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Alcoholism can result in fatty liver that can progress to steato-
hepatitis, cirrhosis, and liver cancer.Mice fed alcohol develop fatty
liver through endocannabinoid activation of hepatic CB1 cannabi-
noid receptors (CB1R), which increases lipogenesis and decreases
fatty acid oxidation. Chronic alcohol feeding also up-regulates
CB1R in hepatocytes in vivo, which could be replicated in vitro by
co-culturing control hepatocytes with hepatic stellate cells (HSC)
isolated from ethanol-fed mice, implicating HSC-derived media-
tor(s) in the regulation of hepatic CB1R (Jeong, W. I., Osei-Hyia-
man, D., Park, O., Liu, J., Bátkai, S.,Mukhopadhyay, P., Horiguchi,
N.,Harvey-White, J.,Marsicano,G.,Lutz,B.,Gao,B., andKunos,G.
(2008)CellMetab.7, 227–235).HSCbeing a rich sourceof retinoic
acid (RA), we tested whether RA and its receptors may regulate
CB1R expression in cultured mouse hepatocytes. Incubation of
hepatocytes with RA or RA receptor (RAR) agonists increased
CB1R mRNA and protein, the most efficacious being the RAR�

agonist CD437 and the pan-RAR agonist TTNPB. The endocan-
nabinoid 2-arachidonoylglycerol (2-AG) also increased hepatic
CB1R expression,whichwasmediated indirectly viaRA, because it
was absent in hepatocytes from mice lacking retinaldehyde dehy-
drogenase1, the enzymecatalyzing thegenerationofRA fromreti-
naldehyde. The binding of RAR� to the CB1R gene 5� upstream
domain inhepatocytes treatedwithRARagonistsor2-AGwascon-
firmed by chromatin immunoprecipitation and electrophoretic
mobility shift and antibody supershift assays. Finally, TTNPB-in-
duced CB1R expression was attenuated by small interfering RNA
knockdown of RAR� in hepatocytes.We conclude that RAR� reg-
ulates CB1R expression and is thus involved in the control of
hepatic fat metabolism by endocannabinoids.

The biological actions of endocannabinoids and their plant-
derived and synthetic analogs are mediated by G protein-cou-
pled cannabinoid receptors. Two cannabinoid receptors have
been identified to date; CB1R3 are expressed at very high levels
in the brain and at much lower concentrations in many periph-
eral tissues, whereas CB2R are expressed primarily, although
not exclusively, in cells of the immune and hematopoietic sys-
tems (2). Recent findings indicate that CB1R are expressed at
low yet functionally relevant levels in the liver, and their activa-
tion promotes de novo lipogenesis and inhibits fatty acid oxida-
tion (3). Through these effects, endocannabinoids play a key
role in the development of fatty liver in response to high fat
diets (4) or chronic alcohol intake (1). In mice fed a liquid alco-
hol diet, the development of fatty liver was found to involve
paracrine activation of hepatic CB1R by hepatic stellate cell
(HSC)-derived endocannabinoids. Chronic alcohol feeding also
resulted in up-regulation of CB1R in hepatocytes in vivo, which
could be replicated in vitro by co-culturing control mouse
hepatocytes with HSC isolated from ethanol-fed mice (1). This
suggests that HSC-derived mediator(s) can regulate CB1R
expression in hepatocytes. HSC being the richest source of ret-
inoic acid (RA) in the body, we examined the possible role of RA
and its receptors in the regulation of CB1R expression inmouse
hepatocytes.
RA is generated in vivo by sequential oxidation of retinol

(vitamin A), first through the action of alcohol dehydrogenase
to yield retinaldehyde and then by retinaldehyde dehydrogen-
ase (Raldh) to yield RA (5, 6). RA and its homologs are potent
regulators of gene expression and play vital roles in a wide vari-
ety of biological functions, including cellular differentiation
and proliferation, embryonic development, tissue repair, and
immune functions (7, 8). The cellular effects of RA are medi-
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scription factors. Receptors for RA consist of heterodimers of
RAR and retinoid X receptors (RXR). The RAR and RXR each
have at least three distinct isoforms encoded by separate
genes: RAR-�, -�, and -� and RXR-�, -�, and -�, respectively
(9). The RAR/RXR heterodimers bind to the appropriate
response elements of RA target genes to exert a broad range
of biological effects. RXR, whose cognate ligand is 9-cis-RA,
also forms heterodimers with other nuclear receptors, such
as peroxisome proliferation-activated receptor � or �, thy-
roid hormone receptors, farnesoid X receptor, and liver X
receptors (10, 11).
Particularly relevant to the present study is a recent observa-

tion that RA-dependent neuronal differentiation of mouse P19
pluripotent embryonic cancer cells was associatedwith a strong
induction of CB1R but not CB2R. This effect may have been
secondary to the process of neuronal differentiation or a direct
effect of RA on CB1R gene expression (12). To test whether RA
is a direct transcriptional regulator of CB1R expression, we have
undertaken an analysis of the effect of RA and its analogs on
CB1R gene expression in a well differentiated, non-neuronal,
primary cultured cell, the mouse hepatocyte. The results indi-
cate that RA up-regulates CB1R gene transcription in hepa-
tocytes via binding to RAR�, which then binds to the 5�
upstream regulatory domain of the CB1R gene to induce its
transcription. The results further indicate that autoinduc-
tion of the hepatic CB1R by the endocannabinoid 2-arachi-
donoylglycerol (2-AG) is also dependent on activation of this
pathway.

