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Abstract

The liver X receptor (LXR) functions as a receptor for oxysterols and plays a critical role in the 

regulation of glucose and lipid metabolism. We recently described a synthetic LXR inverse agonist 

that displayed efficacy in treatment of hepatic steatosis in a mouse model of non-alcoholic fatty 

liver disease (NAFLD). This compound, SR9238, was designed to display liver specificity so as to 

avoid potential detrimental effects on reverse cholesterol transport in peripheral tissues. Here, we 

examined the effects of a LXR antagonist/inverse agonist, GSK2033, which displays systemic 

exposure. Although GSK2033 performed as expected in cell-based models as a LXR inverse 

agonist, it displayed unexpected activity in the mouse NAFLD model. The expression of lipogenic 

enzyme genes such as fatty acid synthase and sterol regulatory binding protein 1c were induced 

rather than suppressed and no effect on hepatic steatosis was found. Further characterization of the 

specificity of GSK2033 revealed that it displayed a significant degree of promiscuity, targeting a 

number of other nuclear receptors that could clearly alter hepatic gene expression.
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1. Introduction

The Liver X Receptor (LXR) serves as a receptor for oxysterols and regulates lipid and 

carbohydrate metabolism as well as immune function. Two LXRs exist, LXRα (NR1H3), 

which is expressed in liver, adipose tissue, and macrophages, and LXRβ (NR1H2) that is 

expressed ubiquitously. Both LXRs share a high degree of homology and act as cholesterol 

sensors, activated by cholesterol derivatives and regulate reverse cholesterol transport [1–7].

LXRs form heterodimers with the Retinoid X Receptor (RXR) and bind to LXR response 

elements (LXREs) and associate with coactivator or corepressor complexes to regulate the 

transcription of target genes. LXR agonists, including the well-characterized T0901317, are 

well characterized for their ability to suppress atherosclerosis in animal models and have 
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also been shown to display anti-diabetic and anti-inflammatory activity [8–13] Although the 

LXR agonists display beneficial effects in these disease models, they also increase hepatic 

lipogenesis resulting in elevated plasma, which precludes them from further development 

towards clinical therapeutics [14–18]. Antagonists of LXR have also been described [3,19–

23] and we recently described the action of a synthetic LXR inverse (SR9238) agonist that 

suppresses hepatic lipogenesis [24,25]. One might expect that LXR antagonists/inverse 

agonists would display proinflammatory effects as well as proatherogenic effects; however, 

SR9238 displays liver specificity. By limiting its extrahepatic exposure (SR9238), these 

untoward effects were eliminated [24,25]. SR9238 displays efficacy in reducing fatty liver in 

a mouse model of non-alcoholic fatty liver disease (NAFLD) and non-alcoholic 

steatohepatitis [24,25]. In this study, we examined the activity of a LXR antagonist that 

displays systemic exposure, GSK2033 [21].

2. Materials and methods

2.1. Cell lines and cotransfection assays

HEK293 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 

10% FBS and antibiotics (penicillin and streptomycin; Invitrogen). HepG2 cells were 

maintained in minimal essential medium supplemented with 10% FBS and antibiotics. 

Transfection assays were carried out as previously described [24].

2.2. Pharmacokinetic studies

Pharmacokinetic studies were performed as previously described [24,26].

2.3. Animals and preparation of tissue samples

21-week old male C57BL6 DIO mice were purchased from Jackson Labs. All procedures 

were approved and conducted in accordance to the Scripps Florida Institutional Animal Use 

Committee. Animals were individually housed and fed a high fat diet (60% k cal/fat diet, 

20% carbohydrate) for the duration of the experiment that included GSK2033 administration 

for 28 days (30 mg/kg, q. d, i. p.). Body weight and food intake was monitored daily. Animal 

feeding and collection procedures were carried out as previously described [24].

