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ABSTRACT 

The nuclear receptor Farnesoid X Receptor (FXR) is an intracellular bile acid sensor. 

The retinoid X receptor-alpha (RXRα) is an obligate partner of FXR and is activated by 

retinoic acids, e.g. the active metabolites of vitamin A. FXR/RXRα play a crucial role in 

bile acid and lipid metabolism. Earlier, we showed that RXR activation modulates FXR-

mediated regulation of bile acid synthesis and transport. Here, we analyzed whether 

FXR in turn affects hepatic vitamin A metabolism, a process needed for proper 

metabolic and immune control.  

Hepatic retinol and retinyl ester levels, as well as mRNA and protein levels of vitamin 

A metabolizing factors, were analyzed in 1) FXR-null mice without and with adenoviral 

reintroduction of hepatic FXR; 2) intestine-specific FXR-null mice (iFXR-null) and 3) 

obeticholic acid (OCA)- and cholic acid (CA)-treated wild type mice. 

Hepatic retinol and retinyl palmitate levels were strongly reduced (>90%) in FXR-null 

mice compared to wild type littermates. iFXR-null mice had normal levels of these 

retinoids, while hepatic reintroduction of FXR in FXR-null mice increased hepatic 

retinoid levels. 3-week OCA-treatment in mice strongly reduced (>60%) hepatic retinyl 

palmitate levels, concurrently with strongly increased retinol levels (>5-fold) in the liver. 

CA-treated animals only showed a mild reduction in hepatic retinyl palmitate after 12 

weeks when compared to control animals. Remarkable inconsistent relationships were 

observed between transcript and protein levels of key factors in hepatic vitamin A 

metabolism in OCA-treated animals, which precluded the identification of molecular 

mechanism causing the strongly impaired vitamin A metabolism.   

In conclusion, hepatic FXR is required for efficient vitamin A storage in mouse liver, 

while activation of FXR by OCA or CA also suppresses hepatic vitamin A storage. 

These data suggest that FXR-targeted therapies may be prone to cause vitamin A-

related pathologies.  
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7.1. INTRODUCTION 

The Farnesoid X Receptor (FXR/NR1H) is a pleiotropic ligand-activated nuclear 

receptor controlling a great variety of cellular processes, including energy metabolism, 

immunomodulation and tissue regeneration. Bile acids are the natural ligands for FXR 

and these molecules are increasingly recognized as key signaling molecules 

controlling whole body homeostasis, much more than the original view of being just 

detergents for lipid-soluble compounds [1]. FXR typically forms a heterodimer with the 

Retinoid X Receptor-alpha (RXRα/NR2B1)), a common obligatory partner for many 

nuclear receptors, including peroxisome proliferator-activated receptors (PPARs), 

Liver X receptor (LXR), Retinoic acid receptor (RAR) and the vitamin D receptor (VDR). 

RXRα is activated by retinoic acids, particularly 9-cis retinoic acid (9cRA), the active 

metabolites of vitamin A [2]. RXRα is not a silent partner of FXR. Co-activation of 

FXR/RXRα with 9cRA may have strong transcriptional effects of FXR-target genes. 

This can go either way: e.g. further enhancing bile acid-induced expression, as for the 

small heterodimer partner (SHP/NR0B2) [3], or strongly suppressing it, as for the bile 

salt export pump (BSEP/ABCB11) [4,5]. Moreover, retinoic acids suppress Cyp7A1 

expression, the rate limiting factor in hepatic bile acid synthesis, through direct 

transcriptional effects in the liver, as well as by inducing expression of  intestinal 

fibroblast growth factor 15/19 (mouse FGF15/human FGF19), which in turn 

suppresses hepatic bile acid synthesis [6–9] 

Vitamin A deficiency is a common condition in chronic liver diseases. This is mainly 

the result of 2 pathological processes, e.g. cholestasis and fibrosis. Vitamin A is a fat-

soluble vitamin and its intestinal absorption depends on bile acids [10]. Cholestasis is 

characterized by insufficient bile flow from the liver and thereby impairs intestinal 

vitamin A absorption. Absorbed vitamin A is efficiently transported to the liver, where it 

is stored as retinyl esters, mainly retinyl palmitate, in hepatic stellate cells [11]. The 

“quiescent” HSC (qHSC) in the healthy liver maintain stable circulating levels of retinol 

at approximately 1.5-2.0 µmol/L to be delivered to peripheral tissues to support proper 

function [12]. Liver injury in chronic liver diseases, however, induce a phenotypic 

change in HSC that transdifferentiate to contractile, mobile and extracellular matrix-

producing myofibroblasts, so-called activated HSC (aHSC). The qHSC-to-aHSC 

transdifferentiation process is the driving force for the development of fibrosis and 

characterized by progressive loss of the retinyl ester stores from these cells, ultimately 

leading to hepatic an systemic vitamin A deficiency [10,13]. 
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While the vitamin A-mediated regulation of bile acid synthesis and transport is well 

established [3,5–10,14], very little is known about a putative role of FXR in regulating 

hepatic vitamin A metabolism. Key factors for hepatic vitamin A metabolism are 1) the 

LDL receptor in hepatocytes, which absorbs retinyl ester-containing chylomicron 

remnants coming from the gut; 2) Retinyl hydrolases (ATGL, PNPLA3, amongst 

others) in hepatocytes that convert retinyl ester to retinol; 3) Retinol Binding Protein 4 

(RBP4) that exports retinol from the hepatocytes to the circulation; 4) retinyl esterases 