EXPERIMENTAL PROCEDURES

Animals—All protocols were approved by the Institu-
tional Animal Care andUse Committee andwere performed in
accordance with theNational Institutes of Health Guide for the
Care and Use of Laboratory Animals. C57BL/6J mice were pur-
chased from Jackson Laboratories. Male mice 10–12 weeks of
age were used in all experiments. CB1�/� and CB1�/� litter-
mates were obtained by breeding heterozygotes that had been
back-crossed to a C57BL/6J background, as described (13).
Mice with hepatocyte-specific knock-out of CB1R (LCB1�/�

mice) were generated as described (1). Raldh1�/� mice on a
mixed 129/C57Bl/6 background were generated as described
(14). All experiments with knock-out mice used the corre-
sponding homozygous wild-type (�/�) littermates as controls.
Genotyping by PCR for the Cre transgene was performed as
described previously (15). Individually caged mice were placed
on a Lieber-DeCarli low fat liquid diet (Dyets) containing 1
kcal/ml, of which 18% was derived from protein, 12% from fat,
and either 70% from carbohydrate (control diet) or 43% from
carbohydrate and 27% from ethanol (ethanol diet). Mice had
free access to the diet, and food intake and body weight were
monitored daily. The mice were on these diets for a total of 30
days; ethanol was introduced gradually by increasing the con-
tent by 1% (v/v) each day until the mice were consuming a diet
containing 5% (v/v) ethanol, which was then continued for 3
more weeks. For diet-induced obesity studies, a high fat diet
with 60% of calories derived from fat (D12492, Research Diets)
was fed to themice for 14–16 weeks as described earlier (3, 16).

At the end of this period, mice were sacrificed, and liver tissue
and trunk blood were collected.
Reagents—The RAR� agonist CD437 was from Sigma, and

the panagonist TTNPB was from Biomol. SR141716 (Rimon-
abant) had been provided from the National Institute of Drug
Abuse Drug Supply Program. 2-AGwas purchased fromTocris
Bioscience (Ellisville, MO). All-trans-retinoic acid was from
Sigma. RAR� agonist AM580 was from Biomol. RAR� agonist
CD2019 and RAR� antagonist LE135 were fromDr. Kagechika
and CIRD Galderma Sophia Antipolis (Valbonne, France),
respectively. Antibodies used were anti-actin monoclonal anti-
body (Chemicon), anti-RAR� monoclonal antibody, anti-RAR�,
and anti-RAR� (Abcam).Apolyclonal antibody against theN-ter-
minal region of the rat CB1Rwas obtained fromCaymanChem-
icals. A rabbit polyclonal antibody against the last 15 amino
acids of the C terminus of CB1R (17) was also used to identify
CB1R in immunoprecipitates generated with the N-terminal
antibody. RAR� protein was purchased from ProteinOne.
Isolation and Culture of Pure Fractions of Hepatocytes—

Hepatocytes were isolated by collagenase perfusion of liver
and then separated from nonparenchymal cells using Percoll
(GE Healthcare) density gradient centrifugation (18). Hepa-
tocytes were grown in Hepato-Zyme-SFMmedium containing
10% fetal bovine serum, gentamycin, and L-glutamine (Invitro-
gen) in a CO2 incubator at 37 °C with 5% CO2 in air. Hepato-
cytes were freshly isolated and maintained under serum-de-
prived conditions for 24 h before treatments. Compounds were
dissolved in DMSO and diluted in serum-free medium before
being added to cultures.Matched dilutions ofDMSOwere used
as vehicle controls.
Blood Chemistry—Serum alanine aminotransferase, aspar-

tate aminotransferase, and ethanol levels were assayed using
kits from Drew Scientific and BioAssay Systems, respectively.
Blood ethanol levels weremeasured in blood drawn via tail clips
at 8 a.m. (1).
Tissue Levels of Lipids—For measuring triglyceride and cho-

lesterol levels in liver,micewere sacrificed, and their livers were
removed and extracted. Total hepatic triglyceride and choles-
terol were measured as described (19).
Real-time PCR Analyses—Total RNA was isolated from

liver homogenate or from purified hepatocyte fractions
using TRIzol reagents (Invitrogen) according to the manu-
facturer’s instructions. The isolated RNA was treated with
RNase-free DNase (Ambion) to remove traces of genomic
DNA contamination. One �g of total RNA was reverse-tran-
scribed to cDNA using Super-Script II (Invitrogen). The target
gene expression was quantified with gene-specific primers and
Power SYBR Green master mix (ABI) using a 7500 Realtime
PCR instrument (Applied Biosystems). Each amplified sample
was analyzed for homogeneity using dissociation curve analy-
sis. Relative quantification was performed using the compara-
tive CTmethod (20). Primers used for mouse and human hepa-
tocytes are listed in Table 1.
Western Blot Analyses—Protein was extracted from hepato-