Quantitative Real Time PCR—RNA was isolated from HepG2 cells using the Qiagen 

RNeasy kit or from mouse tissues by Trizol preparation (Invitrogen). Total RNA was reverse 

transcribed using the iScript cDNA kit (BioRad). qRT-PCR analysis was performed using 

the SYBR green kit (Roche) with a 7900HT Fast Real Time PCR System (Applied 

Biosystems). Each sample was run in duplicate and the results were analyzed according to 

the ddCt method. For HepG2 cells, cyclophillin B was used as the reference gene. For 

mouse tissue, Gapdh was used as the reference gene.

2.4. Coregulator recruitment assay

A 33-mer corepressor peptide designated NCoR2 (Biotin-

KGGFADPASNLGLEDIIRKALMGSFDDKVEDHG) and coactivator peptide SRC1-2 

(Biotin-KGGGGSCPSSHSSLTERHKILHRLLQEGSPSDI) were synthesized by Anaspec, 

Inc. (San Jose, CA). Low-capacity strepavidin beads (Bead ID#24) were purchased from 
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Radix Bio-solutions (Georgetown, TX). Fifty μg/ml working concentrations of the peptides 

were coupled to the beads overnight in 4C. The bead/peptide conjugates were subsequently 

washed twice in PBS/BSA buffer and resuspended in 600 μl of PBS/BSA buffer. PentaHis 

Alexa 532 antibody was purchased from Qiagen (Valencia, CA) and diluted to a final 

concentration of 0.8 μg/ml in Luminex buffer. Diluted antibody was added to 25X His-

tagged LXR ligand binding domains in a 96-well round bottom plate and incubated at room 

temperature for 30 min. Peptide bead conjugates and 25X GSK2033 or T0901317 at each 

respective concentration were added to appropriate wells. LXR-Peptide interactions were 

allowed to proceed for 3 h at room temperature then read using the Bio-Plex 200 system 

with suspension array platform and the data was assessed with xMAP technology [27–29].

3. Results

Zuercher et al. previously identified GSK2033 (Fig. 1A) as an LXR antagonist that 

displayed high binding affinity for LXR while antagonizing LXR target gene expression in 

cell culture [21]. We confirmed this activity in cell based cotransfection assays where we 

assessed the ability of GSK2033 to suppress basal transcription LXRα and LXRβ as 

detected by luciferase reporters driven by either DR4 LXREs (Fig. 1B) or the ABCA1 
promoter (Fig. 1C). As shown in Fig. 1B, GSK2033 dose-dependently suppressed basal 

transcription in full-length LXRα or full-length LXRβ cotransfection assays with IC50s of 

17 nM and 9 nM, respectively. GSK2033 also effectively suppressed the transcription of an 

ABCA1 driven luciferase reporter dose-dependently displaying IC50s of 52 nM for LXRα 
and 10 nM for LXRβ (Fig. 1C). We also assessed the ability of GSK2033 to induce 

conformations in LXRα that result in recruitment of either a coactivator NR box peptide or a 

corepressor CoRNR box peptide. In Fig. 1D, recruitment of the SRC1 NR box protein 

fragment is clearly increased with the LXR agonist T0901317, but suppressed with addition 

of GSK2033. Consistent with function as an inverse agonist, GSK2033 induced recruitment 

of the NCoR CoRNR box peptide to LXR (Fig. 1E). Next, we assessed the ability of 

GSK2033 to suppress two well-characterized LXR target genes fatty acid synthase (FASN) 

and sterol regulatory binding protein 1c (SREBF1). HepG2 cells were treated for 24 h with 

GSK2033 followed by assessment of expression of these genes by qPCR. As illustrated in 

Fig. 1, GSK2033 suppressed the expression of both of FASN (Fig. 1F) and SREBP1 (Fig. 

1G). These data clearly demonstrate that GSK2033 functions as a LXR inverse agonist 

causing recruitment of corepressor and suppression of basal transcription of LXR target 

genes.

Prior to initiation of animal efficacy studies, exposure of the drug was determined for both 

plasma and liver samples. Over a time course of 8 h, a single i. p. injection of GSK2033 (30 

mg/kg i. p.) resulted in sustained plasma levels of the compound (concentration range 50–

250 nM) (Fig. 2A top panel). Additionally, compound levels 4 h post-injection were ~15 μM 

in the liver (Fig. 2A bottom panel) indicating that LXR in the liver should be saturated with 

GSK2033.