(LRAT and DGAT1) in hepatic stellate cells that convert retinol to retinyl esters for 

storage; 5) Retinyl hydrolases (ATGL, PNPLA3, HSL) in HSC for controlled release of 

retinol in times of insufficient dietary intake; 6) RDHs and RALDHs that convert  retinol 

to retinoic acids and 7) cytochrome P450s (particularly Cyp26A1) that catabolize 

retinoic acids (see also Saeed 2017 BBA) [10]. Previous transcriptome analysis have 

not hinted to a clear effect of FXR on hepatic vitamin A metabolism [15–17]. Such FXR-

mediated transcriptional effects have been well-established for regulation of hepatic 

lipid and glucose metabolism [15–18]. The pharmacological FXR agonist obeticholic 

acid (OCA; 6α-ethyl-chenodeoxycholic acid; INT-747) is used for the treatment of 

Primary biliary cholangitis (PBC), either as mono therapy or in combination with 

ursodeoxycholic acid (UDCA) [19–21](refs). In addition, OCA and several other 

pharmacological FXR ligands are being evaluated in clinical trials for their therapeutic 

value in other chronic liver diseases, including primary sclerosing cholangitis (PSC) 

and non-alcoholic fatty liver disease (NAFLD). As vitamin A metabolism is typically 

impaired in chronic liver diseases like PBC, PSC and NAFLD [22–27], FXR may also 

play a role in this, either directly or indirectly. 

In this study, we therefore analyzed vitamin A metabolism in total and tissue-specific 

FXR-null mice, all on normal chow, as well as in WT mice treated with OCA, or cholic 

acid (CA) to dissect the effects of FXR in vitamin A metabolism. To our surprise, we 

found that both the absence of hepatic FXR, as well as the pharmacological activation 

by OCA, lead to vitamin A depletion from the liver. Thus, proper control of vitamin A 

metabolism in the liver depends on a tightly-balanced action of FXR. 
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7.2. MATERIALS AND METHODS 

7.2.1. Animal experiments 

Animal experiments were approved by local ethics committees for animal testing (e.g. 

Universities of Groningen, Amsterdam and Utrecht, The Netherlands and Tianjin 

Medical University, China). All animals were kept in a pathogen-free control 

environment with alternating dark and light cycles of 12 hours, temperature (20-24 ºC) 

and relative humidity (55%±15%). Animals received food and water ad libitum. 

FXR-null mice mice [28,29] or intestinal specific FXR-null mice (iFXR-null) mice [30] 

and wild-type mice were kept on standard chow diet (RMHB; Hope Farms, The 

Netherlands; contains 10 IU of retinyl acetate/g as source of vitamin A) for 8-10 weeks, 

and then sacrificed for analysis. FXR2 and FXR4 isoforms were reintroduced in 

livers of FXR-null mice as described previously [31] using self-complementary adeno-

associated virus (scAAV) serotype 8 vectors under control of the liver-specific LP1-

promoter. ScAAV expressing the Green Fluorescent Protein (GFP) were used as 

control. FXR-null mice received 1x1011 AAV particles into the retro-orbital sinus with 

vector genomes. All animals were sacrificed after one month of scAAV transfection for 

analysis, as described previously [31]. Wild type C57BL/6 mice were fed a chow diet 

diet (K4068.02; Arie Blok diervoeders, Woerden, The Netherlands; contains 10 IU of 

retinyl acetate/g as source of vitamin A) mixed with either vehicle or obeticholic acid 

(OCAl; 0.025% w/w) for 3 weeks. Alternatively, wild type C57BL/6 mice were fed a 

chow diet (H10293G, Hua Fukang Biological, technology, Beijing, China; contains 4 IU 

of retinyl acetate/g as source of vitamin A) mixed with either vehicle or cholic acid (0.1% 

w/w) (Sigma-Aldrich, China, Inc) for 4, 8 or 12 weeks. 

7.2.2. Serum and hepatic vitamin A analysis 

Serum and tissue retinoid content (both retinol and retinyl palmitate) was analyzed by 

reverse phase HPLC as previously described [32]. Briefly, tissue (30-50 mg) was 

homogenized in PBS to create a 15% (w/v) tissue homogenate. Then, tissue 

homogenate (66.7 µL equal to 10 mg of tissue) or serum (50 µL) were added in the 

antioxidant mix  (containing pyrogallol, butylated hydroxytoluene, 

ethylenediaminetetraacetic acid and ascorbic acid) and vortexed thoroughly for 1 min. 

Retinol and retinyl esters were extracted and deproteinized twice with n-hexane in the 

presence of retinol acetate (100 µL, concentration 4 µmol/L) as an internal standard to 

assess the recovery efficiency after the extraction procedure. Standard curves created 
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from a range of concentrations of retinol and retinyl palmitate were used to determine 

absolute tissue and serum concentrations of these compounds. Additionally, two 

negative controls (only containing internal standard) and two positive controls (low and 

high concentrations of retinol plus internal standard) were included in each series of 

extractions. Samples were evaporated under N2 and diluted in 300 µL 100% ultrapure 

ethanol. Then, 50 µL was injected into HPLC (Waters 2795 Alliance HT Separations 

Module, Connecticut, USA) for phase separation on a C18 column (Waters Symmetry 

C18, dimension 150 x 3.0 mm, particle size 5 µm, Waters Corporation, Milford, MA, 

USA) and measurement (UV-VIS, dual wavelength, UV-4075 Jasco, Tokyo, Japan). 

Retinoids in samples were identified by exact retention time of known standards in 

ultraviolet absorption at 325 nm by HPLC. Finally, retinol and retinyl palmitate 

concentrations were calculated and normalized to final volume or tissue weight. 

