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Abstract

Background and Aims—There is growing evidence that bile acids are involved in the 

regulation of triglyceride-, cholesterol-homeostasis and fat absorption. In this study organ-specific 

Fxr knockout mice were used to further investigate the influence of FXR in lipogenesis.

Methods—Liver- and intestine-specific Fxr knockout mice were fed a 1% cholesterol diet for 28 

days. Histological examination of frozen tissue sections included Sudan III/H&E, BODIPY 

staining and LXR immunohistochemistry. Liver triglycerides, serum cholesterol, serum bile acids 

and nuclear LXR protein were measured. mRNA expression of several genes involved in bile 

acid-, cholesterol-homeostasis and lipogenesis was quantified by real-time PCR.

Results—Hepatic FXR deficiency contributes to lipid accumulation under 1% cholesterol 

administration which is not observed in intestinal Fxr knockout mice. Strong lipid accumulation, 

characterized by larger vacuoles could be observed in hepatic Fxr knockout sections, while 

intestinal Fxr knockout mice show no histological difference to controls. Additionally, those mice 

have the ability to maintain normal serum cholesterol and bile acid levels. Hepatic Fxr knockouts 

were characterized by elevated triglycerides and bile acid levels. Expression level of LXR was 

significantly elevated under control and 1% cholesterol diet in hepatic Fxr knockout mice and was 
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followed by concomitant lipogenic target gene induction such as Fas and Scd-1. This protective 

FXR effect against hepatic lipid accumulation was independent of intestinal Fgf15 induction.

Conclusions—These results show that the principal site of protective bile acid signalling against 

lipid accumulation is located in the liver since the absence of hepatic but not intestinal FXR 

contributes to lipid accumulation under cholesterol diet.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) represents a chronic liver disease and cofactor in 

other metabolic diseases with worldwide growing incidence (1). This syndrome caused by 

Western diet is characterized by accumulation of lipids in the liver. The prevalence of 

NAFLD in the general population is 10 to 24% and includes a clinical spectrum of disease 

ranging from simple steatosis to non-alcoholic steatohepatitis (NASH) and finally advanced 

fibrosis and cirrhosis (2-5). Despite the high frequency of NAFLD the pathogenesis of this 

disease is still poorly understood and no satisfying long-term therapy exists to date.

Several studies point out, that bile acids are involved in the regulation of triglyceride and 

glucose metabolism, next to their well characterized functions in cholesterol homeostasis, fat 

absorption and control of their own synthesis (6-8). The farnesoid X receptor (FXR) as the 

nuclear bile acid receptor, is activated by bile acids as ligands and represents an intracellular 

bile-acid sensor which is the key regulator of bile acid homeostasis (9). Activated FXR 

suppresses via small heterodimer binding partner (SHP) the bile acid synthesis by down-

regulation of CYP7A1, the enzyme that catalyzes the first and rate-limiting step in bile acid 

synthesis (10). The FXR-induced fibroblast growth factor (FGF) 15 signalling pathway, 

originating in the small intestine, is incorporated in the regulatory circle of bile acid 

homeostasis. This pathway in turn represses hepatic CYP7A1 through its binding to the FGF 

receptor 4 (FGFR4) and subsequent activation of SHP (6, 11).

There is a growing evidence confirming a functional interaction between these bile acid-

dependent FXR-pathways and hepatic triglyceride metabolism since bile acid-feeding in 

different models of hypertriglyceridemia decreased de novo lipogenesis through down-

regulation of sterol regulatory element binding protein-1c (SREBP-1c) resulting in reduced 

plasma triglycerides (12, 13). In line with these observations, deficiency of FXR in vivo 

causes severe alterations in systemic lipid metabolism with increased serum triglycerides, 

cholesterol (primarily HDL) levels and free fatty acids (14-16). Hence, Fxr−/− mice develop 

a fatty liver (14, 16) which is severely aggravated when fed a 1% cholesterol diet (16). In 

support of a beneficial role of FXR in this regard, several studies in rodent models of fatty 

liver disease (db/db and ob/ob mice) show a significant improvement of insulin sensitivity 

and a reduction of hepatic lipid accumulation when treated with the synthetic FXR-specific 

agonist GW4064 (17, 18).
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The fact that GW4064 is featured by a poor bioavailability raises the obvious question, 

whether hepatic or intestinal activated FXR has a protective effect against accumulating 

lipids in the liver. In this regard, it is also unclear whether bile acid retention and subsequent 

hepatic FXR activation in fatty livers represents a causal event in the pathogenesis or rather 

an attempt of adaptation (19, 20). Following these pertinent questions we studied organ-

specific liver (ΔL) and intestinal (ΔIE) Fxr knockout mice under a 1% cholesterol diet. Our 

results demonstrate that the organ-specific absence of FXR in the liver leads to lipid 

accumulation, which is independent of FXR and FGF15 signalling in the intestine.

