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Abstract

Retinoic acid (RA) and bile acids share common roles in regulating lipid homeostasis and insulin
sensitivity. In addition, the receptor for RA (retinoid x receptor) is a permissive partner of the
receptor for bile acids, farnesoid x receptor (FXR/NR1H4). Thus, RA can activate the FXR-
mediated pathway as well. The current study was designed to understand the effect of all-trans RA
on bile acid homeostasis. Mice were fed an all-trans RA-supplemented diet and the expression of
46 genes that participate in regulating bile acid homeostasis was studied. The data showed that all-
trans RA has a profound effect in regulating genes involved in synthesis and transport of bile
acids. All-trans RA treatment reduced the gene expression levels of Cyp7al, Cyp8bl, and Akr1d1,
which are involved in bile acid synthesis. All-trans RA also decreased the hepatic mRNA levels of
Lrh-1 (Nr5a2) and Hnf4a (Nr2al), which positively regulate the gene expression of Cyp7al and
Cyp8bl. Moreover, all-trans RA induced the gene expression levels of negative regulators of bile
acid synthesis including hepatic Fgfr4, Fxr, and Shp (NrOb2) as well as ileal Fgf15. All-trans RA
also decreased the expression of Abcb11 and Sc51b, which have a role in bile acid transport.
Consistently, all-trans RA reduced hepatic bile acid levels and the ratio of CA/CDCA, as
demonstrated by liquid chromatography-mass spectrometry. The data suggest that all-trans RA-
induced SHP may contribute to the inhibition of CYP7AL and CYP8BL1, which in turn reduces
bile acid synthesis and affects lipid absorption in the gastrointestinal tract.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

The role of retinoids in lipid metabolism is an emerging field in retinoid research due to
their ability to regulate lipid homeostatic processes including adipogenesis, lipolysis, and
fatty acid oxidation. Natural and synthetic retinoids are promising treatments for metabolic
syndrome, obesity, and diabetes mellitus [1-5]. It has been shown that all-trans retinoic acid
(all-trans RA), the active metabolite of vitamin A, can reduce body fat and improve insulin
sensitivity in both lean and obese rodents [6]. Similarly, there is an inverse relationship
between vitamin A intake and adiposity in healthy people [7]. Moreover, using genome-
wide approaches, we showed that all-trans RA reduces serum lipid in vivo [8].

While there are beneficial effects of retinoids, published data also demonstrated their
negative impact in human patients. For example, body weight gain and hyperlipidemia are
common side effects when all-trans RA is used to treat acute promyelocytic leukemia [9,
10]. Likewise, hypertriglyceridemia is common in patients who receive retinoid treatment
for dermatological disorders [11]. The controversial findings may be explained, in part, by
the models used. The conflicting effects of RA treatments may also be due to the fact that
retinoid x receptor (RXR), the RA receptor, is a permissive or active partner for the
receptors of fatty acids (peroxisome proliferator activated receptors), oxysterols (liver x
receptors), and bile acids (farnesoid x receptor) [12]. These receptors regulate lipid
homeostasis and often have opposing effects. For example, PPARa (NR1C1), which is
highly expressed in the liver, is responsible for lipid oxidation, while PPARy (NR1C3) is
involved in lipogenesis [13]. Thus, RA-mediated activation of one pathway can result in
deactivation of another in a tissue-specific manner. Taken together, the role of retinoids in
lipid homeostasis is complicated and warrants further investigation.