7.2.3. Quantitative real-time reverse transcription polymerase chain reaction 

(qRT-PCR) 

Quantitative real-time reverse transcription polymerase chain reaction was performed 

as previously described [33]. Shortly, total RNA was isolated from tissue samples using 

TRIzol® reagent according to supplier’s instructions (ThermoFisher Scientific, Breda, 

The Netherlands). RNA quality and quantity were determined using a Nanodrop 2000c 

UV-vis spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized from 2.5 

µg of RNA by using random nonamers and M-MLV reverse transcriptase 

(ThermoFisher Scientific). Taqman primers and probes were designed using Primer 

Express 3.0.1 (ThermoFisher Scientific) and are shown in Supplementary Table S1. 

All target genes were amplified using the Q-PCR core kit master mix (Eurogentec, 

Maastricht, The Netherlands) on a 7900HT Fast Real-Time PCR system 

(ThermoFisher Scientific). SDSV2.4.1 (ThermoFisher Scientific) was used to analyze 

the data. Expression of genes is presented in 2-delta CT and normalized to 36B4. 

7.2.4. SDS-PAGE and Western Blotting 

Protein samples are prepared for Western blot analysis as described previously [34]. 

Protein concentrations were quantified using the Bio-Rad protein assay (Bio-Rad, 

Hercules, CA, USA) with bovine serum albumin (BSA) as standard. Equal amounts of 

protein were separated on Mini-PROTEAN® TGX™ precast 4-15% gradient gels (Bio-

Rad) and transferred to nitrocellulose membranes using the Trans-Blot turbo transfer 

system, (Bio-Rad). Primary antibodies (anti-LRAT, 1:500; # SAB4503589, Sigma-
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Aldrich), RBP4 (1:2,000; # ab109193, Abcam), ATGL (1:1,000; # 2138, Cell Signaling 

Technology), PNPLA3 (1:1,000; #PA5-18901, ThermoFisher, scientific), pHSL 

(1:1,000# 4126, Cell Signaling Technology), HSL (# 4107, Cell Signaling Technology), 

PEPCK1 (1:500; 10004943, Cayman chem. Abcam), CYP7A1 (H-58): sc-25536, 

SantaCruz), rabbit-NTCP (1:1,000; kind gift from Dr. B. Stieger, Zurich, Switzerland 

[35]), anti-GAPDH, (1:40,000 #CB1001, Calbiochem, Merck-Millipore Amsterdam-

Zuidoost, The Netherland)  and horseradish peroxidase (HRP)-conjugated secondary 

antibody (1:2,000; DAKO, Amstelveen, The Netherlands) were used for detection. 

Proteins were detected using the pierce ECL Western blotting kit (ThermoFisher 

scientific). Images were captured using the chemidoc XRS system and Image Lab 

version 3.0, (Bio-Rad). The intensity of bands was quantified using ImageJ version 

1.51 (NIH, USA). 

7.2.5. Microscopy 

Hematoxylin and Eosin (H&E) staining on liver sections (4 µm) was performed on snap-

frozen liver sections as previously described [36]. Immunohistochemistry was 

performed on the paraffin-embedded liver tissue. Briefly, after deparaffinization, 

antigen retrieval was performed by using microwave irradiation in citrate buffer, pH 6.0 

and blocking of endogenous peroxidase with 0.3% H2O2 for 30 min. Primary antibodies 

used were rabbit anti-mouse LRAT (#28075 Takara, Japan). Horse peroxidase-

conjugated goat anti-rabbit secondary antibody and rabbit anti-goat tertiary antibodies 

were used. Slides were stained with the Vector® NovaRED™ substrate Kit (# SK-4800, 

Vector Laboratories, Inc., USA) for 10 min and Haematoxylin was used as a counter 

nuclear stain for 2 min at room temperature. Finally, slides were dehydrated and 

mounted with Eukitt® (Sigma-Aldrich). Slides were scanned on a nanozoomer 2.0 

digital slide scanner (C9600-12, Hamamatsu Photonics, Hamamatsu, Japan) and 

analyzed using Aperio ImageScope (version 11.1, Leica Microsystems, Amsterdam, 

The Netherlands). Autofluorescence analysis was performed on unstained cryostatic 

liver sections using a Leica CTR 6000 FS fluorescence microscope (Leica 

Microsystems, Amsterdam, The Netherlands) as previously described [37,38]. Briefly, 

cryostat liver sections were illuminated with an excitation filter of 366 nm band-pass 

interference, and spectra were recorded in the range of 400-680 nm with spectrum 

acquisition from 0.2 to 3 seconds. 

 

https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCwQFjAAahUKEwjPkMqc9a3IAhVJkywKHfwfDww&url=http%3A%2F%2Faperio-imagescope.software.informer.com%2F11.1%2F&usg=AFQjCNGMK5dEE_QFvfYKyDh82WRVjQ_B5g&sig2=A3HIS_VTzZuHzGBeHzdYJA&bvm=bv.104317490,d.bGg


FXR and hepatic vitamin A 

 

208 

 

7.2.6. Statistical analysis 

Data are presented as Mean±SEM and statistical analysis was performed with 

GraphPad Prism 6 software package (GraphPad Software, San Diego, CA, USA). 

Statistical significance was determined by Mann-Whitney test (two groups), One-way 

ANOVA or Kruskal-Wallis (more than two groups) followed by post-hoc Dunns: 

Compare all pairs of columns. P-values ≤0.05*, ≤0.01**, ≤0.001*** were considered 

significant. 

