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ABSTRACT  

Vitamin A is a fat-soluble vitamin important for vision, reproduction, embryonic 

development, cell differentiation, epithelial barrier function and adequate immune 

responses. Efficient absorption of dietary vitamin A depends on the fat-solubilizing 

properties of bile acids. Bile acids are synthesized in the liver and maintained in an 

enterohepatic circulation. The liver is also the main storage site for vitamin A in the 

mammalian body, where an intimate collaboration between hepatocytes and hepatic 

stellate cells leads to the accumulation of retinyl esters in large cytoplasmic lipid 

droplet hepatic stellate cells. Chronic liver diseases are often characterized by 

disturbed bile acid and vitamin A homeostasis, where bile production is impaired and 

hepatic stellate cells lose their vitamin A in a transdifferentiation process to 

myofibroblasts, cells that produce excessive extracellular matrix proteins leading to 

fibrosis. Chronic liver diseases thus may lead to vitamin A deficiency. Recent data 

reveal an intricate crosstalk between vitamin A metabolites and bile acids, in part via 

the Retinoic Acid Receptor (RAR), Retinoid X Receptor (RXR) and the Farnesoid X 

Receptor (FXR), in maintaining vitamin A and bile acid homeostasis. Here, we 

provide an overview of the various levels of “communication” between vitamin A 

metabolites and bile acids and its relevance for the treatment of chronic liver 

diseases. 
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2.1. INTRODUCTION 

Efficient absorption of fat-soluble nutrients in the intestine requires the action of bile 

acids. Bile acids are synthesized in the liver and actively secreted into bile. Bile is 

collected in the gallbladder, which contracts upon intake of a meal and releases bile 

in the proximal small intestine. Bile acids form mixed micelles with phospholipids and 

these structures incorporate fat-soluble nutrients to allow their absorption in the 

intestine. Simultaneously, bile acid-phospholipid micelles also carry fat-soluble 

metabolites, like cholesterol, and toxins that need to be secreted from the body. One 

group of nutrients that depend on bile acids for their efficient absorption are the fat-

soluble vitamins A, D, E and K. In contrast to water-soluble vitamins (B, C), the fat-

soluble vitamins can be stored in various tissues to buffer periods of low intake.  

Vitamin A is predominantly stored in the liver and humans can maintain adequate 

levels of serum retinol for months to years even if intake is minimal. Still vitamin A 

deficiency is the most common micronutrient deficiency in the world, particularly in 

many third-world countries because intake is too low. Vitamin A deficiency is also a 

common condition in patients with liver disease, especially if this includes impairment 

in bile flow, e.g. cholestasis. Not only is vitamin A uptake affected under cholestatic 

conditions, but chronic liver injury also leads to rapid loss of hepatic vitamin A stores 

that disappear from hepatic stellate cells when they transdifferentiate to 

myofibroblasts that leads to liver fibrosis. Bile acids and vitamin A-metabolites, in 

particular retinoic acids, are high-affinity ligands for the transcription factors 

Farnesoid X Receptor (FXR), Retinoid X Receptor (RXR) and Retinoic Acid Receptor 

(RAR), which act, in part as obligate partners in regulating bile acid, lipid and glucose 

metabolism. There is a wealth of information and excellent reviews that specifically 

focus on the function, metabolism and signaling functions of vitamin A-metabolites, 

e.g. retinoic acids, on the one hand or on bile acids on the other hand [1–3]. By no 

means, this review can cover all the details of the physiological actions of these 

molecules. Here, we aim to provide an overview of how bile acid and vitamin A 

metabolism are interrelated and may have implications for the treatment of (chronic) 

liver diseases. 

2.2. Function of vitamin A and its active metabolites 

The term “vitamin A” is a generic descriptor for compounds that have the biological 

activity of retinol or its metabolic products. Vitamin A-derivatives fulfil numerous 
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important functions in the mammalian body, including roles in vision, maintenance of 

epithelial surfaces, immune competence, reproduction and embryonic growth and 

development. Dietary sources of vitamin A are provitamin A carotenoids (mainly β-

carotene, from plant sources), preformed vitamin A (retinyl esters from animal 

sources) and precursors of retinol [4]. Mammals depend on dietary intake of (pro-

vitamin A) as they cannot synthesize this vitamin themselves. The recommended 

daily intake of vitamin A is approximately 700 and 900 µg for adult women and man, 

respectively. Dietary intake of solely β-carotene may be inadequate to maintain 

normal levels of vitamin A, retinyl esters should therefore be considered an essential 

component of a healthy diet [5]. Approximately 80% of the total body pool of vitamin 

A is stored in the liver as retinyl esters [6].  

 

Figure 1. Chemical structures of key compounds in vitamin A and bile acid homeostasis and 
their effect on the nuclear recepotors RAR, RXR and FXR. A) Structure of retinoids (β-carotene, 
retinyl-palmitate, retinol, all-trans retinoic acid, 9-cis retinoic acid, and 9-cis-13,14 
dihydroretinoic acid, B) structure of cholestrol and primary bile acids (cholic acid, 
chenodeoxycholic acid), C) Nuclear receptors RAR, RXR and FXR cross talk to regulate vitamin 
A homeostasis and bile acid synthesis and/or transport. D) RXRα forms homodimers and is an 
obligate partner for RAR and FXR. Each of those dimers binds to specific DNA sequences as 
indicated in panel D. 
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Provitamin A carotenoids like -carotene, as well as non-provitamin A carotenoids 

lycopene are potent antioxidants [7], but vitamin A itself is not. A well-known function 

of vitamin A is its role in the visual cycle by photoisomerization. Rhodopsin, the visual 

pigment of the rod photoreceptor cell, contains 11-cis retinal as its light-sensitive 

cofactor. Light activation is achieved by 11-cis to all-trans isomerization, followed by 

the release of all-trans retinaldehyde [8].  

Most biological functions of vitamin A, however, involve the activation of ligand-

dependent transcription factors. This hormonal function of vitamin A gained 

tremendous scientific interest with the discovery of two vitamin A receptors that are 

members of the nuclear receptor superfamily [9]. All-trans retinoic acid (atRA) is a 

high-affinity ligand for RAR, while 9-cis retinoic acid (9cRA) and 9-cis-13,14 

dihydroretinoic acid (9cDHRA) are high-affinity ligands for RXR (Figure 1A).  These 

nuclear receptors will be discussed later. 
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Figure 2. A simplified scheme of the biosynthesis and enterohepatic cycling of bile acids. Only 
the proteins relevant for this review are included. Bile acid synthesis starts at the top of the 
figure by the conversion of cholesterol to the primary bile acids cholic acid and 
chenodeoxycholic acid, both either Glycine- or Taurine-conjugated. These bile acids are 
transported to the bile and small intestine where they maintain fat-soluble compounds, including 
(pro-)vitamin A, in solution. At the terminal ileum, bile acids are absorbed and transported back 
to the liver. Thick arrows show the principle pathway (and involved proteins) for bile salt 
synthesis and transport under normal conditions. Dashed lines indicate transporters that are 
involved in bile acid transport under cholestatic conditons. For each gene involved in bile acid 
synthesis or transport it is indicated whether its expression is regulated (directly or indirectly) by 
RAR, RXR and/or FXR. FXR-mediated suppression of transcription is regulated either via SHP 
or FGF15/19, as detailed in the main text. Abbreviations can be found seperately in the “list of 
abbreviations”. More details about the regulations of the individual genes, including references, 
can be found in Supplementary Table 2S. 
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2.3. Bile acid synthesis and enterohepatic circulation 

Bile aids in the digestion and absorption of nutrients, and is a main route for the 

excretion of waste products via the intestine. Major components of bile are bile salts, 

phospholipids, cholesterol, bilirubin, alkaline hydrogen carbonate ions (HCO3
-) and 

water. Bile salts are the components in the bile that give it its fat-emulsifying 

properties. Bile salts are synthesized by hepatocytes using cholesterol as substrate 

[10,11]. Humans convert approximately 500 mg of cholesterol into primary bile acids 

every day, which is an important way to eliminate cholesterol from the body (see for a 

review [12]). The liver secretes bile via the bile ducts and the gall bladder into the 

proximal small intestinal lumen (duodenum). Here, bile fulfils its function in the 

digestion and absorption of fats and fat-soluble dietary compounds. In the terminal 

ileum, bile salts are reabsorbed and transported back to the liver via the portal vein. 

In human, bile salts shuttle between liver and intestine, a process called 

enterohepatic circulation, about 6 to 10 times per day [13]. Enterohepatic cycling of 

bile salts is a very efficient process as only 5% of the bile salts are lost in the faeces. 

De novo synthesis of bile salts in the liver compensates for this loss and maintains a 

balanced amount of bile salts in the enterohepatic cycle [10,11] (Figure 2). 

Bile acid synthesis produces two main types of primary bile acids: cholic acid (CA) 

and chenodeoxycholic acid (CDCA) (Figure 1B). These are conjugated to either 

glycine or taurine, yielding the bile salts taurocholic acid (TCA), glycocholic acid 

(GCA), taurochenodeoxycholic acid (TCDCA) and glycochenodeoxycholic acid 

(GCDCA) [13]. 

Cholesterol is oxidized to bile acids through a cascade of enzymatic conversions 

involving at least 13 different enzymes (see for a review [13]). Although the first steps 

of this conversion may take place at extra-hepatic locations, the production of the end 

products, e.g. bile salts, is restricted to the hepatocytes in the liver. Two enzymes, 

cholesterol 7-alpha-hydroxylase (CYP7A1) and sterol 12-alpha-hydrolase (CYP8B1) 

are of particular relevance. CYP7A1 is considered the rate-limiting enzyme in bile 

acid synthesis [14], while CYP8B1 drives bile acid synthesis towards CA instead of 

CDCA. CDCA is considered a hydrophobic bile acid while CA is at the hydrophilic 

end and CYP8B1 thus has a major impact on the relative hydrophobicity of the BA 

pool [15]. The final step in bile acid synthesis is the conjugation of taurine or glycine 

and is exclusively performed by the peroxisomal enzyme bile acid coenzyme A: 

amino acid N-acyltransferase (BAAT) [16]. 
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Lipid membranes are impermeable for conjugated bile acids and have low 

permeability for unconjugated bile acids. Therefore, the efficient uptake and secretion 

of bile acids across cellular membranes is mainly dependent on bile salt transporters. 