Material and Methods

Animal model

Liver-specific (Fxr ΔL) and intestine-specific (Fxr ΔIE) Fxr knockout mice were generated 

as previously described (21). Mice were housed under standard 12 hr light and 12 hr dark 

cycle. All the experiments were performed with age-matched male Fxr ΔL and Fxr ΔIE 

mice, as well as Fxr flox/flox (f/f) littermates without albumin-cre or villin-cre recombinase 

transgene used as controls (n=4 from each group). All mice have been cross-bred with 

C57BL/6J mice for 8 to 10 generations with congenic test confirming background purity. 

All diets were based upon a standard AIN-93G rodent diet containing 58.6% carbohydrate, 

18.1% protein, 7.2% fat, 5.1% fiber, 3.4% ash, and 10% moisture (control diet). 

Experimental diets consisted of the control diet supplemented with 1% cholesterol (w/w) 

according to the original description of Fxr-null mice by Sinal et al. (16). Prior to the 

administration of special diets for a duration of 28 days, mice were fed standard rodent chow 

and water ad libitum.

From the scarified animals serum was taken and tissues were snap-frozen in liquid nitrogen 

and stored at −80°C until further use. The animals received humane care and the study 

protocols were approved by the local Government's Animal Care Committee.

Histology

To examine the accumulation of hepatic lipids, frozen liver sections were stained either with 

Sudan III and Hematoxylin or BODIPY (Invitrogen, Basel, Switzerland). For BODIPY 

staining frozen liver sections were fixed in 10% formaldehyde, washed twice with PBS and 

incubated with 1μg/ml BODIPY 493/503 (Invitrogen, #D-3922) in 150mM NaCl for 20 

minutes at room temperature. After incubation slides were washed twice with PBS and 

mounted with “Vectashield with DAPI” (Vectorlabaratory, Cat. No. H-1200). Images were 

acquired with a Zeiss Z1 microscope and processed with AxioVision 4.7.1. software from 

Carl Zeiss (Jena, Germany). The obtained data were processed by using Photoshop CS3 

Extended (Adobe Systems, San Jose, CA).

Immunhistochemistry

Immunhistochemistry procedure was described before (22). Cryosections were fixed for 5 

min in PBS containing 1% formaldehyde and were permeabilized for 10 min in PBS 

containing 0.1% Triton X-100. After blocking for 1h with PBT (PBS containing 1.5%BSA 

and 0.1% Tween 20), specimens were incubated with LXR (LS-B3526) antibody (LifeSpan 
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Bioscience, Seattle, US) for 1h. Then specimens were washed twice in PBS, and bound 

antibodies were detected with corresponding secondary antibodies (Invitrogen). DNA was 

visualized with the fluorochrome DAPI (Sigma-Aldrich, St. Louis, US). After a final 

washing in PBS, the cells were embedded in Kaisers glycerol gelantine (Merck, Darmstadt, 

Germany). Ominfocal analyses were done with a Biorevo BZ-9000 (Keyence, Neu-

Isenburg, Germany). The obtained data were processed by using Photoshop (Adobe 

Systems, San Jose, CA).

Serum and tissue chemistry

Serum cholesterol was measured using a serum multiple biochemical analyzer (Ektachem 

DTSCII; Johnson & Johnson Inc., Rochester, NY). For glucose levels a glucose meter 

(FreeStyle; Disetronic Medical System AG, Burgdorf, Switzerland) was used. To measure 

triglyceride content in the liver, lipids were extracted from approximately 30mg of tissue by 

homogenization in 700μl of acetone (23). For liver cholesterol measurement 25mg of liver 

tissue was used in the Cholesterol/Cholesteryl Ester Quantitation Kit II (BioVision, 

K623-100). The procedure was performed according to the manufacturer's instructions. 

Homogenates were centrifuged twice for 5 minutes at full speed to remove cell debris. 

Triglyceride concentrations were measured using TRIG kit (diatools, Villmergen, 

Switzerland) according to manufacturer's instructions. Serum bile acids were measured by 

radioimmunoassay using a Bile Acid RIA Kit (MP Biomedicals, Ilkirch, France) according 

to the manufacturer's specifications.