 

7.3. RESULTS 

7.3.1. Hepatic fat accumulation, but vitamin A depletion in FXR null mice 

FXR-null mice have previously been shown to develop mild steatohepatitis, particularly 

accumulating triglycerides, which may progress to NASH even when fed a chow diet 

[28,39–42]. Indeed, Oil-Red-O staining of liver tissue of 10-12 week-old FXR-null mice 

demonstrated fat accumulation compared to their wild type litter mates (Figure 1 A, 

middle panels). Moreover, liver weight was slightly increased in FXR-null mice and 

showed enhanced mRNA levels of genes involved in lipogenesis, such as Plin2, Fasn 

and Acc1 (Figure 1 B). In sharp contrast and unexpectedly, hepatic retinyl palmitate 

and retinol levels were strongly (>90%) reduced in FXR-null mice compared to their 

WT littermates (Figure 1 C). Lower hepatic vitamin A levels in FXR-null mice were also 

confirmed by reduced vitamin A-specific autofluorescence in liver tissue (Figure 1 A, 

right panels). The sharp depletion of hepatic vitamin A was, however, not accompanied 

by a reduction in plasma retinol levels in FXR-null mice (Figure 1 C). This is not 

necessarily surprising as mice on a vitamin A-deficient diet are also able to maintain 

normal serum retinol levels, even if the liver contains less than 5% retinyl esters 

compared to animals on a vitamin A-containing diet (Supplementary Figure S1). Still, 

these results show that hepatic retinoid levels are drastically decreased in mice lacking 

FXR. 

 



Chapter 7 

 

209 
 

  

Figure 1. FXR deficiency impairs hepatic retinoid storage. Whole body FXR-null mice and 
age-match wild-type control mice were analyzed for A) H&E and oil red O staining, which revealed 
fat accumulation in livers of FXR-null mice as compared to control mice, while autofluorescence 
analysis revealed reduced vitamin A levels in livers of FXR-null mouse. B) The body weight was 
not altered FXR-null mice, while the liver weight was increased in FXR-null mice. As expected, 
hepatic expression of Plin2, Fasn and Acc1 were increased in FXR-null mice vs wild-type mice. 
C) hepatic retinyl palmitate and retinol levels were reduced in FXR-null mice, while plasma retinol 
levels were equal in both groups. 



FXR and hepatic vitamin A 

 

210 

 

7.3.2. Hepatic and not intestinal FXR is essential for efficient vitamin A storage 

in the liver 

As dietary vitamin A is absorbed in the intestine and transported to the liver for storage, 

we next studied whether hepatic and/or intestinal FXR is controlling hepatic vitamin A 

levels. Hepatic retinyl palmitate and retinol levels were not significantly different in 

intestine-specific FXR-null mice (iFXR-null) as compared to WT control animals 

(Figure 2 A), suggesting that vitamin A metabolism is normal in these mice. In contrast, 

reintroduction of hepatic FXR2 or FXR4 in FXR-null mice through adenoviral 

expression (4 weeks) elevated both retinyl palmitate and retinol levels in mouse livers 

liver (Figure 2 B). As FXR expression was driven by the hepatocyte-specific Lp1 

promoter [43,44], these data also suggest that particularly hepatocytes play a key role 

in the FXR-mediated control of hepatic vitamin A levels. 

 

Figure 2. Hepatic and not intestinal FXR is essential for normal retinoid levels in the liver. 
A) Hepatic retinyl palmitate and retinol were analyzed in intestinal specific FXR-null mice (iFXR-
null) and wild-type littermates. Intestine-specific FXR-deficiency did not alter hepatic vitamin A 
levels. B) Whole body FXR-null mice were transduced with ScAAV-produced FXRα2 or FXRα4 
or GFP controls and after 4 weeks analyzed for hepatic retinyl palmitate and retinol levels. Both 
FXR-isoform enhanced hepatic retinoid levels, suggesting that hepatic FXR plays a crucial role 
in vitamin A storage and metabolism. 
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7.3.3. Post-transcriptional reduction of retinol esterifying LRAT in FXR-null 

mice 

Hepatic retinyl ester and retinol levels are a resultant of the activity of retinyl esterases 

(LRAT and to a lesser extent by DGAT1 and 2) and retinyl ester hydrolases (ATGL, 

PNPLA3 and HSL). mRNA levels of Dgat1 and 2, Pnpla2 (ATGL) and Lipe (HSL) were 

comparable between FXR-null mice and WT littermates, while both Lrat and Pnpla3 

levels were elevated in FXR-null mice (Figure 3 A). As the latter may hint to a more 

dynamic vitamin A metabolism in the liver, it does not provide a clear explanation for 

the depletion of hepatic retinyl esters and retinol in FXR-null mice. Detailed (re)analysis 

of public transcriptome analysis comparing wild-type and FXR-null mice also did not 

reveal a prominent effect on genes involved in hepatic vitamin A metabolism when 

FXR is absent (Supplementary Figure S2). As LRAT plays a key role in retinyl ester 

accumulation in the liver, we analyzed the protein level in more detail. In contrast to 

the elevated Lrat mRNA levels, hepatic LRAT protein levels were significantly reduced 

(>60%) in FXR-null mice compared to WT littermates, as quantified by Western blotting 

(Figure 3 B). In line, LRAT-specific immunohistochemical staining was strongly 

reduced in liver sections of FXR-null mice compared to WT animals, while a stellate 

cell-specific staining was preserved (Figure 3 C). These data reveal a post-

transcriptional effect caused by the absence of FXR that may aid to the impaired 

accumulation of hepatic retinoids. 
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Figure 3. Post-transcriptional reduction of LRAT in FXR-null mice. Whole body FXR-null and 
wild type mice were analyzed for A) hepatic mRNA expression of Lrat, Dgat1, Dgat2, Pnpla2 
(Atgl), Pnpla3, Lipe (Hsl); Hepatic Lrat and Pnpla3 mRNA levels were increased in FXR-null mice, 
with no change in other vitamin A metabolizing enzymes as compared to control. Western blot 
analysis (B) and immunohistochemical staining (C) for LRAT revealed that hepatic protein levels 
of LRAT were significantly reduced in FXR-null mice as compared to wild-type control mice. 