Excretion of bile salts into the bile canaliculus occurs against a steep concentration 

gradient. Therefore, bile salt excretion is dependent on active transport. Bile salts are 

excreted from the hepatocytes at the apical membrane by the ATP Binding Cassette 

(ABC)-transporter Bile Salt Export Pump (BSEP/ABCB11). BSEP is the main bile 

acid exporter in hepatocytes and excretes monovalent conjugated bile salts only. 

Sulphoronidated or glucoronidated bile salts are excreted into the bile ducts by the 

Multidrug Resistance-associated Protein 2 (MRP2/ABCC2). MRP2 is not a dedicated 

bile acid transporter like BSEP as its primary substrate is bilirubin and also transports 

organic anions, organic cations, glutathione and glutathione conjugates. 

Phospholipids are excreted by MDR3 (ABCB4; the rodent homolog is called MDR2) 

[17,18]. Bile acid and phospholipids form mixed micelles that are the actual carriers 

of hydrophobic compounds through the digestive tract, including fat-soluble vitamins, 

like vitamin A.  

At the terminal ileum, bile salts are absorbed into enterocytes by the apical sodium-

dependent bile salt transporter (ASBT/SLC10A2) [19]. Inside enterocytes, bile salts 

are bound to the Ileal Bile Acid Binding Protein (I-BABP) and transported to the 

basolateral membrane where they are excreted to the circulation by the organic 

solute transporter dimer α/β (OSTα/β). Some amount of bile acids “spill” into the 

colon, where most of them are deconjugated by resident bacteria and converted into 

secondary bile acids, including lithocholic acid (LCA) and deoxycholic acid (DCA) 

[20]. A significantly amount of secondary bile salts are absorbed to the circulation by 

processes that are not well-characterized. The mixture of conjugated and 

unconjugated primary and secondary bile acids cycles back to the liver via the portal 

track. The conjugated bile salts are taken up by the hepatocytes through basolateral 

bile salts transporters, in particular by the sodium/taurocholate co-transporting 

polypeptide (NTCP/SLC10A1) and organic anion transporting polypeptides OATPs 

(OATP1, OATP4)  [12]. Mouse Oatp1b2 (homologue of human OATP1B1/1B3) was 

shown to specifically transport unconjugated bile salts into hepatocytes [21]. Hepatic 

absorption completes the enterohepatic circulation of bile salts, which can enter a 

next round of cycling either directly (for conjugated bile acids) or after reconjugation 

(for unconjugated bile acids) to glycine or taurine.  
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2.4. Vitamin A uptake, transport, storage and metabolism.  

A simplified scheme showing the various cell types, intracellular-, extracellular-, 

transmembrane-transporters and enzymes involved in (pro)vitamin A uptake, 

transport, storage and metabolism that are relevant for this review is depicted in 

Figure 3. Factors that are under transcriptional control of RAR, RXR or FXR and/or 

their ligands are also indicated. The reader is referred to excellent reviews for more 

detailed information about specific  pathways in this scheme [22–29].  

Uptake: Various forms of –precursors of- vitamin A are entering the digestive tract 

depending on the composition of the diet and are predominantly absorbed in the 

proximal part of the small intestine. Plant carotenoids were thought to be absorbed 

into the intestinal epithelium by passive diffusion after being incorporated into 

micelles that mainly consist of bile salts and dietary fats. However, recent studies 

suggest that several receptors may facilitate uptake of carotenoids, most prominently 

scavenger receptor class B member 1 (SR-BI), but also including Cluster 

Determinant 36 (CD36) and Niemann-Pick C1-Like 1 (NPC1L1) [30–34]. All-trans 

retinoic acid supplementation induced the expression of the intestinal transcription 

factor ISX, which suppressed the expression of SR-BI, and was shown to reduce the 

absorption of β-carotene. Conversely, SR-BI expression is enhanced in vitamin A 

deficient conditions to promote β-carotene absorption from the intestine [31]. CD36 is 

a ubiquitous scavenger receptor with broad substrate specificity and is present in the 

brush boarder of the duodenum and jejunum. CD36 deficiency impairs lymph 

secretion in mice. CD36 facilitates intestinal uptake of different carotenoids, including 

β-carotene, lycopene and lutein. Further, CD36 localizes with caveolin-1 in lipid rafts, 

which suggests its possible involvement into lipid micronutrient uptake (see review 

[32]). Additionally, NPC1L1 is a cholesterol transporter that can also facilitate the 

uptake of α/β carotene, β-cryptoxanthin, lycopene, lutein and zeaxanthin [33,34]. 

Retinyl esters from animal sources are first converted to retinol by retinyl ester 

hydrolases (REHs) within the intestinal lumen, after which they are absorbed by 

enterocytes [35]. Several REHs are implicated in the luminal hydrolysis of retinyl 

esters, including pancreatic triglyceride lipase (PTL), carboxyl ester lipase (CEL) and 

the intestinal brush border membrane enzyme phospholipase B (PLB) [36], where 

PTL seems the most important REH in the intestinal lumen [37]. The enzymatic 

activity of both PTL and CEL is enhanced by bile acids. Administration of bile salt 

sequestering agents to humans lowers the total carotenoid levels in serum [38], while 

https://www.ncbi.nlm.nih.gov/pubmed/26923679
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administration of taurocholic acid enhanced vitamin A absorption in rats [39], further 

underscoring the role of bile salts in vitamin A absorption. Absorption of retinol into 

the enterocyte is still a largely uncharacterized process. While passive diffusion into 

enterocytes is assumed, this seems only sufficient at supra-physiological 

concentrations. It is likely that a saturable carrier-mediated process is involved, but 

the identity of such intestinal retinol carrier is not established yet. 

Intracellular transport: Beta-carotene can be converted to retinoids inside the 

enterocyte [35]. Symmetric cleavage of one molecule β-carotene by beta-carotene 

15,15'-monooxygenase 1 (BCMO1) yields two molecules of retinaldehyde [40]. 

Subsequently, retinaldehyde is reduced to retinol by retinaldehyde reductases (RRD). 

Several enzymes are capable of catalyzing this conversion, including members of the 

short- and medium-chain alcohol dehydrogenase/reductase superfamily that will be 

discussed later. Inside enterocytes, free retinol is bound by the abundantly present 

cellular retinol-binding protein type II (CRBP2). Next, most of the retinol is re-

esterified to saturated long-chain fatty acids, mainly palmitic acid. Binding of retinol to 

CRBP2 facilitates the esterification of retinol by lecithin:retinol acyl tranferase (LRAT) 

or diacylglycerol O-acyltransferase 1 (DGAT1) (also called acyl CoA:retinol acyl 

transferase; ARAT). Uncleaved carotenoids and newly-synthesized retinyl esters are 

packaged into chylomicrons (CMs) and secreted to the lymphatic system [30,41]. 

Chylomicrons are heterogeneously-sized particles that consist of a core of 

triglycerides and cholesterol-esters and a monolayer of phospholipids, cholesterol 

and proteins. CMs are formed in the Golgi and are excreted via exocytotic vesicles 

from the enterocyte. CM excretion is impaired in the absence of bile salts [42]. In a 

mouse model for CM retention disease it was observed that the absorption of fat, 

vitamin A and E was severely impaired and significantly reduced growth rates [41], 

underscoring the importance of CM in the efficient absorption of fat and fat-soluble 

vitamins, such as vitamin A. 

Although most retinoids leave the enterocyte as retinyl esters, but retinol can also be 

released directly into the portal circulation [43], which may be facilitated by ABCA1 

[30]. 

Storage and distribution: CMs distribute nutrients to peripheral tissues and the CM 

remnants, which still contain most of the retinyl esters, are subsequently cleared by 

the hepatocyte. CM remnants uptake is a complex process. Low-Density Lipoprotein 

Receptor (LDLR) has a high affinity for apoE-rich CM remnants and mediates their 
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internalization. Syndecan-1 (SDC1) is a heparin sulfate proteoglycan that also 

facilitates apoE binding and may be a back-up system LDLR levels are low. Hepatic 

lipases also facilitate the sequestration of CMs for uptake, and apoB in CM remnants 

can increase this process. In addition, also an LDLR-related protein (LRP) may be 

involved in CM remnant uptake. The relative contributions of all these proteins for 

uptake of CM remnants, and thereby vitamin A  uptake in the liver, requires further 

research [44–46]. 

Within the hepatocyte, retinyl esters are again hydrolyzed to retinol by REHs, which 

includes carboxylesterase ES-10 that is highly expressed in rat liver [47], but likely 

also other REHs. Retinol is efficiently bound by apo-CRBP1 which is present in molar 

excess of retinol in hepatocytes [48,49]. Transfer of retinol to endoplasmic reticulum-

localized RBP4 induces complex formation with transthyretin (TTR) and secretion of 

holo-RBP4-TTR to the circulation [50,51]. Retinol-binding is crucial for efficient 

secretion of RBP4, as serum levels are significantly reduced and strong accumulation 

in the ER is observed in hepatocytes under vitamin A-deficient conditions [52]. 

Supplementation of retinol tot VAD rats induces release of RBP4 from hepatocytes 

within minutes [52]. Approximately 95 % of plasma retinol-RBP4 is complexed with 

TTR in a 1:1 ratio. This interaction reduces glomerular filtration of retinol [4,53]. 

