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Abstract

Cholesterol homeostasis is regulated by the liver X receptor (LXR) at the transcriptional level, but it remains unknown whether LXR can affect expression
levels of intrahepatic lipolysis related gene. Recent evidence has demonstrated that fibroblast growth factor 21 (FGF21) regulates hepatic lipolysis and fatty acid
utilization. In the present study, we examined the role of LXR in FGF21 gene expression associated with regulation of cross-talk signals between cholesterol and
triglyceride metabolism in the liver. An in vivo cholesterol feeding test revealed that intake of excess cholesterol increased cholesterol catabolism related gene
expression as well as fatty-acid biosynthesis related gene expression. Moreover, the accumulated cholesterol suppressed FGF21 and hormone-sensitive lipase
(HSL) gene expression. After 15-day cholesterol feeding, hepatic triglyceride concentrations were negatively correlated with expression levels of the FGF21 and
HSL genes in the liver. An LXR agonist (TO-901317) repressed the FGF21 gene expression in mouse primary hepatocytes and HepG2 cells. A promoter deletion
study and electrophoretic mobility shift assay revealed that the human FGF21 promoter has at least one LXR response element located from —37 to —22 bp. In
summary, LXR represses FGF21 gene expression at the transcription level and might suppress lipolysis and lipid utilization to protect the liver from excess

accumulation of toxic cholesterol.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Hepatic cholesterol metabolism is closely related to triglyceride
(TG) metabolism [1]. The daily cholesterol balance is regulated by
three major pathways involving biosynthesis, absorption from
intestine and elimination into bile [2]. Excess cholesterol feeding
reduces absorption from intestine and increases catabolism to bile
acids by increasing levels of cholesterol 7a-hydroxylase (CYP7a1),
the rate-limiting enzyme, in the liver [3]. In addition, TG synthesis
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from acetyl-CoA is up-regulated to reduce cholesterol biosynthesis
under these conditions and leads to TG accumulation in the liver [1,3].
Indeed, expression levels of lipogenic genes such as sterol regulatory
element binding protein 1 and stearoyl-CoA desaturase 1 (SCD1)
were increased in mouse fed a high-cholesterol diet [1,3].

Cholesterol homeostasis is controlled by these metabolic changes,
which are in turn regulated by the liver X receptors (LXRa and LXRp)
and farnesoid X receptor (FXR) at the transcriptional level [2]. Liver X
receptors were defined as sterol sensors, as they can be activated by
cholesterol-derived oxysterols [2]. Farnesoid X receptor was defined
as bile acid sensor and allowed an elegant model to explain the
mechanism of feedback regulation of CYP7a1l by bile acid [2,4]. The
LXRs and FXR form obligate heterodimers with retinoid X receptor
(RXR) and regulate gene transcription for binding specific DNA
element as described above [1-8].

Fibroblast growth factor 21 (FGF21) has recently emerged as a
metabolic hormone involved in the regulation of glucose and lipid
metabolism [9-12]. In particular, FGF21 regulates lipolytic genes and
stimulates fatty acid utilization for energy and ketone body
production in the liver [11]. Fibroblast growth factor 21 knockdown
mice show accelerated hepatic TG accumulation when fed a ketogenic
diet [9]. Moreover, FGF21 stimulates fatty acid oxidation and protects
from diet-induced obesity and metabolic disorders, such as fatty liver,
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in obese or diabetic animals given FGF21 [10,12]. These data indicate
that FGF21 regulates hepatic TG levels through intrahepatic lipolysis
and fatty acid utilization. However, it remains unknown whether
excess cholesterol feeding can affect intrahepatic TG lipolysis and
lipid utilization or not.

In the present study, we have investigated whether LXR and/or
FXR can transcriptionally regulate intrahepatic lipolysis and lipid
utilization related genes, especially FGF21. An in vivo cholesterol
feeding test revealed reduction of lipolysis and lipid utilization
related genes, including FGF21 and hormone-sensitive lipase (HSL),
in the mouse liver. The FGF21 gene expression was negatively
regulated by LXR in HepG2 cells and mouse primary hepatocytes.
Thus, this study will aid in understanding the cross-talk between
cholesterol and triglyceride metabolism, especially lipolysis and lipid
utilization in the liver.