Diet-induced obese (DIO) were used as a model of NAFLD and were dosed once daily with 

30 mg/kg GSK2033 (i.p.) for 1 month, an identical experimental design that we utilized to 

characterize the efficacy of SR9238 [24]. Following the dosing, livers and plasma were 
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collected for gene expression and blood chemistry analysis. Interestingly, the liver gene 

expression data from these mice indicate that the effects of GSK2033 in this model were 

clearly distinct from what we previously observed with this compound in HepG2 cells (Fig. 

1F and G) and with the LXR inverse agonist SR9238 in this identical animal model [24]. 

Quite unexpectedly, we actually observed a significant increase in the hepatic expression of 

Fasn and Srebp1c (Fig. 2B). We also failed to observe a decrease in the proinflammatory 

cytokine Tnfa as well as Hmgcr and Cyp7a1 as we had observed with SR9238 (Fig. 2B) 

[24]. Examination of hepatic lipid content indicated that there was no significant effect of 

treatment with GSK2033 (Fig. 3A) in contrast to the reduction in hepatosteatosis that we 

observed when mice were treated with SR9238 [24]. We also observed no effect on plasma 

triglycerides (TGs) in the treated mice (Fig. 3B). The lack of suppression of Tnfa 
expression, as we had observed with SR9238 treatment [24], is likely due to the fact that 

there was no decrease in steatosis, which is the inflammatory stimulus. These data indicated 

that GSK2033 displayed activity in vivo that was not consistent with an expected LXR 

antagonist profile.

The unusual pharmacological profile displayed by GSK2033 suggested that it may display 

either LXR “modulator” activity where it functions as a context dependent agonist/

antagonist or that it may display promiscuity with respect to targeting various receptors. We 

assessed the second possibility by testing GSK2033's activity at a range of nuclear receptors 

in a Gal4-LBD cotransfection assay format as we have previously used to characterize novel 

nuclear receptor ligands [24,30–32]. Within this assay panel, we observed that GSK2033 

activated several nuclear receptors including RORγ, FXR, VDR, PXR, CAR, ERα, ERβ, 

GR, ERRβ, and ERRγ while suppressing the activity of ERRα and PR (Fig. 4). Given that 

many of these receptors are expressed in the liver, this could clearly underlie the unexpected 

results we observed on gene expression in this tissue.

4. Discussion

LXR is ligand-activated nuclear receptor that plays a role in cholesterol, fatty acid, and 

glucose homeostasis and is also a potential drug target for the treatment of several diseases 

including atherosclerosis [11,9,12], Alzheimer's Disease [33] and NAFLD/NASH [24,25]. 

Several studies have previously shown the beneficial effects on atherosclerosis when treating 

with LXR agonists such as T0901317 or GSK3965 [8,12,34–36], however the development 

of LXR agonists for cardiovascular disease has been limited since these compounds induce 

hepatic lipogenesis and hypertriglyceridemia [3]. Although the effects on hepatic lipogenesis 

limit the utility of LXR agonists in treatment of atherosclerosis, we recently utilized these 

hepatic effects to investigate the effects of a liver specific LXR inverse agonist that 

suppressed lipogenic enzyme gene expression. Lipogenesis is elevated in NAFLD and 

suppression of this pathway may be useful in treatment of this disease as well as its 

progression to non-alcoholic steatohepatitis. We found that SR9238, a liver selective LXR 

inverse agonist, effectively suppressed lipogenesis in a mouse model of NAFLD and 

effectively blocked hepatic steatosis even though the mice remained on a high fat diet [24]. 

Here, we assessed the effects of GSK2033 in the identical mouse model of NAFLD. 

GSK2033 is described as a LXR antagonist [21] although we observed clear inverse agonist 

activity as well. GSK2033 display systemic exposure and we believed it might be a good 
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comparison to SR9238, which displays liver specificity. However, we observed unexpected 

effects of GSK2033 on lipogenic gene expression when it was administered to the mice. 