7.3.4. OCA-mediated activation of FXR reduces hepatic vitamin A levels 

Given the pronounced reduction of hepatic retinoids in the absence of FXR in mouse 

livers, we next analyzed the effect of pharmacological activation of FXR in WT mice. 

Mice were treated for 3 weeks with obeticholic acid (OCA). As expected, mRNA levels 

of the FXR target genes Nr0b2 (Shp) and Abcb11 (Bsep) were enhanced by OCA 

treatment (Figure 4 A). In contrast to our expectation, OCA treatment also strongly 

decreased hepatic retinyl palmitate levels (-64 %) compared to control animals, while 

retinol concentrations were sharply elevated (+ 5-fold) in the liver (Figure 4 B). mRNA 
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levels of Lrat and Rbp4 were not affected by OCA treatment, while a pronounced 

induction was observed for the genes encoding the retinyl ester hydrolases PNPLA3 

and HSL (Lipe), concomitant with a reduction in Pnpla2 (ATGL) mRNA levels (Figure 

4 C). Surprisingly, however, Western blot analysis revealed that protein levels of all 3 

hepatic retinyl ester hydrolases (ATGL, PNPLA3 and HSL, including its active, 

phosphorylated form pHSL) were drastically decreased in OCA-treated animals 

(Figure 4 D), while LRAT levels were not changed compared to control animals. The 

high retinol levels in the livers of OCA-treated animals (Figure 4 B) are therefore 

unlikely to come from hydrolysis of hepatic retinyl esters. Interestingly, hepatic RBP4 

protein levels appeared lower in OCA-treated animals, while Rbp4 mRNA levels 

tended to be increased, which may be a result of retinol-induced release from the liver 

[45–47]. Importantly, OCA did lead to expected induction of PEPCK (encoded by Pck1) 

and reductions in CYP7A1 and NTCP (Figure 4 D). To examine whether hepatic retinol 

metabolism to retinoic acids was blocked, we analyzed expression of RALDHs and 

found that mRNA levels of Raldh1, 2 and 4 were induced by OCA (Figure 4 E) and 

was accompanied by increased levels of retinoic acid-responsive genes, like Cpt1a, 

Pck1, Ppargc1a, Cyp26a1, Ucp2, Fgf21 (Figure 4 F). Taken together, these data show 

that, even though the capacity to esterify retinol seems to be increased by OCA (LRAT 

maintained, while retinyl hydrolases are strongly reduced), it enhances hepatic retinol 

levels while retinyl ester stores go down. Moreover, the production of retinoic acids in 

the liver seems not impaired or even enhanced in OCA-treated animals. 
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Figure 4. OCA treatment reduces hepatic retinyl palmitate, while increasing retinol levels 
in mouse livers. Control and OCA-treated mice were analyzed for hepatic vitamin A levels, 
mRNA and protein levels of FXR targets and vitamin A metabolizing factors. A) The mRNA levels 
of FXR target genes Nr0b2 (encoding SHP) and Abcb11 (encoding BSEP) were strongly 
enhanced in livers of OCA-treated mice. B) Hepatic retinyl palmitate levels were significantly 
reduced in OCA-treated mice, while hepatic retinol levels were significantly increased as 
compared to control mice. C) Hepatic mRNA levels of Lrat, Rbp4 and Pnpla3 were not changed, 
while levels of Pnpla2 (ATGL) were decreased and Lipe (HSL) were increased in OCA-treated 
mice. D) Protein levels of LRAT were not affected by OCA-treatment, while RBP4, ATGL, 
PNPLA3, HSL (and its active phosphorylated form pHSL), CYP7A1 and NTCP were all decreased 
and PEPCK was increased. GAPDH was used as loading control. E) mRNA levels of genes 
involved in the conversion of retinol into retinoic acid (Raldh1, Raldh2, Raldh4) and of F) retinoic 
acid-responsive genes (Cpt1a, Pck1, Ppargc1a, Cyp26a1, Ucp2, Fgf21) were enhanced in OCA-
treated mice as compared to control animals. 
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7.3.5. Cholic acid feeding also impairs retinyl ester accumulation in mouse liver 

Given the remarkable observation that both the absence and pharmacological 

activation of FXR leads to reduction of retinyl ester levels in the liver, we also analyzed 

whether cholic acid treatment may affect hepatic vitamin A metabolism in mice. Mice 

were fed a diet containing 0.1% CA for up to 12 weeks. Both retinyl palmitate and 

retinol levels in the liver increase with age when animals are fed normal (vitamin A-

containing) chow, as has been reported before [48,49] No significant differences in 

retinyl palmitate levels were detected after 4 or 8 week CA feeding compared to 

animals on control chow, although the accumulation of hepatic retinyl palmitate 

seemed delayed between week 4 and 8 in CA-fed mice. This indeed progressed to a 

moderate (-29%), but significant reduction in retinyl palmitate after 12 weeks feeding a 

CA-containing diet, compared to control animals (Figure 5 A). At none of the time 

points an effect of the CA diet on hepatic and serum retinol levels was observed 

(Figure 5 B). The CA-diet induced the hepatic expression of of Nr0b2 (Shp) and 

Abcb11 (Bsep) (Figure 5 C), though the effect was less pronounced compared to OCA 

(Figure 4 A). 

Thus, all together, our data show that both the absence and activation of FXR impairs 

hepatic vitamin A storage. 