Uptake of retinol in extrahepatic tissues with a high retinoid demand is facilitated by 

“Stimulated by Retinoic Acid gene 6 homolog” (STRA6), an integral membrane 

protein containing an extracellular RBP4-binding domain and 9 transmembrane 

domains that form a channel for retinol to enter the cell [54]. The tissue localization of 

STRA6 has been studied previously. STRA6 is expressed during embryonic 

development and in the adult mouse brain, testis, female genital tract, kidney, and at 

lower quantities in spleen, heart and lung [55,56]. Fitting its function, STRA6 is also 

highly expressed in the retinal pigment epithelium (RPE) of the eye. The retinol-

RBP4-TTR complex dissociates at STRA6 and retinol is taken up by the cell, while 

free RBP4 in the circulation is catabolized in the kidney. STRA6 is virtually absent in 

the liver. Recently, though, a second receptor for RBP4 has been identified, RBP4 

receptor 2 (RBPR2) that is highly expressed in the liver, as well as in the small 

intestine, colon and spleen [57]. RBPR2 is structurally related to STRA6 and shows 

highly similar retinol uptake characteristics, which is stimulated by RBP4 and TTR. 

RBPR2 expression is inversely correlated with hepatic retinoid stores. Inline, retinol 

and atRA strongly suppress its expression. Though it is suggested by the authors 
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that RBPR2 is most likely expressed in hepatocytes, this still requires confirmation 

through cell type-specific analyses. 

For storage in the liver, retinol is directed to the hepatic stellate cell. Remarkably, 

how retinol is getting into the stellate cells is still unknown, but upon entering it is 

immediately captured by CRBP1 and subsequently esterified to long chain fatty 

acids, again predominantly palmitate, for storage in cytoplasmic lipid droplets. 

Retinyl-esters make up 30-50% of the lipid content of the lipid droplets in stellate cells 

[6]. Although the mechanism for retinol storage in, and mobilization from, stellate 

cells has not been fully elucidated yet, it is clear that CRBP1 is required for shuttling 

retinol between different liver cell types. The involvement and recycling of RBP4  has 

been ruled out, since mice lacking Rbp4 accumulate excess of vitamin A in the liver 

[58–61]. While still able to store vitamin A, these mice were unable to mobilize it to 

plasma. Moreover, extrahepatic expression of RBP4 does not restore vitamin A 

mobilization in these animals, indicating that circulating RBP4 is not re-used by the 

liver. STRA6 is not expressed in the liver, ruling out a role of this receptor in hepatic 

storage of retinoids [59,61]. Once inside hepatic stellate cells, retinol is esterified to 

retinyl esters by LRAT and possibly also DGAT1, although the latter is controversial 

as Lrat-/- mice do not store retinyl esters in the liver [62], even though stellate cells 

from Lrat-/- mice are still able to synthesize retinyl esters [63]. Retinyl ester 

hydrolases (REHs) are required to mobilize retinol from the lipid droplets in hepatic 

stellate cells, a process that is essential to supply retinol to extrahepatic tissues [24]. 

Several enzymes have been shown to contain REH activity in hepatic stellate cells, 

including ES-10, LpL, PLRP2, hormone sensitive lipase (HSL) [64,65], adipose 

triglyceride lipase (ATGL) and patatin-like phospholipase domain-containing 3 

(PNPLA3) [66–68], but their relative contribution to retinol production in HSC remains 

to be determined. Pharmacological inhibition of ATGL leads to an increase of retinyl 

esters in cultured mouse HSC [66], but hepatic retinyl ester stores and serum retinol 

levels were not changed in Atgl-ko mice, implying a role for (an)other REH(s) in HSC 

also [66]. Interestingly, PNPLA3 was recently shown to contain retinyl-palmitate 

lipase activity in HSC [67] and the PNPLA3-I148M variant, which is the most 

pronounced genetic factor associated with alcoholic liver disease (ALD) [69] and 

nonalcoholic fatty liver disease (NAFLD) [70], is associated with reduced levels of 

circulating retinol levels [68] and increased hepatic retinyl-palmitate storage [71]. In 

line with these observations, the retinyl-palmitate lipase activity of the I148M variant 
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appears markedly reduced [67]. While this suggests a prominent role of PNPLA3 in 

mobilizing retinol from hepatic stores, a direct role of impaired retinol mobilization 

from hepatic stellate cells in NAFLD remains elusive though, since PNPLA3 is also 

expressed in hepatocytes and the loss of function (I148M variant) also leads to 

triglyceride accumulation in hepatocytes [72]. A major unsolved issue is how retinol 

that is liberated from the retinyl ester-stores actually is released from the HSC and 

transferred to circulating RBP4. 

Under normal (vitamin A sufficient) conditions, most of the retinyl esters absorbed 

from the chylomicron remnants are transferred as retinol to the stellate cells, where 

up to 80% of the body supply of vitamin A is stored [4]. Smaller amounts are also 

stored in lipid droplets in the hepatocytes as well as in extrahepatic organs and 

tissues, such as the eye, lung, adipose tissue, kidneys, small intestine, adrenal gland, 

lung, testis, uterus, bone marrow, thymus, skin and spleen [6,48,73–76]. Extrahepatic 

storage sites of retinyl esters may provide a local supply of vitamin A to tissues with a 

high demand, such as the retina. The importance of extrahepatic vitamin A pools is 

demonstrated by the observation that storage of retinyl esters in retinal pigment 

epithelial cells is prerequisite for normal visual function [75]. The stores of vitamin A 

are sufficient to maintain a steady physiological concentration above 2 µM retinol in 

plasma in humans (and 1-2 µM in rodents), despite strong fluctuations in daily intake 

of vitamin A [75]. 



Bile acid and Vitamin A homeostasis intertwined 

 

30 
 

 

Figure 3. A simplified scheme of vitamin A uptake, transport, storage and metabolism. Only the 
proteins relevant for this review are included. Absorption of dietary (pro-)vitamin A starts at the 
botttom of the figure in the small intestine. After inclusion into chylomicrons most of the retinyl-
esters are transported to the liver for storage and/or redistribution. After uptake by the 
hepatocytes, retinol esters are hydrolyzed and retinol is transported to hepatic stellate cells that 
store most of the body reserves of vitamin A as retinyl-esters in large cytoplasmic lipid droplets. 
Controled release of retinol from those hepatic vitamin A stores maintains stable blood retinol 
levels even when dietary vitamin A intake is variable. Retinol binding protein 4 (RBP4) is the 
main factor in the circulation to transports retinol to peripheral tissues where it is metaboliized to 
high affinity ligands for RAR and RXR and ultimately catabolized. For each gene involved in 
vitamin A uptake, transport, storage and metabolism it is indicated whether its expression is 
regulated (directly or indirectly) by ligands of RAR, RXR and/or FXR. RDH10 and DHRS3 
activate each other through a physical interaction. RDH10 is considered the key retinol 
dehydrogenase, at least in embryogenesis. Other enzymes that may act also as retinol 
dehydrogenases are included in a smaller letter type.  Abbreviations can be found seperately in 
the “list of abbreviations”. More details about the regulations of the individual genes, including 
references, can be found in  Supplementary Table S1. 
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Retinoic acid synthesis and degradation: Retinol is the main circulating form of 

vitamin A, which is locally converted to the bioactive metabolites retinaldehyde and 

retinoic acid in a two-step process [4]. First, retinol is oxidized to retinaldehyde, which 

is considered to be the rate-limiting step for retinoic acid synthesis, but is also 

reversible. The second step in which retinaldehyde is oxidized to retinoic acid is 

irreversible. It is important to note that various isomers of retinol, including all trans-

retinol and 9 cis-retinol, co-exist in circulation and that they are the specific 

precursors for atRA and 9cRA. As several enzymes involved in the RA synthesis 

show selectivity towards at-Retinol or 9c-Retinol, these 2 pathways are separately 

shown in Figure 3. 

Many different enzymes have been shown to be able to convert retinol to 

retinaldehyde, at least in in vitro assays. These enzymes belong to 3 different 

enzyme families: 1) the (membrane-associated) short chain 

dehydrogenases/reductases (SDR) [4,77] 2) the cytosolic medium-chain alcohol 

dehydrogenases (ADH), and 3) various cytochrome P450s. However, recent studies 

have identified RDH10, a member of the SDR16C subfamily, as an essential factor in 

retinol-to-retinaldehyde conversion, at least during embryogenesis. Knock-out of the 

gene encoding RDH10 leads to embryonic lethality and causes severe 

developmental malformations due to insufficient RA production [78–80], a phenotype 

that could be rescued by supplementation with at-Retinaldehyde or RA [79]. While 

underscoring the central role of RDH10 during embryogenesis, a similar vital role for 

RDH10 in retinylaldehyde production in adult tissues remains to be established. 

Limited information about tissue-specific expression suggests that RDH10 has a very 

restricted tissue distribution in adult mammals, where it was found predominantly in 

bovine RPE, with much lower levels in retina and liver and was virtually undetectable 

in other tissues, like brain, lung, kidney, pancreas, and skeletal muscle [81,82]. Thus, 

other retinol dehydrogenases could still play a physiological role in adult tissues. For 

instance, Rdh1-ko mice are viable, but when maintained on a vitamin A-restricted diet 

show enhanced retinol levels in liver and kidney, suggesting a role for RDH1 in 

retinol-to-retinaldehyde conversion in adult mice [83]. The human orthologue from the 

SDR9C subfamily, RDH16, exhibits a liver-specific expression and is able to convert  

retinol to retinaldehyde as well, although it shows higher catalytic activity towards 3α-

hydroxysteroids [84]. Human ADH1B, ADH2 and ADH4 show retinol dehydrogenase 

activity in vitro, but both ADH inhibitory studies and ADH-null mice have questioned 
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their relevance in vivo [85]. Similarly, CYP1A1 and 3A4 were shown to convert retinol 

to retinaldehyde in human liver, whereas CYP1A1 and CYP1B1 mainly catalyzed this 

conversion in extrahepatic tissues. Moreover, CYP2C subfamily members and 

CYP2E1 also exhibited some retinol dehydrogenase activity [86]. Thus, although 

RDH10 has taken center stage as a key retinol dehydrogenase during 

embryogenesis, other SRD family members, ADHs or CYPs may contribute to 

retinaldehyde production in specific tissues after birth.  

