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Abstract 

Cholesterol is essential for numerous biological functions and processes, but an excess of 

intracellular cholesterol can be toxic. Intestinal cholesterol absorption is a major determinant of 

plasma cholesterol level. The liver X receptor (LXR) is a nuclear receptor known for its activity 

in cholesterol efflux and reverse cholesterol transport (RCT). In this study, we uncovered a 

surprising function of LXR in intestinal cholesterol absorption and toxicity. Genetic or 

pharmacological activation of LXRα sensitized mice to high cholesterol diet (HCD) induced 

intestinal toxicity and tissue damage including the disruption of enterocyte tight junctions, 

whereas the same HCD caused little toxicity in the absence of LXR activation. The gut toxicity 

in HCD-fed LXR-KI mice may have been accounted for by the increased intestinal cholesterol 

absorption and elevation of enterocyte and systemic levels of free cholesterol. The increased 

intestinal cholesterol absorption preceded the gut toxicity, suggesting that the increased 

absorption was not secondary to tissue damage. Interestingly, the heightened sensitivity to HCD 

in the HCD-fed LXRα-activated mice appeared to be intestine specific, because the liver was not 

affected despite the activation of the same receptor in this tissue. Moreover, the heightened 

sensitivity to HCD cannot be reversed by ezetimibe, a Niemann-Pick C1-Like 1 (NPC1L1) 

inhibitor that inhibits intestinal cholesterol absorption, suggesting that the increased cholesterol 

absorption in LXR-activated intestine is mediated by a yet to be defined mechanism.  
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Introduction 

Cholesterol is essential for many biological functions, but an excess of cholesterol can be toxic 

or pathogenic. As such, the homeostasis of cholesterol must be tightly regulated. The cholesterol 

homeostasis is a complex system of synthesis, metabolism, absorption and excretion of the 

cholesterol molecules (Maxfield and Tabas, 2005).  

 

The liver X receptors (LXRs) are transcription factors belonging to the nuclear hormone receptor 

superfamily (Willy et al., 1995). There are two LXR isoforms. LXRα (NR1H3) is enriched in the 

liver, adipose tissue, intestine, kidney, and macrophages; whereas the expression of LXRβ 

(NR1H2) is ubiquitous (Chawla et al., 2001). Oxysterols (oxidized cholesterol), such as 0(S), 

22(R), 24(S), 25- and 27-hydroxy cholesterol and 24(S), 25-epoxycholesterols, are the 

endogenous LXR ligands (Mutemberezi et al., 2016). Several synthetic LXR agonists including 

T0901317 and GW3965 have also been developed (Komati et al., 2017). LXRα is involved in 

the control of cholesterol metabolism in the liver and intestine through its regulation of genes 

involved in cholesterol catabolism, efflux and absorption. LXRα has been defined as a master 

regulator of reverse cholesterol transport (RCT) (Jakobsson et al., 2012). RCT is a coordinated 

process by which cholesterol is transported from peripheral tissues including the macrophages 

back to the liver, where cholesterol is disposed by biliary secretion and fecal elimination (Zelcer 

et al., 2009; Zhao and Dahlman-Wright, 2010). Consistent with the role of LXR in RCT, 

treatment with the LXR agonist GW3965 led to an anti-atherogenic effect in the Ldlr-/- and apoE-

/- mice by reducing the atherogenic lesions (Joseph et al., 2002).  
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Another important pathway of cholesterol homeostasis controlled by LXR is absorption and 

sterol excretion via the intestines (van der Veen et al., 2009). Intestinal cholesterol absorption is 

considered a major determinant of the plasma cholesterol level (Bonamassa and Moschetta, 

2012) especially with the recent evidence that activation of LXR in macrophages may have a 

limited contribution to LXR agonist-stimulated RCT (Breevoort et al., 2014). In the intestine, 

LXR is believed to inhibit cholesterol absorption by its trans-suppression of the major intestinal 

cholesterol absorption transporter Niemann-Pick C1-like 1 (NPC1L1), which is the therapeutic 

target of the cholesterol lowering drug ezetimibe (Van Heek et al., 1997). Npc1l1 ablation in 

mice resulted in markedly reduced intestinal cholesterol absorption (Altmann et al., 2004; Davis 

et al., 2004). However, the notion that LXR inhibits cholesterol absorption by suppressing 

Npc1l1 is not without controversies. Some studies suggested that inhibition of Npc1l1 by LXR 

ligands did not change the cholesterol absorption (Kannisto et al., 2014). Others claimed that 

LXRβ activity in the small intestine can actually promote Npc1l1-independent cholesterol 

absorption (Hu et al., 2012). The trans-intestinal cholesterol excretion is facilitated by ATP-

binding cassette sub-family G members 5 and 8 (Abcg5 and Abcg8). Both Abcg5 and Abcg8 

genes are transcriptionally and positively regulated by LXR (Repa et al., 2002), and the 

induction of RCT by LXR agonists was abrogated in Abg5/8 null mice (Calpe-Berdiel et al., 

2008).  