cyte homogenate using T-PER lysis buffer (Pierce) containing
protease inhibitor mixture set III and phosphatase inhibitor
mixture set I (Calbiochem). Equal amounts (10 or 25 �g/lane)
were fractionated on a Criterion 4–12% BisTris gel (Bio-Rad)
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and transferred onto nitrocellulose membrane using a semidry
transfer apparatus (Bio-Rad). Blocking was done for 2 h in 5%
nonfat drymilk in phosphate-buffered saline. The primary anti-
bodies were added as per the manufacturer’s recommended
dilution in the blocking buffer containing 0.1% Tween 20 over-
night at 4 °C. After three washes in phosphate-buffered saline
containing 0.1% Tween 20, secondary horseradish peroxidase
conjugate (PerkinElmer Life Sciences) was added, followed by
three washes with phosphate-buffered saline containing 0.1%
Tween 20. The blots were detected with SupersignalWest Pico
chemiluminescent substrate (Pierce) and developed using East-
manKodakCo. Biomax film (PerkinElmer Life Sciences). Auto-
radiograms ofWestern blotswere scanned andquantified using
Quantity One software (Bio-Rad). All blots were normalized to
the loading control �-actin (21).
CB1R Immunoprecipitation—In some experiments, weak

nonspecific bands in Western blots for CB1R could be elimi-
nated by first immunoprecipitating the cell extract using the
CB1R N-terminal antibody and then blotting the precipitated
proteins using a different, C-terminal CB1R antibody. CB1R
immunoprecipitation was carried out using Dynabeads� Pro-
tein G magnetic separation according to the manufacturer’s
protocol with minor modifications. Briefly, Dyna magnetic
beads were washed and incubated with CB1R N-terminal poly-
clonal antibody (Cayman Chemicals) for 3 h at 4 °C. After
repeated washing of the Dynabeads-antibody complex, protein
lysates from hepatocytes (100 �g for each sample) were added
to the complex and incubated overnight at 4 °C. The Dyna-
beads-antibody-antigen complex was washed three times and
eluted in 50�l of NuPAGELDS sample buffer/NuPAGE reduc-
ing agent mix and incubated for 10 min at 70 °C. Samples were
loaded onto a Bio-Rad Criterion gel, and Western blotting was
performed using the CB1R C-terminal antibody.
Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays

were performed as described (22). Briefly, isolated hepatocytes
were grown to confluence. After treatment as detailed in the
figure legend (Fig. 7), cells were washed twice with phos-
phate-buffered saline and cross-linked with 1% formaldehyde
at room temperature for 10min. The cross-linkingwas stopped
by adding 0.125 M glycine. Cells were washed two times with
ice-cold phosphate-buffered saline and then resuspended in

0.3 ml of Farnham lysis buffer (0.5% Nonidet P-40, 85 mM KCl,
5 mM HEPES, pH 8.0, 1� protease inhibitor mixture (Roche
Applied Science)) and sonicated, followed by centrifugation for
15min. Supernatantswere collected, and immunoprecipitation
was performed at 4 °C.
First, the primary monoclonal antibody against RAR� (Santa

Cruz Biotechnology, Inc., Santa Cruz, CA)was coupled tomag-
netic beads (Dynal beads, Invitrogen). The magnetic bead
slurry was resuspended, washed three times and mixed with
primarymonoclonal antibody to RAR� in a rotator overnight at
4 °C. After that, coupled antibody was added to each chromatin
preparation (after sonication) and incubated at 4 °C overnight
on a rotator. Beads containing immunobound chromatins were
collected by placing the microcentrifuge tubes on the magnet
stand. Supernatants were discarded, and beads were washed
with LiClWash Buffer (100mMTris-HCl, pH 7.5, 500mM LiCl,
1%Nonidet P-40, 1% deoxycholate). The bead pellet was resus-
pended in 200 �l of IP Elution Buffer (1% SDS, 0.1 M NaHCO3)
by vortexing. Eluates and control lysates without immunopre-
cipitation (for input DNA) were pooled and heated at 65 °C
overnight to reverse the formaldehyde cross-linking.DNA frag-
ments were purified with a QIAquick spin kit (Qiagen). For
PCR, 1-�l aliquots from a 50-�l DNA extract were subjected to
30–35 cycles of amplification. PCR amplification was carried
out for the CB1R promoter sequence.