As indicated above, retinol-to-retinaldehyde conversion is reversible. The main 

enzyme involved in the reduction of retinaldehyde to retinol is Dehydrogenase 

Reductase 3 (DHRS3). DHRS3 has a broad tissue distribution, including human 

heart, placenta, lung, liver, kidney and pancreas [87]. Remarkably, DHRS3 requires 

the presence of RDH10 to acquire full enzymatic activity. Vice versa, RDH10 is 

activated when physically interacting with DHRS3 [88]. Indeed, the transcripts of 

RDH10 and DHRS3 colocalized in some of the tissues during embryogenesis, but 

this needs to be established in adult tissue still.  

In the second step, retinaldehyde is converted to RA in an irreversible reaction. 

Multiple enzymes contain the retinaldehyde dehydrogenase (RALDH) activity. Best 

characterized are the RALDH1 to 4 that have been shown to be involved in RA 

synthesis in vivo [89]. RALDH1 and RALDH2 convert both at-retinaldehyde and 9c-

retinaldehyde to the respective retinoic acids, while RALDH3 appears selective for at-

retinaldehyde and RALDH4 selective for 9c-retinaldehyde [90–92]. RALDH2 and 

RALDH3 appear particularly relevant during respectively early and late 

embryogenesis [93,94]. RALDH1 is not essential for embryogenesis and is likely to 

have role in RA biosynthesis during adulthood. In line, Aldh1-/- mice treated with 

retinol show reduced hepatic RA biosynthesis and enhanced serum retinaldehyde 

levels [95,96]. Also various enzymes belonging to the human cytochrome P-450 

family can convert retinaldehydes to retinoic acids, including CYP1A1, CYP1A2 and 

CYP3A4. CYP1A2 shows the highest activity for 9c-retinaldehyde [97]. 

Although produced locally, RA may act everywhere in the organism. The circulation 

contains low levels of atRA (0.2 to 0.7 % of plasma retinol) and contributes to 

variable extend to the tissue pool of RA, depending on the tissue/organ. In liver and 

brain, the retinoic acid pool originates primarily from the circulation rather than from 

local synthesis [98]. RA concentrations in tissue are very low, on average 3-15 µg per 

kilogram [4]. As will be described in detail below, 9cRA levels are only detectable in 



Chapter 2  

 

33 
 

the pancreas where it stimulates RXRα–mediated transcription [99]. 9cRA may be 

further processed to 9-cis-13,14-dihydroretinoic acid (9cDHRA) that is readily 

detectable in mouse serum and tissue and also acts as a RXRα ligand [100]. 

Local levels of RA are the result of an interplay between RA synthesizing, RA binding 

and RA catabolizing enzymes. Cellular retinoic acid binding proteins (CRABP1 and 

CRABP2) bind to newly synthesize retinoic acid, increase RA metabolism and protect 

cells from excessive RA [77]. Overexpression of CRABP1 reduces the sensitivity of 

retinoic acid [101].   Retinoic acids are catabolized in a two-step process. In the first 

step, phase I enzymes of the CYP450 superfamily catabolize the different isomers of 

RA. Retinoic acid-inactivating cytochrome P450s CYP26A1 and 26B1 predominantly 

catabolize atRA and hardly cis-RA isomers (9cRA and 13cRA). CYP26A1 is the 

predominant form in liver and lung, while other human adult tissues contain more 

CYP26B1 [102,103]. AtRA induces expression of these CYPs, thereby controlling its 

own degradation [104–107]. A third CYP26C1 has also been identified  that can 

metabolize both atRA and 9cRA [108]. Additionally, numerous CYP enzymes have 

been identified that catabolize 9cRA. Of the CYPs that are dominantly expressed in 

the adult human liver, CYP2C8, -2C9 and -3A4 are the major ones involved in 9cRA 

catabolism. The efficiency of these CYPs to metabolize 9cRA is higher than that for 

atRA, which may explain why the concentrations of 9cRA in vivo are lower compared 

to atRA. In the second step, phase II enzymes facilitate the conjugation of phase I 

metabolites. All trans-RA and its phase I metabolites 4-oxo-RA, 5,6-epoxy-RA, and 4-

OH-RA were found to be glucuronidated by the human glucuronyl transferase 

UGT2B7 [77,109].  

2.5. Nuclear receptors activated by retinoic acids and/or bile acids 

Bile acids and retinoic acids are potent ligands for specific members of the nuclear 

receptor (NR) family of transcription factors. Bile acids, and in particular CDCA, 

activate the Farnesoid X Receptor (FXR). AtRA activates the Retinoic Acid Receptor 

(RAR), and 9cRA activates the Retinoid X Receptor (RXR) (Figure 1C). While atRA 

is readily detectable in rodent and human serum and various tissues and thereby 

physiologically relevant for controlling RAR-mediated transcription, 9cRA is not and 

its role as endogenous ligand remains therefore controversial [110]. However, the 

presence of 9cRA has been firmly established in the mouse pancreas where its 

concentration (~20 pmol/g tissue) surpluses that of atRA (~7 pmol/g tissue) and 
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regulates glucose-stimulated insulin secretion [99]. In the same study, 9cRA 

remained undetectable in mouse pancreas, liver and serum using a sensitive 

LC/MS/MS assay (levels below the detection limit of 0.05 pmol/g). Thus, 9cRA can 

act as an endogenous ligand for RXR at least locally. Moreover, 9cRA may be 

present in a specific subset of cells and is diluted out below detection limits when 

whole tissue is processed for analysis. It should also be emphasized that retinoic 

acids are highly susceptible to light-induced isomerization, temperature-induced 

degradation and non-specific oxidation, putting restrictions on sample processing 

preceding the quantification. More recently, however, an alternative endogenous 

RXR ligand has been identified in the form of the 9cRA metabolite 9-cis-13,14-

dihydroretinoic acid (9cDHRA) [100]. 9cDHRA binds and transactivates RXR, albeit 

at lower affinity as compared to 9cRA. 9cDHRA is readily detectable in serum (~120 

ng/ml = ~400 nM), liver (135 ng/g = ~450 pmol/g) and brain of wild type mice (~7 

ng/g = ~23 pmol/g), while levels of atRA in serum (0.3 ng/ml) were approximately 

400-fold lower and 9cRA remained undetectable. As far as we know, it has not been 

established yet whether 9cDHCA is also detectable in human serum and/or tissue, 

thus it remains to be established whether this 9cRA metabolite could also act as a 

genuine endogenous ligand for RXR in human. 

The NR superfamily contains 49 members that are divided into seven subfamilies 

(NR0 to NR6) based on sequence homology. The nomenclature of nuclear receptors 

has been standardized per subfamily [111] and an in depth overview of the seven 

subclasses and their members is given by Aranda et al. [112]. RXR-alpha (RXRα) 

takes a special place in the NR superfamily as it is an obligate partner of several 

NRs, including FXR and RAR (Figure 1D). Those transcription factors become active 

as a NR/RXRα heterodimer. NRs have a modular structure consisting of multiple 

functional domains. A typical nuclear receptor consists of a variable N-terminal region 

(region A/B), a conserved DNA-binding domain (DBD) (region C), a linker (region D), 

and a conserved E region that contains the ligand binding domain (LBD). Some 

receptors contain also a C-terminal region (F) with unknown function. Isotypes 

(alpha, beta, gamma) originate from homologous genes and isoforms (alpha 1, alpha 

2) of nuclear receptors are generated via alternative translation initiation sites and/or 

alternative mRNA splicing. The ligand-independent transcriptional activation domain 

(AF-1) is contained within the A/B region, and the ligand-dependent transactivation 

domain (AF-2) is located within the C-terminal portion of the LBD [112]. 
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Nuclear receptors regulate gene transcription by binding to specific DNA sequences, 

so-called hormone responsive elements (HREs), in the promoter region of specific 

genes. NR/RXRα heterodimers bind to a variety of tandem repeats of the hexamers 

AGGTCA or AGTTCA typically spaced by 1 or more base pairs [113,114]. The 

orientation of these hexamers, or so-called half-sites, may vary giving rise to a direct 

repeat (DR) (AGGTCAnAGGTCA), a palindromic everted repeat (ER) 

(TGACCTnAGGTCA) or a palindromic inverted repeat (IR) (AGGTCAnTGACCT). It 

should be noted that these HREs are consensus sequences and that the actual 

genomic HREs may slightly differ from the consensus. 

Gene regulation by NRs is, however, far more complex than just receptor binding to a 

responsive element in a promoter. Competition between agonists and antagonists, 

RXRα availability, heterodimerization efficiency, cofactor recruitment and NR protein 

modification, together determine the ultimate transcriptional efficiency [115]. 

The Retinoid X Receptor (RXR) was first described in 1990 [116] and later three 

isotypes (RXRα/NR2B1, RXRβ/NR2B2, RXRγ/NR2B3 and two isoforms for each 

isotype (RXRα1 and RXRα2; RXRβ1 and RXRβ2; RXRγ1 and RXRγ2) were 

identified [117]. RXRα is predominantly expressed in liver and to lesser extend in 

spleen, muscle, kidney, heart and adrenal gland. RXRγ is mainly found in kidney, 

heart, spleen, intestine and adrenal gland. RXRβ is expressed ubiquitously, but 

relatively low in intestine and liver [118]. 9cRA is a high-affinity ligand for RXRs, but 

so far it has only been detected in the mouse pancreas keeping the question alive 

whether other endogenous for RXRs exist [99,119]. 9cDHRA appears to be a good 

candidate as physiological RXR ligand, but also unsaturated fatty acids (PUFAs), 

including linoleic, oleic acid, linolenic, arachidonic acid, and docosahexaenoic acids, 

have also been shown to activate RXRα [119]. Moreover, atRA was originally 

reported to be a ligand for RXRα, although nowadays it is considered to be the 

natural ligand for RAR [116] (see below). Visa versa, 9cRA has also been reported to 

be a ligand for RAR [120]. Homodimeric RXRα interacts with DR-1 sequences [121] 

(Figure 1D). More importantly though, RXRα is the obligate heterodimer partner of 

most nuclear receptors belonging to the NR1 subfamily, including RARs and FXR. As 

such, RXRα is a key factor in a multitude of metabolic processes, including bile salt 

homeostasis. In NR/RXRα heterodimers, 2 different ligands play a role in modulating 

the transcriptional activity of the protein complex. The presence of an RXRα ligand 

may have different effects on the NR/RXRα activity depending on the specific NR 
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and/or target gene studied and have been subclassified as “permissive” and “non-

permissive” NR/RXRα complexes [112,122]. In permissive NR/RXRα heterodimers, 

RXRα is both a structural and functional component, meaning that RXRα ligands 

enhance signaling through such NR/RXRα heterodimers. Ligands of RXRα and its 

NR partner can independently and synergistically activate gene transcription. This 

has been described for PPARs [123,124], LXR [125] and also FXR [126]. In non-

permissive NR/RXRα heterodimers RXRα is merely a structural component of the 

heterodimer required for DNA-binding, but not necessarily acting as a receptor. 