Western Blotting

Similar amounts of total protein extract were separated by SDS-PAGE, transferred to 

nitrocellulose membrane and probed with SREBP-1 antibody (LifeSpan BioScience, LS-

C30185, Seattle, USA). After incubation with species-specific HRP-conjugated secondary 

antibody (Jackson ImmunoResearch Laboratories, Suffolk, UK) immune complexes were 

detected using Clarity™ Western ECL Substrate (Biorad, Munich, Germany). Densitometric 

quantification of Western blots was performed using Adobe Photoshop CS3.

Quantification of nuclear LXR Protein—25mg of liver tissue was used to isolate 

nuclear fractionations using the NE-PER Nuclear Extraction Reagents kit (Thermo Fisher 

Scientific) according to the manufacturer's protocol. Total protein concentration was 

measured using the Pierce® BCA Protein Assay Kit. Nuclear LXR protein was determined 

using ELISA Kit for Liver X Receptor Alpha (E92044Mu Uscn). LXR protein was 

normalized against total nuclear protein content.

mRNA isolation and real-time RT-PCR—Total RNA was isolated from liver and ileum 

by using RNeasy Mini Kit (Qiagen, Valencia, CA) according to manufacturer's instructions. 

mRNA was reverse-transcribed to cDNA using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosytems, Mannheim, Germany). Real-time PCR was 

performed using ABI TaqMan probes and PCR-Primers in combination with TaqMan® Fast 

Universal PCR Master Mix or FAST SYBR Green PCR Master Mix (Applied Biosystems), 

respectively (20). For primer design Primer Express software (Applied Biosystems; Foster 

City, CA) was used. Primers sequences used for gene expression analysis are listed in table 
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1. For Abcg5 and Abcg8 commercially available TaqMan assays had been used on an 

Applied Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster 

City, USA).

Statistical analysis—The significance of differences between the experimental groups 

was determined by Mann-Whitney U-test. (GraphPad Software Inc., CA, USA). Probability 

values less than 0.05 were considered significant. Data represented the mean ± SEM.

RESULTS

Liver specific FXR deficiency promotes lipid accumulation

Systemic FXR deficiency leads to dysregulation of bile acid homeostasis and lipid 

metabolisms (16), but the particular contribution of hepatic and intestinal FXR to lipid 

metabolism is not completely clarified yet. To investigate the organ-specific influence of 

FXR on lipid metabolism, organ-specific Fxr−/− mice with deletion of either hepatic (ΔL) or 

intestinal (ΔIE) FXR were put on 1% cholesterol diet (1%CD) for 28 days.

Under control diet the organ-specific Fxr knockout mice showed unaltered liver tissue in 

sudan III and hematoxylin staining, and show no histological difference from flox/flox 

controls (Figure 1A). After 28 days of 1% cholesterol diet, small lipid vacuoles were present 

in the livers of flox/flox controls. This phenotype could be also observed in intestinal (ΔIE) 

Fxr knockout mice. In contrast to this mild lipid accumulation, a prominent lipid 

accumulation, characterized by larger vacuoles could be observed in hepatic (ΔL) Fxr 

knockout. The pattern of lipid accumulation was verified with BODIPY staining, a 

lipophilic fluorescent agent (Figure 1). In line with the histological phenotype, an increased 

hepatic triglyceride concentration could be measured in (ΔL) Fxr knockout animals under 

control diet (f/f 5.8±1.1 μmol/g vs. ΔL 19.9±4.0 μmol/g; P=0.015) and under 1%CD feeding 

(f/f 34.8±4.4 μmol/g vs. ΔL 58.2±13.6 μmol/g; P=0.155) compared to flox/flox controls 

under respective diet (Figure 2A). In contrast, no increase of hepatic triglyceride content 

could be observed in (ΔIE) Fxr knockout mice compared to flox/flox controls for both forms 

of diet.

Hepatic Fxr knockout mice are characterized by altered serum bile acids and cholesterol 

concentration

To characterize the physiologic consequence of 1% cholesterol feeding in the organ-specific 

Fxr knockout mice and their flox/flox littermates, serum bile acids, serum cholesterol, total 

liver cholesterol and serum glucose concentrations were quantified.