CHIP DNA samples were also analyzed by real-time PCR
using the ABI 7500 SYBR Green method and the same set of
primers. The data were analyzed using the “-fold enrichment”
method and mock IgG (for immunoprecipitation of DNA) as
control (23).
Electrophoretic Mobility Shift Assay (EMSA)—Nuclear pro-

teins (20 �g) were extracted with NE-PER nuclear extraction
reagents (Pierce), and EMSA was performed with a LightShift
chemiluminescent EMSA kit (Pierce). For EMSA, the binding
reactions were performed for 20 min in 1� binding buffer, 5
mM MgCl2, 50 ng/�l poly(dI-dC)(dI-dC), 0.05% Nonidet P-40,
2.5% glycerol, biotin 5�-end-labeled PCR amplicon, and RAR�
or nuclear protein extracts, as described in the figure legends
(Fig. 6). Purified recombinant RAR� protein was from Pro-
teinOne (Bethesda, MD). RAR� was expressed as a His-tagged
protein in the baculovirus system and purified by a combina-
tion of affinity and gel filtration chromatography (ProteinOne).
Sampleswere electrophoresed on anative 6%polyacrylamide

gel in 1� Tris-borate-EDTA buffer and then transferred to a
Biodyne membrane according to the manufacturer’s recom-
mendation. The retarded bands were detected by chemilumi-
nescence using the LightShift Chemiluminescent EMSAkit. To
confirm the identity of RAR� binding, supershift experiments
were performedusing the same sampleswith 1�g of anti-RAR�
antibody. For the competitive binding assay, non-labeled probe
was added to the binding reaction at a 200-fold excess over the
labeled probe.
RNA Interference Assay—For knockdown of RAR�, prede-

signed small interfering RNA (siRNA) reagents were obtained
using anAccell SMARTpool siRNAkit (Dharmacon), following
the manufacturer’s recommendations. For each target, prede-
signed pools of four oligonucleotides were used and validated
by Western blot analyses. For transfection of siRNA oligonu-

TABLE 1
Primers used for mouse and human hepatocytes

Gene DNA sequence Species

CB I (ChIP) 5�-AGGTAGCTGAGGACTGGAGGC-3� Mouse
5�-AGCGTGGTCCCATCACGTGTTAAT-3�

�-Actin (ChIP) 5�-TCGATATCCACGTGACATCCA-3� Mouse
5�-AAATGCTGCACTGTGCGGCG-3�

CB 1 5�-GTACCATCACCACAGACCTCCTC-3� Mouse
5�-GGATTCAGAATCATGAAGCATCCA-3�

Fas 5�-CATGACCTCGTGATGAACGTG-3� Mouse
5�-GGTGAGGACGTTTACAAAGGC-3�

RAR� 5�-GTTTACACCCTGGAAATGACCC-3� Mouse
5�-GCAGGAATCTTATTTGGCAGC-3�

SREBP-1c 5�-GCCCACAATGCCATTGAGA-3� Mouse
5�-TGCTTGAGCTTCTGGTTGCTG-3�

�-Actin 5�-TGCACCACCAACTGCTTAG-3� Mouse
5�-GGATGCAGGGATGATGTTC-3�

CB 1 5�-TTCCCTCTTGTGAAGGCACTG-3� Human
5�-TCTTGACCGTGCTCTTGATGC-3�

R-actin 5�-ATTGCCGACAGGATGCAGAAG-3� Human
5�-TAGAAGCATTTGCGGTGGACG-3�
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cleotides, hepatocytes were plated at 1 � 105 cells/well on
6-well culture plates and let sit overnight. The siRNA oligonu-
cleotides were transfected the next day at a final concentration
of 100 �M using Accell delivery medium. Three days following
transfection, hepatocytes were collected and analyzed by real-
time PCR and Western blotting. The Stealth RNAi negative

control kit (Dharmacon) was used as a nonspecific transfection
control.
Statistical Analyses—Results are reported as mean � S.E.

Statistical significance among groups was determined by one-
way analysis of variance followed by post hoc Newman-Keuls
analysis using GraphPad Prism 4.3 software. Probability values
of p � 0.05 were considered significant. Statistical significance
between two groupswas determined by the two-tailed unpaired
Student’s t test. Correlations were determined by GraphPad
Prism 4.3 software.

RESULTS

RARActivation InducesCB1RExpression inHepatocytes—To
test whether RA can regulate hepatic CB1R expression, we
incubated isolated mouse hepatocytes with all-trans-retinoic
acid (24) and found that CB1R mRNA and protein levels were
increased significantly (Fig. 1A). RA can act via two types of
retinoic acid receptors, RXR and RAR.We therefore tested the
effect of the RXR agonist methoprone and the RAR panagonist
TTNPB (25) on hepatocyte CB1R mRNA levels. The RXR ago-
nist was essentially ineffective (not shown), whereas TTNPB
caused a robust, �30-fold increase in CB1R mRNA associated
with a significant, �2-fold increase in CB1R protein at both
0.1 and 1 �M (Fig. 1B). To further test which RAR subtype is
involved in this effect, we used selective RAR agonists. The
RAR� agonist CD437 (26) caused a 14- and 21-fold increase in
CB1R mRNA at 1 and 10 �M, respectively, with parallel smaller
increases in CB1R protein, whereas the RAR� agonist AM580