Bile acids are responsible for lipid absorption in the gastrointestinal tract. They are
synthesized in the liver by cholesterol catabolism via the classical (CYP7A1 and CYP8B1)
and the acidic pathways (CYP27A1 and CYP7B1) [14]. Upon ingestion of fat and protein,
intestinal cholecystokinin stimulates the release of bile containing digestive enzymes and
primary bile acids from the gallbladder [15]. In the liver, bile acids activate FXR, which
induces the expression of SHP to inhibit the activity of LRH-1 and HNF4a, which are the
positive regulators of Cyp7al [16, 17]. In the small intestine, bile acid-activated FXR can
induce the expression of fibroblast growth factor 15/19 (FGF15/19, rodents/humans), which
binds hepatic FGFR4 and activates ERK1/2 (MAPK1/3) and JNK1/2 (MAPKS8/9) to inhibit
hepatic bile acid synthesis [18-22]. Bile acids are actively reabsorbed from the ileum by
IBAT (SLC10A2) and circulate back to the liver through the hepatic portal vein [23]. This
highly efficient process ensures that the majority of bile acids are recycled [24]. SLC51A/B
(OSTa/pP) a heteromeric complex, functions as a major basolateral transporter of bile acids
[25], and is essential for intestinal bile acid transportation as well [26]. FXR not only
regulates bile acid homeostasis, it also has a role in controlling insulin resistance and
glucose homeostasis [27]. Since both RA and bile acids regulate lipid homeostasis and
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insulin sensitivity, the current study examines the pharmacological effect of all-trans RA on
bile acid homeostasis.

Using non-biased approaches, we have conducted microarray study, bile acid quantification,
and proteomic study to analyze the action of all-trans RA in bile acid homeostasis. Our data
show that all-trans RA has a significant effect in regulating bile acid homeostasis in vivo.
All-trans RA inhibits bile acid synthesis by down regulating the expression of key bile acid
synthesis enzymes, CYP7A1 and CYP8B1. All-trans RA also modulates the expression of
genes that have a role in the transportation of bile acids. All-trans RA treatment reduced the
CA/CDCA ratio and may have an impact on lipid absorption.

2. Materials and Methods

2.1 In vivo and in vitro Experiments

Wild type C57/BL mice were purchased from the Jackson Laboratory (Sacramento, CA,
USA) and Slac Laboratory Animal (Shanghai, China). Mice were treated with standard
rodent chow or supplemented with all-trans RA (Sigma, St. Louis, MO) (150 mg/kg diet) for
seven days. The concentration was chosen due to its anti-carcinogenic effect in a rat model
of liver carcinogenesis in the absence of severe toxicity [28]. At the end of the treatment,
mice were anesthetized with isoflurane and euthanized. Livers and ileums were frozen in
liquid nitrogen immediately after collection and stored in -80°C freezer for further assays.
The animal treatment experiment was repeated twice using sample size of 5 per control and
all-trans RA-treated group. Animal protocols and procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Kansas Medical
Center and the University of California, Davis as well as the Experimental Animal Ethics
Committee at the Shanghai University of Traditional Chinese Medicine.

Primary human hepatocytes, derived from two donors, were provided by XenoTech
(Lenexa, KS). Cells were treated with DMSO and all-trans RA (10 uM) for 12 hours in
triplicates followed by RNA extraction to study gene expression.

2.2 Quantification of bile acids

An ultra-performance liquid chromatography instrument coupled with a quatropole mass
spectrometry (UPLC-MS, Waters Co., MA, USA) was used to detect hepatic bile acids.
Livers were homogenized in acetonitrile (100 mg tissue/500 pl acetonitrile) followed by
centrifugation at 14,300 rpm for 10 min. The supernatant was dried under nitrogen steam,
then re-dissolved in methanol solution (methanol : water : formic acid = 50 : 50 : 0.01)
followed by centrifugation at 14,300 rpm for 10 min. The supernatants were injected into the
UPLC-MS instrument. Both the UPLC and MS parameters were described in our previous
publication [29]. Bile acids profiles in control and RA-treated mice were differentiated by
principle component analysis (PCA). Significance of differences between individual bile
acid levels in control and all-trans RA-treated mice were examined by Student's t-test.
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2.3 Global expression profile of genes that contribute to bile acid homeostasis in control
and all-trans RA-treated mice

The hepatic gene expressions in control and all-trans RA-treated mice (n = 3) were studied
by microarray as described in our previous publication [30]. Microarray data are available in
the public database (NIH GEO, GSE50028). Bile acid-related genes (n = 46) were selected
from the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway database.
Expression levels of these 46 genes were extracted from the microarray data. PCA was used
to describe the expression profile of these genes in control and all-trans RA-treated groups.
Student's t-test was used to differentiate expression profiles between groups based on PCA
scores.

