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Abstract 

Liver X receptor-α (LXRα) and its target sterol regulatory element protein-1c (SREBP-1c) play 

key roles in hepatic lipogenesis. Rimonabant, an inverse agonist of cannabinoid receptor type-1 

(CB1), has been studied as an anti-obesity drug. In view of the link between CB1 and energy 

metabolism, this study investigated the effect of rimonabant on LXRα-mediated lipogenesis in 

hepatocytes, and the underlying basis. Rimonabant treatment inhibited CYP7A1-LXRE gene 

transactivation and an increase in LXRα mRNA level by LXRα agonist (T0901317) in HepG2 

cells. Consistently, rimonabant attenuated the activation of SREBP-1c and its target gene 

induction. The reversal by CB1 agonists on rimonabant’s repression of SREBP-1c supported the 

role of CB1 in this effect. Rimonabant inhibited the activation of SREBP-1c presumably via 

Gαi/o inhibition, as did pertussis toxin. Adenylyl cyclase activator forskolin or 8-Br-cAMP 

treatment mimicked the action of rimonabant, suggesting that Gαi/o inhibition causes the 

repression of SREBP-1c by increasing cAMP level. Knockdown or chemical inhibition of 

protein kinase A (PKA) prevented the inhibition of LXRα by rimonabant, supporting that an 

increase in cAMP content and PKA activation, which catalyzes LXRα inhibitory 

phosphorylation, might be responsible for the anti-lipogenic effect. In addition, rimonabant 

activated liver kinase B1 (LKB1), resulting in the activation of AMP-activated protein kinase 

responsible for LXRα repression. Moreover, PKA inhibition prevented the activation of LKB1, 

supporting that PKA regulates LKB1. In conclusion, rimonabant has an anti-lipogenic effect in 

hepatocytes by inhibiting LXRα-dependent SREBP-1c induction, as mediated by increase in 

PKA activity and PKA-mediated LKB1 activation downstream of CB1-coupled Gαi/o inhibition. 
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Introduction 

The metabolic syndrome is made up of a series of obesity and heart disease-related risk factors 

including hypertension, hyperglycemia, and dyslipidemia (Cornier et al., 2008). The increasing 

rate of obese subjects in the world results in the growing incidence of metabolic syndrome 

(Alexander et al., 2003). Mechanisms of the pathogenesis involved in the disorders are not yet 

fully understood. Nonalcoholic fatty liver disease (NAFLD), a hepatic component of metabolic 

syndrome, is a common liver disease that refers to liver dysfunction and/or injury, disturbing the 

overall metabolic function of the liver (Kotronen and Yki–Järvinen, 2008). NAFLD ranges from 

steatosis to steatohepatitis, fibrosis, and cirrhosis (Marra et al., 2008). 

 Liver X receptor-α (LXRα), a lipid sensor, promotes lipid and cholesterol metabolism in the 

cell. In regulating lipid metabolism, LXRα stimulates fatty acid synthesis and triglyceride 

accumulation in hepatocytes. Upon activation with LXR ligand (e.g., endogenous ligand, 

oxysterol; and synthetic ligand, T0901317 (T090)), LXRα and retinoid X receptor dimerize and 

bind to DNA responsive elements (LXRE). Sterol regulatory element binding protein-1c 

(SREBP-1c) is a major target gene of LXRα (Repa et al., 2000), and plays a key role in the 

induction of lipogenic genes such as fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), 

stearoyl-CoA desaturase-1 (SCD-1) and ATP-binding cassette transporter A1 (ABCA1) 

(Stoeckman and Towle, 2002; Ntambi, 1999). Thus, SREBP-1c activation by LXRα may 

facilitate progression to steatosis and steatohepatitis (Repa et al., 2000). Therefore, methods to 

inhibit LXRα activity represent a potential way for the treatment of hepatic steatosis. 

 Cannabinoid receptor type-1 (CB1) has a modulating effect on the fat metabolism at 

peripheral organs such as liver, adipose tissue, and skeletal muscle (Osei-Hyiaman et al., 2005; 

Yan et al., 2007; Liu et al., 2005). In several animal models, CB1 blockade decreases de novo 

lipogenesis (Jeong et al., 2008; Jourdan et al., 2010). Rimonabant (SR141716A) is the first-in-

class CB1 blocker for obesity treatment (Van Gaal et al., 2005). The data obtained from clinical 

trials suggest that rimonabant may have a beneficial effect against disrupted lipid metabolism in 
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the liver (Després et al., 2005; Scheen et al., 2006; Hollander et al., 2010). However, the anti-

steatotic effect of rimonabant in hepatocytes and the molecular basis responsible for this action 

remain to be elucidated. 