 

 

Figure 5. Cholic acid (0.1%) treatment delays the accumulation of hepatic retinoids in mice. 
Mice were fed chow or a CA (0.1%)-containing diet for 4, 8 and 12 weeks. A) Hepatic retinyl 
palmitate was significantly decreased CA-fed treated mice after 12 weeks as compared to control 
mice. B) Hepatic and serum retinol levels did not differ at any time point between both groups of 
mice C) Hepatic mRNA levels FXR-responsive genes Nr0b2 (SHP) and Abcb11 (BSEP) were 
moderately increased in CA-treated animals compared to control mice. 
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7.4. DISCUSSION 

In this study, we report the remarkable observation that both the absence, as well as 

ligand-activation of FXR leads to a reduction in hepatic retinyl ester stores in mice. 

FXR presence in the liver appears essential for promoting retinyl ester accumulation, 

while intestinal FXR is not. Pharmacological activation of FXR by OCA left hepatic 

LRAT expression unaffected, while it strongly suppressed levels of hepatic retinyl ester 

hydrolases (ATGL, PNPLA3 and HSL) by combined transcriptional and non-

transcriptional mechanisms. The accompanied retinyl ester depletion and retinol 

accumulation appears therefore not (solely) a result of impaired vitamin A metabolism 

inside the liver. FXR is an important therapeutic target for liver disease and is currently 

evaluated in clinical trials for the treatment of chronic liver diseases, including PSC and 

NASH [50–52]. Effects of FXR ligands on vitamin A metabolism therefore deserve 

attention, as vitamin A metabolites serve many key physiological functions disturbed 

in liver disease, such as in immune regulation, tissue differentiation, bile acid, glucose 

and fat metabolism. 

To the best of our knowledge, this is the first study that analyzed the putative role of 

FXR in vitamin A metabolism. FXR has already been shown to control diverse 

metabolic processes, varying from bile acid, triglyceride, cholesterol, glucose to amino 

acid metabolism [53–56]. In addition, it regulates autophagy, inflammation and 

extracellular matrix production [57–59]. A direct effect of FXR on transcriptional 

regulation of genes involved in these processes has been confirmed [53–60]. In this 

study, we have so far been unable to make such direct link with FXR-controlled gene 

expression for vitamin A metabolism. We have re-evaluated public databases with 

micro-array and RNAseq data on FXR-mediated effects, but have not discovered clear 

overlooked genes involved in vitamin A metabolism. Both the absence of FXR and 

OCA-treatment in this study lead to expected transcriptional effects on hepatic genes 

involved in lipid (Figure 1B) and bile acid (Figure 4A) metabolism, respectively. With 

respect to the genes involved in vitamin A metabolism, FXR absence enhanced mRNA 

levels of Lrat while reducing Pnpla3 and leaving Pnpla2 and Lipe levels unchanged. 

While this may suggest an enhanced metabolism back and forth between retinyl esters 

and retinol, it does not push a direction to retinyl ester and/or retinol loss from the liver. 

In contrast to the enhanced Lrat mRNA levels, LRAT protein levels were actually 

decreased in FXR-null mice. LRAT-null mice are unable to store retinyl esters in the 

liver [61], thus a significant reduction in LRAT protein may impair retinyl ester storage 
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and aid to an explanation for the reduced retinyl ester levels in FXR-null mice. 

However, this appears not a result of FXR-mediated transcriptional regulation as Lrat 

mRNA levels were unaffected by the absence of FXR in the liver. Analysis of hepatic 

mRNA levels after 3 week OCA treatment suggested some hints for the rapid change 

in retinyl ester (> 60% down) and retinol (>5-fold up) levels in the liver, where enhanced 

mRNA levels of Pnpla3 and Lipe were detected with stable Lrat mRNA levels. 

Surprisingly, however, protein levels of  enzymes known to hydrolyse retinyl esters 

(ATGL, PNPLA3 and HSL) were all strongly reduced in the liver. Thus, as observed in 

FXR-null mice, post-transcriptional effects associated with OCA treatment appear to 

have pronounced effects on vitamin A metabolism. At present, we cannot explain the 

high hepatic retinol levels induced by OCA with the transcriptional and post-

translational regulatory mechanisms in the liver. One hypothesis to be tested is 

whether the high retinol levels in the liver may actually arise from the gut after it is 

absorbed from the intestinal lumen. This requires a detailed analysis of vitamin A 

metabolites in the intestine and circulation, samples that were unfortunately not 

available for this study. 

In contrast to a potential effect of OCA on intestinal vitamin A metabolism leading to a 

strongly disturbed retinyl ester/retinol balance in the liver, hepatic FXR seems to be 

critically important to maintain normal levels of hepatic retinyl esters and retinol. 

Previously, adenoviral reintroduction of the FXR isoforms α2 and α4 in FXR-null mice 

was shown to enhance mRNA levels of various lipases (incl. Pnpla2 and Lipe, 

encoding ATGL and HSL respectively) and decrease hepatic triglyceride levels [62]. 

Interestingly, ATGL and HSL hydrolyse both triglycerides and retinyl esters. Still, 

hepatic retinyl ester stores increase with reintroduction of hepatic FXR (this study) 

while triglycerides decrease [62]. On the other hand, hepatic retinol levels go up after 

reintroduction of Fxra2 and a4, which could be a result of the enhanced Pnpla2 and 

Lipe levels. Given the fact that protein levels of these lipases may strongly deviate from 

the corresponding mRNA levels, as we observed in the OCA-treated animals, it 

remains to be determined what is the driving force of the triglyceride decline and 

vitamin A increase in these animals. 