Flox/flox (f/f) littermates without albumin-cre or villin-cre recombinase transgene showed 

identical serum characteristics. The cholesterol levels in (ΔL) Fxr knockout mice under 

control diet were significantly elevated compared to flox/flox controls (ΔL 123±16.6 mg/dl 

vs. f/f 65.5±7.1 mg/dl, P=0.019) and (ΔIE) Fxr knockouts. Under 1% cholesterol chow, 

(ΔIE) Fxr knockout animals showed a serum cholesterol level that was comparable with 

flox/flox controls, while (ΔL) knock out mice were characterized by significantly higher 

cholesterol levels (f/f, 105.5±10.4 mg/dl vs. ΔL, 244.5±22.8 mg/dl; P=0.001; ΔIE, 

111.75±5.25 mg/dl) (Figure 2B). In line with these findings was a significant higher total 
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liver cholesterol level under standard diet (f/f, 62.4±3.28 mg/dl vs. ΔL, 89.6±3.08mg/dl; 

P=0.0286; ΔIE, 76.1±11.7 mg/dl) (Figure 2E). Total serum bile acids were slightly increased 

in (ΔL) Fxr knockout mice compared to flox/flox controls and (ΔIE) Fxr knockouts, 

irrespective of the diet (control diet: f/f, 3.1±0.4 μM/l vs. ΔL, 7.5±1.3 μM/l; P=0.021; trend 

for 1%CD: f/f, 5.5±1.1 μM/l; ΔL, 10.0±3.4 μM/l; P=0.251) (Figure 2C). The glucose levels 

of all experimental groups were comparable to flox/flox controls under control diet, with the 

exception of (ΔL) Fxr knockout mice which showed a slight but significant elevation under 

1% cholesterol feeding (f/f, 108.6±14.6 % vs. ΔL, 140.6±8.9 %; P=0.017).

Gene expression analysis of FXR targets and genes related to bile acid and cholesterol 

homeostasis

To obtain mechanistic insight into the pathophysiological events underlying hepatic lipid 

accumulation under organ-specific Fxr knockout conditions, expression of FXR target genes 

particularly those involved in bile acid, cholesterol and lipid homeostasis were analyzed.

To confirm the genotype of the different experimental group's functional FXR transcripts 

were undetectable in the respective organs of mice with hepatic (ΔL) or intestinal (ΔIE) Fxr 

deletion (Figure 3A and 3B). As known from the literature (21) a minor but not significant 

decrease in SHP mRNA could be observed in hepatic (ΔL) Fxr knockout mice under control 

diet. Cyp7a1 was significantly upregulated in hepatic (ΔL) Fxr knockout mice under control 

diet (ΔL, 293.1±98.6% vs. f/f, 100±13.1%; P=0.0286). No significant change in Cyp7a1 

mRNA expression could be observed in (ΔIE) Fxr knockout mice under standard diet 

(Figure 3A).

The bile salt export pump (BSEP), another target gene of FXR was significantly down-

regulated in (ΔL) Fxr knockout mice irrespective of the diet (control diet: ΔL 45.8±5.7 %, 

P=0.0079; 1%CD: ΔL 29.6±8.2 %, P=0.0043), while no such change was detected in flox/

flox controls or (ΔIE) Fxr knockout mice (Figure 3A).

As an intestinal FXR target gene and as prove of principle control for the organ-specific 

knock down, the ileal bile acid binding protein (IBABP) was investigated. As expected, 

functional transcripts were only undetectable in ΔIE mice, irrespective of the diet (Figure 

3B).

To investigate the influence of organ-specific Fxr deletion on intestinal FGF15 signalling 

and the observed lipid accumulation, FGF15 mRNA was quantified in ileal tissue. 1% 

cholesterol feeding leads to an induction of FGF15 in flox/flox controls and (ΔL) Fxr 

knockout mice which could not be demonstrated in ΔIE) mice characterized by intestinal 

FXR deficiency (Figure 3B).

Since (ΔL) Fxr knockout animals were characterized by an elevated serum and liver 

cholesterol level under standard chow, we analyzed the expression of the nuclear oxysterol 

receptor LXR that serves as the key regulator of cholesterol homeostasis. In line with 

respective serum and liver cholesterol levels, there was no significant change in hepatic 

LXR mRNA expression in (ΔIE) Fxr knockouts compared to flox/flox controls, irrespective 

of the diet, whereas a significant LXR mRNA elevation could be observed in (ΔL) Fxr 
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knockout animals (control diet: f/f, 100±9.3% vs. ΔL, 144.7±9.7%, P=0.016; 1%CD: f/f, 

105.0±6.3% vs. ΔL, 153.9±9.2, P=0.009) (Figure 4A). To verify the transcriptional effect of 

LXR, the LXR protein concentration was measured in nuclear fractions. A significant 

increase in LXR nuclear protein could be observed in (ΔL) Fxr knockout animals under 

standard diet and with a clear trend under 1% cholesterol diet (control diet: f/f, 100±18.0% 

vs. ΔL, 281.4±63.7%, P=0.029; 1%CD: f/f, 189.7±34.1% vs. ΔL, 433.4±97.2, P=0.0571) 

(Figure 4B). Additionally, an increased nuclear localization could be visualized in animals 

under 1% cholesterol diet. Consistent with the mRNA data, an increased localisation of 

LXR, could be observed in (ΔL) Fxr knockout animals under standard diet, while there was 

a lower expression documented in flox/flox littermates under the same treatment (Figure 

4C).