 Protein kinase A (PKA), recognized as a fasting signal that is sensitive to increased cAMP 

content, plays a role in lipid metabolism (McKnight et al., 1998). In animal models, PKA 

activation by adrenergic stimulation resulted in lean phenotypes, and improves insulin 

sensitivity (Cummings et al., 1996; Schreyer et al., 2001). In addition, PKA directly 

phosphorylates LXRα and thereby hinders LXRα dimerization with retinoid X receptor 

(Yamamoto et al., 2007). Thus, PKA activation attenuates SREBP-1 activity and SREBP-1-

mediated lipogenesis (Yamamoto et al., 2007; Lu and Shyy, 2006). Since CB1 is coupled to G 

proteins, chemical modulation of this receptor may affect the adenylyl cyclase-cAMP-

dependent PKA axis (Bayewitch et al., 1995). 

 AMP-activated protein kinase (AMPK) serves as an intracellular sensor for energy 

homeostasis. The AMPK pathway regulates lipid and glucose metabolism; its activation inhibits 

not only hepatic lipogenesis mainly through inhibitory phosphorylation of ACC, a rate-limiting 

step of fatty acid synthesis, but hepatic cholesterol production through suppression of 3-

hydroxy-3-methylglutaryl-CoA reductase (Motoshima et al., 2006). In addition, an increase in 

AMPK activity reduces glucose production in the liver, whereas it enhances glucose uptake in 

the skeletal muscle (Sakoda et al., 2002). A series of findings indicate that AMPK contributes to 

antisteatotic and antidiabetic action (Hwahng et al., 2009; Bae et al., 2007). In hepatic and 

adipose tissues, CB1 agonist treatment has been shown to inhibit AMPK activity (Kola et al., 

2005). So, it is plausible that the antagonism of CB1 may result in the activation of AMPK. 

 In view of the association between endocannabinoid physiology and lipid metabolism, and 

the inhibitory regulation of AMPK by CB1, we were interested in the effect of rimonabant, a 

selective CB1 inverse agonist, on LXRα−SREBP-1c-mediated lipogenesis in hepatocytes and 

the underlying basis. Here, we report the beneficial effect of rimonabant’s antagonism of CB1 
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on LXRα-SREBP-1c-mediated lipogenesis. Moreover, this study identified the regulatory role 

of PKA in activating liver kinase B1 (LKB1) and AMPK downstream of CB1 inverse agonism. 

An important finding of this study is the link between CB1-Gαi/o inhibition and LKB1-AMPK 

activation that leads to the inhibition of LXRα-mediated-SREBP-1c activity. 
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Materials and Methods 

Materials. Rimonabant HCl (99%) was provided from AK Scientific (Mountain View, CA). 

Hu-210 and arachidonyl-2’-chloroethylamide (ACEA) were purchased from Tocris (Ellisville, 

Missouri). Anti-phospho-AMPK, anti-AMPK, anti-phospho-ACC, anti-ACC, anti-acetylated-

lysine, and anti-phospho-LKB1 (Ser428) antibodies were obtained from Cell Signaling (Beverly, 

MA). PKI (PKA inhibitor) and the antibodies directed against SREBP-1, Gαi, PKA, LKB1, c-

myc and CaMKKβ were supplied from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-β-

actin and anti-phosphorylated serine antibody, GW3965, 8-Br-cAMP, and forskolin were 

obtained from Sigma-Aldrich Co. (St. Louis, MO). Horseradish peroxidase-conjugated goat 

anti-rabbit, and goat anti-mouse IgGs were purchased from Zymed Laboratories (San Francisco, 

CA). Pertussis toxin, H89, T0901317, and compound C were provided from Calbiochem (San 

Diego, CA). 

 

Cell Culture. HepG2 (human hepatocyte-derived cell line), AML-12 (mouse hepatocyte-

derived cell line), and HeLa cells were supplied from ATCC (Manassas, VA). All cells were 

maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 

50 units/ml penicillin and 50 μg/ml streptomycin at 37°C in humidified atmosphere with 5% 

CO2. Cells were plated in a six-well dish at a density of 1×106 cells per well, and wells with 70-

80% confluency were used. The cells were incubated with either vehicle or LXRα agonist (i.e., 

T090 and GW3965) in combination with rimonabant for 12 h. 

 

Transient Transfection and Reporter Gene Assays. The cells were transiently transfected 

with pGL2-FAS (1 µg) or TK-CYP7A1-LXRα response element (LXRE)x3-LUC (0.5 µg) for 3 

h in the presence of Lipofectamine® reagent. The activity of luciferase was measured by adding 

luciferase assay reagent (Promega, Madison, WI). The FAS reporter plasmid (pGL2-FAS) was a 

gift from Dr. T. F. Osborne (University of California, Irvine, CA). LXR luciferase reporter, TK-
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CYP7a-LXREx3-LUC that contains three tandem copies of the sequence (5’-

gcttTGGTCActcaAGTTCAagtta-3’) from the rat CYP7A1 gene, was provided from Dr. D. J. 

Mangelsdorf (University of Texas Southwestern Medical Center, Dallas, TX). 

