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farnesoid X receptor and bile acids 
regulate vitamin A storage
Ali Saeed1,7*, Jing Yang1,6, Janette Heegsma1,2, Albert K. Groen3, Saskia W. C. van Mil5, 
Coen C. paulusma4, Lu Zhou6, Bangmao Wang6 & Klaas Nico faber1,2*

the nuclear receptor farnesoid X Receptor (fXR) is activated by bile acids and controls multiple 
metabolic processes, including bile acid, lipid, carbohydrate, amino acid and energy metabolism. 
Vitamin A is needed for proper metabolic and immune control and requires bile acids for efficient 
intestinal absorption and storage in the liver. Here, we analyzed whether FXR regulates vitamin A 
metabolism. Compared to control animals, FXR-null mice showed strongly reduced (>90%) hepatic 
levels of retinol and retinyl palmitate and a significant reduction in lecithin retinol acyltransferase 
(LRAT), the enzyme responsible for hepatic vitamin A storage. Hepatic reintroduction of FXR in FXR-null 
mice induced vitamin A storage in the liver. Hepatic vitamin A levels were normal in intestine-specific 
FXR-null mice. Obeticholic acid (OCA, 3 weeks) treatment rapidly reduced (>60%) hepatic retinyl 
palmitate levels in mice, concurrent with strongly increased retinol levels (>5-fold). Similar, but milder 
effects were observed in cholic acid (12 weeks)-treated mice. OCA did not change hepatic LRAT protein 
levels, but strongly reduced all enzymes involved in hepatic retinyl ester hydrolysis, involving mostly 
post-transcriptional mechanisms. In conclusion, vitamin A metabolism in the mouse liver heavily 
depends on the FXR and FXR-targeted therapies may be prone to cause vitamin A-related pathologies.

The Farnesoid X Receptor (FXR/NR1H) is a pleiotropic ligand-activated nuclear receptor controlling a great vari-
ety 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 con-
trolling whole body homeostasis, much more than the original view of being just detergents for lipid-soluble com-
pounds1. 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 A2. 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 synthesis6–8.

Vitamin A deficiency is a common condition in chronic liver diseases. This is mainly the result of 2 pathologi-
cal processes, e.g. cholestasis and fibrosis. Vitamin A is a fat-soluble vitamin and its intestinal absorption depends 
on bile acids9. 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 cells10. 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 sup-
port proper function11. Liver injury in chronic liver diseases, however, induce a phenotypic change in HSC that 
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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 deficiency9,12.

While the vitamin A-mediated regulation of bile acid synthesis and transport is well established3,5–9, 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 rem-
nants 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 circu-
lation; 4) retinyl esterases (LRAT and DGAT1) in hepatic stellate cells that convert retinol to retinyl esters for stor-
age; 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)9. Previous transcriptome analysis have not 
hinted to a clear effect of FXR on hepatic vitamin A metabolism13–15. Such FXR-mediated transcriptional effects 
have been well-established for regulation of hepatic lipid and glucose metabolism13–16. 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)17–19. In 
addition, OCA and several other pharmacological FXR ligands are being evaluated in clinical trials for their ther-
apeutic 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 NAFLD20–24, 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.

Results
Hepatic fat accumulation, but vitamin A depletion in FXR null mice. FXR-null mice have previ-
ously been shown to develop mild steatohepatitis, particularly accumulating triglycerides, which may progress 
to NASH even when fed a chow diet25–29. 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 (Fig. 1A, 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 (Fig. 1B). In sharp contrast and unexpectedly, hepatic retinyl palmitate 
and retinol levels were strongly (>90%) reduced in FXR-null mice compared to their WT littermates (Fig. 1C). 
Lower hepatic vitamin A levels in FXR-null mice were also confirmed by reduced vitamin A-specific autofluores-
cence in liver tissue (Fig. 1A, right panels). The sharp depletion of hepatic vitamin A was, however, not accompa-
nied by a reduction in plasma retinol levels in FXR-null mice (Fig. 1C). 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.