As the rate limiting enzyme in cholesterol synthesis, hydroxymethylglutaryl-Coenzyme A 

reductase (HMGCoAR) was significantly decreased in feedback to cholesterol overload 

(1%CD). Interestingly, a significant increase of HMGCoAR could be measured in (ΔL) Fxr 

knockout mice under control diet which parallels the elevated serum cholesterol levels in 

these mice (ΔL 130.3±4.5% vs. f/f 100±9.8%, P=0.023) (Figure 4D). Under 1% cholesterol 

feeding a significant mRNA increase of the ABC sterol transporters Abcg5 and Abcg8 was 

observed in all experimental groups whereas no such increase was observed under control 

diet (Figure 4E+F).

Gene expression analysis of genes related to lipid homeostasis

To examine the consequences of LXR activation, direct or indirect target genes involved in 

the lipogenesis were analyzed. Nuclear SREBP-1c protein expression was found to be 

elevated in both wildtype and (ΔL) Fxr knockout animals under cholesterol diet. Notably, 

nuclear SREBP-1c was also increased in (ΔL) Fxr knockout mice under standard diet 

(Figure A, B). In line with these findings, fatty acid synthase (Fas) was significantly 

upregulated in (ΔL) Fxr knockout mice under control diet compared to flox/flox controls 

(ΔL, 184.2±34.4% vs. f/f, 100±13.5%, P=0.016) which was less pronounced under 1% 

cholesterol (Figure 5C).

Stearoyl CoA Desaturase-1 (SCD-1), which is required for synthesis of unsaturated fatty 

acids, was significantly elevated in (ΔL) Fxr knockout mice compared to respective flox/flox 

controls under both control diet and 1% cholesterol (control diet: f/f 100±15.0% vs. ΔL 

239.5±58.0%, P=0.032; 1%CD: f/f 223.8.4±37.3% vs. ΔL 444.8±91.0%, P=0.035) (Figure 5 

D). No difference in SCD-1 expression could be observed in (ΔIE) Fxr knockout mice to 

flox/flox controls for both diets.

The same pattern of gene expression was detected for patatin-like phosholipase domain 

containing 3 gene (PNPLA3), a lipid acyl hydrolase which plays a role in lipid remodelling. 

An increase of PNPLA3 mRNA was detected in (ΔL) Fxr knockout mice compared to 

respective flox/flox controls irrespective of the diet (control diet: f/f 100±27.6 % vs. ΔL 

733.8±227.4%, P=0.0159; 1%CD: f/f 266.0±113.9 % vs ΔL 754.4±231.7%P=0.0411) 

(Figure 5 E).
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DISCUSSION

Bile acids play a central role in the complex regulation of triglyceride metabolism and 

cholesterol homeostasis. The absence of the bile acid receptor FXR in vivo has profound 

consequences on systemic lipid metabolism since respective knockout mice are 

characterized by increased serum free fatty acids, triglycerides and cholesterol (6-8, 10, 11). 

A direct functional link between bile acid-dependent FXR-activation and triglyceride 

metabolism has been established in bile acid-feeding studies using different models of 

hypertriglyceridemia (12, 13). The fact that beneficial effects of the FXR-ligand GW4064 

against accumulating lipids in the liver can be observed despite a poor bioavailability 

suggests rather the involvement of intestinal FXR signals than direct hepatic effects. 

However, the underlying mechanism has not been clarified thus far. To address this relevant 

question in detail, organ-specific Fxr−/− mice with deletion of either hepatic or intestinal 

FXR were subjected to a 1% cholesterol diet, which has been shown to aggravate the 

development of fatty liver in systemic Fxr−/− mice (6).

The major findings of this study are the following:

i. The principal site of protective FXR signalling against lipid accumulation is located 

in the liver. Absence of hepatic FXR (ΔL) contributes to lipid accumulation under 

1% cholesterol diet which is not observed in intestinal (ΔIE) Fxr knockout mice 

and flox/flox controls.

ii. Similarly, the ability of intestinal (ΔIE) Fxr knockout mice and controls to maintain 

normal serum cholesterol and bile acid levels under cholesterol diet is absent in 

mice with hepatic (ΔL) Fxr knockout.

iii. Hepatic (ΔL) Fxr knockout mice are characterized by elevated liver x receptor 

(LXR) expression, increased nuclear protein localization and concomitant induction 

of lipogenic target genes such as Scd-1 and Fas.

iv. Of note, protective FXR effects against hepatic lipid accumulation under 1% 

cholesterol diet are independent of intestinal Fgf15 induction.