 

RNA Isolation and Real-time PCR Assays. Total RNA was extracted using Trizol (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s instructions. The complementary DNA was 

obtained by reverse transcription using an oligo(dT)16
 primer to obtain cDNA. It was amplified 

by polymerase chain reaction (PCR). Real-time PCR was conducted with a Light Cycler 1.5 

apparatus (Roche, Mannheim, Germany) using a Light Cycler DNA master SYBR green-I kit 

according to the manufacturer's instructions. The levels of target mRNAs were normalized to 

those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. The following primer 

sequences were used: human SREBP-1, 5'-CGACATCGAAGACATGCTTCAG-3' (sense) and 

5'-GGAAGGCTTCAAGAGAGGAGC-3' (antisense); human LXRα, 5'-

GATCGAGGTGATGCTTCTGGAG-3' (sense) and 5'-CCCTGCTTTGGCAAAGTCTTC-3' 

(antisense); human FAS, 5'-GACATCGTCCATTCGTTTGTG-3' (sense) and 5'-

CGGATCACCTTCTTGAGCTCC-3' (antisense); human ACC1, 5'-

GCTGCTCGGATCACTAGTGAA-3' (sense) and 5'-TTCTGCTATCAGTCTGTCCAG-3' 

(antisense); human SCD-1, 5'-CCTCTACTTGGAAGACGACATTCGC-3' (sense) and 5'-

GCAGCCGAGCTTTGTAAGAGCGGT-3' (antisense); human ABCA1, 5'-

TGTCCAGTCCAGTAATGGTTCTGT-3' (sense) and 5'-AAGCGAGATATGGTCCGGATT-3' 

(antisense); and human GAPDH, 5'-GAAGATGGTGATGGGATTTC-3' (sense) and 5'-

GAAGGTGAAGGTCGGAGTC-3' (antisense). 

 

Immunoprecipitation and Immunoblot Assays. Cell lysates (500 μg/each aliquot) were 

immunoprecipitated with anti-LXRα antibody or anti-LKB1 antibody overnight at 4°C. The 

antigen-antibody complex was immunoprecipitated after incubation with protein G-agarose for 
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2 h. Immune complexes were solubilized in 2 × Laemmli buffer and were boiled for 5 min. 

Protein samples were resolved and were immunoblotted with anti-phosphorylated-serine, anti-

phosphorylated-threonine or anti-acetylated-lysine antibody.  

 

siRNA Knockdown. To knockdown target molecules, cells were transfected with either a 

siRNA directed against human Gαi, PKA or LKB1 (Santa Cruz Biotechnology, Santa Cruz, CA), 

or a nontargeting control siRNA (100 pmol/ml) using Lipofectamine 2000 according to the 

manufacturer’s instructions. After transfection for 48 h, the cells were treated with vehicle or 

LXRα agonist in the presence or absence of rimonabant for 12 h. Immunoblottings verified the 

knockdown effects of Gαi, PKA and LKB1. 

 

PKA Activity Assay. PKA assay was performed using a commercially available solid phase 

ELISA kit (Enzo Life Sciences, Plymouth Meeting, PA) according to the manufacturer’s 

instruction. Briefly, samples (30 μg each) were loaded in the appropriate wells of the provided 

PKA substrate microtiter plate, followed by addition of 10 μg ATP. After termination of the 

kinase reaction, the antibody that recognizes the substrate phosphorylation was added to the 

wells. The phosphospecific antibody was then bound by a peroxidase-conjugated secondary 

antibody. The color of assay was developed in proportion to PKA phosphotransferase activity 

using tetramethylbenzidine substrate. After stopping color development with acid stop solution, 

the intensity of the color was measured in a microplate reader (TECAN) at 450 nm. 

 

Data Analysis. One way analysis of variance procedures were used to assess significant 

differences among treatment groups. For each significant treatment effect, the Newman-Keuls 

test was used to compare multiple group means. 
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Results 

Inhibition of LXRα-dependent SREBP-1c induction 

 The in vitro effect of rimonabant on lipogenic gene induction by T090 was examined in 

HepG2 cells: T090, a synthetic LXRα agonist, was employed to induce LXRα and SREBP-1c 

activation. Treatment of cells with T090 increased LXR-dependent gene transactivation, as 

shown by an increase in CYP7A1-LXRE-luciferase (CYP7A1) activity, which was significantly 

attenuated by simultaneous treatment of cells with rimonabant (Fig. 1A, left). T090 may also 

increase transactivation of the PXR target gene (CYP3A23-PXRE-luciferase gene) (Mitro et al., 

2007). PXRE reporter activity was unaffected by rimonabant (data not shown), confirming that 

rimonabant treatment specifically inhibits the induction of LXRα target gene. Since the LXRα 

gene itself contains an LXRE (Laffitte et al., 2001), the activation of LXRα by T090 treatment 

for 12 h caused its own gene induction. This increase was prevented by concomitant treatment 

of cells with rimonabant (Fig. 1A, right). 