Moreover, RXRα agonists may even repress expression of the target genes [122]. 

RXRα is non-permissive in heterodimers with RAR [127], TR [128] and VDR [129]. 

However, a given NR/RXRα combination is not strictly permissive or non-permissive, 

as this also depends on the specific target gene. The FXR/RXRα heterodimer was 

originally described as permissive, based on the regulation of IBABP and PLTP 

[126,130]. We and others have shown that RXRα acts as a non-permissive partner to 

FXR in the regulation of human and mouse BSEP (see below in “Vitamin A regulates 

bile acid homeostasis”). 

As for RXR, also three isotypes of the retinoic acid receptor exist, -alpha 

(RARα/NR1B1), -beta (RARβ/NR1B2) and -gamma (RARγ/NR1B3) [120]. Each 

isotype has several isoforms, of which the expression has been extensively studied in 

mouse embryonic development. RARα is ubiquitously expressed, while RARβ and 

RARγ show a more tissue- and cell type-specific distribution. RARβ is present in the 

liver capsule as well as in the epithelium and outer mesenchyme of the intestine. 

RARγ is largely absent from the gastrointestinal tract, with the exception of the 

squamous epithelium of the stomach [131]. 

RAR forms heterodimers with RXRα [132]. RAR/RXRα typically interacts with retinoic 

acid response elements (RAREs) consisting of a direct repeat of AGGTCA 

interspaced by 5 nucleotides (DR-5) [133] (Figure 1D). The main natural ligand of 

RAR is atRA. RARs also bind 9cRA, but with lower affinity than atRA [134,135].  

FXR (NR1H4) was originally identified in 1995 as a retinoid receptor-interacting 

protein (RIP14, [136]) and found to be activated by farnesol [137], retinoic acid and 

TTNPB (4-[E-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl] 

benzoic acid) [138]. FXR was named after its first identified ligand, although a direct 

interaction with any of the above compounds was never established. 
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A few years later, it was found that actually bile acids are potent physiological 

activators of FXR. The strongest activating bile acid is (unconjugated) CDCA [139–

141]. With the discovery of its endogenous ligands FXR was renamed bile acid 

receptor (BAR) [139], but the name FXR is still commonly used today. Other 

endogenous ligands of FXR include androsterone [142], PUFAs [143] and oxysterol 

22(R)-hydroxycholesterol [144]. Synthetic ligands include GW4064 [145] and 6-ethyl-

CDCA (6-ECDCA) [146]. Plant-derived guggulsterone can function as an FXR 

agonist [147], but also as an FXR antagonist [148]. 

FXR is profoundly expressed in tissues that are exposed to bile salts, such as liver 

and intestine, but also in kidney and adrenal glands [137,149]. Four isoforms of FXR 

have been identified in rodents and humans, designated FXRα1-4, all arising from 

one gene.  Due to differential translation initiation sites, FXRα3 and FXRα4 contain 

an N-terminal extension in comparison to FXRα1 and 2.  As a result of differential 

transcript splicing, FXRα1 and FXRα3 contain a four amino acid-insert in the hinge 

region that is not present in FXRα2 and FXRα4 [150]. The FXR isoforms are 

differentially expressed. In adult humans, FXRα1/2 mRNA is predominant in liver and 

adrenal gland. Expression of FXRα3/4 mRNA is most abundant in colon, duodenum, 

and kidney. FXRα3/4 mRNA levels are generally lower than that of FXRα1/2 [151]. 

For most transcriptional targets, FXR needs to form a heterodimer with RXRα to be 

transcriptionally active [138]. The typical FXR responsive element (FXRE) is an 

inverted repeat spaced by one base pair (IR-1), with the consensus sequence 

AGGTCAnTGACCT [137] (Figure 1D).  

FXR functions go far beyond regulating bile acid synthesis and transport alone, as it 

has also been shown to control expression of genes involved in glucose metabolism, 

triglyceride metabolism, inflammation, coagulation and the list is still growing [152], 

For this review we, however, restrict ourselves to its function in bile acid and vitamin 

A metabolism. Also, FXR is not the only NR that is activated by bile acids. The other 

two bile acid-sensing NRs are PXR and VDR. These are mainly involved in the 

adaptive response to prevent bile acid hepatotoxicity. In addition, CAR is also 

activated by increased levels of bile salts. Although CAR is not a bile acid sensor by 

itself, bile salts and bilirubin induces nuclear translocation of CAR, thereby enhancing 

transcription of CAR target genes. Like PXR and VDR, CAR is involved in the 

detoxification of bile salts. These receptors are extensively reviewed by Moore et al. 

2006 [150]. 
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2.6. Vitamin A regulates vitamin A homeostasis  

Transcription of hundreds of genes is controlled by vitamin A-metabolites, in 

particularly through retinoic acids [153]. This list is so long because those ligands act 

via RXRs and RARs, but also through the nuclear receptor partners of which RXRα is 

an obligate partner [122]. Also the expression of many genes involved in vitamin A 

uptake, transport, storage and metabolism are controlled by retinoic acids, though for 

many the physical binding of RXR and/or RAR in the promoter regions and/or 

identification of the specific RXR or RAR response elements has not been 

established yet. In Figure 3, we provide an as complete as possible overview of the 

current knowledge of the RXR- and/or RAR-mediated regulation of genes in vitamin 

A metabolism. More details and references are given in Supplementary Table S1. In 

general terms it can stated that retinoic acids induce the expression of genes 

involved in vitamin A uptake (like SR-BI), (cellular) transport (like CRBP1 and 2, 

CRABP1 and 2), metabolism (RALDH), storage (LRAT) and catabolism (CYP26A1 

and 26B1), the latter self-controlling retinoic acid breakdown. Effects of retinoic acids 

may also be tissue-specific, as they have been shown to induce expression of RBP4 

in human liver cells [154], but suppress RBP4 expression in mouse adipose tissue 

[155]. Similarly, the effect of retinoic acids on circulating levels of RBP4 may be 

context dependent as it has been reported that atRA enhances circulating RBP4 

levels in normal mice [155], while it reduces circulating RBP4 levels in diabetic mice 

[156]. Retinoic acids regulate LRAT expression, which involves RARα, RARβ, RARγ 

and RXRα even though no typical DNA binding elements for these transcription 

factors were found in the rat Lrat promotor region [157].  In vitamin A-deficient (VAD) 

mice, hepatic Lrat expression is strongly suppressed, but not in testis and the 

intestine. Hepatic Lrat expression was rapidly induced in VAD mice treated with 

retinoic acid, allowing the buildup of vitamin A stores [158]. Activation of hepatic 

stellate cells is associated with sharp reductions in RARβ and RXRα levels and 

thereby inhibits vitamin A storage via Lrat [159]. Uptake of retinol is facilitated by 

STRA6. The STRA6 gene encodes two distinct transcripts (STRA6L and STRA6S), 

both of which are induced by all-trans retinoic acid. Levels of both transcripts were 

decreased in the brain of VAD mice. In contrast, only STRA6S levels are reduced in 

VAD mouse kidneys, while STRA6L levels were highly increased by differential use 

of STRA6 promoter [160], also indicating tissue-specific differences in vitamin A-
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mediated gene expression as described for RPB4. Very little is known about the 

retinoic acid-mediated regulation of retinyl ester hydrolases (REHs). 

2.7. Bile acids regulate bile acid homeostasis 

Bile acid-activated FXR suppresses bile acid synthesis and cellular uptake of bile 

acids, while cellular excretion of bile acids is enhanced.  An overview of regulatory 

effects of (the ligands of) FXR in bile acid synthesis, transport and absorption are 

included in Figure 2. More details and references are given in Supplementary Table 

S2. Transcription of ABCB11 (encoding BSEP) and the genes encoding the 2 

proteins forming Ostα/β contain IR-1 consensus sequences that bind FXR/RXRα 

[161,162]. FXR-mediated induction of these efflux systems prevents potential toxic 

accumulation of bile acids in either hepatocytes or enterocytes. Also bile acid 

biosynthetic enzymes that are involved in uptake of unconjugated bile acids 

(OATP1B3; (216) (re-)conjugation of bile acids  (BACS and BAAT; [163], as well is 

intracellular transport of bile acids (IBABP) [130] are under positive transcriptional 

control of FXR. Suppression of bile acid synthesis and cellular uptake of conjugated 

bile acids is an indirect process where the FXR-induced expression of the small 

heterodimer partner (SHP/NR0B2) and fibroblast growth factor 19 (FGF19; the rodent 

orthologue is called Fgf15) play central roles [164]. 

The small heterodimer partner (SHP/NR0B2) is an atypical member of the NR-family 

lacking a DNA-binding domain. Also a natural ligand for SHP has not been identified. 

SHP is a general negative transcription factor of signaling pathways involving nuclear 

receptors. SHP represses gene transcription by directly interacting with other NRs, 

cofactors or chromatin-modifying enzymes [165]. Bile acid-activated FXR/RXRα 

enhances the expression of SHP [166], which in turn represses the expression of 

hepatic CYP7A1 [166], CYP8B1 [167], NTCP [168] and ileal ASBT [169], thereby 

reducing biosynthesis and cellular import of bile salts. 

