible transcriptional inhibitor
of p53 (Figure 7O and P). To demonstrate the direct regulation of
miR-22 by p53, we tested the effect of DOX, a known activator of p53
[50] on miR-22 and found that upregulating the transcriptional ac-
tivity of p53 by DOX (Figure 7Q) was associated with increased
expression of miR-22 (Figure 7R). Taken together, these findings
support a molecular link between CB1R, p53, and miR-22 in
hepatocytes.

3.7. Differential hepatic expression profiles of PPARa and SIRT1 in
humans with NAFLD
To determine whether our animal findings correlate to humans, we
reanalyzed a data set reporting the gene expression profile of PPARa
and SIRT1 in liver biopsies obtained from human patients with/without
NASH [28,29]. Interestingly, significant reductions in the expression
levels of PPARa and SIRT1 were found in patients with NASH
compared with controls (Supplementary Figs. 8a and b), further sup-
porting the translational aspects of our findings.
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Figure 7: CB1R regulates miR-22 expression and activity via p53. Male six-week-old C57Bl/6 and LCB1�/� mice were fed a HFD for 14 weeks and then WT obese mice were
treated with AM6545 (10 mg/kg, i.p.) for 7 days. Chronic CB1R blockade (A and B) or genetic ablation of hepatic CB1R (C and D) in obese mice resulted in reduction in the hepatic
protein expression of p53. HU-210 (100 nM) increased the protein expression of p53 in HepG2 cells (E and F), whereas AM6545 (1 mM) prevented the elevated expression levels of
p53 induced by ACEA (10 mM) in immortalized mouse primary hepatocytes (G and H). ACEA (10 mM) increased GFP fluorescence in hepatocytes transfected with a lentivector
encoding GFP derived by p53 transcriptional response elements paired with a minimal CMV promotor, whereas AM6545 (1 mM) abolished this effect (I). AM6545 (1 mM) also
reduced the elevated expression levels of p21, PUMA, BAX, and miR-34a induced by 1 mM ACEA in hepatocytes (J). HU-210 (100 nM) increased the nuclear localization of p53 in
hepatocytes, an effect that was prevented by pretreating the cells with AM6545 (1 mM) (K and L). AM6545 (1 mM) prevented the increased expression of miR-34a induced by
250 nM JZL195 (M) or 0.6 mM O:P treatment (N) in hepatocytes. Exposing hepatocytes to PFT-a prevented the JZL195-induced elevation in the expression of miR-34a (O) and
miR-22 (P). Doxorubicin (DOX, 1.9 mM) increased GFP fluorescence in hepatocytes transfected with a lentivector encoding GFP derived by p53 transcriptional response elements
paired with a minimal CMV promotor (Q). DOX (1.9 mM) also induced elevation in miR-22 expression in hepatocytes (R). In vitro data represent the mean � SEM from 2 to 5
independent experiments. *P< 0.05 relative to the vehicle-treated group. #P < 0.05 relative to the ACEA-, O:P-, or JZL195-treated groups. In vivo data represent the mean � SEM
from 4 to 9 mice per group. *P < 0.05 relative to the vehicle-treated or wild-type groups.
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4. DISCUSSION

NAFLD, the most chronic liver disease worldwide, is strongly associ-
ated with obesity and insulin resistance; however, to date, the mo-
lecular signaling pathways leading to the development of NAFLD are
not completely understood. In the current study, we deciphered a new
signaling pathway regulated by hepatic CB1R that contributes to the
development of diet-induced hepatic steatosis. It can be targeted by
novel peripherally restricted CB1R antagonists that are currently under
preclinical and clinical evaluation. We also provide evidence indicating
that hepatic CB1R increases the regulatory role of p53 on miR-22,
which in turn represses the expression and activity of PPARa and
SIRT1, further contributing to fat accumulation in hepatocytes.