Some of the hepatic effects observed earlier in the FXR-null mice after reintroduction 

of FXR may actually be caused directly or indirectly by the changed hepatic vitamin A 

metabolism. Retinoic acids regulate hepatic lipid metabolism at various levels by 

activating RARs and RXRs, either directly or in complex with other nuclear receptors, 



FXR and hepatic vitamin A 

 

218 

 

like PPARa, PPARg, LXR and also FXR. All-trans retinoic acids, typically activating 

RARs, have been shown to suppress hepatic steatosis [63]. Activation of RXR by 9-

cis retinoic acid or pharmacological ligands has a less-predictable outcome, as it co-

activates nuclear receptors  promoting lipolysis (PPARa, FXR) [64–66], as well as 

those that promote lipogenesis (PPARg, LXR) [67,68]. It will therefore greatly depend 

on local levels of the various nuclear receptors and the type of retinoic acid produced 

which process will dominate, either lipolysis or lipogenesis. Thus, the therapeutic 

action of FXR ligands, including OCA, may in part be due to effects on hepatic vitamin 

A metabolism. 

Not only OCA, but also CA-feeding impaired hepatic vitamin A storage in mice, which 

was significantly reduced after 12 weeks on a diet containing 0.1% CA. This 

concentration was chosen as it resembles the mouse-equivalent of the therapeutic 

dose as FDA-approved bile acids for the treatment of several liver diseases, including 

gallstones, inborn errors of bile acid synthesis and peroxisomal disorders (Zellweger 

syndrome) [69–71]. Particularly, the age-dependent increase in hepatic retinyl 

palmitate levels was suppressed in mice on a CA-containing diet although the absolute 

effect was much less pronounced as compared to the 3 week OCA treatment. Still, it 

may be recommended to regularly check patients on bile acid therapy for circulating 

retinol levels. Although serum retinol levels do not accurately represent the hepatic 

pool of vitamin A, they will drop at the stage when the liver gets depleted from vitamin 

A. According to our results, hepatic vitamin A depletion is likely to develop more rapidly 

under OCA treatment. It is important to note that the OCA therapy is already available 

for PBC and in clinical trials for other chronic liver diseases that are known to be 

associated with vitamin A deficiency, including PBC, PSC and NASH. OCA treatment 

may therefore accelerate vitamin A depletion in these patients affecting proper immune 

regulation and metabolic control. Future studies need to address whether patients 

treated with therapeutic bile acids or FXR-ligands are truly at risk for conditions caused 

by impaired vitamin A metabolism. 

An important limitation of our study is the fact that the various animal experiments were 

performed at 4 different laboratories with different suppliers of the chow. As hepatic 

retinoid levels are strongly dependent on the composition of the diet and the age of the 

animals, levels of hepatic retinyl palmitate and retinol varied significantly between the 

various control groups. The amount of vitamin A in the chow was 10 IU of vitamin A 

per gram chow in the genetic models and OCA-treatment experiment, while the CA-
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treatment experiment contained 4 IU vitamin A/g. It was therefore crucial that each 

experiment had the proper animal control group included, where the hepatic retinyl 

palmitate and retinol levels differed significantly between these control groups. 

Importantly, all vitamn A measurements were performed in the same laboratory by the 

same researchers to exclude analytical differences. On the other hand, the fact that a 

clear effect of FXR and its ligands on hepatic retinoid levels was observed in all animal 

experiments also underscores the fact that a clear relationship seems to exist between 

FXR and vitamin A metabolism, although this may not be regulated primarily at the 

transcriptional level. This, in fact, uncovers a completely unexplored research field of 

the possible post-transcriptional effects associated with manipulation of FXR activity. 

In conclusion, our data show that the absence of hepatic FXR, as well as the oral 

supplementation of natural and synthetic bile acids impair vitamin A metabolism in the 

liver. Vitamin A serves a great variety of physiological functions in and outside the liver, 

including immune regulation and metabolic control. Future studies therefore need to 

address whether the therapeutics targeting FXR may lead to vitamin A-related adverse 

effects. 
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Supplementary Figure S1: Hepatic and serum vitamin A level in mice fed-vitamin A 
deficient diet. Four (4)-week old mice were fed either a chow diet (H10293G, Hua Fukang 
Biological, technology, Beijing, China) with 4 IU of retinyl acetate/g as a vitamin A source or a 
vitamin A deficient (VAD) diet (H10293G, Hua Fukang Biological, technology, Beijing, China). 
Hepatic Retinol and retinyl palmitate levels were analyzed after 4, 8 and 12 weeks diet. Hepatic 
retinyl palmitate and retinol levels were significantly reduced already after 4 weeks in mice fed a 
VAD diet while serum retinol levels were stable in both groups of mice during the whole course of 
the dietary intervention. 

 

 

Supplementary Figure S2: A heat map of significantly altered KEGG pathway associated 
with liver-specific FXR deletion. 
KEGG analysis of liver-specific FXR-null mice vs wild type mice was performed using online 
available DAVID 6.7 software on differentially regulated genes in publicly available microarray 
data (E-MTAB-1722). A heat map was generated from the –log10 p-value of the significantly 
altered KEGG pathways associated with liver-specific FXR-deletion vs control. Fatty acid 
metabolism was the top hit in this analysis, however, retinol metabolism was not significantly 
associated with L-FXR deletion in the liver of mice.  
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Supplementary Table S1: Primers and probes used in study for analysis of target genes 

Gene / ID Taqman primers and probe 

36B4 
NM_022402 

Fwd: 5'-GCTTCATTGTGGGAGCAGACA-3' 
Rev: 5'-CATGGTGTTCTTGCCCATCAG-3' 
Probe: 5'-TCCAAGCAGATGCAGCAGATCCGC-3' 