2.4 Proteomics

Proteins were extracted from mouse livers by T-PER (Thermo Scientific, Rockford, IL,
USA). Protein concentrations were determined by protein assay kit (Thermo Scientific,
Rockford, IL, USA). Proteins (200 pg) were precipitated and washed with Protein
Precipitation Kit (Calbiochem, La Jolla, CA, USA). The protein pellets were reconstituted in
urea solution (6 M in 25 mM ammonium bicarbonate) and then mixed with reducing reagent
containing 30 mg/mL DTT in 25 mM ammonium bicarbonate. After 1 hour incubation at
room temperature, 20 pl iodoacetamide (200 mM in 25 mM ammonium bicarbonate) was
added for alkylation, which was quenched by dilution with 10 times the volume of
ammonium bicarbonate (25 mM). The diluted samples were mixed with 10 pl trypsin (0.7
mg/ml in 25 mM ammonium bicarbonate), then incubated overnight at 37°C for digestion.
The digested samples were cleaned with Aspire RP30 tips (Thermo Scientific, Rockford, IL,
USA) followed by injection into the nano liquid chromatography (nLC) coupled with MS
instrument (Q-Exactive, Thermo Fisher, San Jose, CA, USA). The nLC-MS parameters as
well as the data processing and annotation were performed based on previously published
methods [31]. PCA was used to describe the global expression profile of the mouse hepatic
proteome in control and all-trans RA-treated groups. A volcano plot was generated to
visualize both fold change and significance of the protein expression levels between control
and all-trans RA -treated mice.

2.5 Quantification of mMRNA

Total RNA was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA, USA)
followed by reverse transcription using the High Capacity cDNA Reverse Transcription Kits
(Applied Biosystems, Foster City, CA, USA). The mRNA levels were quantified by real-
time PCR on an ABI 7900HT Fast Real time PCR system (Applied Biosystems, CA, USA)
using Power SYBR Green PCR Master Mix (Applied Biosystems, CA, USA). Hepatic and
ileal MRNA levels were normalized to the mRNA level of glyceraldehyde-3-phosphate
dehydrogenase (Gapdh). Gapdh is considered a house keeping gene and frequently used as a
reference gene [32, 33]. In addition, it has been shown that Gapdh is one of the most stable
reference genes [34]. Primers were designed using the Primer3 Input Program and the
primer sequences are listed in supplemental Table S1 [35, 36].
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2.6 Western Blot

Hepatic proteins were extracted using a T-PER kit (Thermo Scientific, Rockford, IL, USA)
followed by quantification using a protein assay kit (Thermo Scientific, Rockford, IL, USA).
Proteins (50 pg) were electrophoresed on a 12% SDS-PAGE and transferred to a
polyvinylidene fluoride (PVDF) membrane (Bio-Rad, CA). Nonspecific bindings were
blocked by 5% non-fat milk in TBST (10 mM Tris pH 7.5, 100 mM NacCl, 0.1% Tween 20).
Antibodies specific for CYP7A1 (Millipore, Billerica, CA, USA), CYP8B1 (Santa Cruz
Inc., Santa Cruz, CA, USA), SHP (Santa Cruz Inc., Santa Cruz, CA, USA), and GAPDH
(Santa Cruz Inc., Santa Cruz, CA, USA) were used. Anti-mouse 1gG (Thermo Scientific,
Rockford, IL, USA) was used for detection of CYP7A1, CYP8B1, and SHP, while anti-
rabbit IgG (Santa Cruz Inc. Santa Cruz, USA) was used for detection of GAPDH. Signals
were imaged with Chemiluminescent Substrate Kit (Thermo Scientific, Rockford, IL, USA).
NIH image program (ImageJ 1.47, http://rsh.info.nih.gov/ij/) was used to scan the band
densities on western blot images. Scanned densities of target proteins were normalized to
GAPDH bands, and then used for Student's t-test.