An alternative way to suppress bile acid synthesis and cellular uptake is mediated by 

FGF19/Fgf15 [164]. Bile acids in the intestinal lumen activate ileal FXR/RXRα and 

increase expression of FGF19/Fgf15. Ileal FGF15/19 is released in the blood and 

signals to the liver via the hepatic fibroblast growth factor receptor 4 (FGFR4), which 

leads to phosphorylation of JNK. Activated JNK represses CYP7A1 expression [164]. 

Additionally, FGF19/FGF15 has also been shown to inhibit ASBT expression [170], 

expanding FXR-FGF19/FGF15 signaling to bile acid transport. Thus, the FXR-SHP 
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and the FXR-FGF19 signaling cascades are both involved in feedback mechanisms 

that control bile salt synthesis and transport. 

2.8. Vitamin A regulates bile acid homeostasis 

Vitamin A metabolites regulate expression of genes involved in bile acid homeostasis 

via at least 2 mechanisms; 1) direct control of expression by RXR and/or RAR and 2) 

modulating the transcriptional activity of FXR/RXRα in a target gene-specific manner 

(Figure 1C). An overview of regulatory effects of (the ligands of) RAR and RXR in 

bile acid synthesis, transport and absorption are schematically summarized in Figure 

2. More details and references are given in Supplementary Table S2. Functional 

RAR/RXRα binding sites that have been identified in the genes encoding the rate-

limiting step in bile salt synthesis CYP7A1 [171], as well as in hepatic (NTCP 

[168,172]) and ileal bile acid transporters (ASBT [169], OSTβ [173]) that suggest that 

vitamin A promotes the expression of bile acid synthesis and cellular export. 

However, both mechanisms that suppress bile acid synthesis, e.g. SHP and 

FGF19/Fgf15 are also induced by vitamin A. Direct exposure of human hepatocytes 

to atRA strongly suppressed CYP7A1 expression, which was accompanied by a 

strong increase in SHP and FGF19 (FGF19 may also be synthesized in the human 

liver, in contrast to mouse Fgf15 that is only produced in the intestine). AtRA was 

found to activate FXR/RXRα transcriptional activity via RXRα. FXR/RXRα-stimulated 

SHP and FGF19 subsequently suppress CYP7A1 expression. Still, also FXR/RXRα-

independent mechanism seem to be involved, as the atRA-mediated suppression of 

CYP7A1 persistent in the absence of these factors and a role for atRA-induced 

expression of PCG-1 was proposed [174]. In line with these observation, oral intake 

of retinyl-palmitate in mice strongly increased ileal Fgf15 (4-fold) and hepatic Shp 

expression (6-fold) and was accompanied by almost complete suppression of hepatic 

Cyp7A1 expression [175]. Selective ligands for RAR (TTNPB) or RXRα (LG268) 

revealed that both RAR and RXRα induce SHP [176], while expression of Fgf15 was 

only controlled by RXRα. The vitamin A-mediated induction of mouse Fgf15 was 

dependent on the presence of FXR, suggesting that it is mediated through the 

FXR/RXRα heterodimer independently of bile acids, a similar observation was made 

for human FXR/RXRα [174]. The vitamin-A mediated suppression of Cyp7A1 was so 

strong that it could completely reverse the derepression of Cyp7A1 in 

cholestyramine-treated mice, which suggest that vitamin A may be of therapeutic use 
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in diseases characterized by severe bile acid malabsorption. Recently, the vitamin A-

mediated regulation of human FGF19 was also established, however, mechanistically 

it appears different from mouse Fgf15 [177]. Within a few hours, 9cRA or atRA 

strongly induced human FGF19 expression in intestinal cell lines. This result was 

mostly reproduced by selective ligands for RAR (TTNPB), but not RXRα ligands 

(methoprene acid), and was independent of FXR. A DR-5 was identified in the 

second intron of FGF19 that binds RARγ [177]. Since it was reported earlier that 

RARy is almost absent in the gastrointestinal tract [131], a central role for RARy in 

controlling FGF19 expression and bile salt homeostasis requires further studies. 

Also, the stimulation of FGF19 may not be completely independent of FXR, as 9cRA 

also strongly induced FXR mRNA and protein levels and thereby indirectly promotes 

FGF19 expression through bile acid-stimulated activity of FXR. Several studies 

reported the transcriptional effects of supplementing mice with atRA and consistently 

report that this suppresses hepatic Cyp7A1 and SHP, as well as ileal Fgf15 

expression [178–180]. Additionally, suppressive effects on the expression of other 

genes involved in bile acid synthesis (Cyp8B1, Akr1d1, Baat) as well as transport 

(Ntcp/Slc10A1, Bsep/Abcb11) were found, but not studied in detail mechanistically. 

While ligands for RXRα may stimulate expression of FXR/RXRα target genes in the 

absence of bile acids, as described above for FGF19, and thus considered to be a 

permissive partner for FXR, it may also show the opposite effect and act as a non-

permissive partner for FXR. Bile acid-induced expression of human BSEP is strongly 

suppressed by 9cRA and synthetic ligands of RXRs [181,182]. Ligand-activation of 

RXRα prevents the binding of FXR/RXRα to the typical FXRE, IR-1 in the BSEP 

promotor region, as well as the recruitment of FXR/RXRα coactivators. Thus, RXRα-

agonists appear to dampen the response of FXR/RXRα to changing bile acid 

concentrations. In line, hepatic expression of Bsep/Abcb11 was enhanced in vitamin 

A-deficient mice exposed to cholic acid-feeding [182]. In contrast to bile acid/9cRA-

mediated expression of BSEP/ABCB11, human SHP/NR0B2 is maximally induced 

when both ligands are present [176]. Here, the interaction between 9cRA/RXRα and 

bile acid/FXR-mediated regulation becomes even more complex. Bile acid/FXR-

mediated activation of the SHP promoter appeared not to occur at the previously 

identified IR-1 [176], but at a DNA region that conforms to an LRH-1 binding site. 

Surprisingly, the 9cRA-mediated induction of SHP was dependent on the IR-1 and 

was independent of bile acids. It remains unclear whether FXR is part of the binding 
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complex or whether other RXRα-containing heterodimers or homodimers are 

involved in the vitamin A-induced expression of human SHP.  

Collectively, the regulatory effects of vitamin A on bile acid synthesis and transport 

can be interpreted as a control mechanism for dietary uptake of this vitamin: e.g. 

sufficient vitamin A metabolite in the gastrointestinal tract suppress bile salt 

synthesis, while vitamin A deficiency stimulates bile acid synthesis and export from 

the liver to maximize intestinal absorption of vitamin A.  

2.9. Bile acids regulate vitamin A homeostasis 

So far, little is known about the possible role of FXR/RXRα in the regulation of 

vitamin A metabolism. None of the factors involved in vitamin A uptake, transport, 

storage, redistribution, retinoic acid synthesis or degradation has been identified or 

studied as possible FXR target gene. Recently, however, “retinol metabolism” was 

identified as one of the most significantly changed pathways by RNA-Seq analysis of 

primary human hepatocytes exposed to the FXR ligand GW4064 [183]. Amongst 

others, GW4064-induced changes were observed for expression of RDH16, 

CYP1A1, ADH1B (retinol-to-retinaldehyde) and CYP26A1, CYP26B1 (atRA 

catabolism). FXR-mediated regulation of ADH1B by endogenous (CDCA) and 

synthetic (GW4064) FXR ligands in primary human hepatocytes and HepG2 cells 

had been shown before [184]. Especially the effect on CYP26A1 and 26B1 may have 

profound effects on RA-mediated signaling in the human liver. Moreover, the 

simultaneous effect on several enzymes that harbor retinol dehydrogenase activity, 

though not considered as rate-limiting factors individually, may contribute to an 

unbalanced RA production in hepatocytes.  

Apart from transcriptional effects, bile acids may also control vitamin A metabolism in 

a more direct way. The enzyme activity of several retinyl ester hydrolases (REHs) is 

activated by bile acids, which promotes the release of retinol from retinyl palmitate in 

the small intestine [24]. For instance, carboxyl ester lipase (CEL) is a key enzyme to 

facilitate retinol uptake and exhibits a broad substrate specificity, including retinyl 

esters, but also cholesterol esters and phospholipids [185–188]. CEL activity is most 

potently stimulated by 3 alpha, 7 alpha dihydroxylated bile salts [189]. However, CEL 

deficiency does not affect vitamin A uptake, metabolism and distribution in mice as 

other gut luminal retinyl ester hydrolases may compensate the loss of this enzyme 

[190]. Also PLB can hydrolyze retinyl palmitate and its activity is induced by 
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deoxycholate and taurocholate [191]. Bile acid-induced retinyl ester hydrolase activity 

is not restricted to the intestinal lumen, but also found in the liver and is important for 

hepatic uptake and mobilization of vitamin A [186]. Hepatic retinyl palmitate 

hydrolase activity is also stimulated by bile acids (sodium cholate) and appeared to 

be inhibited by α-tocopherol [186]. Still, there is a lot of redundancy in the total 

intestinal and hepatic retinyl ester hydrolase activity as also several bile salt-

independent REHs have been characterized [192].  