 

In this study, we uncovered a surprising function of LXRα in intestinal cholesterol absorption 

and gut toxicity. Genetic or pharmacological activation of LXRα increased the intestinal 

absorption of cholesterol. The accumulation of free cholesterol in the small intestine triggers 

endoplasmic reticulum (ER) stress, apoptosis and necrosis, leading to gut toxicity.  
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Materials and Methods  

Mice. The creation and characterization of VP-LXRα knock-in mice (LXR-KI) have been 

previously described (Gong et al., 2009). In brief, the LXRα knock-in targeting construct was 

generated by placing VP-LXRα cDNA (Uppal et al., 2007) in-frame after the endogenous ATG 

start codon in the endogenous mouse LXRα locus. VP-LXRα cDNA was constructed from VP16 

activation domain of the herpes simplex virus in-frame fused to the amino terminus of mouse 

LXRα cDNA. The knock-in was achieved by homologous recombination. Mice used in this 

study were maintained in the C57BL/6 background. Wild type mice of the same genetic 

background were used as controls.  

 

Treatment with drugs and high cholesterol diet. When necessary, WT and LXR-KI mice were 

fed with normal chow (Purina ISO Pro Rodent 3000 (General) 5P76C3N, St. Louis, MO) or high 

cholesterol diet (HCD) that contains 1.25% cholesterol and 0.5% sodium cholate (Cat 

#TD.03316 from Harlan Madison, WI) starting at 6 to 7 weeks of age and fed ad libitum for 4-12 

days. The presence of cholate in HCD is necessary, because increased cholesterol in animal 

chow without cholate is poorly absorbed (Chiang et al., 1998; Woollett et al., 2004).  The chow 

diet and HCD were almost identical in protein, carbohydrate and protein composition by 

percentages of weight. For drug treatment, daily gavages of T0901317 (20 mg/kg) (Cat #71810 

from Cayman, Ann Arbor, MI), GW3965 (20 mg/kg) (Cat #10054 from Cayman), or ezetimibe 

(10 mg/kg) (Cat #SML1629 from Sigma) were given. Ezetimibe treatment started 2 days prior to 

the introduction of HCD.  
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Study approval. The Central Animal Facility of the University of Pittsburgh is fully accredited 

by AALAC. All procedures were performed in accordance with relevant federal guidelines and 

with the approval of the University of Pittsburgh IACUC committee. 

 

Body composition analysis and serum and liver biochemistry. The fat mass, lean mass and 

water mass were measured by EchoMRI analyzer (Houston, TX). The serum levels of 

triglycerides, total cholesterol, alanine transaminase (ALT), aspartate transaminase (AST) 

(Stanbio Laboratory, Boerne, TX) and free cholesterols and cholesteryl esters (Abcam, 

Cambridge, MA) were measured by using commercial assay kits. Hepatic lipids were extracted 

using chloroform/methanol Folch method (Folch et al., 1957) before measuring the cholesterol 

contents.  

 

Histology, TUNEL assay, filipin and Oil-red O staining and cholesterol uptake assay in cell 

culture. The general histology of the liver and duodenum/proximal jejunum was evaluated by 

H&E staining.  For the Oil-red O staining, liver tissues were dehydrated in 30% sucrose solution, 

embedded in optimal cutting temperature compound, sectioned using cryostat and stained with 

Oil-Red O (0.5% in isopropanol) from Sigma-Aldrich. For filipin staining, cryosections were 

incubated with filipin solution (Cat #FG765 from Sigma) (50 µg/ml) for 30 min, washed with 

PBS, glass-covered and analyzed. TUNEL staining was conducted using an assay kit from Roche 

according to the manufacturer’s instructions. Cholesterol uptake assay in HCT-116 cells was 

conducted using an assay kit (Cat #600440) from Cayman.   
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Transmission and scanning electron microscopy. Transmission (TEM) and scanning (SEM) 

electron microscopy of the duodenal tissues was performed in blind as previously described 

(Nakao et al., 2003). Chosen images show representative areas.   