2. Materials and methods
2.1. Animals

Male ddy mice from a local breeding colony (Japan SLC, Shizuoka, Japan) were used
in all experiments. Mice were housed in cages maintained at constant temperature (23°C
+2°C) and humidity (65%-75%) with a 12-h light (8:00-20:00), 12-h dark cycle. Prior to
the study, mice were allowed free access to tap water and chow, a standard laboratory
rodent diet (MF; Oriental Yeast, Osaka, Japan) consisting of 54.4% carbohydrate, 23.6%
protein and 5.3% fat (% total energy), with an energy density of 15.0 kJ/g.

Male 6-week-old ddy mice were divided into two dietary groups: The control group
was fed chow (MF) and tap water ad libitum for 5 (n=8) or 15 days (n=9); the
cholesterol group was fed MF supplemented with 2% cholesterol and tap water ad
libitum for 5 (n=8) or 15 days (n=9). All mice were killed at 8:00 for collection of blood,
liver and visceral adipose tissue. Prior to sacrifice, a blood sample from the tail vein was
used to determine plasma glucose concentrations. The University of Tokushima Animal
Use Committee approved the study, and mice were maintained according to the
National Institutes of Health guidelines for care and use of laboratory animals.

2.2. Plasma glucose, lipid and hepatic lipid concentrations

The plasma glucose concentration was measured by the glucose dehydrogenase
method using an Accu-Chek blood glucose meter (Roche Diagnostics). Plasma TG, total
cholesterol and nonesterified fatty acid (NFFA) concentrations were measured by using
Triglyceride-E, Cholesterol-E and NEFA-C tests (Wako Pure Chemical Industries),
respectively. Hepatic lipids were extracted and measured as previously described [13].

2.3. RNA preparation and quantitative reverse transcriptase polymerase chain reaction

Extraction of total RNA, cDNA synthesis and real-time polymerase chain reaction
(PCR) analysis were performed as described previously [13]. The relative abundance of
each target transcript (primers sequences in Table 1) was calculated by normalization
to the amount of amplified product from constitutively expressed B-actin mRNA.

2.4. Plasmids
Polymerase chain reaction was performed with an Expand High-Fidelity PCR

system (Roche) and primers (Invitrogen). Luciferase reporter vector constructs
containing —1672 to +230 bp of the human FGF21 promoter (pFGF21-1.6k) and a

series of 5’-deletion mutant vectors (pFGF21-1k, pFGF21-555, pFGF21-289, pFGF21-83
and pFGF21+11) were prepared from human genomic DNA and pGL4.12 vectors
(Promega). The expression plasmid vectors, pcDNA (Invitrogen)-mouse LXRa and
LXRp, were prepared by subcloning PCR products from mouse liver ¢cDNA into
pcDNA3.1. The mouse RXR expression vector (pSG5-mRXRa) was kindly provided by
Prof. P. Chambon.

2.5. Cell culture

Primary hepatocytes were isolated from normal male ddy mice (20-25 g) by using
the collagenase perfusion method as described previously [13]. Hepatocyte suspen-
sions were plated on 35-mm plastic dishes in a final volume of 2 ml of William's E
medium (Sigma) supplemented with 1 nmol of insulin (Sigma), 1 nmol of
dexamethasone (Sigma), 10% (v/v) fetal bovine serum (Invitrogen) and 1% (v/v)
penicillin/streptomycin (Sigma). After 6 h of attachment, the medium was removed,
and fresh serum-free medium was added. After 12 h in culture, the cells were
stimulated for the indicated time with medium containing TO-901317 (Sigma) or
GW4064 (Sigma).

Human hepatoma HepG2 and opossum kidney OK cells were cultured in
Dulbecco's modified Eagle's medium (Sigma) containing 10% (v/v) fetal bovine
serum (Invitrogen) and 1% (v/v) penicillin/streptomycin (Sigma).