 The effect of rimonabant on T090-dependent induction of SREBP-1c, a marker of hepatic 

lipogenesis, was determined in HepG2 cells. As expected, the level of SREBP-1c protein was 

increased 12 h after T090 treatment, and rimonabant attenuated the T090 induction of SREBP-

1c protein (Fig. 1B): SREBP-1c transcript level was also repressed by 1 μM or 10 μM 

rimonabant pretreatment (Fig. 1C). Moreover, treatment of cells with rimonabant prevented the 

ability of GW3965, another LXRα agonist, to induce SREBP-1c expression (Fig. 1D). AM251, 

a CB1 antagonist, blocked SREBP-1c induction by T090, as did rimonabant (Fig. 1E). In 

addition, treatment of cells with Hu-210 or ACEA, CB1 agonists, reversed the ability of 

rimonabant to inhibit SREBP-1c induction by T090 (Fig. 1F). Our results indicate that 

rimonabant antagonizes the activation of LXRα and SREBP-1c by T090, which may be 

mediated by CB1 antagonism. 

 

Inhibition of SREBP-1c-mediated lipogenic gene induction 
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 To assess the transcriptional activity of SREBP-1c, FAS reporter assays were conducted in 

HepG2 cells transfected with the construct containing the sterol response element, but not the 

LXRE, in the –150 bp FAS promoter region (Fig. 2A, upper). Incubation of the cells with T090 

increased luciferase activity from the construct, which was diminished by rimonabant (Fig. 2A, 

lower). Because SREBP-1c controls the transcription of genes encoding for lipogenic enzymes, 

the effects of rimonabant on their gene expression were monitored by measuring relative 

changes in FAS, ACC, SCD-1, and ABCA1 transcript levels (Fig. 2B). Rimonabant attenuated 

the ability of LXRα agonist to induce the target genes of SREBP-1c. Our results demonstrate 

that rimonabant indeed has the ability to prevent SREBP-1c-mediated lipogenic gene induction 

by LXRα agonist. In subsequent experiments, 10 μM of rimonabant was used to ensure the 

optimal effect. 

 

SREBP-1c repression by cAMP-PKA activation downstream of Gαi/o inhibition 

 GPCRs that activate the Gαi class of Gα subunits inhibit cAMP production, whereas other 

GPCRs that activate the Gαs class of Gα subunits facilitate it (Neves et al., 2001). CB1 may be 

coupled with G proteins of the Gαi/o family (i.e., Gαi 1, 2 and 3, and Gαo 1 and 2), triggering 

signaling pathways mainly by inhibiting the cAMP-dependent PKA pathway. As an effort to 

identify the downstream component of CB1 antagonism, we examined the role of Gαi/o 

inhibition in the repression of lipogenesis by rimonabant. Either knockdown of Gαi or treatment 

of cells with pertussis toxin (a Gαi/o inhibitor) inhibited T090-mediated induction of SREBP-1c 

(Fig. 3A). Gαi/o inhibition causes an increase in cellular cAMP content through adenylyl cyclase 

(Neves et al., 2001). Treatment of cells with forskolin, an agent that increases cAMP by 

activating adenylyl cyclase, also inhibited the induction of SREBP-1c by T090 (Fig. 3B, left). 

Similarly, 8-Br-cAMP treatment diminished SREBP-1c induction by T090 (Fig. 3B, right). 

Since cAMP activates PKA, we next assessed the effect of rimonabant on the activity of PKA. 
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As expected, rimonabant elevated PKA activity, which was abolished by treatment of cells with 

either H89 (a PKA/PKG/PKC inhibitor) or PKI (a PKA-specific inhibitor) (Fig. 3C).  

 

Role of PKA in the inhibition of LXRα and SREBP-1c activation 

 PKA may directly phosphorylate LXRα at serine residue, which inactivates LXRα 

(Yamamoto et al., 2007). Consistent with this report, rimonabant facilitated the phosphorylation 

of LXRα at serine residue, which was reversed by either PKA knockdown (siPKA) or H89 

treatment (Fig. 4A). Furthermore, H89 attenuated the ability of rimonabant to prevent LXRE 

reporter induction by T090 (Fig. 4B). Moreover, either transfection of specific siRNA directly 

against PKA α catalytic subunit or H89 treatment reversed the repression of SREBP-1c by 

rimonabant (Fig. 4C). Hence, cAMP-dependent PKA activation by rimonabant may contribute 

to SREBP-1c repression by rimonabant via LXRα inactivation. 

 

PKA-dependent activation of LKB1 by rimonabant  

 PKA may activate LKB1 through direct phosphorylation (Collins et al., 2000). Given the 

regulatory effect of PKA on LKB1, we next examined whether rimonabant is capable of 

activating LKB1. Rimonabant promoted the activation of LKB1 in HepG2 or AML-12 cells (a 

normal mouse hepatocyte cell line, known to synthesize fatty acids/lipids), as shown by 

increased phosphorylation of LKB1 on Ser428 residue (Fig. 5A). LKB1 activation was further 

supported by its deacetylation and binding with calcium binding protein 39 (CAB39) (Fig. 5B). 

To link the increased PKA activity and LKB1 activation by rimonabant, we determined whether 

PKA inhibition affected LKB1 activation by rimonabant. We found that siRNA knockdown of 

PKA completely prevented the ability of rimonabant to promote LKB1 phosphorylation (Fig. 