Hepatic and not intestinal FXR is essential for hepatic vitamin A storage. As dietary vitamin A is 
absorbed in the intestine and transported to the liver for storage, we next studied whether hepatic and/or intesti-
nal 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 (Fig. 2A), suggest-
ing that vitamin A metabolism is normal in these mice. In contrast, reintroduction of hepatic FXRα2 or FXRα4 
in FXR-null mice through adenoviral expression (4 weeks) elevated both retinyl palmitate and retinol levels in 
mouse livers liver (Fig. 2B). As FXR expression was driven by the hepatocyte-specific Lp1 promoter30,31, these data 
also suggest that particularly hepatocytes play a key role in the FXR-mediated control of hepatic vitamin A levels.

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 (Fig. 3A). 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 (Fig. 3B). 
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 (Fig. 3C). These data reveal a 
post-transcriptional effect caused by the absence of FXR that may aid to the impaired accumulation of hepatic 
retinoids.

OCA-mediated activation of FXR reduces hepatic vitamin A levels. Given the pronounced reduc-
tion of hepatic retinoids in the absence of FXR in mouse livers, we next analyzed the effect of pharmacological 
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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 (Fig. 4A). In 
contrast to our expectation, OCA treatment also strongly decreased hepatic retinyl palmitate levels (−64%) 

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. Data are presented as Mean ± SEM and mRNA 
expression of genes is presented in 2−delta CT, which was normalized to 36B4.
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compared to control animals, while retinol concentrations were sharply elevated (+5-fold) in the liver (Fig. 4B). 
mRNA 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 (Fig. 4C). 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 (Fig. 4D), while LRAT levels were not changed compared 
to control animals. The high retinol levels in the livers of OCA-treated animals (Fig. 4B) 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 liver32–34. Importantly, OCA did lead to expected induction of PEPCK (encoded by Pck1) and 
reductions in CYP7A1 and NTCP (Fig. 4D). 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 (Fig. 4E) and was accompanied by increased levels of retinoic acid-responsive genes, like Cpt1a, Pck1, 
Ppargc1a, Cyp26a1, Ucp2, Fgf21 (Fig. 4F). 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.

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 before35,36 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 (Fig. 5A). At none of the time points an 
effect of the CA diet on hepatic and serum retinol levels was observed (Fig. 5B). The CA-diet induced the hepatic 
expression of of Nr0b2 (Shp) and Abcb11 (Bsep) (Fig. 5C), though the effect was less pronounced compared to 
OCA (Fig. 4A).

Thus, all together, our data show that both the absence and activation of FXR impairs hepatic vitamin A 
storage.

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 pro-
moting 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, 

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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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 metabo-
lism 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 NASH37,38. Effects of FXR ligands on vitamin 
A metabolism therefore deserve attention, as vitamin A metabolites serve many key physiological functions dis-
turbed 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, tri-
glyceride, cholesterol, glucose to amino acid metabolism39–42. In addition, it regulates autophagy, inflammation 
and extracellular matrix production43–45. A direct effect of FXR on transcriptional regulation of genes involved 
in these processes has been confirmed39–46. 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 transcrip-
tional effects on hepatic genes involved in lipid (Fig. 1B) and bile acid (Fig. 4A) metabolism, respectively. With 
respect to the genes involved in vitamin A metabolism, FXR absence enhanced mRNA levels of Lrat while reduc-
ing 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 

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. Data are presented as Mean ± SEM and mRNA expression of genes is presented in 2−delta CT, 
which was normalized to 36B4.
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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. Data are presented as Mean ± SEM 
and mRNA expression of genes is presented in 2−delta CT, which was normalized to 36B4.
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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 liver47, thus a significant reduction in LRAT protein 
may impair retinyl ester storage 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 unaf-
fected by the absence of FXR in the liver. Analysis of hepatic mRNA levels after 3 week OCA treatment provided 
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, 
corresponding 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 mecha-
nisms in the liver. OCA treatment may affect the bile acid composition in the intestine and, as a consequence, 
efficient intestinal vitamin A absorption. Still, the OCA-induced changes in the biliary, intestinal and fecal bile 
acid pool are reported to be relatively mild48,49, which would not majorly impair intestinal vitamin A absorption. 
Importantly, blockade of intestinal vitamin A absorption lowers both retinyl ester and retinol levels in the liver, 
as observed in mice on a VAD diet (Supplementary Figure S1). Thus, the remarkable increase in hepatic retinol 
levels after OCA treatment is not likely to be primarily a result of vitamin A malabsorption. One hypothesis to be 
tested is whether the high retinol levels in the liver may actually arise from impaired vitamin A metabolism in the 
intestinal epithelium. This requires a detailed analysis of vitamin A metabolites in the intestine and circulation, 
samples that were unfortunately not available for this study.