2.10. Vitamin A deficiency in liver disease, including role of cholestasis and 

fibrosis 

Liver diseases are often subdivided in acute and chronic forms. Acute liver diseases 

are characterized by a rapid loss of functional liver tissue, mainly hepatocytes, as a 

result of a toxic insult, such as acute viral hepatitis (A, B, E), toxins (mushroom 

Amanita phalloides) or an acetaminophen overdose. Acute treatment is required to 

prevent acute liver failure and the ultimate treatment option is liver transplantation to 

save the patient. Though the inflammatory conditions may affect the serum retinol 

levels in these patients, vitamin A deficiency per se is not associated with these 

diseases. A far larger group of liver disease patients that are at risk for developing 

vitamin A deficiency is suffering from chronic liver disease, where the liver is 

constantly exposed to cell damaging factors, like viruses (HCV), alcohol, lipid 

overload or auto-immune reactions. Examples of chronic liver diseases are primary 

biliary cholangitis (formerly called primary biliary cirrhosis; PBC), primary sclerosing 

cholangitis (PSC), biliary atresia, alcoholic liver disease (ALD), non-alcoholic 

steatohepatitis (NASH) and autoimmune hepatitis (AIH). These diseases are 

commonly associated with the development of fibrosis, the excessive deposition of 

scar tissue in the liver as a result of a continuous healing process in response to the 

chronic liver injury. Moreover, most chronic liver diseases are characterized by 

chronic or transient episodes of cholestasis, an impairment in bile flow. These 2 

processes, cholestasis and fibrosis, make these patients susceptible for developing 

fat-soluble vitamin deficiencies, in particular hypovitaminosis A. First, impaired bile 

flow from the liver limits the level of bile acids in the intestine and thereby hampers 

efficient absorption of vitamin A. Second, the vitamin A-storing hepatic stellate cells 

become activated in the injured liver and transdifferentiate from quiescent cells to 

highly proliferative myofibroblasts that produce excessive extracellular matrix 
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proteins, such as collagens and fibronectins, e.g. they are main contributors to the 

development of fibrosis in chronic liver diseases. Importantly, hepatic stellate cells 

lose their vitamin A-containing lipid droplets in the transdifferentiation process. The 

molecular mechanisms leading to the loss of retinoids in activating HSC are not 

exactly known. Expression of the main enzyme involved in retinyl ester biosynthesis, 

LRAT,  is rapidly lost in the transdifferentiation process [193]. Culture-activated rat 

HSC selectively loose retinyl esters (>80% during 7 days culture) from lipid droplets 

and are replaced by polyunsaturated triacylglycerides (PUFA-TAG) while levels of 

cholesterol esters remain the same during the first 7 days in culture [194]. Mouse 

HSC were shown to produce and secrete atRA in the first days of culture-activation, 

concomitant with a progressive decline in cellular retinol levels and a transient 

induction of RALDH2 at day 4 and 7 [195]. Quiescent mouse HSC express already 

high levels of RALDH1, which is hardly affected during the culture-activation process 

up to 21 days. Similarly, quiescent HSC contain high levels of CRBP1 and CRABP as 

well as RA-catabolic enzymes, like Cyp26B1 and Cyp2S1 [196–198]. Still, it is 

unclear whether the retinyl-ester stores during HSC transdifferentiation to 

myofibroblastst are quantitatively converted to retinol and retinoic acids followed by 

RA catabolism or that significant amounts of retinol are transported to the circulation. 

Taken together, chronic (cholestatic) liver diseases are characterized by impaired 

intestinal absorption and active loss of hepatic pools of vitamin A. Indeed, vitamin A 

deficiency is reported for all chronic liver diseases mentioned above. Vitamin A 

deficiency is defined as serum retinol levels below 0.7 g/ml (where levels >2 g/ml 

are normal for human). The prevalence of vitamin A deficiency varies between 

studies because of differences in disease etiology, group size, patient age and the 

definition of “deficiency”. Still, vitamin A deficiency is observed in 20-40% of PBC and 

PSC patients [199–202] and up to approximately 70% of biliary atresia patients [203]. 

The latter group suffers from chronic cholestasis and development of fibrosis directly 

after birth. Those patients did not get the opportunity to build up hepatic stores of 

vitamin A and are therefore extra vulnerable for developing vitamin A deficiency. Also 

diseases that are not typically associated with persistent cholestasis, e.g. ALD (20-

95%) [204,205], NASH (10-35%) [206–208], HCV (40-55%) [209,210], AIH (2-100%) 

[202,211,212], show a high prevalence (shown between brackets) of patients with 

vitamin A deficiency. Moreover, vitamin A deficiency is also associated with 

increasing Child-Pugh score which is an indicator of liver disease progression, 
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especially cirrhosis. In most diseases, vitamin A deficiency co-exists with deficiencies 

in other fat-soluble vitamins (D, E, K). Taken together, these studies suggest that 

vitamin A deficiency is the most frequent deficiency of all fat-soluble vitamins in 

chronic liver diseases. 

2.11. Bile acid therapy in liver disease 

The only current treatment for cholestatic liver disease is the supplementation of a 

relative hydrophilic bile acid, ursodeoxycholic acid (UDCA), originally isolated from 

bear bile. However, the therapeutic potential of several new bile acid-derivatives are 

under investigation in clinical trials. UDCA may slow down disease progression in 

PBC and PSC, but the long-term therapeutic benefits remain uncertain (see for 

recent review [213]). Many mechanistic actions have been assigned to UDCA, 

including protection against apoptosis, enhancement of the secretory capacity of 

hepatocytes and cholangiocytes, strengthening of the biliary HCO3
- umbrella and 

alleviation of endoplasmic reticulum stress. Also, the original proposal that this 

hydrophilic bile acid simply dilutes out toxic hydrophobic bile acids in cholestatic 

disease may still contribute to its therapeutic action. UDCA has no proven therapeutic 

effect in other chronic (cholestatic) liver diseases. 24-norursodeoxycholic acid 

(norUDCA) harbors a shorter side chain compared to UDCA and appears to be rather 

resistant to conjugation to glycine and taurine [214]. Unconjugated norUDCA 

undergoes “cholehepatic shunting”, e.g. after secretion by hepatocytes it is passively 

absorbed by cholangiocytes and directly shuttles back to hepatocytes. This leads to 

protective hypersecretion of HCO3
-. NorUDCA has been extensively tested in 

(animal) models resembling PSC and obstructive cholestasis and showed 

remarkable therapeutic effects [215]. No final results from clinical trials with norUDCA 

have been reported yet. Several FXR agonists are currently in clinical trials to test 

their therapeutic potential in PBC [216],  NAFLD/NASH [217] and bile acid diarrhea 

[218], including obeticholic acid (OCA, INT-747, 6-ethyl-chenodeoxycholic acid, 

OcalivaTM) and PX-102, a non-bile acid compound. In a 12-month phase III trial, daily 

treatment with OCA significantly decreased alkaline phosphatase and total bilirubin 

levels compared to placebo-treated patients [219]. No effects on (non-invasive 

measures of) liver fibrosis were observed. Moreover, pruritus was more common in 

OCA-treated patients, which also increased with the OCA dose. In a 72-week phase 

III trial, daily OCA treatment improved histological features of NASH  compared to 
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placebo-treated patients [217]. Also in this trial, pruritus was more frequent in the 

OCA-treated patients compared to placebo, indicating that this may be directly OCA-

related. Thus, though FXR-ligands show promising effects on liver damage markers 

and histology, their long-term benefit and safety need further study.  

2.12. Vitamin A therapy in liver disease 

Remarkably, monitoring vitamin A status is not generally implicated in the treatment 

of chronic cholestatic patients in contrast to the other fat-soluble vitamins, like vitamin 

D and K. Patients with PBC, PSC and BA are prone to develop vitamin A deficiency 

which can cause severe (secondary) complications. The controversy about vitamin A 

therapy in liver disease might be due to complicating factors in determining hepatic 

vitamin A status and its cellular toxicity at high concentrations. Plasma vitamin A 

(retinol) levels are not always a reliable indicator for hepatic vitamin A status, 

because plasma retinol levels are very stable despite fluctuating hepatic retinoid 

stores. Only complete exhaustion of hepatic retinol stores will finally lead to declining 

retinol levels in plasma. Moreover, inflammation affects hepatic RBP4 synthesis and 

the excretion of retinol:RBP4 complexes into plasma causing a drop in plasma retinol 

levels [220,221].  Plasma retinol concentrations and RBP4 are inversely correlated 

with acute phase response markers like C-Reactive protein [222].  

Guidelines for supplementation of fat-soluble vitamins to patients suffering from 

chronic liver diseases differ per country. Fat-soluble vitamin supplementation is 

recommended in patients suffering from cholestatic liver disease, especially in 

neonates and infants, as stores of fat-soluble vitamins are low at birth [223,224]. 

Vitamin A supplementation is recommended as a single 50.000 IU dose every 15 

days for adults and every month for children. However, no clear guidelines exist for 

vitamin A supplementation for patients with liver disease in the Netherlands. 

Administration of vitamin E, 100-200-400 IU/day, is recommended for all patients with 

cholestasis and neurological symptoms of unknown etiology. Vitamin K 

malabsorption is rapidly corrected by subcutaneous administering of vitamin K, 10 

mg/day for 3 days, followed by long-term oral supplements of vitamin K, 5-10 mg/day 

or 10 mg/month subcutaneously [225,226]. 

When fat-soluble vitamin supplements are given attention should be paid to the route 

of administration. Oral supplementation of fat-soluble vitamins to (obstructive) 

cholestatic patients may not be as efficient as subcutaneous supplementation, since 
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fat absorption is disturbed in these patients because of limited bile flow to the 

intestine. 

Given the multiple functions of vitamin A and it’s metabolites it may very well be that 

impaired metabolism and/or depletion of this vitamin may aggravate liver injury in 

patients with chronic liver disease, especially with respect to compromised immune 

responses. Vitamin A deficiency leads to impaired mucosal barrier function by 

reduced mucus production and regenerating capacity of the mucosal epithelial 

barriers. Moreover, it is associated with impaired phagocytic activity and respiratory 

burst of macrophages [227,228]. Natural killer cells were found to be reduced and 

less active upon inflammation in vitamin A deficient rats [229]. Interestingly, vitamin A 

deficiency may promote excessive inflammation by reducing IL10 synthesis and 

increase production of TNFα and IL12 [230,231]. Also, lymphocyte development is 

dependent on the activation of retinoic acid receptors [232]. Vitamin A maintains the 

humoral mediated Th2 response by suppressing IL12, TNFα and IFNγ production of 

Th1 lymphocytes. As a consequence, vitamin A deficiency leads to an exaggerated 

pro inflammatory Th1 response with reduced anti-inflammatory Th2 cytokine 

production (IL4, IL10, IL13), which stimulates B-cells. 