5C). Similarly, treatment of cells with H89 abolished the activation of LKB1 by rimonabant (Fig. 

5D). These data provide evidence that increase in PKA activity by rimonabant may lead to the 

activation of LKB1. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 29, 2011 as DOI: 10.1124/mol.111.072769

 at A
SPE

T
 Journals on A

pril 23, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #72769 

 13

 

LKB1-dependent AMPK activation for the inhibition of LXRα 

 LKB1 is an upstream kinase of AMPK. As expected, rimonabant activated AMPK in a time-

dependent manner, as evidenced by phosphorylations of AMPK and ACC (a substrate of 

AMPK) in HepG2 or AML12 cells (Fig. 6A). Consistently, siRNA knockdown of LKB1 

eliminated the ability of rimonabant to activate AMPK (Fig. 6B, left). In addition, rimonabant 

did not activate AMPK in HeLa cells deficient of LKB1 (Fig. 6B, right). Calcium/calmodulin-

dependent kinase kinase β (CaMKKβ) is a member of the serine/threonine protein kinase family. 

Treatment of cells with STO-609 (1 μg/ml), an inhibitor of CaMKK, failed to antagonize 

AMPK activation by rimonabant (Fig. 6C). Inhibition of CaMKKβ autophosphorylation at 

serine/threonine by STO-609 confirmed the effectiveness of STO-609. All of these results show 

that rimonabant activates AMPK through LKB1, but not CaMKKβ.  

 Activated AMPK inhibits LXRα through phosphorylation at threonine residue (Hwahng et 

al., 2009). To verify the role of AMPK in repressing LXRα and SREBP-1c by rimonabant, we 

assessed the effect of AMPK inhibition on the ability of rimonabant to repress T090 activation 

of LXRα and SREBP-1c induction. As expected, overexpression of a dominant negative mutant 

of AMPKα (DN-AMPKα) reversed LXRα phosphorylation at threonine residue increased by 

rimonabant (Fig. 6D, left), whereas it did not affect LXRα phosphorylation at serine residue 

(Fig. 6D, middle). Since PKA is the upstream kinase of LKB1-AMPK axis, PKA activation also 

leads to the phosphorylation of LXRα at threonine through AMPK (Fig., 6D, right). Because the 

antibodies directed against phospho-serine or phospho-threonine of LXRα were not available, 

LXRα immunoprecipitates were immunoblotted for phospho-serine or phospho-threonine. 

Consistently, AMPK inhibition antagonized the ability of rimonabant to repress SREBP-1c (Fig. 

6E, left). Similarly, treatment of cells with compound C, a chemical inhibitor of AMPK, 

reversed the SREBP-1c-repressing effect of rimonabant (Fig. 6E, right). Our results showed that 
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AMPK activation by rimonabant contributes to repressing SREBP-1c presumably via LXRα 

inhibition (i.e., threonine phosphorylation). Collectively, rimonabant has an anti-lipogenic effect 

in hepatocytes not only by promoting PKA activation, which directly inhibits LXRα, but also 

PKA-mediated activation of AMPK responsible for LXRα-SREBP-1c repression (Fig. 7). 
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Discussion 

Rimonabant is the pioneering CB1 inverse agonist that had been used in clinical settings based 

on its body weight loss effect as well as metabolic syndrome correction (Després et al., 2005). 

Unfortunately, it was recently withdrawn from the market due to neuropsychiatric adverse 

events (Nathan et al., 2010). Nevertheless, the endocannabinoid system still has an important 

researching value in new drug development as peripheral CB1 antagonism shows a potential 

beneficial effect in regulating metabolic syndrome. Since drugs with no psychiatric disturbances 

appear particularly interesting, one possible future aim could be the development of 

endocannabinoid modulators that have only peripheral effects. 

 LXRα facilitates fatty acid synthesis mainly through transcription of SREBP-1c, a master 

regulator of lipogenic genes (Repa et al., 2000). The role of LXRα in lipogenesis was proven by 

the result of in vivo experiment showing that administration of LXR agonist (T090) to mice 

increased hepatic and plasma triglyceride levels and switched on LXR-dependent lipogenic 

genes in the liver, whereas this effect was abolished in LXR-null mice (Schultz et al., 2000). In 

the present study, we explored the mechanistic basis of rimonabant’s anti-lipogenic properties in 

a hepatocyte model using LXRα ligand. Our finding that the pharmacological interference on 

CB1 suppressed T090 induction of SREBP-1c expression is in agreement with the observation 

that treatment of HU210, a CB1 agonist, enhanced SREBP-1c level in mice, and which was 

abolished by rimonabant pretreatment (Osei-Hyiaman et al., 2005). All of these results support 

the notion that rimonabant may act peripherally in the liver to antagonize CB1 and decrease 