2.6. Transfections and luciferase assays

Transfection studies were carried out in primary hepatocytes and OK (opossum
kidney) cells. The indicated amounts of each expression plasmid were transfected
simultaneously with a luciferase reporter plasmid (0.4-1.0 pg), pCMV-f>-galactosidase
(0.2-0.5 pg, CLONTECH), pcDNA-mLXRa/mLXRp (0.2 pg) and/or pSG5-mRXRax (0.2 pg)
with Lipofectamine 2000 (Invitrogen). The total amount of DNA in each transfection
was adjusted to 1.5 pg/well with pCMV. After 4 h of transfection, the cells were cultured
with medium containing TO-901317 for 20 h, and the amount of luciferase activity in
the transfectants was measured and normalized to the amount of 3-galactosidase
activity as measured by a standard kit (Promega).

2.7. Electrophoretic mobility shift assays

Electrophoretic mobility shift assays were performed as previously described [14].
In brief, mLXRa and mRXRa proteins were generated from the expression vectors by
using a coupled in vitro transcription/translation system (Promega). Human FGF21
promoter LXR element (LXRE) double-stranded oligonucleotides were generated,
annealed and labeled with [y->2P]-ATP. The labeled probes were incubated with
nuclear proteins and 2 pg of poly (dI-dC) in binding buffer. The DNA-protein
complexes were resolved on a 5% polyacrylamide gel electrophoresis gel at 150 V for 90
min. The gels were dried and analyzed with BAS3000 (Fuji Photo Film).

2.8. Statistical analyses

All values are expressed as meanS.E. The significance of differences between two
groups was assessed by using unpaired two-tailed t test. For comparison between
more than two groups, we employed analysis of variance (ANOVA) or the Kruskal-
Wallis test. When a significant difference was found by ANOVA or the Kruskal-Wallis
test, post hoc analyses were performed by using the Tukey-Kramer protected least
significant difference test. Concentration-dependent effects were found by using
regression analysis. Spearman's rank correlation coefficient was used to calculate

Table 2
Body weight, organ weight, liver and plasma parameters of mice fed the cholesterol
diet for 5 or 15 days

Table 1 Diet 5-day feeding 15-day feeding

Sequence of oligonucleotide primers for quantitative reverse transcriptase PCR analysis Control Cholesterol  Control Cholesterol

Gene name Accession no. Primer sequence (n=8) (n=8) (n=9) (n=9)

p-Actin (human) NM_001101 F: 5'-GGCACCACACCTTCTACAATGAGC-3’ Initial BW (g) 36.6+1.3 36.84+1.0 3734+1.0 36.840.8
R: 5'-AGCCTGGATAGCAACGTACATGGC-3’ Final BW (g) 37.6+£1.0° 38.8+08° 445+1.0° 458+08"

{3-Actin (mouse) NM_007393 F: 5'-CTGACCCTGAAGTACCCCATTGAACA-3’ Visceral fat (g/kg BW) 284420° 2824242 4394+42° 405+28°
R: 5'-CTGGGGTGTTGAAGGTCTCAAACATG-3' Liver parameters

FGF21 (human) NM_019113 F: 5'-GGGAGTCAAGACATCCAGGT-3’ Liver (g/kg BW) 51.6+1.1% 57.84+14° 496408 60.1+£09°
R: 5’-GGCTTCGGACTGGTAAACAT-3’ Total cholesterol (mmol/liver)  5.8+0.6°% 109415 49402° 13.6+0.7"

FGF21 (mouse) NM_020013 F: 5'-CTACCAAGCATACCCCATCC-3' Triglyceride (mmol/liver) 7.4+£14% 157427  934+11° 255416°¢
R: 5-GCCTACCACTGTTCCATCCT-3' Plasma parameters

CYP7al (mouse) NM_007824 F: 5'-GAGCCCTGAAGCAATGAAG-3’ Glucose (mmol/L) 10.04+0.7 9.1+0.5 10.5+0.5 10.4+0.4
R: 5'-GCTGTCCGGATATTCAAGGA-3' Total cholesterol (mmol/L) 294027 43402  3.8+03*° 42+03°

SCD1 (mouse) NM_009127 F: 5'-CCACATGCTCCAAGAGATCTCCAGTTC-3’ Triglyceride (mmol/L) 1.2+0.1 1.6+0.2 1.4+0.1 1.3+03
R: 5’-GTTCCTCCAGACGTACTCCAGCTTGG-3’ NEFA (mEq/L) 04240.02 0414+0.02 0.40+0.04 0.4340.03