2.7 Data analysis

3. Results
3.1 All-trans

Student's t-test was performed following corresponding F test in Microsoft Excel 2010. PCA
algorithm was performed in SPSS (version 20.0, IBM Co., CA, USA). A Volcano plot was
generated by plot minus log, p value (y-axis) against log, fold change (x-axis) between two
investigated groups. All graphs were generated with the SPSS software.

RA regulates the expression of genes that control bile acid homeostasis

Forty-six genes involved in bile acid biosynthesis, conjugation, transportation, and
regulation were identified based on the KEGG pathways. Hepatic mRNA levels of these
genes in control and all-trans RA-treated groups were quantified using microarray (n =3).
PCA was used to profile the change in their MRNA levels. The score plot shows that control
and all-trans RA-treated mice belonged to two distinct groups (Fig. 1). Student's t-test with p
value < 0.05 indicated that all-trans RA treatment differentiated the two groups. Figure 2
illustrates the expression levels of genes measured by real-time PCR. All-trans RA treatment
reduced the expression level of Cyp7al, Cyp8b1l, and Akrldl, which are involved in bile
acid biosynthesis or metabolism. All-trans RA also decreased the hepatic mMRNA levels of
Lrh-1and Hnf4a, which can positively regulate the expression of Cyp7al. Conversely, all-
trans RA induced the expression levels of negative regulators of bile acid synthesis
including Fgfr4, Shp, and Fxr All-trans RA also reduced the expression level of Abcb11
responsible for transporting bile acids from the liver to the small intestine. SLC51A/
SLC51B heteromers transport bile acid as well, but only hepatic Sc51b mRNA level was
reduced in all-trans RA-treated mice. In addition to regulating hepatic bile acid genes, all-
trans RA increased the expression level of ileal Fgfl15, another negative regulator of hepatic
Cyp7al (Fig. 2E). Given these results, all-trans RA could regulate bile acid metabolism in
mouse liver.
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The effect of all-trans RA in regulating bile acid homeostasis genes was also studied using
primary human hepatocytes. All-trans RA treatment induced the expression of Fgf19, Shp
and Fxr, but reduced the expression levels of Baat, Cyp7al, and Cyp8b1. These findings
were consistent with the data obtained from the in vivo mouse experiments.

RA decreased hepatic bile acid levels

Twelve bile acids were analyzed by UPLC-MS in control and all-trans RA-treated mouse
livers (n = 5). PCA score plot shows that control and all-trans RA-treated mice each belong
to a distinct group (p < 0.05) (Fig. 3A), indicating a role for all-trans RA in changing the bile
acids profiles in the livers. Individual bile acid levels are shown in Figure 3B. All-trans RA
significantly reduced most bile acid levels except for CDCA, TCDCA, and THDCA.
Because all-trans RA reduced hepatic CA level by 2-fold, the ratio of CA to CDCA was
reduced in all-trans RA-treated mouse livers.

RA affects the level of proteins that are involved in bile acid homeostasis

The effect of all-trans RA on the proteome was studied by nLC-MS (n=3 per group). The
analysis was done in triplicates per mouse liver. Thus, nine data points per group were
included for PCA analysis. The score plot shows that control and all-trans RA-treated mice
each belongs to a separate group (p < 0.05) (Fig. 4A). Thus, all-trans RA changed the
expression profile of the mouse hepatic proteome. Further analysis was conducted to
differentiate the protein levels by Student's t-test. The volcano plot shows that most detected
proteins are located on the negative side of the x-axis, indicating that all-trans RA reduced
the global protein expression (Fig. 4B). Thirteen bile acid-related proteins were detectable
by nLC-MS. With the exception of ACOX2, AMACR, and SLCO1B?2, all other detected
proteins related to bile acids showed significant down regulation. Consistent with our
hepatic mMRNA expression data, the protein levels of CYP8B1 and AKR1D1 were reduced
in all-trans RA -treated mice. In addition, the protein level of ABCBL11, a bile acid
transporter [23], and SLC27AD5, a very long-chain acyl-CoA synthetase [37], was also
reduced by all-trans RA treatment (Fig. 4). The protein levels of CYP7A1, CYP8B1, and
SHP were also analyzed by Western blot. All-trans RA reduced the protein levels of
CYP7A1 and CYP8BL, but increased SHP protein level (Fig. 5), which was consistent with
gene expression data shown in figure 2.