Hepatic cholesterol homeostasis requires a cascade of enzymatic reactions in the 

biotransformation of bile acids with CYP7A1 as the rate-limiting enzyme followed by their 

excretion through the canalicular transport systems including Bsep (10, 24). Systemic 

disruption of the Fxr gene leads to the aberrant cholesterol and lipid homeostasis which has 

been attributed to defects in bile acid transport with decreased Bsep expression (16). 

Whereas wildtype animals have the ability to maintain low hepatic cholesterol 

concentrations under high cholesterol intake, FXR deletion leads to the accumulation of 

intrahepatic and serum cholesterol despite increased Cyp7a1 (16). The absence of FXR 

signalling in FXR deleted mice is accompanied by cholesterol accumulation compared to 

wildtype mice which is even aggravated by additional cholesterol feeding (16). In 

accordance with these data from systemic Fxr −/−, the same increase in Cyp7a1 expression 

in combination with decreased Bsep can be observed in ΔL Fxr mice in the present study. In 

this context, bile acid retention due to reduced bile acid transporter expression as observed 

in various rodent models of fatty liver (19, 20) may be rather protective than contributing to 
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cholesterol accumulation as far as FXR expression and signalling is intact. Indeed, recent 

pilot data from Bsep −/− mice fed a methionine-choline-deficient diet clearly indicate that 

fat accumulation and inflammation is even ameliorated upon retention of CDCA and CA in 

these animals both known as FXR agonists (C.D. Fuchs, T. Claudel, E. Halilbasic, T. 

Stojakovic, and M. Trauner, presented at the 48th Annual Meeting of the European 

Association for the Study of the Liver, Amsterdam , The Netherlands, 24-28 April 2013)

(25). In accordance with previous data SHP is not induced in 1% cholesterol diet animals 

since it has been shown that SHP induction is repressed by free fatty acids (FFA) in NAFLD 

patients and hepatoma cells (28). Besides the role of FXR in cholesterol homeostasis, FXR 

represents a negative regulator of the oxysterol receptor LXR (33). LXR is activated by 

oxidized derivatives of cholesterol (oxysterols) and plays a crucial role in regulating the 

expression of genes involved in cholesterol homeostasis and lipid metabolism (29, 30). 

Under physiological conditions, activation of FXR and subsequently SHP will eliminate a 

stimulatory effect of LXR on the CYP7A1 promoter (Shang Q Am J Physiol 2007). As a 

mechanistic clue from our study CYP7A1 mRNA (and bile acid levels) are increased even 

under standard diet, in animals where LXR activation occurs solely by the absence of FXR 

(ΔL Fxr mice). This was independent of SHP expression which remains at baseline.

HMGCoAR is the rate limiting enzyme in cholesterol homeostasis and negatively controlled 

by intracellular cholesterol (31, 32). In line with the observation that FXR agonists 

downregulate HMGCoAR, (ΔL) Fxr knockout animals are characterized by an elevated 

HMGCoAR mRNA expression in our study which might contribute to increased serum 

cholesterol levels without cholesterol overload under standard chow.

Besides the regulation of cholesterol homeostasis LXR activation increases the expression of 

genes involved in fatty acid biosynthesis (lipogenesis), and raises plasma triglyceride levels 

(hypertriglyceridemia) (34). Functionally, the induction of the lipogenic genes Scd-1 and 

Fas upon administration of a synthetic LXR agonist contributes to massive hepatic steatosis 

in mice (34). In line with the concept that accumulating cholesterol leads to LXR activation 

and increased expression by autoactivation of the gene (35), hepatic Fxr knockout mice in 

our study are characterized by elevated LXR expression and elevated SREBP-1c. LXR 

induces SREBP-1c gene transcription and induce de novo lipogenesis (36). The principal 

mechanism for SREBP-1c regulation involves control of its nuclear localization and binding 

to sterol regulatory elements in promoter regions of specific genes. SREBP-1c is regulated 

by postranslational proteolytic processing in the Golgi apparatus and transported to the 

nucleus (nuclear SREBP-1c) (36, 37). In line with increased LXR expression, hepatic Fxr 

knockout mice under control diet in our study show an elevated nuclear localization of 

SREBP-1c, resulting in concomitant induction of lipogenic target genes including Scd-1 and 

Fas under control diet. A less pronounced up-regulation of Fas under cholesterol feeding is 

in line with a previously observed Fas mRNA down-regulation in cholesterol-fed rodents 