The hepatic expression of the CB1R is upregulated in DIO and murine
models of fatty liver [3,4,7]. In fact, its presence in hepatocytes is
crucial for the development of NAFLD [4]; therefore, centrally acting
and peripherally restricted CB1R antagonists were found to be effica-
cious in ameliorating hepatic steatosis in both humans [9,51] and
animals [6,8,52]. To elucidate the underlying molecular mechanism by
which the CB1R contributes to NAFLD, we used an unbiased approach
utilizing NPP analysis to identify multiple genes that display a con-
servation pattern across phylogenetic clades similar to those of the
CB1R. In doing so, we hypothesized that genes that are coevolved with
the CB1R are functionally linked [13]. Indeed, most of the genes found
are related to proteins associated with regulating energy homeostasis,
fertility, and longevity. These findings are in line with the fact that the
eCB system evolved to conserve energy in situations of food depri-
vation [53] and the documented role of this system in regulating energy
homeostasis by promoting caloric intake, energy storage, and fat
accumulation via activating the CB1R in the central nervous system as
well as in peripheral tissues.
Among the genes that coevolved with the CB1R, we identified PPARa, a
master regulator of lipid metabolism that is abundantly expressed in
the liver, as the highest scored gene associated with NAFLD. Not only
did we provide evidence that stimulating hepatic CB1R reduces the
expression and activity of PPARa in cultured hepatocytes, we also
demonstrated that pharmacological blockade or genetic ablation of
hepatic CB1R upregulates PPARa expression and activity in DIO mice.
Although the connection between PPARs and eCBs is well established
(reviewed in [54]), very few studies have investigated the specific
effect of the CB1R on PPARa. Similar to our work, studies that reported
the efficacy of the globally acting CB1R inverse agonists rimonabant
and AM251 in DIO mice found an increased expression of hepatic
PPARa and its downstream target genes [10,55]. Reports regarding
the role of the CB1R in regulating PPARa in visceral adipose tissue are
conflicting, since rimonabant increases the expression of PPARa in DIO
mice [55], whereas LH-1, a CB1R antagonist with a low affinity to the
CB1R, reduces adipocyte PPARa expression [56]. Although LH-1 has
the ability to reduce body weight, it failed to ameliorate hepatic
steatosis and hypertriglyceridemia in obese Zucker rats [57]. In
comparison with LH-1, our tested compound AM6545 reversed diet-
induced hepatic steatosis and liver injury via PPARa since it
completely failed to induce all of these effects in PPARa null mice.
These results are in line with several studies indicating that PPARa
activation is hepatoprotective. For instance, several PPARa agonists,
such as Wy-14, 643, and fenofibrate, were found to prevent the
development of hepatic steatosis in animal models of NAFLD [58,59].
Conversely, PPARa deletion predisposes mice to develop fatty liver
under a regular diet and HFD conditions [34,35,60,61].