The bile acid pool and composition are also altered in whole body- and tissue-specific FXR-null mice com-
pared to control mice49–51. However, as for OCA-treated mice, such changes appear not so severe that it will almost 
fully impair absorption of fat-soluble vitamin A48,49. In fact, the total bile acid pool is increased in whole body- 
and liver-specific FXR-null mice, and fecal bile acid concentrations were not reduced50,51, making it unlikely that 
an effect on intestinal absorption is the driving force for the pronounced depletion of hepatic vitamin A levels in 
FXR-null mice. Unfortunately, intestinal vitamin A absorption is experimentally difficult to assess quantitatively 
in in vivo/ex vivo experiments. Retinyl esters are first converted to retinol in the intestinal lumen, transported 
across the apical membrane of enterocytes, reconverted back to retinyl esters and incorporated in chylomicrons 
and secreted in the circulation. Apart from this, also some retinol may be secreted directly by enterocytes to the 
circulation9. Pulse-chase experiments with labeled retinoids would be needed to compare intestinal vitamin A 
absorption efficiency in WT versus FXR-null animals and/or the effect of OCA treatment52,53. Our results make 
such experiments relevant to perform.

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 levels54. 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 decrease54. 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 

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. Data are presented as Mean ± SEM and mRNA expression of genes is presented in 2−delta CT, which was 
normalized to 36B4.
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lipid metabolism at various levels by activating RARs and RXRs, either directly or in complex with other nuclear 
receptors, like PPARa, PPARg, LXR and also FXR. All-trans retinoic acids, typically activating RARs, have been 
shown to suppress hepatic steatosis55. 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)56–58, as well as 
those that promote lipogenesis (PPARg, LXR)59,60. 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 lipogen-
esis. 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 dis-
eases, including gallstones, inborn errors of bile acid synthesis and peroxisomal disorders (Zellweger syn-
drome)61–63. 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 avail-
able 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 signifi-
cantly 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-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 vitamin 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 physio-
logical 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.

Materials and Methods
Animal experiments. Animal experiments were performed after the approval by institutional animal care 
and use committee of Universities of Groningen, institutional animal care and use committee of University 
of Amsterdam and institutional animal care and use committee of University Medical Center Utrecht, The 
Netherlands and institutional animal care and use committees of Tianjin Medical University, China. All animal 
experiments were performed in accordance with the relevant guidelines and regulations. All animals were kept in 
a pathogen-free control environment with alternating dark and light cycles of 12 hours, temperature (20–24 °C) 
and relative humidity (55% ± 15%). Animals received food and water ad libitum.

FXR-null mice mice25,64 (data presented in Figs. 1 & 3) or intestinal specific FXR-null mice (iFXR-null) mice65 
(data presented in Fig. 2A) 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. FXRα2 and FXRα4 isoforms were reintroduced in livers of FXR-null mice as described previously66 
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 1 × 1011 AAV particles into the retro-orbital sinus with vector genomes (data presented in Fig. 2B). All 
animals were sacrificed after one month of scAAV transfection for analysis, as described previously66. 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 (OCA; 0.025% 
w/w) for 3 weeks ad libitum67 (data presented in Fig. 4). 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 
(data presented in Fig. 5). For all animal experiments mice were sacrificed at the end of the experiment, and liver 
tissue harvested for further analysis. Tissue was snap-frozen in liquid nitrogen and stored at −80 °C until further 
use. Additionally, tissue was fixed with 4% paraformaldehyde for (immuno)histochemical analysis. All analy-
ses were conducted in Department of Gastroenterology and Hepatology, University Medical Center Groningen, 
University of Groningen, The Netherlands. Snap-frozen samples were transported according to international and 
European regulation of import and export and on dry ice to preserved stability of retinoids.
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Standard protocols for vitamin A analysis, mRNA (qRT-PCR), protein (Western blotting) and microscopy are 
presented in supplementary Material and Methods.