(38). In contrast, SCD-1 which is prominently induced under cholesterol feeding seems to be 

even more important for lipid accumulation under these conditions. In turn, LXR induction 

and concomitant induction of Scd-1 is absent in intestinal Fxr knockout mice which nicely 

correlates with the absent lipid accumulation in these livers.
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The principal site of protective FXR signalling against lipid accumulation has not been clear 

so far. From previous studies under standard diet, it appeared that treatment with the FXR 

agonist GW4064 significantly represses hepatic Cyp7a1 in mice with liver-specific deletion 

of Fxr (ΔL) but not in mice with intestinal deletion of Fxr (ΔIE), indicating that activation of 

FXR in intestine but not in the liver mediates hepatic effects of GW4064 (21). These data 

are further supported by the pharmacokinetic properties of GW4064, which is characterized 

by a poor bioavailability (21). However, in conditions associated with hepatic steatosis 

different mechanisms are come into effect. Activation of FXR by the synthetic agonist 

GW4064 significantly improves plasma glucose and lipid levels in diabetic db/db mice (17, 

18). Interestingly, blood glucose levels of both, nondiabetic wildtype and systemic Fxr −/− 

mice were reduced significantly after hepatic overexpression of constitutively active FXR by 

adenovirus-mediated gene transfer in the same study (17, 18). The present study under 1% 

cholesterol diet now clearly proves that lipid lowering FXR effects are exclusively mediated 

within the liver since the absence of hepatic FXR contributes to lipid accumulation 

independently of intestinal FXR. In accordance with previous data in genetic obesity models 

(17, 18), hepatic FXR similarly contributes to maintain normal serum cholesterol under a 

cholesterol diet. The finding that exclusively hepatic and not intestinal FXR deletion 

contributes to lipid accumulation under 1% cholesterol diet suggests that the observed 

effects are independent of intestinal Fgf15 induction. This is further supported by Fgf15 

expression levels in our study which are unaltered in liver-specific (Fxr ΔL) mice compared 

flox/flox controls. These concepts are summarized in figure 6.

In conclusion, the present study clearly demonstrates that the principal site of protective 

FXR signalling against lipid accumulation is located in the liver since the absence of hepatic 

but not intestinal FXR contributes to lipid accumulation under cholesterol diet. In the 

absence of hepatic FXR elevated LXR expression can be observed together with the 

induction of lipogenic LXR-target genes such as Scd-1 and Fas. As a mechanistic insight 

from this study, therapeutic effects of FXR agonists on fatty liver are attributable on one 

hand to their activation of bile acid transport and on the other hand to the inhibition of the 

lipogenic transcription factor LXR. Understanding these complex pathophysiological 

interactions will contribute to the generation of novel future treatment strategies for fatty 

liver disease.
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Abbreviations

BSEP bile salt export pump

Cyp7a1 cholesterol 7-alpha-hydroxylase

CA Cholic acid

CDCA Chenodeoxycholic Acid, Fas, fatty acid synthase
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FXR farnesoid X receptor/bile acid receptor

HMGCoAR hydroxymethylglutaryl-Coenzyme A reductase

Ibap ileal bile acid binding protein

LXR liver X receptor

NAFLD non-alcoholic fatty liver disease

SCD-1 Stearoyl CoA Desaturase-1

SREBP-1c sterol regulatory element-binding protein isoform 1c

SHP short heterodimer partner
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Figure 1. 
Liver histology. Representative hematoxylin and Sudan III staining of flox/flox, ΔL Fxr and 

ΔIE Fxr knockout mice under control diet and 1% cholesterol diet (left panel). 

Representative BODIPY staining of flox/flox, ΔL Fxr and ΔIE Fxr knockout mice under 

control diet and 1% cholesterol diet are shown in a lower magnification (right panel). 

Massive lipid accumulation can be seen in ΔL Fxr knockout mice under 1% cholesterol diet. 