FIGURE 1. RAR agonist-induced CB1R expression in mouse and human
hepatocytes. A, hepatocytes were isolated from C57BL/6J mice and treated
with all-trans-retinoic acid at the indicated concentration for 24 h. CB1R
mRNA expression was quantified by real-time PCR. *, p � 0.05 versus vehicle
group, n � 12/group. CB1R protein levels were determined by Western blot
analysis followed by densitometric scanning. B, hepatocytes were treated
with RAR panagonist TTNPB or RAR� agonist CD437 at the indicated concen-
tration for 24 h. CB1R mRNA expression was quantified by real-time PCR. *, p �
0.05 versus vehicle group, n � 12/group. CB1R protein levels were determined
by Western blot analysis followed by densitometric scanning. Hepatocytes
from LCB1

�/� mice were used as negative control. *, p � 0.05 versus vehicle
group, n � 12/group. Right, effects of 24-h incubations with RAR� agonist
AM580, RAR� agonist CD2019, the panagonist TTNPB alone, or TTNPB in the
presence of RAR� antagonist LE135 or the RAR� agonist CD437 on CB1R
mRNA in hepatocytes (real-time PCR). *, p � 0.05 versus vehicle group, n �
12/group. C, hepatocytes obtained from human livers and treated with
TTNPB or CD437 for 24 h. CB1R expression was quantified by real-time PCR
and Western blot. *, p � 0.05 versus vehicle group, n � 4/group. Error bars, S.E.

FIGURE 2. RAR agonist-induced CB1R expression is attenuated by
siRNA-induced RAR� knock-down in mouse hepatocytes. A, RAR� siRNA
treatment of mouse hepatocytes results in selective knockdown of RAR� but
not RAR� or RAR� protein, as documented by Western blot. *, p � 0.05 versus
vehicle group, n � 4/group. B, induction of hepatocyte CB1R expression by
RAR panagonist TTNPB is greatly attenuated by RAR� knockdown, as docu-
mented by Western blotting of immunoprecipitated protein and by real-time
PCR. *, p � 0.05 versus vehicle group, n � 6/group. Error bars, S.E.
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(24) used at 1 �M and the RAR� agonist CD2019 (26) at 100 nM
caused only a 2–3-fold increase in CB1R mRNA (Fig. 1B, right)
and no change in CB1R protein (not shown). Moreover, the
RAR� antagonist LE135 (27) at 1 �M did not affect the increase
in CB1R mRNA induced by TTNPB. Also, the combination of
TTNPB andCD437 did not produce an additive effect, suggest-
ing that they act via the same target (i.e. RAR�). Purified hepa-
tocytes from liver-specific CB1R knock-out (LCB1�/�) mice
were used as negative control for CB1R expression (Fig. 1B, left
panels). The weak band observed may reflect trace nonspe-
cific binding of the N-terminal antibody used because it
could be eliminated when extracts were first immunopre-
cipitated and the precipitate was then blotted using another
CB1R antibody directed against the C terminus (see Fig. 3A).
Parallel increases in CB1R mRNA and protein were induced
by CD437 and TTNPB in human primary cultured hepato-
cytes (Fig. 1C).

CB1R Up-regulation by RAR Pan-
agonist Is Attenuated by RAR�
Knockdown in Hepatocytes—To fur-
ther test the role of RAR� in the
effects of various RAR agonists,
RAR� expression in mouse hepato-
cytes was reduced by siRNA knock-
down. siRNA treatment resulted
in an �80% reduction of RAR�
mRNA, as verified by real-time PCR
(not shown), as well as an �75%
reduction in RAR� protein levels, as
documented by Western blotting
(Fig. 2A), with no change in RAR�
and RAR� protein levels (Fig. 2A).
The ability of the RAR panagonist
TTNPB (1 �M) to induce CB1R
expression was reduced from a �30-
fold increase in mock-transfected
hepatocytes to a 3–4-fold increase
in cells with siRNA knockdown of
RAR� (Fig. 2B). This indicates that
up-regulation of hepatic CB1R ex-
pression by RA and its analogs is
mediated primarily via RAR�.
Activation of CB1R by 2-AGLeads

to Increased CB1R Gene Expression
in Hepatocytes—Ethanol feeding
results in increased levels of 2-AG in
HSC and an increase in CB1R in
hepatocytes, suggesting that 2-AG
itself may be involved in regulating
the expression of its own receptor.
To test this, we have incubated pri-
mary cultured mouse hepatocytes
with 5–10�M2-AG and found a dose-
dependent increase in the expres-
sion CB1R mRNA and protein, as
detected by real-time PCR andWest-
ern blotting, respectively. This effect
was largely prevented by simulta-

neous treatment with the CB1R antagonist rimonabant (SR1;
Fig. 3, A and B), indicating “feed-forward” autoregulation of
CB1R expression. This effect of 2-AG was absent in hepato-
cytes from retinaldehyde dehydrogenase-1 knock-out mice
(Fig. 3, C and D), which are deficient in RA. Although this
could suggest that induction of CB1R expression by 2-AG
requires RA, treatment with 2-AG did not alter the protein
levels of RAR�, -�, or -� (Fig. 3E).
Both Ethanol Feeding and High Fat Diet Induce Fatty Liver

and Up-regulate RAR�—Chronic exposure of 10–12-week-old
male C57BL/6J mice to a low fat, liquid alcohol diet leads to
hepatocellular damage, as reflected by increased plasma ala-
nine aminotransferase and aspartate aminotransferase. Etha-
nol feeding, resulting in blood ethanol concentrations of 20.5�
6.0mM, also leads to the development of fatty liver, as indicated
by elevated hepatic levels of triglycerides with no change in
hepatic cholesterol levels (Fig. 4A). Chronic ethanol feeding