As previously mentioned, accumulating evidence indicates that most
cannabinoid (both endo and phyto) molecules interact with PPARs by
14 MOLECULAR METABOLISM 42 (2020) 101087 � 2020 The Authors. Published by Elsevier GmbH. T
directly binding to these nuclear receptors, by the catabolism of
cannabinoids to PPAR-activating chemicals or by indirectly activating
PPARs via distinct molecular signaling pathways (reviewed in [62]). It
was even suggested that non-D9-tetrahydrocannbidiol (THC) phyto-
cannabinoids, such as cannabigerolic acid (CBGA), cannabidiolic acid
(CBDA), and cannabigerol (CBG), directly activate PPARa, modulate its
target genes associated with lipid metabolism, and reduce lipid
accumulation in hepatocytes [63]. Herein, we report that AM6545
neither binds nor activates (directly or allosterically) PPARa, sug-
gesting that its effect in modulating PPARa expression and activity is
mediated via blocking the CB1R in hepatocytes. Nevertheless, our
findings also support an indirect effect of the CB1R on PPARa via
modulating the hepatic levels of AEA and the eCB-like molecules, OEA
and PEA, both of which are known as PPARa agonists [54]. Whereas
their blood, brain, adipose, and duodenal levels have been shown to
increase in obese animals and humans [64,65], we show that their
hepatic levels in DIO mice are elevated following either pharmaco-
logical blockade or genetic deletion of the CB1R in hepatocytes. These
findings may suggest a link between the CB1R and their biosynthesis
and/or degradation. However, AM6545 was not found to affect FAAH or
MAGL activity; thus, further studies will need to identify the molecular
mechanism by which the CB1R regulates the levels of AEA, OEA, and
PEA in the liver. In the context of the current work, the hepatic upre-
gulation in the AEA levels is less important, since its expected lipogenic
activity is most likely negated in the presence of AM6545 or in mice
lacking the CB1R in hepatocytes. However, amelioration of hepatic
steatosis by blocking the CB1R can be mediated via upregulating the
levels of OEA and PEA, whose antisteatotic effect was previously re-
ported [38,66e68]. Specifically, both are known to regulate the
expression of PPARa target genes implicated in FFA mobilization and
oxidation and affect mitochondrial flexibility in hepatocytes [66,69]. In
fact, OEA has been shown to stimulate FFA b-oxidation and reduce the
triglyceride content in adipose tissue and the liver [69], and its
anorectic and lipolytic properties have been synergistically enhanced
by the CB1R antagonist rimonabant [70]. Therefore, antagonizing the
CB1R should be a more efficacious strategy than using phytocanna-
binoids, eCB-like molecules per se, or inhibitors of AEA biosynthesis
[71,72], which also inhibit the action of OEA and PEA at hepatic PPARa,
further supporting the use of peripheral CB1R blockers to treat obesity-
induced fatty liver disease.
In this study, we also found that either direct or indirect activation of
the CB1R reduces the expression and activity of hepatic SIRT1, which
may also contribute to fat accumulation within hepatocytes. Our
observation that AM6545 prevents the fatty acid-induced reduction in
SIRT1 expression indicates that this effect is mediated by the CB1R.
Moreover, CB1R blockade or its genetic ablation from hepatocytes
increased the expression and activity of SIRT1, further indicating a
negative relationship between these two proteins. The existing evi-
dence suggesting a link between CB1R and SIRT1 remains contro-
versial. In human primary chondrocytes, ACEA prevented a reduction in
SIRT1 expression induced by interleukin-1b; however, the sole effect
of ACEA on SIRT1 expression was not reported in this study [73]. In line
with our findings, ACEA was found to reduce the expression of SIRT1 in
primary mouse hepatocytes and the HepG2 cell line [74]. Others have
found that fatty acid flux reduces the expression of SIRT1 and induces
fat accumulation in normal human hepatocytes [75]. Moreover, our
findings indicate that the improvement in hepatic steatosis by pe-
ripheral CB1R blockade is accompanied by increased expression and
activity of hepatic SIRT1. In fact, it depends specifically on its presence
in hepatocytes, further providing evidence that the CB1R negatively
regulates SIRT1.However, Liu et al. recently reported that JD5037, a
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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peripherally restricted CB1R inverse agonist, improves hepatic stea-
tosis in mice lacking SIRT1, specifically in hepatocytes [74]. The dif-
ference in the results between this study and ours could be explained
by the physiochemical properties of the two compounds (a neutral
antagonist vs an inverse agonist). Nevertheless, multiple studies
pinpoint the protective role of SIRT1 against the development of fatty