 

In vivo cholesterol absorption assay and FITC-dextran mediated intestinal permeability 

assay. For in vivo cholesterol absorption assay, mice were gavaged with 5 µCi of [1,2-3H(N)]-

Cholesterol (Perkin Elmer) together with 0.1 mg unlabeled cholesterol in 100 µl corn oil. Mice 

were killed two hours later, and plasma were collected and analyzed by liquid scintillation 

counting. The percentage of cholesterol absorption was calculated as follows: % cholesterol 

absorption = [3H] in plasma/[3H] dosing × 100. Total radioactivity in the plasma was calculated 

based on the assumption that mice possess approximately 4.0 ml plasma per 100 g body weight 

(Mitrura, 1981). For intestinal permeability assay, mice were fasted overnight and gavaged with 

fluorescein isothiocyanate conjugated dextran (FITC-dextran) (average molecular weight 3,000-

5,000 Daltons, Cat #46944 from Sigma Aldrich) diluted in PBS (100 mg/ml) for the final dose of 

44 mg/100 g of body weight. Four hours later, blood was sampled from mouse tail. The serum 

samples were collected and analyzed by fluorescent plate reader (excitation 485, absorption 

528nm) (Calon et al., 2007). 

 

LXR RNA interference. The human LXR small interfering RNAs (siRNAs) and the scrambled 

control were purchased from Qiagen (Valencia, CA). The sequences are as followed: siLXRα 

(59-AGCAGGGCUGCAAGUGGAA-39) and siLXRβ (59-CAGAUCCGGAAGAAGAAGA-

39). The siRNA transfection was conducted using Lipofectamine 2000 (Invitrogen) as we have 

previously described (Ou et al., 2014). The siRNAs were added to the final concentration of 20 
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nM during transfection. HCT116 colon cancer cells were cultured overnight followed by 

treatment with vehicle or 1 µM GW3965 overnight, and then followed by 24 h of incubation with 

NBD-cholesterol.   

 

Real-time PCR and Western blot analysis. Total RNA was extracted using the Trizol reagent 

from Invitrogen (Carlsbad, CA). Real-time PCR was performed using SYBR Green reagent 

using the ABI 7300 Real-Time PCR System. Cyclophilin was used as a housekeeping gene 

internal control. For Western blot analysis, 30 µg of protein extracts from tissue lysate were 

separated on SDS-PAGE gels and transferred onto PVDF membrane. For duodenum/proximal 

jejunum villus and crypt cells were scrapped from the intestine during tissue harvest.  The 

primary antibodies used are: anti-human LXRα (Cat #PP-PPZ0412-00), anti-human LXRβ (Cat 

#PP-K8917-00) from Perseus Proteomics, anti-Cyp7A1 (Cat #sc-25536) from Santa Cruz, anti-

phospho-eIF2α (Ser51) (Cat #9721), anti-eIF2α (Cat #9722) and ant-CHOP (Cat #5554) from 

Cell Signaling, anti-NPC1L1 (Cat #PA1-116800) from Thermo-Fisher and anti-β-actin (Cat  

#A1978) from Sigma. 

 

Statistics. GraphPad Prism software (San Diego, CA) was used for statistical analysis. The 

unpaired Student t test was performed without correction for multiple comparisons.  Statistical 

significance threshold was set at P<0.05. Data represent mean ± SD.  
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Results 

Activation of LXR sensitizes mice to high cholesterol diet (HCD)-induced toxicity 

Acute activation of LXR is known to promote cholesterol efflux and reverse cholesterol transport 

(RCT) (Zelcer et al., 2009; Zhao and Dahlman-Wright, 2010). We used the VP-LXRα knock-in 

(LXR-KI) mice to study the effect of chronic activation of LXRα on cholesterol homeostasis 

especially when the mice are challenged with a HCD. The VP-LXRα cDNA was constructed by 

fusing the VP16 activation domain of the herpes simplex virus to the amino terminus of mouse 

LXRα sequence. The LXR-KI mice were created by knock-in the VP-LXRα cDNA in-frame and 

immediately after the endogenous ATG start codon of the mouse LXRα locus. As a result, VP-

LXRα will be expressed under the control of the endogenous LXRα promoter, whereas the WT 

LXRα allele will be disrupted in the homozygous LXR-KI mice (Gong et al., 2009). The 

expression of VP-LXRα and ablation of the endogenous LXRα in the liver and intestine was 

confirmed by Northern blot analysis (Fig. 1A). 

 

Having expected an increased cholesterol disposal in LXR-KI mice, we were surprised to find 

that the male LXR-KI mice exhibited signs of toxicity when fed with a HCD. These included 

hunched posture (Fig. 1B) and a marked loss of body weight (Fig. 1C) when compared to the 

WT controls. The female LXR-KI mice also showed heightened sensitivity to HCD induced 

toxicity (data not shown). The toxic effect was HCD dependent, because LXR-KI mice 

maintained on chow diet exhibited no difference in body weight compared to their WT 

counterparts (data not shown). A similar heightened sensitivity to HCD induced toxicity was 

observed in HCD-fed mice treated with the selective LXR agonist GW3965 (Fig. 1C). Body 

composition analysis by MRI showed that both the fat mass and lean mass were lower in the 
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HCD-fed LXR-KI mice (data not shown). The food consumption was not different between the 

two genotypes (Fig. 1D). Another surprising finding is that after a 12-day HCD feeding, the total 

cholesterol level in the serum of LXR-KI mice was elevated (Fig. 1E). 