4. Discussion

The current paper studied the effect of all-trans RA on the expression of genes and encoded
proteins that control bile acid homeostasis as well as hepatic bile acid profiles in mice. The
data demonstrated a significant role of all-trans RA in regulating bile acid synthesis in the
mouse liver. All-trans RA inhibited the gene expression of Cyp7al, Cyp8b1l, and Akr1d1, all
of which control bile acid synthesis. In addition, all-trans RA also reduced the expression
levels of Hnf4a and Lrh-1, which are key positive regulators for Cyp7al and Cyp8bl
expression. Conversely, all-trans RA increased the gene expression levels of Fgfr4, Shp, and
Fxr, which negatively regulate Cyp7al and Cyp8bl expression [16, 21, 22]. Synthetic
compounds that are specific for RXR, such as LG268, have been used to study the effect of
RXR in lipid homeostasis [38, 39]. Hepatic genome-wide binding of RXR and RAR have
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also been performed. The data demonstrated the extensive role of retinoids and RXR in
regulating in lipid homeostasis [8, 39, 40]. LG268 also reduces bile acid pool size [38]. The
current study used all-trans RA, which is the most abundant biological active form of RA in
our body and is frequently used clinically to treat skin conditions and cancer. All-trans RA
preferentially activates RAR [41]. However, high concentrations of all-trans RA can convert
into 9-cis RA and activate RXR [42]. An FXR/RXR-independent mechanism for all-trans
RA to repress Cyp7al has been reported previously in cell culture [43]. Our published data
also showed that RARa binds to Cyp8b1, Abcc3, and Shp [30]. Thus, the observed
regulatory effect could be mediated via RAR. It is important to note that in the current study,
the mice were fed an all-trans RA-supplemented diet for 7 days, thus the observed
regulatory effects could be mediated via RXR and its dimeric partners or even their
downstream effects.

RA-induced down regulation of Cyp7al has been shown in vitro using human HepG2 and
primary human hepatocytes [43]. This finding has been confirmed in this in vivo study. The
current study also provides novel information that all-trans RA can inhibit multiple genes
involved in bile acid synthesis in vivo. In addition to bile acid biosynthesis, all-trans RA also
regulated genes that transport bile acids. All-trans RA decreased the gene expression levels
of Abcb11 and Sc51b, which have a role in exporting bile acids from the liver [44]. It is
likely that the transporters acted as bile acid sensors, which would have decreased along
with the reduction of the bile acid pool. Taken together, all-trans RA reduced the hepatic
bile acid levels by repressing bile acid biosynthesis.

The signaling pathway in the gut-liver axis regulates bile acid homeostasis. In the liver, the
FXR-induced SHP interacts with LRH-1/HNF4a and inhibits Cyp7al as well as Cyp8bl to
limit the synthesis of bile acids [16, 45-47]. In the ileum, FXR-induced FGF15, via
enterohepatic circulation, interacts with hepatic FGFR4 and activates ERK1/2 and JINK1/2.
Activated ERK1/2 and JNK1/2 in turn represses Cyp7al and Cyp8bl [18-22]. All-trans RA
significantly increased ileal Fgfl5 expression. Although Fgf19 was reported to be induced
by all-trans RA in HepG2 cells and human hepatocytes [43], this is the first report showing
the impact of all-trans RA on intestinal Fgfl5 gene expression levels in vivo. Consistent with
our findings, oral administration of vitamin A also induced intestinal Fgfl5 and inhibited

Cyp7al [48].