liver. For instance, heterozygous SIRT1 knockout mice accumulate
more fat in their livers than their wild-type littermates [76]; specific
deletion of exons 5 and 6 of the Sirt1 gene in the liver predisposes mice
to develop fatty liver with a regular diet [77]. Impaired hepatic PPARa
signaling and a tendency toward fat accumulation in the liver were
reported in mice carrying a deletion of exon 4 of Sirt1 gene in mice
[22]. In fact, SIRT1 is known to interact with PPARa, and its over-
expression increases the transcriptional activity of PPARa in hepato-
cytes [22]. These findings are consistent with our results, which
showed that AM6545 increased the expression of PPARa target genes
in the livers of the wild-type mice but failed to do so in the LSIRT1�/�

mice. It is worth mentioning that in our study, both the obese PPARa
and LSIRT1 null mice did not exhibit increased susceptibility to hepatic
steatosis compared with their WT littermate controls. Trends toward an
elevation in ALT and AST levels were found, but they did not reach
significance. These results could be explained by the different
composition of fatty acids in the HFD used to induce obesity and fatty
liver in these animals. However, the inability of AM6545 to ameliorate
hepatic steatosis in the null mice supports our general hypothesis. We
also report the presence of a similar expression profile of PPARa and
SIRT1 (downregulation) in liver samples collected from patients with
NASH. Regarding PPARa, its decreased hepatic expression levels in
humans with NAFLD were previously reported and were found to in-
crease in parallel with NAFLD histological improvement secondary to
lifestyle intervention or bariatric surgery [78]. Similarly, direct evidence
of the downregulation of SIRT1 in the liver of NAFLD patients was
correlated with increased expression of hepatic de novo lipogenesis
[79]. Although not reported here, others have shown an increased
expression of the CB1R in patients with NAFLD/NASH [80]; this evi-
dence supports the rationale of blocking this receptor for therapeutic
benefits in these clinical conditions.
Aberrant miR expression is associated with NAFLD, and emerging
evidence suggests that miRs play a crucial role in the development of
NAFLD [81]. Herein, we observed that improvement in hepatic
steatosis induced by AM6545 was accompanied by alterations in the
expression of several hepatic miRs, which may further imply a role for
miRs in the pathogenesis of NAFLD and its reversal. We specifically
found that miR-22 is regulated by the CB1R since it was down-
regulated by either pharmacological blockade or genetic deletion of
hepatic CB1R. Furthermore, activation of the CB1R or fatty acid flux
increases its expression in a CB1R-dependent manner, which in turn
directly regulates PPARa and SIRT1 and contributes to fat accumu-
lation in hepatocytes. Previous data indicated elevated circulating
and hepatic miR-22 levels in humans with fatty liver compared with
normal livers [82,83] and suggest a key role of miR-22 in the in-
duction of hepatic steatosis [83]. Our novel findings regarding the
regulation of hepatic PPARa and SIRT1 by miR-22 are supported by
other studies that also found a similar interaction between these
molecules in other organs/cells. PPARa and SIRT1 expression levels
were found to be reduced in mice overexpressing miR-22 in car-
diomyocytes and elevated in the hearts of miR-22 null mice [84].
Similarly, miR-22 was found to regulate PPARa and SIRT1 mRNA
expression levels in mouse embryonic fibroblasts [84], chondrocytes
[85], glioblastoma cell lines [86], and breast cancer cell lines [87].
Furthermore, butyrate was found to increase miR-22 expression,
MOLECULAR METABOLISM 42 (2020) 101087 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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which in turn reduced SIRT1 in the human hepatocellular carcinoma
cell line Huh7 cells [88].
At the molecular signaling level, we also found that CB1R activation
increased the transcription of pri-miR-22 in hepatocytes, whereas its
blockade reduced the hepatic pri-miR-22 expression in the DIO mice,
indicating that the CB1R affects miR-22 at the transcriptional level. This
is most likely achieved via inducing changes in the expression, acet-
ylation, localization, and activity of p53, a transcription factor that
upregulates the expression of miR-22 [89]. In fact, a positive corre-
lation of p53 expression and the severity of NAFLD was previously
reported in humans [90], and its induction as measured by increased
nuclear localization and enhanced p21 expression was reported in two
mouse models of fatty liver disease [91]. However, the role of p53 in
the development of hepatic steatosis remains controversial, since
studies indicating the prosteatotic effect of p53 exist (as previously
mentioned), along with reports suggesting a hepatoprotective role of
p53 (reviewed in [92,93]).