FIGURE 3. 2-AG induced, CB1R-mediated CB1R expression in mouse hepatocytes is reduced in hepato-
cytes from Raldh knock-out mice. Hepatocytes from C57BL/6J mice were treated with 2-AG in the presence
or absence of CB1R antagonist SR141716 for 24 h. CB1R protein was quantified by Western blotting after
immunoprecipitation (A), whereas CB1R mRNA expression was analyzed by real-time PCR (B). Hepatocytes
from Raldh�/� and Raldh�/� mice were treated with 2-AG in the presence or absence of SR141716. CB1R
protein expression was analyzed by Western blot (C), and CB1R mRNA expression was analyzed by real-time
PCR (D). *, p � 0.05 versus vehicle group, n � 12/group. E, hepatocytes were isolated from C57BL/6J mice and
treated with 2-AG for 24 h. RAR�, RAR�, and RAR� protein expression were analyzed by Western blot. No
changes were observed. Error bars, S.E.
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also results in a 7–8-fold increase of RAR� mRNA and an
�3-fold increase in RAR� protein level (Fig. 4, B and C),
whereas RAR� and RXR mRNA levels remain essentially
unchanged (not shown). In agreementwith earlier observations
(1), the level of CB1R protein was increased in alcohol-treated
hepatocytes (Fig. 4D).
Fatty liver can also develop as a result of a high fat diet. Sim-

ilar to the effect of chronic ethanol feeding, the expression of
RAR� in hepatocytes was increased by a high fat diet relative to
control chow (Fig. 5A). Although no such increase in RAR�was
noted in 2-AG-treated hepatocytes (see above), the latter were
treated in vitro for 24 h, as opposed to the chronic in vivo expo-
sure to diet or alcohol. In agreement with earlier findings (3),
high fat diet increased the expression of the lipogenic transcrip-
tion factor SREBP-1c, its target fatty acid synthase, and CB1R
(Fig. 5).
Binding of RAR� to the CB1R Gene Promoter—In view of

the observed regulation of CB1R by RAR�, we tested whether

RAR� can bind to the CB1R pro-
moter. A CB1R promoter fragment
was generated by PCR using biotin-
ylated primers spanning a 500-bp 5�
upstream region of the CB1R gene.
Using EMSA, nuclear extracts from
vehicle-treated hepatocytes gave a
shift in mobility, reflecting binding
of unliganded RAR� to its DNA
target (Fig. 6A), a phenomenon
reported previously (28, 29). A fur-
ther small shift was observed with
extracts of agonist-pretreated hepa-
tocytes, and as an indication of the
specificity of the shifted complex,
the presence of an RAR� antibody
caused a supershift to a highermolec-
ular weight position when nuclear
extracts from CD437-treated cells
were used (Fig. 6A). These find-
ings demonstrate the interaction
of RAR� with the CB1R promoter.
To further test the validity of this
assay, it was replicated using
recombinant RAR� replacing the
nuclear extracts. RAR� was able to
bind the CB1R promoter element,
and a supershift was observed with
the RAR� antibody (Fig. 6B). In
this latter case, the absence of the
natural dimerization partner RXR
may explain the reduced stability,
suggested by the smear, and altered
size of the complex.
RARandRXRbind to targetDNA

in a sequence-specific manner. We
therefore screened the 500-bp 5�
upstream region of the CB1R gene
that served as our EMSA probe,
using the TFscan program with 1–2

mismatches. A target sequence of �18 bp, located between
�370 and �387, was identified by the search. When a PCR
amplicon of 300 bp spanning the upstream region without the
putative RAR� binding site was tested by EMSA, no shifts were
observed with the fragment, which is compatible with the indi-
cated sequence being the putative binding site (Fig. 6C). As a
positive control in the same gel, the original probe did display a
mobility shift and an antibody-induced supershift, which could
be prevented by adding excess unlabeled probe to the assay
mixture.
In Vivo Binding of RAR� to the CB1R Promoter—The status

of the RAR� transcription complexes present on the CB1R
promoters was determined using ChIP. Primary cultured
hepatocytes were treated with vehicle or the RAR� agonists
CD437 at 10 �M, TTNPB at 1 �M, or the endocannabinoid
2-AG at 10 �M. The presence of the CB1R promoter in the
chromatin immunoprecipitates was analyzed by semiquantita-
tive PCR using specific primer pairs spanning the CB1R pro-