HSL (mouse) NM_010719 F: 5™-ACAGAGGCAGAGGACCATIT-3 Data represent mean4+S.E. (n==8-9). Significant differences were observed in the
R: 5’-CTTGCGTCCACTTAGTTCCA-3’ o .

different letter groups, P<.05.
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Fig. 1. Gradual changes in genetic parameters caused by cholesterol feeding in mice.
Changes in expression levels of CYP7a1 (A), SCD1 (B), FGF21 (C) and HSL (D) after 5
and 15 days of cholesterol feeding. Data represent mean4S.E. (n=8-9). *P<.05. White
and black bars indicate control and cholesterol diet groups, respectively.
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correlation coefficients between selected variables. Differences were considered
significant at P<.05. Statistical analyses were performed by using StatView (SAS) and
Excel-Toukei 2006 (SSRI).

3. Results
3.1. Cholesterol feeding suppresses FGF21 gene expression in mice

We investigated whether cholesterol feeding affects FGF21 gene
expression in mice because oxysterols, which are metabolites of
cholesterol, are important intrinsic ligands of LXR [2]. Although there
was no significant difference in the body weight (BW) and relative
visceral fat weight between control and cholesterol groups, mice fed
cholesterol diet showed hepatomegaly and excess accumulation of
cholesterol in the liver in both 5 and 15 days of feeding (Table 2).
Plasma total cholesterol concentration was higher in cholesterol-fed
mice than that of control mice only in 5-day feeding (Table 2). Other
plasma parameters (such as glucose, TG and NEFA levels) did not vary
between groups significantly (Table 2). Consistent with the hepatic
cholesterol concentration, expression of the CYP7al and SCD1 genes
was increased by both 5 and 15 days of cholesterol feeding (Fig. 1A,
B). In contrast, prolonged (15 days) feeding of the cholesterol diet was
needed to strongly affect triglyceride accumulation and expression
levels of the FGF21 and HSL genes in the liver (Fig. 1C, D). Moreover,
after 15 days, but not 5 days, of cholesterol feeding, there was a
significant and negative correlation between TG or total cholesterol
concentration and FGF21 or HSL gene expression in the liver (Fig. 2A-
D) in fed mice.
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Fig. 2. Hepatic TG and total cholesterol concentration are correlated with hepatic FGF21 and HSL gene expression in mice fed the cholesterol diet for 15 days. Relationship between
hepatic FGF21 and HSL gene expression and hepatic TG concentration (A, C) and total cholesterol concentration (T-cho; B, D) in mice fed the cholesterol diet for 15 days. By Spearman's
rank correlation, hepatic FGF21 and HSL gene expression correlated significantly with hepatic TG concentration (FGF21: r=0.68, P=.002; HSL: r=0.64, P=.004) and with hepatic T-
cho concentration (FGF21: r=0.61, P=.008; HSL: r=0.84, P<.001). White and black circles indicate the control and cholesterol diet groups, respectively.
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Fig. 3. Liver X receptor activation suppresses FGF21 gene expression in mouse primary hepatocytes and HepG2 cells. Changes in CYP7a1 (A) and FGF21 (B) gene expression stimulated
by 1 uM TO-901317 or GW4064 for 6 h in mouse primary hepatocytes. (C) Changes in FGF21 gene expression stimulated by the indicated dose of TO-901317 for 6 h (left panel) or 1 pM
TO-901317 for the indicated time (right panel) in mouse primary hepatocytes. (D) Changes in FGF21 gene expression stimulated by the indicated dose of TO-901317 for 6 h in HepG2
cells. Data represent mean+S.E. (n=3). 7Concentration-dependent effects were observed by regression analysis, P<.05. *P<.05 as compared to DMSO treatment.