Our novel finding showed that in addition to CYP7AL, all-trans RA also reduced the gene
and protein expression of CYP8BL, which is crucial for CA synthesis [49]. Without
CYP8B1, CYP7A1 can only produce CDCA. Thus, alteration of CYP8B1 expression
changes the CA/CDCA ratio [50]. It is also known that insulin can inhibit CYP8B1 [51]. In
non-obese diabetic mice, CA/CDCA ratio is increased [52]. This increase in the CA/CDCA
ratio enhances cholesterol absorption, leading to significant hypercholesterolemia, which in
turn leads to the development of atheromatous lesions [53]. Specifically, CA promotes
cholesterol absorption, while CDCA does not [54]. Therefore, a reduced CA/CDCA ratio
may potentially lead to lower cholesterol absorption. Our novel data showed that all-trans
RA reduces CA/CDCA ratio, which may in part explain the effect of all-trans RA in
regulating cholesterol and triglyceride levels in vivo [30].
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Taken together, all-trans RA has a profound effect in regulating genes and proteins involved
in bile acid homeostasis in vivo. All-trans RA -regulated SHP pathway may play a role in
inhibition of bile acid synthesis. As bile acids are important lipid regulators participating in
lipid absorption and lipid metabolism, all-trans RA-mediated bile acids regulation could be
used to explain the effect of RA in lipid homeostasis.
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Figure 1. The effect of all-trans RA in regulating the expression of genes that control bile acid
homeostasis

Wild type mice were fed either an all-trans RA-supplemented (150 mg/kg body weight) or
standard chow diet for 7 days. The expression levels of forty-six hepatic genes regulating
bile acid homeostasis were studied by microarray (n = 3 per group). Score plot of principal
component analysis (PCA) shows differential gene expression patterns for control and all-
trans RA-treated mice in bile acid homeostasis.
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Figure 2. The effect of all-trans RA in regulating the expression of genes involved in bile acid
homeostasis

(A-D) Real-time PCR was used to quantify the expression level of selected genes involved
in bile acid homeostasis in control and all-trans RA-treated mice (n = 5). The experiment
was repeated twice using different livers and the data were consistent in both experiments.
(E) The effect of all-trans RA in regulating bile acid homeostasis genes was studied in
primary human hepatocytes. Data were normalized to the control values and are expressed
as mean +/- SD *, p< 0.05.
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Figure 3. The effect of all-trans RA on bile acids in mouse livers
Twelve hepatic bile acids were quantified by UPLC-MS in control and all-trans RA-treated

mouse livers (n = 5). (A) Score plot of PCA showing all-trans RA-mediated changes on bile
acid profiles. (B) Individual bile acid levels were reduced by all-trans RA treatment. The
CA/CDCA ratio also decreased significantly after all-trans RA treatment. *: p < 0.05 vs.

control.
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Figure 4. All-trans RA affected the expression levels of global proteins as well as proteins
associated with bile acids homeostasis in mouse livers

The effect of all-trans RA on the proteome was studied by nLC-MS (n = 3 mice per group).
(A) PCA score plot differentiates the global expression levels of all detected hepatic proteins
in control and all-trans RA-treated mice. (B) Volcano plot shows significant protein changes
regulated by all-trans RA treatment. The horizontal dash line divides significant (above the
line) from non-significant (below the line) protein level changes. The vertical dash line
separates up regulated proteins (right) from down regulated proteins (left).
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Figure 5. The effect of all-trans RA on hepatic protein levels
Hepatic protein levels of CYP7AL, CYP8BL1, and SHP were examined in control and all-

trans RA-treated mice (n = 4) by Western blot using specific antibodies. The experiment was
repeated twice using different livers and the data were consistent in both experiments.
Hepatic GAPDH level was used as loading control. CYP7AL and CYP8BL levels were
reduced, but SHP level was increased by all-trans RA treatment.
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