Interestingly, all of the findings presented herein suggest the direct
positive regulation of p53 by the CB1R in the liver. First, we described
changes in the transcriptional expression of p53 in hepatocytes/liver
following stimulation, pharmacological blockade, or genetic deletion of
the CB1R. Upregulation of p53 expression by stimulating the CB1R
further translated to enhanced transcriptional activity as manifested by
the increased localization of p53 in the cell nucleus and the amplified
expression of its target genes miR-34a, p21, PUMA, and BAX, known
to induce cellular arrest, death, and senescence [94]. In fact, excess
levels of p53 have been suggested to lead to the aforementioned
undesired cellular fates, including hepatocyte injury and cell death,
both of which were strongly linked to NAFLD progression [93].
Second, our findings indicate that the direct activation of p53 (by DOX)
upregulates miR-22 expression. Such elevation was also achieved by
stimulating the CB1R, an effect that failed to increase the expression of
miR-22 and miR-34a in the presence of PTF-a, a p53 transcriptional
activity inhibitor. These observations are in line with reports that THC, a
CB1R partial agonist, induces the activation of p53 in neurons [46]. In
support of our findings, Derdak et al. found that pharmacological
treatment with PFT-a reduced DIO-induced hepatic steatosis by
reducing miR-34a, which was followed by increased expression of
SIRT1 and enhanced PPARa transcriptional activation [95]. Moreover,
miR-34a contributes to the development of hepatic steatosis by directly
inhibiting SIRT1 and PPARa expression in mouse models of diet-
induced hepatic steatosis and HepG2 cells [75]. Since the role of
miR-34a in promoting hepatic steatosis has already been identified
[96], our current finding that CB1R stimulation promotes miR-34a
expression via p53 activation may imply the existence of another
plausible mechanism by which hepatic CB1R regulates PPARa and
SIRT1 and contributes to fat accumulation in the liver. However, further
research is needed to establish this link.
Finally, of significant relevance to p53 activity, activation of the CB1R
also elevated acetylated levels of p53. However, in the context of the
current findings, this observation was associated with a CB1R-medi-
ated reduction in SIRT1 activity. Yet, p53 acetylation was previously
reported to increase its stability, its binding to low-affinity promoters,
its association with multiple proteins, and more [94]. Specifically,
acetylation of p53 directly affects its transcriptional activity by opening
its usually closed configuration or altering its binding to several
response elements in gene targets [94]. Therefore, it could be
postulated that its increased acetylation in hepatocytes treated with the
CB1R agonist ACEA or when exposed to lipotoxic conditions may also
augment the association of p53 with the Drosha microRNA processor
and promote nuclear primary miR-22 expression, maturation, and
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stability, as was reported for other miRs [97]. However, miR-22 may
directly regulate the activity and function as well as contribute to the
fine-tuning of p53 as reported for miR-34a, miR-122, miR-24, and
miR-1228 (reviewed in [93]). However, substantially more research is
needed to elucidate the physiological interaction of miR-22 and p53
and its implication in the development of NAFLD.

5. CONCLUSIONS

In conclusion, ameliorating DIO-induced hepatic steatosis by
peripherally restricted CB1R blockade was found to be PPARa and
SIRT1 dependent. Furthermore, modulating their hepatic expression
and activity by the CB1R was directly controlled via a p53/miR-22
signaling pathway, resulting in changes in lipid utilization within
hepatocytes. In parallel, antagonizing the CB1R may increase hepatic
OEA and PEA, which may then directly activate PPARa, resulting in
enhanced efficacy in ameliorating hepatic steatosis (Graphical Ab-
stract). Taken together, our findings suggest the existence of a novel
molecular signaling pathway by which the CB1R regulates hepatic
lipid homeostasis.
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