LXRα-dependent SREBP-1c induction, leading to reduced fatty acid synthesis. The lack of 

increase in SREBP-1c level by HU210 or ACEA treatment alone may be due to weak activity of 

endogenous LXRα ligand (De Gottardi et al., 2010). Without LXRα ligand, CB1-mediated 

signal transduction might not be sufficient to activate LXRα. Also, the CB1 agonist treatment 

did not potentiate the lipogenic effect of either 0.1 μM or 1 μM T090: this might result from 

limiting activity of downstream molecule(s). 
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 CB1 belongs to the superfamily of GPCRs. Ligand activation of CB1 transmits signals to 

the G proteins of the Gαi/o family (Howlett et al., 1986). Agonist-stimulated CB1 signal 

transduction pathway results in the inhibition of adenylyl cyclase activity through Gαi/o proteins 

(Howlett et al., 1986). An important finding of the current study is the identification of Gαi/o 

inhibition, especially Gαi inhibition, as a modulating step that prevents LXRα-dependent 

steatosis. This hypothesis was strengthened by not only the repression of SREBP-1c after either 

Gαi knockdown or chemical inhibition of Gαi/o, but the reversal of rimonabant’s effect by CB1 

agonist that stimulates Gαi/o (Glass and Northup, 1999). 

  Inhibition of adenylyl cyclase by Gαi/o activation decreases cellular cAMP content in most 

tissues and cells (Neves et al., 2001). On the contrary, an increase in cAMP content by Gαi/o 

inhibition contributed to the anti-lipogenic effect of rimonabant in the present study, as 

supported by SREBP-1c repression after forskolin or 8-Br-cAMP treatment. It is well 

recognized that cAMP activates PKA, a major protein kinase involved in energy-metabolic 

pathways (e.g. lipid metabolism). As expected, our data shown here demonstrated the bona fide 

activation of PKA after rimonabant treatment, which agrees with the reports shown in the 

experiments using muscle or endothelial cells (Esposito et al., 2008; Huang et al., 2010). PKA 

directly phosphorylates LXRα at serine residue, and impairs LXRα-DNA binding by inhibiting 

LXRα and retinoid X receptor dimerization. Thus, PKA activation suppresses SREBP-1c 

induction by LXRα both in vitro and in vivo (Yamamoto et al., 2007). An important aspect of 

our finding is the identification of rimonabant’s activation of PKA for the inhibition of LXRα-

mediated SREBP-1c induction. This concept was also strengthened by our observation that 

rimonabant enhanced LXRα serine phosphorylation through PKA. 

 LKB1 activates several kinases in the cell (Hawley et al., 2003). Another novel finding of 

our study is the activation of LKB1 by rimonabant, as supported by our finding that rimonabant 

treatment decreased lysine acetylation of LKB1 with an increase in its CAB39 binding. SIRT1 
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regulates LKB1 deacetylation, and thereby promotes its translocation to the cytoplasm and 

binding with STRAD and CAB39 (Boudeau et al., 2003; Lan et al., 2008). This complex 

formation then enhances the catalytic activity of LKB1. PKA is known as an upstream kinase of 

LKB1 (Sapkota et al., 2001). Our results also provided evidence that a deficiency in PKA 

prevented LKB1 activation by rimonabant, corroborating the regulatory effect of PKA on LKB1. 

Poly(ADP-ribose) polymerase is another possible regulator of LKB1 (Huang et al., 2009). In an 

additional experiment, we found that rimonabant failed to change the level of poly(ADP-ribose) 

polymerase (data not shown). Hence, it is highly likely that PKA activation by rimonabant 

contributes to LKB1 activation.  

 LKB1 and CaMKK are the two main upstream kinases of AMPK (Hawley et al., 2003; 

Hawley et al., 2005). LKB1-dependent AMPK activation by a natural product, ajoene, 

contributed to treating high fat diet-induced hepatic steatosis (Han et al., 2011). The present 

finding also showed that LKB1 was necessary for the activation of AMPK by rimonabant, 

which was verified by the reversal of this effect by LKB1 knockdown. AMPK plays a role in 

lipid metabolism; it reduces fatty acid synthesis by down-regulating SREBP-1c and its target 

genes (Zhou et al., 2001). Cannabinoids that activate CB1 inhibited the activity of AMPK in the 

liver and stimulated lipogenic and diabetogenic effects (Kola et al., 2005). In an ob/ob mouse 

model, rimonabant increased hepatic AMPK activity, and enhanced the synthesis of adiponectin, 

a hormone that possibly activates AMPK (Watanabe et al., 2009). Hwahng et al. showed an 

opposite role of AMPK and p70 ribosomal S6 kinase-1 (S6K1) in regulating LXRα activity: the 

inhibitory and activating phosphorylations of LXRα were mediated by AMPK and S6K1, 

respectively (Hwahng et al., 2009). The role of AMPK in SREBP-1c repression by rimonabant 

was confirmed by our finding that AMPK inhibition reversed the repressing effect of 

rimonabant on LXRα and SREBP-1c. However, overexpression of activated mutant of S6K1 

unaffected it (data not shown), suggesting that the anti-lipogenic effect of rimonabant may stem 

from LKB1-dependent AMPK activation, but not S6K1 inhibition. 
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 In our study, PKA was activated at an early time (i.e., 30 min), which may also be directly 

responsible for rimonabant’s anti-lipogenic effect via the inhibitory phosphorylation of LXRα at 

serine (i.e., two consensus PKA target sites at serine 195/196 and serine 290/291). PKA 

activation by isoproterenol leads to AMPK phosphorylation at Ser173 at early phase (0.5~2 h), 

and delayed AMPK phosphorylation at Thr172 (Djouder et al., 2010). The phosphorylation of 