 

The HCD-induced toxicity in LXRα activated mice is not associated with liver toxicity  

Since LXRα is highly expressed in the liver and the liver plays an important role in cholesterol 

metabolism, we suspected that liver toxicity might be responsible because cholesterol 

accumulation in the liver may eventually lead to impaired hepatic function (Beltroy et al., 2005). 

To our surprise, the aspartate transaminase (AST) (Fig. 2A) and alanine transaminase (ALT) 

(Fig. 2B) activities were not different between the HCD-fed WT and HCD-fed LXR-KI mice. 

The liver to body weight ratio were also indistinguishable between the two genotypes (Fig. 2C). 

HCD feeding for 12 days resulted in approximately a 10-fold increase in hepatic cholesterol 

levels above the chow fed levels as expected (Fig. 2D), but cholesterol levels were not different 

between the two genotypes. Neither the macroscopic appearance nor the histology (H&E or Oil-

red O staining) of the livers of the HCD-fed LXR-KI mice were different from their WT 

counterparts (Fig. 2E). LXR is known to promote the biosynthesis of bile acids from cholesterol 

in mice through its positive regulation of Cyp7a1  (Peet et al., 1998). As expected, the hepatic 

expression of Cyp7a1 was increased in the LXR-KI mice (Supplementary Fig. 1A). Upon the 

HCD feeding, the expression of Cyp7a1 in WT mice was suppressed likely as a result of the 

activation of FXR by the cholic acid contained in the HCD, but the expression of Cyp7a1 was 

sustained in the LXR-KI mice because of the constitutive activation of LXRα in these mice 

(Supplementary Fig. 1A). At the functional level, the serum (Supplementary Fig. 1B) and liver 

(Supplementary Fig. 1C) levels of total bile acids were higher in the HCD-fed LXR-KI mice, 
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which may have been accounted for by the constitutive up-regulation of  Cyp7a1 due to the 

constitutive activation of LXRα. Interestingly, the fecal levels of bile acids were lower in the 

HCD-fed LXR-KI mice (Supplementary Fig. 1D), a phenomenon that remains to be understood. 

Among the FXR target genes, the ileal expression of fibroblast growth factor 15 (Fgf15), 

(Supplementary Fig. 1E) and the hepatic expression of small heterodimer partner (Shp) 

(Supplementary Fig. 1F) and bile salt export pump (Bsep) (Supplementary Fig. 1G) were mostly 

up-regulated by HCD likely due to the cholic acid in the diet, but the expression of these genes in 

HCD-fed was indistinguishable between the WT and LXR-KI mice genotypes.  

 

Activation of LXRα leads to heightened HCD-induced gut toxicity, increased intestinal 

permeability, and disruption of intestinal tight junctions 

LXRs are also known to have their roles in the small intestine, including the down-regulation of 

the cholesterol absorption transporter Niemann-Pick C1-Like 1 (NPC1L1) (Duval et al., 2006) 

and up-regulation of the cholesterol efflux transporters Abcg5 and Abcg8 (Repa et al., 2002). 

Histological analysis by H&E staining showed marked structural disruption and loss of regular 

villi in the duodenal and proximal jejunum of the LXR-KI mice fed with HCD for 12 days (Fig. 

3A, upper panels). Scanning electron microscopy (SEM) revealed detailed lesions or rough 

surfaces of enterocyte microvilli in the LXR-KI mice in contrast to the smooth-looking surface 

of microvilli in the WT mice (Fig. 3A, middle and bottom panels). The intestinal tissue damage 

in the HCD-fed LXR-KI mice was further confirmed by the TUNEL assay (Fig. 3B). The 

increased apoptosis in LXR-KI mice was intestine specific, because no TUNEL signals were 

detected in the liver, kidney, or skeletal muscle of the same mice (Supplementary Fig. 2), despite 

the expression of VP-LXRα in these tissues (Gong et al., 2009). Increased villus damage and 
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apoptosis were also seen in HCD-fed WT mice treated with the LXR agonist T0901317  

(Supplementary Fig. 3).  