Recently, studies have been initiated to study the therapeutic effect of atRA in 

cholestatic liver  disease, as sole therapy or in combination with UDCA [233–235]. 

Rats underwent bile duct ligation to induce obstructive cholestasis and were treated 

daily with atRA (5 mg/kg) and/or UDCA (15 mg/kg) for 14 days by oral gavage. AtRA 

treatment alone reduced the bile acid pool size, necrotic liver damage and markers of 

inflammation and fibrosis. Overall it was superior to UDCA therapy. Remarkably, 

UDCA appeared to enhance the therapeutic effect of atRA [233]. Similar therapeutic 

effects of atRA, with or without the cotreatment with UDCA, were also observed in 2 

additional rodent models of chronic cholestasis,  a-naphthylisothiocyanate (ANIT)-

treated rats and the Mdr2/Abcb4 (-/-) mice [234]. These results formed the basis for a 

human pilot study where combination therapy of atRA and UDCA was given to 

patients with PSC [235]. Although this was a small study with 15 patients, preliminary 

results are promising as serum ALT levels and a serum marker of bile acid 

biosynthesis (7a-hydroxy-4-cholesten-3-one; C4) were significantly reduced by atRA 

when given as co-treatment with UDCA. Though not significant in this small cohort, 

also the primary endpoint, serum ALP levels, showed a trend towards decreased 

levels upon atRA treatment. Thus, this first human trial shows promising therapeutic 
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effects of atRA in PSC even without detailed knowledge about the serum or hepatic 

vitamin A status of these patients. 

2.13. CONCLUDING REMARKS 

Bile acid and vitamin A metabolism are heavily intertwined, extending far beyond the 

“simple” requirement of bile acids for the efficient absorption of (pro-)vitamin A in the 

intestine. Via nuclear receptors, vitamin A-metabolites directly regulate bile acid 

synthesis and transport, while bile acids control expression of genes involved in 

vitamin A metabolism. Bile acids in the intestinal lumen enhance the activity of retinyl 

ester hydrolases to supply the circulation and peripheral tissues with retinol. The liver 

is the central organ controlling bile acid metabolism as well as vitamin A metabolism. 

It stores vitamin A in hepatic stellate cells that may maintain stable blood retinol 

levels for months to years even when dietary intake is very low. Chronic liver 

diseases are associated with vitamin A deficiency. Given the important role of vitamin 

A metabolites in immunity and tissue differentiation/regeneration it is very likely that 

insufficient levels of vitamin A may aggravate liver damage in chronic liver diseases, 

an issue that needs further studies. Bile acids derivatives, being ligands for FXR or 

not, as well as retinoic acids show promising therapeutic effects in chronic 

(cholestatic) liver diseases, including PBC, PSC and NASH, which may ultimately 

lead to a most effective therapeutic outcome using both compounds. 
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Supplementary tables. 

Table 1S.RXR/RAR/FXR targets genes involve in Vitamin A uptake, transport 

and metabolism 

Function Gene NRs  Ligands (Ant)agoni-

st / 

(De)activat

or 

Expressio

n Up (↑), 

down (↓), 

no (→) 

Refere-

nce 

Vitamin A 

Storage  

LRAT 

 

RAR all-trans-RA, 

AM580, all-

trans-UAB8 

Agonist ↑ [236] 

 

RXR 9-cis-RA Agonist ↑ 

Vitamin A 

transport 

CRBP1 RARα Am580 Agonist ↑ [237] 

RAR all-trans-RA Agonist ↑ [238] 

RXR 9-cis-RA Agonist ↑ [239] 

RAR all-trans-RA Agonist ↑ 

RAR/RXR ACE 

inhibitors 

Activator ↑ 

RXRα/PPA

Rγ 

Retinaldehyd

e 

Antagonist - [240] 

CRBPII RAR/RXR Retinoic acid Agonist ↑ [241–

243] 

RAR all-trans-RA Agonist ↑ [244] 

RXR 9-cis-RA Agonist 

CRABP

1 

RAR/RXR Retinoic acid Agonist ↑ [245–

248] 

RAR/RXR Retinoic 

acid, retinol 

Agonist → [249] 

RAR/RXR Retinoic acid Agonist ↓ [250,25

1] 

RBP4 

 

RAR/RXR Retinoic acid Agonist ↑ [154] 

RXRα/PPA

Rγ 

Retinaldehyd

e 

Antagonist - [240] 

RAR all-trans-RA Agonist ↓ [155] 

RAR/RXR Retinaldehyd

e, 

Agonist ↓ 

RAR TTNPB Agonist ↓ 

RXR Methoprene  Agonist ↓ 
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RBPR2 RAR all-trans-RA Agonist ↓ [57] 

STRA6 RAR Retinoic acid Agonist ↑ [252] 

Vitamin A 

metabolis

-m 

 

RALDH

1/ 

ALDH1 

RXR/PPAR

γ 

All-trans RAL Antagonist ↑ [253,25

4] 

RALDH

3/ 

ALDH6 

RXR/PPAR

γ 

All-trans RAL Antagonist ↑ 

RALDH

2 

RAR/RXR Retinoic acid Agonist ↑ [255] 

ADH1A FXR/RXR CDCA Agonist ↑ [184] 

FXR/RXR GW4064 Agonist ↑ 

ADH1B FXR/RXR CDCA Agonist ↑ 

FXR/RXR GW4064 Agonist ↑ 

ADH1C 

/ADH3 

RARβ Retinoic acid Agonist ↑ [256–

258] 

FXR GW4064 Agonist ↑ [183] 

RDH12 FXR CDCA Agonist ↑ [259] 

RDH16 RAR all-trans-RA Agonist ↓ [260] 

RDH  RAR all-trans-RA  Agonist ↑ [261] 

RXR 9-cis-RA Agonist ↑ 

DHRS3 RXR Bexarotene Agonist ↑ [262] 

RAR all-trans-RA Agonist ↑ [263–

265] 

CYP1A

1 

RAR Retinoic acid Agonist ↓ [266,26

7] 

CYP1A

2 

RAR ALRT1550 Agonist ↓ [268] 

RXR LG100268,  

LGD 1069 

Agonist ↓ [268] 

CYP1B

1 

RXR TRG, 4-Me-

UAB30,UAB

30 

Agonist ↑ [269] 

CYP3A RAR ALRT1550 Agonist ↓ [268] 

RXR LG100268,  

LGD 1069 

Agonist ↑ [268] 

CYP4A RAR ALRT1550 Agonist ↑ [268] 

RXR LG100268,  Agonist ↑ [268] 
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LGD 1069 

CYP26

A1 

RARα Am580 Agonist ↑ [237] 

RAR All-trans RA Agonist ↑ [270] 

RAR All-trans RA Agonist ↑ [271] 

RAR All-trans RA Agonist ↑ [272] 

RXR+ 

RAR 

BMS649+ 

BMS753 

Agonist ↑ [105] 

Agonist ↑ 

CYP26

B1 

RAR All-trans RA Agonist ↑ [272] 

RARα AM580 Agonist ↑  

Others Syndec

an-1 

(SDC-1) 

FXR GW4064 Agonist ↑ [273] 

ISX RAR/RXR Retinoic acid Agonist ↑ [31] 

RAR TTNPB Agonist ↑ 

CD36 FXR CDCA Agonist ↓ [274] 

FXR GW4064 Agonist ↓ [274,27

5] 

RAR TTNPB, RA Agonist ↑ [276] 

RXR LG153, RA Agonist ↑ 

SR-B1 RXR 9-cis-RA Agonist ↑ [277] 

FXR GW4064, 

CDCA 

Agonist ↓ [278] 

ABCA1 FXR INT-747 Agonist ↑ [279] 

RAR All-trans RA  Agonist ↑ [280,28

1] 

RAR TTNPB Agonist ↑ [281,28

2] 

RARγ/RXR All-trans RA Agonist ↑ [282] 

RXR 9-cis-RA,  Agonist ↑ [280],  

RXR Bexarotein Agonist ↑ [283] 

NPC1L

1 

RXR Bexarotene Agonist ↓ [284] 
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Table 2S: RXR/RAR targets gene involve in bile acid synthesis and transport. 

Function Target genes RXR or 

RAR 

Expression Up 

(↑), down (↓), no 

(→) 

Reference 

Bile acid 

synthesis 

CYP7A1 RAR/RXR ↓ (via FXR/RXR-

SHP/FGF19) 

[174] 

FXR/RXR ↓ (via 

SHP/FGF19) 

[166,285,286] 

CYP27A1 RAR/RXR ↑ [287] 

FXR/RXR ↓ (via FGF19) [288] 

CYP8B1 RAR/RXR ↓ (via 

SHP/FGF19) 

[179,180] 

FXR/RXR ↓ (via 

SHP/FGF19) 

[286] 

BACS FXR/RXR ↑ [163] 

BAAT FXR/RXR ↑ [163] 

RAR/RXR ↓ (via SHP) [180] 

Bile acid 

transport 

BSEP FXR/RXR ↑ [161,289] 

RAR/RXR ↓ [290] 

mMdr2/hMDR3 FXR ↑ [291] 

NTCP RAR/RXR ↑ [168,172] 

OATP1B3/ 

OATP8 

FXR/RXR ↑ [292] 

RAR/RXR ↓ [290] 

MRP2 RAR/RXR ↑ [172,293] 

FXR/RXR ↑ [294] 

MDR1 RAR/RXR ↑ [290,295–297] 

MRP3 RAR/RXR ↓ [298] 

ASBT RAR/RXR ↓ [169,170] 

I-BABP FXR/RXR ↑ [130,141] 

OSTα/β RAR/RXR ↑ [173] 

FXR/RXR ↑ [162,299] 

Bile acid 

homeostasis 

regulators 

SHP FXR/RXR ↑ [164,168,174,300,301] 

RAR/ 

RXR 

↑ [179,180] 

FGF15/19 FXR/RXR ↑ [164,302] 

RAR/RXR ↑ [177] 
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