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 between 
two groups was determined by Mann-Whitney test. P-values ≤ 0.05*,  ≤ 0.01**,  ≤ 0.001*** were considered 
significant.

Received: 3 July 2019; Accepted: 29 November 2019;
Published: xx xx xxxx

References
 1. Han, C. Y. Update on FXR Biology: Promising Therapeutic Target? Int. J. Mol. Sci. 19 (2018).
 2. Dawson, M. I. & Xia, Z. The retinoid X receptors and their ligands. Biochim. Biophys. Acta 1821, 21–56 (2012).
 3. Hoeke, M. O., Heegsma, J., Hoekstra, M., Moshage, H. & Faber, K. N. Human FXR regulates SHP expression through direct binding 

to an LRH-1 binding site, independent of an IR-1 and LRH-1. PloS One 9, e88011 (2014).
 4. Zheng, W. et al. Structural insights into the heterodimeric complex of the nuclear receptors FXR and RXR. J. Biol. Chem. 293, 

12535–12541 (2018).
 5. Hoeke, M. O. et al. Low retinol levels differentially modulate bile salt-induced expression of human and mouse hepatic bile salt 

transporters. Hepatol. Baltim. Md 49, 151–159 (2009).
 6. Cai, S.-Y., He, H., Nguyen, T., Mennone, A. & Boyer, J. L. Retinoic acid represses CYP7A1 expression in human hepatocytes and 

HepG2 cells by FXR/RXR-dependent and independent mechanisms. J. Lipid Res. 51, 2265–2274 (2010).
 7. Yang, F. et al. All-trans retinoic acid regulates hepatic bile acid homeostasis. Biochem. Pharmacol. 91, 483–489 (2014).
 8. Jahn, D. et al. Farnesoid X receptor-dependent and -independent pathways mediate the transcriptional control of human fibroblast 

growth factor 19 by vitamin A. Biochim. Biophys. Acta 1859, 381–392 (2016).
 9. Saeed, A., Hoekstra, M., Hoeke, M. O., Heegsma, J. & Faber, K. N. The interrelationship between bile acid and vitamin A 

homeostasis. Biochim. Biophys. Acta 1862, 496–512 (2017).
 10. Freund, C. & Gotthardt, D. N. Vitamin A deficiency in chronic cholestatic liver disease -is vitamin A therapy beneficial? Liver Int. 

Off. J. Int. Assoc. Study Liver https://doi.org/10.1111/liv.13433 (2017).
 11. Blomhoff, R., Green, M. H., Berg, T. & Norum, K. R. Transport and storage of vitamin A. Science 250, 399–404 (1990).
 12. Jiang, J. X. & Török, N. J. Liver Injury and the Activation of the Hepatic Myofibroblasts. Curr. Pathobiol. Rep. 1, 215–223 (2013).
 13. Ijssennagger, N. et al. Gene expression profiling in human precision cut liver slices in response to the FXR agonist obeticholic acid. 

J. Hepatol. 64, 1158–1166 (2016).
 14. Zhan, L. et al. Genome-wide binding and transcriptome analysis of human farnesoid X receptor in primary human hepatocytes. PloS 

One 9, e105930 (2014).
 15. Porez, G. et al. The hepatic orosomucoid/α1-acid glycoprotein gene cluster is regulated by the nuclear bile acid receptor FXR. 

Endocrinology 154, 3690–3701 (2013).
 16. Sirvent, A. et al. The farnesoid X receptor induces very low density lipoprotein receptor gene expression. FEBS Lett. 566, 173–177 

(2004).
 17. Nevens, F. et al. A Placebo-Controlled Trial of Obeticholic Acid in Primary Biliary Cholangitis. N. Engl. J. Med. 375, 631–643 (2016).
 18. Kowdley, K. V. et al. A randomized trial of obeticholic acid monotherapy in patients with primary biliary cholangitis. Hepatol. 