 

The gut toxicity in HCD-fed LXR-KI mice was associated with increased intestinal permeability 

and disruption of enterocyte tight junctions. The intestinal permeability was estimated by 

measuring the serum level of FITC-dextran following the oral gavage of this drug (Calon et al., 

2007). As shown in Fig. 3C, although the basal intestinal permeability was not different between 

the two genotypes, 12 days of HCD feeding resulted in a higher intestinal permeability in the 

LXR-KI group. The space between enterocytes of intestinal epithelium is sealed by tight 

junctions (TJs), which regulate the paracellular flux through the intestinal barrier  (Ulluwishewa 

et al., 2011). At the gene expression level, the mRNA expression of Zonula occludens-1 (ZO1) 

and Occludin, two genes that encode TJ proteins, was decreased in the HCD-fed LXR-KI mice 

(Fig. 3D). At the histological level, transmission electron microscopy (TEM) showed that the 

structural integrity of the TJ in the HCD-fed LXR-KI mice was compromised compared to their 

WT counterparts (Fig. 3E).  

 

Activation of LXRα results in intestinal and systemic accumulation of free cholesterol upon 

HCD feeding 

The higher serum levels of cholesterol in HCD-fed LXR-KI mice prompted us to examine 

whether activation of LXRα affects intestinal cholesterol absorption by Oil-red O (ORO) 

staining and filipin staining. Oil-red O staining showed a substantial increase of lipids in the 

intestine of the LXR-KI mice and most of the ORO signals in LXR-KI mice were localized in 

the villus region (Fig. 4A). Oil-red O staining detects both cholesterol and triglycerides. LXRα is 
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known to promote intestinal lipogenesis (Peet et al., 1998), but the majority of de novo fatty acid 

synthesis occurs in the crypt regions rather than the villus cells (Shakir et al., 1978). The 

predominant villus ORO signals suggested that what accumulated was cholesterol rather than 

triglycerides, and a direct measurement of duodenal triglyceride levels did not show statistically 

significant differences between groups (data not shown). We next used filipin staining to confirm 

the cholesterol identity of the ORO staining. Filipin stains specifically for the free form of 

cholesterol (Kruth, 1984). As shown in Fig. 4B, the filipin staining was more pronounced in the 

intestine of the HCD-fed LXR-KI mice, suggesting higher levels of intestinal free cholesterol 

accumulation in this genotype. Higher levels of free cholesterol were also found in the serum of 

the HCD-fed LXR-KI mice (Fig. 4C). The increased cholesterol uptake in the LXR-KI mice 

came as a surprise, because the LXR-KI mice had an elevated expression of the LXR target 

cholesterol efflux transporters Abcg5 and Abcg8 regardless of the HCD feeding (Fig. 4D). We 

also measured the intestinal expression of the scavenger receptor class B type 1 (Srb1) and 

cluster of differentiation 36 (Cd36), both of which are multiligand membrane receptors capable 

of binding cholesterol (Werder et al., 2001). The HCD feeding decreased and increased the 

intestinal expression of Srb1 and Cd36, respectively, but the expression of these two genes was 

not different between the WT and LXR-KI mice regardless of the diet (Supplementary Fig. 4). 

An excess of free cholesterol is known to cause cellular toxicity by inducing ER stress (Tabas, 

2002). Indeed, the protein levels of phosphorylated eIF2α (Ser51) and CHOP, two ER stress 

markers, were elevated in the intestine of the HCD-fed LXR-KI mice compared to their WT 

counterparts (Fig. 4E). The increased free cholesterol and ER stress in the enterocytes may have 

accounted for the gut and/or systemic toxicity that were observed in the HCD-fed LXR-KI mice. 
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Activation of LXRα increases intestinal cholesterol absorption even in the presence of the 

Npc1l1 inhibitor ezetimibe and precedes the gut toxicity  

We went on to directly measure the effect of LXRα activation on cholesterol absorption by 

gavaging mice with radio-labeled cholesterol. In the chow fed mice, the cholesterol absorption 

was lower in the LXR-KI mice (Fig. 5A), likely as a result of a decreased basal expression of 

Niemann-Pick C1-Like 1(Npc1l1) (Fig. 5B). Npc1l1 is one of the best characterized intestinal 

cholesterol absorption transporters, whose expression is known to be suppressed by LXR (Duval 

et al., 2006). NPC1L1 is also the therapeutic target of the clinical drug ezetimibe, a 

pharmacological inhibitor of NPC1L1 that inhibits dietary cholesterol absorption (Van Heek et 

al., 1997). However, this modest reduction in basal cholesterol absorption had little effect on the 

circulating levels of cholesterol in chow-fed mice (Fig. 5C), likely due to a low content of 

cholesterol in normal chow. However, when the mice were challenged with HCD, the cholesterol 

absorption was markedly enhanced in the LXR-KI mice as early as after 4 days of HCD feeding 

and even in the presence of ezetimibe treatment (10 mg/kg/day) (Fig. 5D). There was a modest 

inhibitory effect of ezetimibe on the cholesterol absorption in the LXR-KI mice, which was most 

likely due the residual expression and activity of intestinal Npc1l1 in these mice. However, the 