3.2. LXR activation leads to suppression of FGF21 gene expression

Next, we investigated how a cholesterol diet feeding suppresses
hepatic FGF21 gene expression in vitro. Cholesterol metabolism is
tightly regulated by LXR and FXR; we therefore tested the effects of
LXR and FXR agonists (TO-901317 and GW4064, respectively) on
FGF21 gene expression in mouse primary hepatocytes. We used
CYP7al as a control gene for our experiments because it is well known
to be up-regulated by LXR and down regulated by FXR (Fig. 3A). TO-
901317 but not GW4064 treatment suppressed FGF21 gene expres-
sion in mouse primary hepatocytes (Fig. 3B). This suppressive effect
was seen in a dose- and time-dependent manner, and was also
observed in human hepatoma HepG2 cells (Fig. 3C-D).

3.3. LXR activation leads to suppression of human FGF21
promoter activity

To further investigate the mechanisms of repression of FGF21
mRNA expression via LXR, we constructed luciferase reporter vectors
containing a series of 5’-deletions of the human FGF21 promoter. TO-
901317 treatment reduced pFGF21-1.6k promoter activity in mouse
primary hepatocytes, as well as gene expression (Fig. 4A). We next
investigated the effects of exogenous overexpression of LXRot/LXRPR
and RXRa in OK cells. Exogenous expression of mRXRa increased the
FGF21 promoter activity, and this induction was suppressed by co-
expression of mLXRo/mLXRP in OK cells (Fig. 4B). TO-901317
treatment dose-dependently reduced the FGF21 promoter activity
in OK cells co-expressing mLXRoa/mLXRp and mRXRo (Fig. 4C).

We then tested which region of the promoter is important for LXR-
dependent suppression of the human FGF21 gene. Liver X receptor
activation induced approximately 40% suppression in the deletion
mutant vectors pFGF21-1.6k, pFGF21-1k, pFGF21-555, pFGF21-289
and pFGF21-83, but the pFGF21+411 mutant vector showed no
response to LXR agonist stimulation (Fig. 5A). These data indicate that
the human FGF21 promoter contains at least one LXR responsive
element located in the region —83 to +11 bp.

3.4. The LXRo/RXRox heterodimer binds human FGF21 promoter regions

Next, we investigated whether the LXRa/RXRa heterodimer binds
within the —83 to 411 bp region of the human FGF21 promoter by
electrophoretic mobility shift assay. We found that the human FGF21
promoter contains a putative LXRE, composed of a direct repeat motif
separated by 4-bp spaces (DR4), located in the —37 to —22 bp region
(Fig. 5B). mLXRa or mRXRa alone did not bind to the —37 to —22 bp
region of the human FGF21 promoter, whereas the mLXRo/mRXRa
heterodimer did bind to this region (Fig. 5C). This binding was
stimulated by TO-901317 pretreatment and competitively inhibited
by an excess amount of a cold CYP7a1 LXRE probe.

4. Discussion

In the present study, we have focused on the regulatory
mechanisms of the FGF21 gene to examine cross-talk between
cholesterol and triglyceride metabolism in the liver. An in vivo
cholesterol feeding test revealed that excess cholesterol intake
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human FGF21 promoter reporter vectors containing —1672 to +230 bp (pFGF21-1.6k)
stimulated by 1 uM TO-901317 for 6 h in mouse primary hepatocytes. (B) Changes in
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1078 M T0-901317 for 20 h in opossum kidney cells. Data represent mean=S.E. (n=3).
*P<.05. TConcentration-dependent effects were observed by regression analysis, P<.05.

primarily increased expression levels of the conversion of cholesterol
to bile acids and fatty acid synthesis related gene, and secondarily
reduced FGF21 and HSL gene expression to reduce lipolysis in the
liver. Human and mouse FGF21 gene expression was negatively
regulated by LXR. A deletion study and electrophoretic mobility shift
assay revealed that the human FGF21 promoter has at least one LXRE
in the region from —37 to —22 bp.