Baltim. Md 67, 1890–1902 (2018).
 19. Hirschfield, G. M. et al. Efficacy of obeticholic acid in patients with primary biliary cirrhosis and inadequate response to 

ursodeoxycholic acid. Gastroenterology 148, 751–761.e8 (2015).
 20. Ashla, A. A. et al. Genetic analysis of expression profile involved in retinoid metabolism in non-alcoholic fatty liver disease. Hepatol. 

Res. Off. J. Jpn. Soc. Hepatol. 40, 594–604 (2010).
 21. Chaves, G. V. et al. Association between liver vitamin A reserves and severity of nonalcoholic fatty liver disease in the class III obese 

following bariatric surgery. Obes. Surg. 24, 219–224 (2014).
 22. Pettinelli, P. et al. Altered hepatic genes related to retinol metabolism and plasma retinol in patients with non-alcoholic fatty liver 

disease. PloS One 13, e0205747 (2018).
 23. Phillips, J. R., Angulo, P., Petterson, T. & Lindor, K. D. Fat-soluble vitamin levels in patients with primary biliary cirrhosis. Am. J. 

Gastroenterol. 96, 2745–2750 (2001).
 24. Jorgensen, R. A., Lindor, K. D., Sartin, J. S., LaRusso, N. F. & Wiesner, R. H. Serum lipid and fat-soluble vitamin levels in primary 

sclerosing cholangitis. J. Clin. Gastroenterol. 20, 215–219 (1995).
 25. Sinal, C. J. et al. Targeted disruption of the nuclear receptor FXR/BAR impairs bile acid and lipid homeostasis. Cell 102, 731–744 

(2000).
 26. Miyata, M., Sakaida, Y., Matsuzawa, H., Yoshinari, K. & Yamazoe, Y. Fibroblast growth factor 19 treatment ameliorates disruption of 

hepatic lipid metabolism in farnesoid X receptor (Fxr)-null mice. Biol. Pharm. Bull. 34, 1885–1889 (2011).
 27. Bjursell, M. et al. Ageing Fxr deficient mice develop increased energy expenditure, improved glucose control and liver damage 

resembling NASH. PloS One 8, e64721 (2013).
 28. Schmitt, J. et al. Protective effects of farnesoid X receptor (FXR) on hepatic lipid accumulation are mediated by hepatic FXR and 

independent of intestinal FGF15 signal. Liver Int. Off. J. Int. Assoc. Study Liver 35, 1133–1144 (2015).
 29. Sheng, L. et al. Gender Differences in Bile Acids and Microbiota in Relationship with Gender Dissimilarity in Steatosis Induced by 

Diet and FXR Inactivation. Sci. Rep. 7, 1748 (2017).
 30. Nathwani, A. C. et al. Self-complementary adeno-associated virus vectors containing a novel liver-specific human factor IX 

expression cassette enable highly efficient transduction of murine and nonhuman primate liver. Blood 107, 2653–2661 (2006).
 31. Nathwani, A. C. et al. Enhancing transduction of the liver by adeno-associated viral vectors. Gene Ther. 16, 60–69 (2009).
 32. Ronne, H. et al. Ligand-dependent regulation of intracellular protein transport: effect of vitamin a on the secretion of the retinol-

binding protein. J. Cell Biol. 96, 907–910 (1983).
 33. Dixon, J. L. & Goodman, D. S. Studies on the metabolism of retinol-binding protein by primary hepatocytes from retinol-deficient 

rats. J. Cell. Physiol. 130, 14–20 (1987).
 34. Bellovino, D. et al. MMH cells: An in vitro model for the study of retinol-binding protein secretion regulated by retinol. J. Cell. 

Physiol. 181, 24–32 (1999).
 35. Dawson, H. D. et al. Regulation of hepatic vitamin A storage in a rat model of controlled vitamin A status during aging. J. Nutr. 130, 

1280–1286 (2000).
 36. Sundboom, J. & Olson, J. A. Effect of aging on the storage and catabolism of vitamin A in mice. Exp. Gerontol. 19, 257–265 (1984).
 37. Trivedi, P. J., Hirschfield, G. M. & Gershwin, M. E. Obeticholic acid for the treatment of primary biliary cirrhosis. Expert Rev. Clin. 