inhibitory effect of ezetimibe was estimated to be minor in the scale of increased cholesterol 

absorption in the LXR-KI mice. Under the HCD feeding, the serum cholesterol level in the WT 

mice was lowered by ezetimibe as expected, but the same drug had little effect on the serum 

level of total cholesterol in the LXR-KI mice (Fig. 5E), suggesting that the HCD-fed LXR-KI 

mice had an increased cholesterol absorption even in the presence of a Npc1l1 inhibitor. The 

increased intestinal cholesterol absorption in the HCD-fed LXR-KI mice preceded the gut 

toxicity, because at four days of HCD feeding when cholesterol absorption had already increased 
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in a statistically significant manner (Fig. 5D), there were little appreciable histological damages 

in the intestine of the LXR-KI mice (Fig. 5F) or changes in the mRNA expression of ZO1 and 

Occludin (Fig. 5G). The increased serum levels of total cholesterol and free cholesterol also 

preceded the gut toxicity (Fig. 5H). When the fecal concentrations of lipids were measured in 

chow-fed mice, we found the fecal concentrations of cholesterol were not different between WT 

and LXR-KI mice (Fig. 5I), but the fecal triglyceride level was high in LXR-KI mice (Fig. 5J).  

 

Activation of LXR stimulates cholesterol uptake in colon cancer cells  

The stimulation of cholesterol uptake by LXR activation was also observed in colon cancer cells. 

The human colon cancer HCT116 cells express functional LXRs, because treatment of these 

cells with GW3965 induced the expression of LXR target genes, such as stearoyl-CoA 

desaturase-1 (SCD1) and fatty acid synthase (FAS) (Fig. 6A). To measure the cholesterol uptake, 

HCT116 cells were treated with vehicle or 1 µM of GW3965 for 24h before subjecting the cells 

to cholesterol uptake assay using the cholesterol fluorescent analog NBD-cholesterol. As shown 

in Fig. 6B, treatment with GW3965 increased the uptake of NBD-cholesterol when compared to 

the vehicle control. The effect of GW3965 on the uptake of NBD-cholesterol was abolished 

when both LXR α and β were knocked-down by siRNA (Fig. 6B). The efficiency of LXR 

knockdown was confirmed by Western blotting (Fig. 6C). The expression of NPC1L1 was barely 

detectable in HCT116 cells (Fig. 6D), suggesting that the GW3965 effect on the uptake of NBD-

cholesterol in these cells was independent of NPC1L1.  
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Discussion 

One of the most surprising findings in this study is that activation of LXRα promotes intestinal 

cholesterol uptake. To our knowledge, NPC1L1 is the only known intestinal cholesterol 

absorption transporter, which can be pharmacologically inhibited by ezetimibe (Van Heek et al., 

1997) or transcriptionally suppressed by LXRα (Duval et al., 2006). The latter mechanism is yet 

to be clinically explored because of the pro-lipogenic side effect of LXRα activation in the liver 

(Schultz et al., 2000). Nevertheless, harnessing the LXR-mediated RCT pathway to prevent or 

treat arthrosis remains to be an attractive idea. The challenge, as suggested by previous studies 

by us and others, is that the LXRα biology can be highly conditional.  

 

In the current study, while examining the effect of chronic activation of LXR under the HCD 

condition, we discovered an unexpected function of LXRα in the gut. Under HCD, genetic or 

pharmacological activation of LXRα induced gut toxicity and systemic toxicity, causing a 

dramatic weight loss. This phenotype was strictly diet-dependent, because neither the chow-fed 

LXR-KI mice nor the GW3965-treated WT mice under chow diet exhibited appreciable toxicity. 

An intriguing observation was that the HCD triggered pathology was small intestine specific, 

because there was little pathology in the livers of the HCD-fed LXR-KI mice. The apoptotic or 

necrotic changes in the enterocytes may be attributed to a higher free cholesterol content found 

in the intestinal cells. Unlike the cholesteryl esters, the free cholesterol is soluble and therefore 

potentially toxic to the phospholipid membranes of the endoplasmic reticulum (Tabas, 2002). 