Abcb11 / Bsep 
NM_021022.3 

Fwd: 5'-CTGCCAAGGATGCTAATGCA -3' 
Rev: 5'-CGATGGCTACCCTTTGCTTCT-3' 
Probe: 5'-TGCCACAGCAATTTGACACCCTAGTTGG-3' 

Acaca / Acc1  
NM_133360.1 / 
NM_022193.1 

Fwd: 5'-GCCATTGGTATTGGGGCTTAC-3' 
Rev: 5'-CCCGACCAAGGACTTTGTTG-3' 
Probe: 5'-CTCAACCTGGATGGTTCTTTGTCCCAGC-3' 

Cpt1a 
NM_013495.1 
 

Fwd: 5'-CTCAGTGGGAGCGACTCTTCA-3' 
Rev: 5'-GGCCTCTGTGGTACACGACAA-3' 
Probe: 5'-CCTGGGGAGGAGACAGACACCATCCAAC-3' 

Cyp26a1  
NM_007811.1 
 

Fwd: 5'-GGAGACCCTGCGATTGAATC-3' 
Rev: 5'-GATCTGGTATCCATTCAGCTCAAA-3' 
Probe: 5'-TCTTCAGAGCAACCCGAAACCCTCC-3' 

Dgat1  
NM_010046.2 / 
NM_053437.1 

Fwd: 5'-GGTGCCCTGACAGAGCAGAT-3' 
Rev: 5'-CAGTAAGGCCACAGCTGCTG-3' 
Probe: 5'-CTGCTGCTACATGTGGTTAACCTGGCCA-3' 

Dgat2  
NM_026384.2 / 
NM_001012345.1 

Fwd: 5'-GGGTCCAGAAGAAGTTCCAGAAG-3' 
Rev: 5'-CCCAGGTGTCAGAGGAGAAGAG-3' 
Probe: 5'-CCCCTGCATCTTCCATGGCCG-3' 

Fasn  
NM_007988 / 
NM_017332 

Fwd: 5'-GGCATCATTGGGCACTCCTT-3' 
Rev: 5'-GCTGCAAGCACAGCCTCTCT-3' 
Probe: 5'-CCATCTGCATAGCCACAGGCAACCTC-3' 

Fgf21  
NM_020013.4 / 
NM_130752.1 

Fwd: 5'-CCGCAGTCCAGAAAGTCTCC-3' 
Rev: 5'-TGACACCCAGGATTTGAATGAC-3' 
Probe: 5'-CCTGGCTTCAAGGCTTTGAGCTCC A-3' 

Lipe / HSL  
NM_010719 / X51415 
 

Fwd: 5'-GAGGCCTTTGAGATGCCACT-3' 
Rev: 5'-AGATGAGCCTGGCTAGCACAG-3' 
Probe: 5'-CCATCTCACCTCCCTTGGCACACAC-3' 

Lrat 
NM_023624       
 

Fwd: 5'-TCCATACAGCCTACTGTGGAACA-3' 
Rev: 5'-CTTCACGGTGTCATAGAACTTCTCA-3' 
Probe: 5'-ACTGCAGATATGGCTCTCGGATCAGTCC-3' 

Nr0b2 / Shp 
 

Fwd: 5'-CCTTCTGGAGCCTGGAGCTTA -3' 
Rev: 5'-CTGGCACATCGGGGTTGA-3' 
Probe: 5'-ATGGTCCCTTTCAGGCAGGCATATTCCTT-3' 

Pck1 
NM_011044 / 
NM_198780 

Fwd: 5'-GTGTCATCCGCAAGCTGAAG-3' 
Rev: 5'-CTTTCGATCCTGGCCACATC-3' 
Probe: 5'-CAACTGTTGGCTGGCTCTCACTGACCC-3' 

Plin2 
NM_175640.2 / 
NM_001113471.1 

Fwd: 5'-AGAACGTGCTCAGAGAGGTTACAG-3' 
Rev: 5'-GTGTTCTGCACGGTGTGTACC-3' 
Probe: 5-CCTGCCCAACCCGAGAGGCC-3' 

Ppargc1 α / Pgc1α 
NM_008904 / 
NM_031347 

Fwd: 5'-GACCCCAGAGTCACCAAATGA-3' 
Rev: 5'-GGCCTGCAGTTCCAGAGAGT-3' 
Probe: 5'-CCCCATTTGAGAACAAGACTATTGAGCGAACC-3' 

Pnpla2 / Atgl  
NM_025802 / 
XM_347183 

Fwd: 5'-AGCATCTGCCAGTATCTGGTGAT-3' 
Rev: 5'-CACCTGCTCAGACAGTCTGGAA-3' 
Probe: 5'-ATGGTCACCCAATTTCCTCTTGGCCC-3' 

Pnpla3  
NM_054088 
 

Fwd: 5'-ATCATGCTGCCCTGCAGTCT-3' 
Rev: 5'-GCCACTGGATATCATCCTGGAT-3' 
Probe: 5'-CACCAGCCTGTGGACTGCAGCG-3' 

Raldh1 Assay on demand, Mm00657317_m1 (ThermoFisher) 

Raldh2 Assay on demand, Mm00501306_m1 (ThermoFisher) 

Raldh4 Fwd: 5'-TGGAGCAGTCTCTGGAGGAGTT-3' 
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NM_178713.4 Rev: 5'- GAAGTTCAGAACAGACCGAGGAA-3' 
Probe: 5'- AATCTAAAGACCAAGGGAAAACCCTCACGC-3' 

Ucp2  
NM_011671.2 
 

Fwd: 5'-CGAAGCCTACAAGACCATTGC-3' 
Rev: 5'-ACCAGCTCAGCACAGTTGACA-3' 
Probe: 5'-CAGAGGCCCCGGATCCCTTCC-3' 
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