AMPK at Ser173 by PKA precludes AMPK phosphorylation at Thr172 by LKB1 at the early 

phase. We found that AMPK phosphorylation occurred at later times (3~12 h) following 

activating phosphorylation of LKB1 (0.5~12 h) after rimonabant treatment. AMPK directly 

phosphorylates LXRα at threonine residue and thereby inhibits LXRα activity (Hwahng et al., 

2009). So, rimonabant’s inhibition of lipogenesis at an early phase may be directly controlled by 

PKA, whereas that at the later phase may be done by AMPK downstream of PKA-LKB1 axis. 

Overall, our finding identifies that the anti-lipogenic effect of rimonabant in hepatocytes may 

rely on the activation of PKA, a kinase that on one hand directly inhibits LXRα via serine 

phosphorylation, and on the other hand stimulates LKB1 for AMPK activation; the activated 

AMPK would then inhibit LXRα for a prolonged period of time through threonine 

phosphorylation. 

 In conclusion, we found that rimonabant has the ability to inhibit lipogenesis in hepatocytes, 

which may result from the inhibition of LXRα-dependent SREBP-1c induction, as mediated by 

LKB1-AMPK activation downstream of CB1-coupled Gαi/o-PKA axis (Fig. 7). Collectively, the 

current study brings additional information on the pharmacology and mechanistic basis of CB1 

inverse agonist, providing insight in determining the use of CB1 antagonism for steatosis in 

hepatocytes. 
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Legends for Figures 

Fig. 1. Effect of rimonabant on LXRα and SREBP-1c activation. A, Inhibition of LXRα activity. 

The relative LXRE luciferase activity (left) was measured on the lysates of HepG2 cells 

transfected with an LXRE-luciferase construct and treated with different treatment combinations 

(vehicle, or 1 or 10 μM rimonabant for 13 h; 1 μM T090 for 12 h). LXRα transcript levels were 

analyzed using real-time PCR assays (right). B, SREBP-1c repression by rimonabant. SREBP-

1c was assessed by immunoblottings. C, Real-time PCR assays for SREBP-1c mRNA. D, 

Rimonabant inhibition of SREBP-1c induction by GW3965. SREBP-1c was immunoblotted in 

the lysates of cells treated with 10 μM rimonabant for 1 h and continuously exposed to 5 μM 

GW3965 for 12 h. E, SREBP-1c repression by AM251. Cells were treated with 1 μM 

rimonabant or 1 μM AM251 for 1 h, and continuously exposed to 1 μM T090 for 12 h. F, 

Reversal by CB1 agonists of rimonabant’s repression of SREBP-1c. HepG2 cells were treated 

with 100 nM Hu-210 or 10 nM ACEA for 1 h, and subjected to different treatment combinations. 

Data represent the mean ± SE for at least three separate experiments. For LXRE luciferase 

activity assay and all immunoblots, the statistical significance of differences between each 

treatment group and control (**p<0.01) or T090 or GW3965 alone (#p<0.05, ##p<0.01) was 

determined. For all real-time PCR assays, the mRNA level of GAPDH was used as a reference 

for data normalization. Fold changes were calculated by correlation coefficients of crossing 

point (Cp) for triplicate PCR results. Statistical significance of differences between each 

treatment group and the control (**p<0.01) or T090 alone (#p<0.05, ##p<0.01) was determined. 

Rimo, rimonabant 

 

Fig. 2. Inhibition of SREBP-1c target gene induction by rimonabant. A, Rimonabant inhibition 

of FAS gene transactivation. FAS luciferase assays were performed on the lysates of HepG2 

cells subjected to various treatment combinations (vehicle, 1 μM or 10 μM rimonabant for 13 h 
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and/or 1 μM T090 for 12 h). B, Real-time PCR assays. The transcripts of lipogenic genes were 

analyzed by real-time PCR assays, with the mRNA level of GAPDH used as a reference for data 

normalization. Data represent the means ± SE of four separate experiments. For both A and B, 

statistical significance of differences between each treatment group and the control (**p<0.01) 

or T090 alone (#p<0.05, ##p<0.01) was determined. Rimo, rimonabant. 