Our results strongly suggested that the gut toxicity was a result of increased intestinal cholesterol 

uptake and increased concentrations of free cholesterol in the enterocytes, because increased 

intestinal cholesterol absorption preceded the gut toxicity. The mRNA expression of the tight 
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junction protein genes Occludin and ZO1 did not change after 4 days of HCD feeding, at which 

the cholesterol absorption has already increased in the LXR-KI mice, suggesting that LXR does 

not directly regulate the expression of Occludin and ZO1. However, we cannot exclude the 

possibility that the disruption of the integrity of the intestinal tights junction may have 

contributed to the increased cholesterol absorption in the LXR-KI mice, especially once the gut 

toxicity and disruption of intestinal villus structure have occurred. Cholesterol accumulation in 

the intestine of LXR-KI mice was unlikely attributed to a decreased trans-intestinal excretion of 

cholesterol, because the expression of intestinal cholesterol efflux transporters Abcg5/8 was 

increased in the LXR-KI mice regardless of the diet treatment. The HCD contains 0.5% cholic 

acid, which is necessary for the absorption of cholesterol from a HCD (Chiang et al., 1998; 

Woollett et al., 2004). It is unlikely the gut toxicity in HCD-fed LXR-KI mice was due to the 

cholic acid, because HCD failed to cause appreciable toxicity in the WT mice. Moreover, a 

control diet contains the same level of cholic acid but without excess cholesterol did not cause 

gut toxicity in either the WT or LXR-KI mice (data not shown). 

 

Another surprising finding is the rise of intestinal and circulating levels of cholesterol in HCD-

fed LXR-KI mice despite the reduced basal expression of Npc1l1 in these mice. The reduced 

expression of Npc1l1 was expected, because this transporter is known to be transcriptionally 

suppressed by LXRα (Duval et al., 2006). In addition, high cholesterol feeding by itself can also 

suppress the expression of intestinal Npc1l1 in mice (Kawase et al., 2016). Although there are 

reports suggesting that LXR activation inhibited intestinal cholesterol absorption by suppressing 

Npc1l1 (Altmann et al., 2004; Duval et al., 2006), it has been controversial whether the LXR 

responsive suppression of Npc1l1 is sufficient to cause a suppression of cholesterol uptake. For 
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example, a report showed that GW3965 can reduce intestinal expression of Npc1l1, but it was 

not sufficient to affect the intestinal cholesterol absorption under a high cholesterol diet 

(Kannisto et al., 2014). Another study reported that treatment with GW3965 can actually 

increase the intestinal cholesterol absorption in mice despite a reduced intestinal expression of 

Npc1l1 (Hu et al., 2012). The Npc1l1-indepdent absorption of cholesterol in the LXR-KI mice 

was further supported by our observation that the cholesterol absorption was increased in the 

LXR-KI mice even in the presence of ezetimibe, a pharmacological inhibitor of Npc1l1 (Van 

Heek et al., 1997).  

 

It is interesting to note that the effect of transgenic activation of LXRα on cholesterol absorption 

was diet-dependent: a decreased absorption under chow diet and an increased absorption when 

the mice were challenged with HCD. The decreased absorption under chow diet was consistent 

with a report, in which the authors showed that intestinal-specific transgenic activation of LXRα 

led to a decreased intestinal cholesterol absorption, improved lipoprotein profile, and increased 

RCT in vivo (Lo Sasso et al., 2010). It remains to be seen whether the intestinal-specific LXR 

transgenic mice reported by Lo Sasso and colleagues will exhibit gut toxicity or cholesterol 

accumulation when challenged with HCD. Nevertheless, our results presented yet another 

example that the LXRα biology can be highly context dependent. The conditional promotion of 

cholesterol absorption by LXR activation may not be limited to the intestine and enterocytes, 

because an increased uptake of HDL-derived cholesteryl esters has been reported in human 

macrophages upon LXR activation (Bultel et al., 2008). 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2018 as DOI: 10.1124/mol.118.112672

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #112672 
	

20	
	

In summary, we report a surprising function of LXRα in intestinal cholesterol absorption and gut 

toxicity. The increased cholesterol absorption in the LXRα-activated intestine appeared to be 

independent of Npc1l1 and likely mediated by a novel and yet to be defined mechanism.  
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Figure Legends  

Figure 1. Activation of LXR sensitizes mice to high cholesterol diet (HCD)-induced toxicity. 

(A) The expression of VP-LXRα and ablation of the endogenous LXRα in the liver and intestine 

of LXR-KI mice was confirmed by Northern blot analysis. (B) Appearance of WT and LXR-KI 

male mice fed with HCD for 12 days. (C) Time course of body weight changes in WT and LXR-

KI mice fed with HCD; WT fed chow or HCD and treated with GW3965 (20 mg/kg/day) (n=6-7)  

(D) Time course of food intake in WT and LXR-KI mice fed with HCD for 12 days. (E) Serum 

levels of total cholesterol after feeding with HCD for 12 days. *, p<0.05; **, p<0.01, LXR-KI vs. 

WT under HCD; #, p<0.05; ##, p<0.01, GW3965-treated WT mice, chow vs. HCD. 

 

Figure 2. The HCD-induced toxicity in LXRα activated mice is not associated with liver 

toxicity. WT and LXR-KI male mice were fed with HCD for 12 days. (A and B) Serum levels of 

aspartate transaminase (AST) (A) and alanine transaminase (ALT) (B). (C)  Liver to body ratio. 