FIGURE 4. Chronic alcohol diet induces liver damage in mice and up-regulates RAR�. A, elevated serum
levels of alanine aminotransferase, aspartate aminotransferase, and increase in hepatic triglycerides but no
significant changes in hepatic cholesterol were observed in mice on ethanol diet. B and C, chronic alcohol diet
results in increased hepatic RAR� protein (B) and mRNA levels (C), as quantified by Western blotting or real-time
PCR, respectively. *, p � 0.05 versus vehicle group, n � 6 –12/group. D, up-regulation of CB1R protein level in
hepatocytes C57BL/6J mice kept on liquid alcohol diet for 30 days. U/L, units/liter; error bars, S.E.
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moter �500 to �50 nucleotide region.We asked whether RAR
agonists or 2-AG affected the recruitment of RAR� to the CB1R
promoter. As shown in Fig. 7A, chromatin immunoprecipita-
tion with a monoclonal antibody against RAR� indicated that
treatment with RAR agonists or 2-AG induced a significant
increase in the occupancy by RAR� of the CB1R gene pro-
moter (left). Input DNA from each sample was also used
as input control. To test for possible nonspecific binding
of RAR� to other DNA regions and/or for genomic DNA
contamination, primers for �-actin downstream genomic
sequence were also used as a negative control for ChIP DNA
(right). Real-time PCR analysis of ChIP enrichment showed a
similar increase following 2-AG, CD437, and TTNPB treat-
ments, and low level binding of RAR� to CB1R promoter was
also observed in the presence of vehicle only (Fig. 7B).

DISCUSSION

The present findings indicate that retinoic acid acting
through RAR� is involved in the up-regulation of hepatic CB1R
observed in both alcohol- and high fat diet-induced fatty liver
and may also be involved in mediating the autoinduction of
CB1R expression by endocannabinoids. In both alcohol-fed and
high fat diet-fed mice, the hepatic expression of RAR� was sig-
nificantly increased, which paralleled the increased hepatic
expression of CB1R in these conditions (30). Treatment of con-
trol hepatocytes by either a RARpanagonist or a selective RAR�

agonist resulted in increased expression of CB1R mRNA and
protein, and the effect of the RAR panagonist was lost in cells
with siRNA knockdown of RAR�. The dominant role of RAR�
is further indicated by the lack of similar CB1R induction by a
RAR� or a RAR� agonist, the inability of a RAR� antagonist to
oppose the effect of the RAR pan-agonist, and the lack of addi-
tivity of the combination of the panagonist and RAR� agonist
over the effect of the panagonist alone.
Although functional redundancies are known to exist among

different subtypes of RAR and also between RAR and RXR,
some of these redundancies may be artifactually generated in
cells with gene knockouts (31). Indeed, it was earlier reported
that only RAR� can mediate RA-induced differentiation of F9
and P19 embryonic cancer cells, with some input fromRAR� in
the latter (31). RA-induced neuronal differentiation in P19 cells
was associated with increased expression of CB1R, but whether
this was a direct action of RA or secondary to the process
of neuronal differentiation was unclear. The present findings
clearly demonstrate that RA acts as a direct transcriptional acti-
vator of non-neuronal CB1R via RAR�.

Core consensus sequences of transcription factor binding
sites, including an RAR element, have been mapped in the
mouse CB1R promoter (32). However, direct evidence for
their role in transcriptional regulation has not been explored,
with the exception of the STAT6 sequence S2, which was
shown to be involved in the interleukin-4-inducible expression
of CB1R in T lymphocytes (33). Here we have provided strong
evidence for the binding of liganded RAR� to a restricted,
�300-bp-long segment of the 5� regulatory domain of theCB1R
gene. Although a perfect match for a cis-acting RAR� binding
element is not present in this region, a DNA sequence element
with two mismatches is a likely candidate as a RAR� recogni-
tion site. Additional evidence for the in vivo binding of RAR� to
the CB1R regulatory domain has been provided by the results of
ChIP assays. Constitutive binding of RAR� to the CB1R in the
control sample was much lower than it was under in vitro con-
ditions and could only be detected by real-time PCR (Fig. 7B). It
is possible that under in vivo conditions, activation of mem-
brane CB1R generates a downstream signaling molecule that
forms a complex with RAR� and stabilizes its binding to the
promoter. Such an interaction, which remains to be explored,
may be analogous to the recruitment of transcriptional co-reg-
ulators to target RA response elements through reversible
interactions with RARs (34, 35).
A conspicuous finding is the striking difference between the

robust, �30-fold increase in CB1R mRNA paralleled by a more
modest, 3–4-fold increase in CB1R protein by RAR�. Although
we have not identified the specific mechanism underlying this
difference, similar differences may result from the action of
specific microRNAs that inhibit mRNA translation. Indeed, we
were able to identify a conserved miR-128 binding site in the
3�-untranslated region of the mouse Cnr1 gene (encoding
CB1R), using the TargetScan program. Validation of the func-
tionality of this site will require further studies.
There is considerable evidence to suggest that activation

of the endocannabinoid system, including increased expres-
sion of CB1R in tissues involved in metabolic regulation,
plays a key role in the development of diet-induced obesity