Fasn and Srebp-1c expression was increased while Scd-1 expression displayed a clear trend 

towards repression. There was also no effect on hepatic or plasma triglycerides in contrast to 

what we previously observed with SR9238 treatment [24]. This led us to the hypothesis that 

either GSK2033 displayed LXR modulator agonist/antagonist activity or that GSK2033 

might target additional receptors. After analysis of GSK2033 specificity, we found that 

GSK2033 was quite promiscuous and targeted a number of nuclear receptors, such as the 

glucocorticoid receptor, pregnane X receptor, farnesoid X receptor, among others that are 

expressed in the liver that could clearly alter metabolic gene expression profiles in the tissue.
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Fig. 1. 
Cotransfection assays in HEK293 cells demonstrate that GSK2033 is an LXR inverse 

agonist. (A) Structure of GSK2033. (B) Cell-based transfection assay using an LXRE-driven 

luciferase reporter demonstrates the ability of GSK2033 to reduce basal transcriptional 

expression of LXRα (IC50 = 17 nM) and LXRβ (IC50 = 9 nM). (C) Cotransfection assay 

illustrating the ability of GSK2033 to suppress transcriptional activity of LXRα (IC50 = 52 

nM) and LXRβ (IC50 = 11 nM) in an ABCA1 driven luciferase reporter. (D) Luminex assay 

demonstrating that the SRC1 coactivator peptide is recruited to LXRα upon 10 μM 

treatment with T0901317, but suppressed when LXR is treated with 10 μM GSK2033 (E) 

GSK2033 (10 μM) induces recruitment of a CoRNR box-peptide of NCoR to LXRα. (F) 

GSK2033 functions as a LXR inverse agonist in HepG2 cells. GSK2033 suppresses the 

lipogenic genes fatty acid synthase (FASN) (F) and sterol regulatory binding protein 1c 

(SREBP1c) (E) with 24-h treatment at 10 μM in HepG2 cells. * indicates p < 0.05 using a 

Student's t-test.
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Fig. 2. 
Pharmacological action of GSK2033 in vivo. (A) Pharmacokinetic data illustrating that 

GSK2033 is sustained in plasma over an 8-h time course following a single i. p. injection 

(30 mg kg). GSK2033 levels remain well above the IC50 in the liver 4-h post i. p. injection 

(30 mg/kg). (B) GSK2033 displays an unusual pharmacological profile in a mouse model of 

NAFLD. Following a once daily treatment with 30 mg/kg for 1 month, lipogenic enzyme 

and proinflammatory gene expression were assessed by qPCR. As illustrated above, 

expression of Fasn and SREBF1, lipogenic enzymes, appears to be significantly increased 

following the treatment, indicating that GSK2033 may have mixed agonist/antagonist 

properties in vivo. The proinflammatory cytokine TNFα displays a trend towards an 

increase in liver expression, but it is not significant after a 1-month treatment. Unlike 

SR9238, GSK2033 did not affect the expression of Hmgcr or Cyp7A1 in this study. N = 7, 

*, indicates p < 0.05 using a Student's t-test.
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Fig. 3. 
Triglyceride levels in GSK2033-treated DIO mice are unaltered. (A) One month treatment of 

GSK2033 does not have significant effects on hepatic triglyceride levels. (B) Plasma 

triglyceride levels were also unaffected by treatment with GSK2033. No significant 

differences between groups were detected by ANOVA (A) or Student's t-test (B).
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Fig. 4. 
Nuclear receptor specificity assay demonstrates that GSK2033 is promiscuous. 

Cotransfection assay in which Gal4-LBDs of various nuclear receptors were treated with 10 

μM GSK2033 in HEK293 cells. As shown above, GSK2033 appears to activate a number of 

receptors, while also repressing ERRα and PR, indicating the promiscuity of this compound. 

*, indicates p < 0.05 using a Student's t-test.
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