Pharmacol. 9, 13–26 (2016).



1 0Scientific RepoRtS |         (2019) 9:19493  | https://doi.org/10.1038/s41598-019-55988-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

 38. Fiorucci, S., Di Giorgio, C. & Distrutti, E. Obeticholic Acid: An Update of Its Pharmacological Activities in Liver Disorders. Handb. 
Exp. Pharmacol., https://doi.org/10.1007/164_2019_227 (2019).

 39. Tu, H., Okamoto, A. Y. & Shan, B. FXR, a bile acid receptor and biological sensor. Trends Cardiovasc. Med. 10, 30–35 (2000).
 40. Lambert, G. et al. The farnesoid X-receptor is an essential regulator of cholesterol homeostasis. J. Biol. Chem. 278, 2563–2570 (2003).
 41. Cariou, B., Duran-Sandoval, D., Kuipers, F. & Staels, B. Farnesoid X receptor: a new player in glucose metabolism? Endocrinology 

146, 981–983 (2005).
 42. Massafra, V. et al. Farnesoid X Receptor Activation Promotes Hepatic Amino Acid Catabolism and Ammonium Clearance in Mice. 

Gastroenterology 152, 1462–1476.e10 (2017).
 43. Seok, S. et al. Transcriptional regulation of autophagy by an FXR-CREB axis. Nature 516, 108–111 (2014).
 44. Wang, Y.-D. et al. Farnesoid X receptor antagonizes nuclear factor kappaB in hepatic inflammatory response. Hepatol. Baltim. Md 

48, 1632–1643 (2008).
 45. Verbeke, L. et al. FXR agonist obeticholic acid reduces hepatic inflammation and fibrosis in a rat model of toxic cirrhosis. Sci. Rep. 

6, 33453 (2016).
 46. Kemper, J. K. Regulation of FXR transcriptional activity in health and disease: Emerging roles of FXR cofactors and post-

translational modifications. Biochim. Biophys. Acta 1812, 842–850 (2011).
 47. Liu, L. & Gudas, L. J. Disruption of the lecithin:retinol acyltransferase gene makes mice more susceptible to vitamin A deficiency. J. 

Biol. Chem. 280, 40226–40234 (2005).
 48. Pathak, P. et al. Farnesoid X receptor induces Takeda G-protein receptor 5 cross-talk to regulate bile acid synthesis and hepatic 

metabolism. J. Biol. Chem. 292, 11055–11069 (2017).
 49. Xu, Y. et al. Farnesoid X receptor activation increases reverse cholesterol transport by modulating bile acid composition and 

cholesterol absorption in mice. Hepatol. Baltim. Md 64, 1072–1085 (2016).
 50. Kim, I. et al. Differential regulation of bile acid homeostasis by the farnesoid X receptor in liver and intestine. J. Lipid Res. 48, 

2664–2672 (2007).
 51. Kok, T. et al. Enterohepatic circulation of bile salts in farnesoid X receptor-deficient mice: efficient intestinal bile salt absorption in 

the absence of ileal bile acid-binding protein. J. Biol. Chem. 278, 41930–41937 (2003).
 52. Fleshman, M. K., Riedl, K. M., Novotny, J. A., Schwartz, S. J. & Harrison, E. H. An LC/MS method for d8-β-carotene and d4-retinyl 

esters: β-carotene absorption and its conversion to vitamin A in humans. J. Lipid Res. 53, 820–827 (2012).
 53. Van Loo-Bouwman, C. A. et al. Vitamin A equivalency and apparent absorption of beta-carotene in ileostomy subjects using a dual-

isotope dilution technique. Br. J. Nutr. 103, 1836–1843 (2010).
 54. Correia, J. C. et al. Bioenergetic cues shift FXR splicing towards FXRα2 to modulate hepatic lipolysis and fatty acid metabolism. Mol. 