Insert shows tissue in a higher magnification. Scale bars: 10 μm.
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Figure 2. 
Lipid content and serum parameters in organ-specific knockout animals. A. liver 

triglycerides B. serum cholesterol in mg/dl C. total liver cholesterol in μg/g D. total serum 

bile acids in μM/l and E. serum glucose in % of flox/flox, ΔL Fxr and ΔIE Fxr knockout 

mice under control diet and 1% cholesterol diet. Asterisk represents P<0.05 as determined 

by the Mann-Whitney U-test.
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Figure 3. 
Relative quantification of the transcripts of nuclear receptors and their targets. RT-PCR was 

performed with RNA samples isolated from liver and ileum of flox/flox, ΔL Fxr and ΔIE Fxr 

knockout mice. A. hepatic genes were analysed: Fxr, Shp, Cyp7a1 and Bsep. B. intestinal 

genes were analysed: Fxr, Ibap and Fgf15. Data represent means ± SEM (n = 4-5). Asterisk 

represents P<0.05 as determined by the Mann-Whitney U-test.
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Figure 4. 
Liver × Receptor expression, localization and relative quantification of genes involved in 

cholesterol homeostasis. Respective liver tissue was used to isolate nuclear fractionations 

using the NE-PER Nuclear Extraction Reagents kit. A. hepatic LXR mRNA expression B. 
Nuclear LXR Protein content. Similar amounts of isolate nuclear fractionations from liver 

tissue, was analyzed. Nuclear LXR protein was determined using ELISA Kit for Liver X 

Receptor Alpha. LXR protein was normalized against total nuclear protein content. C. LXR 

immunohistochemistry. Increased nuclear localization in animals under 1% cholesterol diet. 

Increased localisation of LXR, is shown in (ΔL) Fxr knockout animals under standard diet. 

flox/flox littermates under the same treatment show lower nuclear LXR localisation. RT-

PCR was performed with RNA samples isolated from liver of flox/flox, ΔL Fxr and ΔIE Fxr 

knockout mice for D. HmgCoAr, E. Abcg5 and F. Abcg8. Data represent means ± SEM (n 

= 4-5). Asterisk represents P<0.05 as determined by the Mann-Whitney U-test.
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Figure 5. 
Quantification of genes involved in lipogenesis. A. SREBP-1c protein expression was 

measured by western blot. Decreased concentration of high molecular weight (pre) 

SREBP1-c, results in increased lower molecular weight (nuclear) SREBP1-c, indicating 

SREBP1-c proteolytic activation. B. Densitometric quantification of Western blots was 

performed using Adobe Photoshop CS3, showing an increased SREBP1-c activation in ΔL 

Fxr animal under control diet. RTPCR was performed on RNA samples isolated from liver 

of flox/flox, ΔL Fxr and ΔIE Fxr knockout mice for C. Fas, D. Scd-1 and E. Pnpla3. Data 

represent means ± SEM (n = 4-5). Asterisk represents P<0.05 as determined by the Mann-

Whitney U-test.
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Figure 6. 
Organ-specific protective effect of FXR against lipid accumulation. A. flox/flox controls B. 

ΔIE Fxr knock out C. ΔL Fxr knock out mice under 1% cholesterol diet. The principal site 

of protective FXR signalling against lipid accumulation is located in the liver since the 

absence of hepatic but not intestinal FXR contributes to lipid accumulation under 1% 

cholesterol diet. In the absence of hepatic FXR elevated LXR expression can be observed 

together with the induction of lipogenic LXR-target genes such as SCD-1. It could be 

suggested that the observed effects are independent of intestinal Fgf15 induction, as 

exclusively hepatic and not intestinal FXR deletion contributes to lipid accumulation under 

1% cholesterol diet.
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Table 1

Primer sequences used for real-time PCR

Primer forward reverse

Fxr CTTGATGTGCTACAAAAGCTGTG ACTCTCCAAGACATCAGCATCTC

Shp CGATCCTCTTCAACCCAGATG AGGGCTCCAAGACTTCACACA

Fgf15 GAGGACCAAAACGAACGAAATT ACGTCCTTGATGGCAATCG

Cyp7a1 AGCAACTAAACAACCTGCCAGTACTA GTCCGGATATTCAAGGATGCA

HMGCoAR CTTGTGGAATGCCTTGTGATTG AGCCGAAGCAGCACATGAT

Scd-1 CCGGAGACCCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAACC

Fas TTCGGCTGCTGTTGGAAGTCAG ACCCACCCAGACGCCAGTGTTC

Pnpla3 ATTCCCCTCTTCTCTGGCCTA ATGTCATGCTCACCGTAGAAAGG

IBABP GGTCTTCCA GGAGACGTGAT ACATTCTTTGCCAATGGTGA

BSEP AAGCTACATCTGCCTTAGACACAGAA CAATACAGGTCCGACCCTCTCT

LXR GCTCTGCTCATTGCCATCAG TGTTGCAGCCTCTCTACTTGGA

β-actin TATTGGCAACGAGCGGTTCC GGCATAGAGGTCTTTACGGATGTC

Taqman probes Applied Biosystems ID

Abcg5 Mm00446241_m1

Abcg8 Mm00445980_m1

β-actin 4352341E
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