 

Fig. 3. Role of Gαi/o-cAMP-PKA axis in SREBP-1c repression by rimonabant. A, Effect of 

Gαi/o inhibition on SREBP-1c expression. HepG2 cells were treated with 1 μM T090 for 12 h 

after Gαi siRNA transfection (100 pmol/ml) for 48 h (left) or 100 ng/ml pertussis toxin (PTX) 

treatment for 1 h (right). SREBP-1c was immunoblotted on the cell lysates. B, SREBP-1c 

repression by cAMP. Cells were treated with 1 μM T090 after incubation with forskolin or 8-Br-

cAMP for 1 h. C, The effect of rimonabant on PKA activity. PKA activity was determined 30 

min after treatment of cells with 10 μM rimonabant, rimonabant plus H89 (1 μM, 30 min 

pretreatment) or rimonabant plus PKI (10 μM, 30 min pretreatment). Data represent the mean ± 

SE for at least three separate experiments. For both A and B, statistical significance of 

differences between each treatment group and the control (**p<0.01) or T090 alone (#p<0.05, 

##p<0.01) was determined. For PKA activity assay, statistical significance of differences 

between each treatment group and the control (**p<0.01) or rimonabant alone (##p<0.01) was 

determined. Rimo, rimonabant; siCON, control siRNA; and siGαi, Gαi siRNA 

 

Fig. 4. Role of PKA in the repression of LXRα-SREBP-1c by rimonabant. A, Effect of PKA on 

serine phosphorylation of LXRα by rimonabant. HepG2 cells were treated with vehicle or 10 

μM rimonabant after siPKA transfection (100 pmol/ml) for 48 h or 1 μM H89 treatment for 1 h. 

LXRα immunoprecipitates were immunoblotted with anti-phosphorylated serine antibody. B, 

Effect of PKA inhibition on LXRα repression by rimonabant. LXRE luciferase activity was 
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measured on the lysates of HepG2 cells treated with different treatment combinations after 

1 μM H89 treatment for 30 min. C, Reversal by PKA inhibition of rimonabant repression of 

SREBP-1c. Immunoblottings were performed on the lysates of cells treated with 1 μM T090 or 

1 μM T090 plus 10 μM rimonabant for 12 h following PKA knockdown (100 pmol/ml, 48 h) or 

H89 treatment. Data represent the mean ± SE for at least three separate experiments. The 

statistical significance of differences between each treatment group and control (**p<0.01) or 

T090 alone (##p<0.01) was determined. Rimo, rimonabant; siCON, control siRNA; and siPKA, 

PKA siRNA 

 

Fig. 5. Role of PKA in the activation of LKB1 by rimonabant. A, LKB1 phosphorylation by 

rimonabant. Phosphorylated or total form of LKB1 was immunoblotted on the lysates of cells 

treated with 10 μM rimonabant for the indicated time periods. B, LKB1 deacetylation and 

binding with CAB39 by rimonabant. LKB1 immunoprecipitates were immunoblotted with 

either anti-acetylated-lysine antibody or anti-CAB39 antibody. C, Effect of PKA knockdown on 

LKB1 phosphorylation. HepG2 cells were treated with 10 μM rimonabant for 3 h following 

siRNA knockdown (100 pmol/ml, 48 h). D, Effect of H89 on LKB1 phosphorylation. Cells were 

treated with 1 μM H89 for 30 min, and were continuously incubated with 10 μM rimonabant for 

3 h. For all immunoblotings, data represent the mean ± SE for at least three separate 

experiments (significant compared with control, **p<0.01). Rimo, rimonabant; siCON, control 

siRNA; and siPKA, PKA siRNA 

 

Fig. 6. LKB1 regulation of AMPK for the repression of LXRα and SREBP-1c. A, AMPK 

activation by rimonabant. B, LKB1-dependent AMPK activation. HepG2 were treated with 10 

μM rimonabant for 6 h after transfection of control siRNA or siRNA directed against LKB1 
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(100 pmol/ml, 48 h). HeLa cells were treated with 10 μM rimonabant for 6 h. C, The effect of 

CaMKKβ inhibition on the activation of AMPK. Cells were treated with 1 μg/ml STO-609 for 

30 min, and were continuously incubated with 10 μM rimonabant for 6 h. Inset, 

immunoblottings of CaMKK immunoprecipitates for phospho-serine or phospho-threonine 

confirmed the inhibition of CaMKK activity by STO-609. D, Effect of DN-AMPK transfection 

or PKA knockdown (100 pmol/ml, 48 h) on LXRα phosphorylation by rimonabant. LXRα 

immunoprecipitates were immunoblotted with anti-phosphorylated threonine or anti-

phosphorylated serine antibody. Immunoblottings for c-myc confirmed DN-AMPK 

overexpression. E, Effects of AMPK inhibition on SREBP-1c repression by rimonabant. 

Immunoblottings for SREBP-1c were performed on the lysates of HepG2 cells treated with 1 

μM T090 or 1 μM T090 plus 10 μM rimonabant for 12 h following DN-AMPK transfection or 

5 μM compound C treatment. For all immunoblottings, data represent the mean ± SE for at 

least three separate experiments. The statistical significance of differences between each 

treatment group and control (*p<0.05, **p<0.01) or T090 alone (##p<0.01) was determined. 

Rimo, rimonabant; siCON, control siRNA; siPKA, PKA siRNA; and siLKB1, LKB1 siRNA 

 

Fig. 7. A schematic diagram illustrating the proposed mechanism by which rimonabant inhibits 

LXRα−SREBP-1c-mediated steatosis in hepatocytes. 
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