Metab. 4, 891–902 (2015).
 55. Kim, S. C. et al. All-trans-retinoic acid ameliorates hepatic steatosis in mice by a novel transcriptional cascade. Hepatol. Baltim. Md 

59, 1750–1760 (2014).
 56. Kersten, S. & Stienstra, R. The role and regulation of the peroxisome proliferator activated receptor alpha in human liver. Biochimie 

136, 75–84 (2017).
 57. Pawlak, M., Lefebvre, P. & Staels, B. Molecular mechanism of PPARα action and its impact on lipid metabolism, inflammation and 

fibrosis in non-alcoholic fatty liver disease. J. Hepatol. 62, 720–733 (2015).
 58. Cyphert, H. A. et al. Activation of the farnesoid X receptor induces hepatic expression and secretion of fibroblast growth factor 21. 

J. Biol. Chem. 287, 25123–25138 (2012).
 59. Lalloyer, F. et al. Rexinoid bexarotene modulates triglyceride but not cholesterol metabolism via gene-specific permissivity of the 

RXR/LXR heterodimer in the liver. Arterioscler. Thromb. Vasc. Biol. 29, 1488–1495 (2009).
 60. Joseph, S. B. et al. Direct and indirect mechanisms for regulation of fatty acid synthase gene expression by liver X receptors. J. Biol. 

Chem. 277, 11019–11025 (2002).
 61. Herebian, D. & Mayatepek, E. Inborn errors of bile acid metabolism and their diagnostic confirmation by means of mass 

spectrometry. J. Pediatr. Sci. 3 (2011).
 62. Sundaram, S. S., Bove, K. E., Lovell, M. A. & Sokol, R. J. Mechanisms of disease: Inborn errors of bile acid synthesis. Nat. Clin. Pract. 

Gastroenterol. Hepatol. 5, 456–468 (2008).
 63. Jones, R. D., Repa, J. J., Russell, D. W., Dietschy, J. M. & Turley, S. D. Delineation of biochemical, molecular, and physiological 

changes accompanying bile acid pool size restoration in Cyp7a1−/− mice fed low levels of cholic acid. Am. J. Physiol. - Gastrointest. 
Liver Physiol. 303, G263–G274 (2012).

 64. Hambruch, E. et al. Synthetic farnesoid X receptor agonists induce high-density lipoprotein-mediated transhepatic cholesterol efflux 
in mice and monkeys and prevent atherosclerosis in cholesteryl ester transfer protein transgenic low-density lipoprotein receptor 
(−/−) mice. J. Pharmacol. Exp. Ther. 343, 556–567 (2012).

 65. Madison, B. B. et al. Cis elements of the villin gene control expression in restricted domains of the vertical (crypt) and horizontal 
(duodenum, cecum) axes of the intestine. J. Biol. Chem. 277, 33275–33283 (2002).

 66. Boesjes, M. et al. Hepatic farnesoid X-receptor isoforms α2 and α4 differentially modulate bile salt and lipoprotein metabolism in 
mice. PloS One 9, e115028 (2014).

 67. Kunne, C. et al. FXR-dependent reduction of hepatic steatosis in a bile salt deficient mouse model. Biochim. Biophys. Acta 1842, 
739–746 (2014).

Acknowledgements
This work was supported by the Dutch Digestive Disease Foundation (MLDS), grant numbers MWO 03–38 and 
MWO 08–70 (K.N.F.)

Author contributions
Study concept and design- A.S., K.N.F., C.P., B.W., S.v.M., A.K.G.; acquisition of data- A.S., J.Y., J.H., L.Z., A.K.G.; 
analysis and interpretation of data–A.S., J.Y., K.N.F.; drafting of the manuscript-A.S., K.N.F., C.P.; statistical 
analysis- AS; obtained funding- K.N.F., C.P., L.Z., B.W., A.K.G.; technical assistance-J.H.; study supervision KNF.

competing interests
The authors certify that they have NO affiliations with or involvement in any organization or entity with any 
financial or non-financial interest in the subject matter or materials described in this manuscript.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55988-w.
Correspondence and requests for materials should be addressed to A.S. or K.N.F.



1 1Scientific RepoRtS |         (2019) 9:19493  | https://doi.org/10.1038/s41598-019-55988-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019