FIGURE 5. High fat diet induces lipogenic gene expression in liver and
up-regulates RAR�. A, high fat diet results in increased hepatic levels of,
RAR�, SREBP1, FAS, and CB1R protein, as determined by Western blotting. *,
p � 0.05 versus vehicle group, n � 4/group. B, high fat diet-induced increase
in hepatic RAR�, SREBP1c, and FAS mRNA, as determined by real-time PCR. *,
p � 0.05 versus vehicle group, n � 12/group.
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and hepatic steatosis as well as the associated hormonal/
metabolic abnormalities, together called the metabolic syn-
drome. Increased tissue and plasma levels of endocannabi-
noids and a parallel increase in the expression of CB1R in
tissues critical to metabolic regulation, including skeletal
muscle, liver, and adipose tissue, are suggestive of an over-
active endocannabinoid system. This is further indicated by
findings that chronic treatment with a CB1R antagonist was
able to reduce body weight, clear up fat from the liver, and
improve the associated insulin resistance and dyslipidemias
in animal models of obesity (36, 37) as well as in humans with
obesity/metabolic syndrome (38, 39).
An additional interesting finding in the present study was

the ability of the endocannabinoid 2-AG to up-regulate its
own CB1 receptor in hepatocytes. Although this effect was
unexpected in view of the ability of high levels of cannabi-
noids to down-regulate CB1 receptors in the brain, a mech-
anism of “desensitization” shared by many other ligand/re-
ceptor systems, a similar “autoinduction” of CB1R by

cannabinoids has been reported to
occur in T lymphocytes, where the
basal levels of CB1R expression,
similar to hepatocytes, are very low
(40). More directly relevant to the
present findings is a recent in vivo
study in mice, which confirms the
up-regulation of hepatic CB1R by
high fat diet and further reports its
complete reversal by chronic treat-
ment with a CB1R antagonist (41).
This suggests that the CB1R autoin-
duction may also operate under in
vivo conditions. The failure of 2-AG
to induce CB1R expression in hepa-
tocytes from Raldh1 (retinaldehyde
dehydrogenase-1) knock-out mice,
which are deficient in RA, may sug-
gest that RA is involved in the auto-
induction of CB1R. However, 2-AG
was found not to affect cellular lev-
els of RAR�, so the mechanism by
which it increased the occupancy of
the CB1R promoter by RAR�, as
documented by ChIP assays (Fig.
7A), remains unclear. A possible
CB1R-mediated increase in the cel-
lular levels of RA, which could
increase the fraction of ligand-
bound RAR�, remains to be tested.
CB1R mRNA remained detectable
in the liver of Raldh1 knock-out
mice, which suggests that although
RA and RAR� may be involved in
the up-regulation of CB1R, they are
not required for its constitutive
expression. The present findings
also do not exclude the existence
of additional, RAR�-independent

mechanisms of regulation of CB1R gene expression.
A link between the vitamin A/retinoic acid system and obe-

sity and insulin resistance is suggested by recent findings that
Raldh1-deficient mice are resistant to diet-induced obesity
and glucose intolerance (5). This resistance has been attrib-
uted to the elevated tissue levels of retinaldehyde and its
ability to inhibit adipogenesis by suppressing peroxisome
proliferation-activated receptor � and RXR� responses.
Raldh1 knock-out mice are largely deficient in RA in the liver
(14), and it is possible that at the greatly reduced hepatic RA
levels, the high fat diet may have failed to induce CB1R
expression in tissues involved in metabolic control, and the
resulting reduction in endocannabinoid “tone” may have
contributed to the lean phenotype of these animals. Further
experiments are under way to test this possibility.
Retinoic acid has been implicated in the control of a variety

physiological processes, including cellular differentiation,
tumor growth, andmetabolic processes (42). The endocannabi-
noid systemhas also been implicated inmany of these processes

FIGURE 6. RAR� binds to the CB1R promoter region. A, EMSA using a �500-bp PCR fragment (see diagram)
of the CB1R promoter region with nuclear extracts of hepatocytes subjected to the indicated treatments. Note
the slightly different shifts caused by unliganded versus liganded RAR� in lanes 2 and 3. Specificity of binding
was demonstrated by supershift using RAR� monoclonal antibody (lane 4). Poly(dI-dC) was added to each
reaction. B, CB1R promoter/RAR� interaction using recombinant RAR� protein in the absence of RXR. The
specificity of the binding was confirmed with supershift. Poly(dI-dC) was added to each reaction. C, a truncated,
�300-bp promoter fragment (see diagram) failed to bind the purified RAR� protein (two left lanes). In the same
gel, binding of the original 500-bp probe to RAR� is demonstrated by antibody-induced supershift, which
could be competed away by excess unlabeled probe. Nucleotide numbers are relative to the transcription
initiation site of the mouse CB1R. Poly(dI-dC) was added to each reaction. Error bars, S.E.
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(2), which could suggest that some of the pleiotropic actions of
RA may be mediated via the endocannabinoid/CB1 receptor
system.
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(2005) J. Clin. Invest. 115, 1298–1305

4. Osei-Hyiaman, D., Liu, J., Zhou, L., Godlewski, G., Harvey-White, J.,
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