(D) Liver total cholesterol levels. The dashed line represents average level of total liver 

cholesterol in chow fed mice. (E) Macroscopic appearance (top panel) and histology by H&E 

(middle panel) and Oil-Red O staining (bottom panel) of the livers. n=6-7. n.s., statistically not 

significant.  

 

Figure 3. Activation of LXRα leads to heightened HCD-induced gut toxicity, increased 

intestinal permeability, and disruption of intestinal tight junctions. WT and LXR-KI male 

mice were fed with HCD for 12 days. (A) Duodenal sections stained with H&E (upper panel) 

and scanning electron microscopy (SEM) images of duodenum at 3000x magnification (middle 

panel) and 9000x magnification (bottom panel), respectively. Arrows indicate necrotic or 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2018 as DOI: 10.1124/mol.118.112672

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #112672 
	

26	
	

apoptotic cells. Bar=1 µm. (B) TUNEL staining of the duodenum. Shown below are the 

quantifications of the TUNEL staining. (C) Intestinal permeability measured by FITC-dextran 

absorption for mice that were maintained in chow diet, or after 12 days of HCD feeding (n=3-5). 

(D) The intestinal mRNA expression of tight junction protein genes (n=6). (E) Transmission 

electron microscopy (TEM) imaging of duodenum at 80000x magnification. Arrows indicate 

tight junctions. *, p<0.05; **, p<0.01, LXR-KI vs. WT.  

 

Figure 4. Activation of LXRα results in intestinal and systemic accumulation of free 

cholesterol upon HCD feeding. WT and LXR-KI male mice were fed with HCD for 12 days. 

(A) Oil Red O (ORO) staining of the duodenum/proximal jejunum sections. The open and filled 

arrows indicate villus cells and crypt cells, respectively. (B) Filipin staining for free cholesterol 

(upper pane). The bottom panel is the bright field.   (C) Serum cholesterol levels expressed as 

total, cholesteryl ester, and free cholesterol (n=7-8). (D) The mRNA expression of cholesterol 

efflux transporters Abcg5 and Abcg8 was measured by real-time PCR. (E) The expression of 

phosphorylated (Ser51) eIF2α and CHOP in duodenum/proximal jejunum was measured by 

Western blotting. Shown at the bottom are the densitometric quantifications of the Western 

blotting results. *, p<0.05; **, p<0.01, ***, p<0.001, LXR-KI vs. WT. 

 

Figure 5. Activation of LXRα increases intestinal cholesterol absorption even in the 

presence of the Npc1l1 inhibitor ezetimibe and precedes the gut toxicity. (A) Basal 

cholesterol absorption in WT and LXR-KI male mice fed with chow diet. (B) Expression of 

Niemann-Pick C1-Like 1 (Npc1l1) in duodenum/proximal jejunum. (C) Serum cholesterol levels 

expressed as total, cholesteryl ester, and free cholesterol in male mice fed with chow diet (n=4). 
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(D) Cholesterol absorption male mice fed HCD for 4 days or 12 days in the absence or presence 

of daily ezetimibe (10 mg/kg) treatment. (E) Serum total cholesterol levels in male mice fed with 

HCD in the absence or presence of ezetimibe treatment. (F) H&E staining of duodenal sections 

in male mice fed with HCD for 4 days. (G) The intestinal mRNA expression of tight junction 

protein genes in mice fed with HCD for 4 days. (H) Serum cholesterol levels expressed as total, 

cholesteryl ester, and free cholesterol in male mice fed HCD for 4 days (n=4-6). (I and J) The 

fecal concentrations of cholesterol (I) and triglycerides (J) in chow-fed mice. *, p<0.05; **, 

p<0.01, ***, p<0.001, n.s., statistically not significant, LXR-KI vs. WT, or the comparisons are 

labeled. 

 

Figure 6. Activation of LXR stimulates cholesterol uptake in colon cancer cells. (A) The 

mRNA expression of LXRs and their target genes in HCT116 cells treated with vehicle or 1 µM 

GW3965 was measured by real-time PCR. (B) The uptake of fluorescent NBD-cholesterol in 

HCT116 cells treated with vehicle or GW3965 (1 µM). The GW3965-treated cells include those 

transfected with scramble siRNA, siLXRα and/or siLXRβ. Shown on the right are the 

quantifications of the NBD fluorescence intensity normalized by DAPI staining and quantified 

by Image J. (D) The efficiency of LXR siRNA knock-down was verified by Western blotting. 

(D) The mRNA expression of NPC1LI in HepG2 and HCT116 cells was measured by real-time 

PCR. *, p<0.05; **, p<0.01, GW3965 vs Vehicle (A) or the comparisons are labeled. 
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