Liver X receptor acts as a cholesterol sensor that controls cellular
cholesterol homeostasis through the transcriptional regulation of
several genes [3]. We found that some LXR target genes were rapidly
regulated (within 5 days of starting cholesterol feeding) and other
genes were slowly regulated (within 15 days of cholesterol feeding).
Expression levels of CYP7al and SCD1 were negatively correlated
with expression levels of FGF21 and HSL in mouse fed the high-
cholesterol diet for 15 days, but not for 5 days (data not shown). It is
not clear why and how this difference was caused, but it might reflect
the cellular response to adapt to excess accumulation of cholesterol in
the liver. In particular, hepatic lipolytic genes, including FGF21 and
HSL, were suppressed for keeping pace with TG accumulation in the
liver. The expression levels of lipolytic genes were significantly and
negatively correlated with hepatic TG concentration. Inagaki et al.
have reported that FGF21 regulates lipolytic genes and that FGF21
stimulates fatty acid utilization for energy and ketone body
production [11]. In contrast, FGF21 knockdown mice show acceler-
ated hepatic TG accumulation when fed a high-fat diet [9]. We have

also reported that hepatic TG concentrations were negatively
correlated with hepatic FGF21 gene expression levels in obese rats
fed caloric-restricted diet [13]. These data indicate that FGF21
regulates hepatic TG levels partly through intrahepatic lipid utiliza-
tion. Suppression of FGF21 gene expression by excess cholesterol
accumulation may reduce the supply of substrate for cholesterol
biosynthesis. This suppression prevents a futile cycle between TG and
fatty acids.

It has been reported that unliganded LXR can exert promoter-
specific transcriptional repression, but in that case, additive suppres-
sive effects were not observed after stimulation with LXR ligand [15].
In addition, the peroxisome proliferator-activated receptor o
(PPARa) can bind the DR4 and compete against LXR-mediated
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Fig. 5. The human FGF21 promoter has a putative LXR responsive element. (A)
Schematic representation of the human FGF21 promoter luciferase deletion constructs
and the effect of these deletions on relative luciferase activity with or without 1 uM TO-
901317 stimulation in mLXRa and mRXRa co-expressed OK cells. (B) Putative LXRE in
the human FGF21 promoter. (C) An electrophoretic mobility shift assay was performed
with or without mLXRo, mRXRa and 1 pM TO-901317 using the putative LXRE (—37 to
21 bp) in the human FGF21 promoter and a competitor (CYP7al; —70 to —55 bp). Data
represent mean4S.E. (n=3). *P<.05 as compared to DMSO.
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regulation of transcriptional activity [16]. In the present study, we
showed that LXR-mediated repression of FGF21 gene transcription
and LXRa/RXRa binding to the human FGF21 promoter was
increased by LXR ligand stimulation. Although the human FGF21
promoter contains a putative PPAR response element in the —696 to
—685 region [17], no significant change was observed in LXR-
mediated suppression of FGF21 promoter activity in a series of
deletion mutants, including pFGF21-555, pFGF21-289 and pFGF21-83
mutant vectors. Moreover, PPARa agonist did not affect the promoter
activity of the deletion mutants pFGF21-555 and pFGF21-289 (data
not shown). These data suggest that LXR agonist-specific repressive
effects are mediated via direct binding of liganded LXR to the human
FGF21 promoter.

Recently, Yasutake et al. reported that dietary cholesterol is one of
the important nutritional factors that affect nonalcoholic fatty liver
disease (NAFLD) in nonobese patients [18]. As shown in this study,
other researchers also showed that mice fed a cholesterol diet
demonstrated fatty liver disease independent of BW [3]. In this
condition, hepatic FGF21 and HSL gene expression was reduced in
mice. We also showed that each mouse and human FGF21 gene
expression was similarly suppressed by LXR stimulation. Thus, FGF21
may well be a useful target for drug development in the treatment of
nonobese NAFLD patient as well as obese NAFLD patients. In fact,
FGF21 already exert its anti-fatty liver effects in several mice models
of NAFLD and metabolic syndrome [10,12].

In conclusion, we have shown that the human and mouse FGF21
gene is regulated by LXR in the liver, HepG2 cells and mouse primary
hepatocytes. This regulation would protect hepatocytes from toxic
cholesterol and/or its metabolites by reducing the supply of substrate
from TG degradation to cholesterol biosynthesis. In other words, TG
lipolysis in the liver may closely interact with cholesterol metabolism,
and FGF21 may be a useful approach to treat fatty liver induced by
excess cholesterol feeding.
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