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a b s t r a c t

Glucose metabolism is balanced by glycolysis and gluconeogenesis with precise control in the liver. The
expression of genes related to glucose metabolism is regulated primarily by glucose and insulin at
transcriptional level. Nuclear receptors play important roles in regulating the gene expression of glucose
metabolism at transcriptional level. Some of these nuclear receptors form heterodimers with RXRs to
bind to their specific regulatory elements on the target promoters. To date, three isotypes of RXRs have
been identified; RXRa, RXRb and RXRg. However, their involvement in the interactions with other nu-
clear receptors in the liver remains unclear. In this study, we found RXRg is rapidly induced after feeding
in the mouse liver, indicating a potential role of RXRg in controlling glucose or lipid metabolism in the
fastingefeeding cycle. In addition, RXRg expression was upregulated by glucose in primary hepatocytes.
This implies that glucose metabolism governed by RXRg in conjunction with other nuclear receptors. The
luciferase reporter assay showed that RXRg as well as RXRa increased SREBP-1c promoter activity in
hepatocytes. These results suggest that RXRg may play an important role in tight control of glucose
metabolism in the fastingefeeding cycle.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Glucose and lipid homeostasis of the liver is tightly controlled in
response to the variable supply of energy. Excess carbohydrate is
converted into fat through glycolysis and lipogenesis during the fed
state [1,2], while gluconeogenesis is active in fasted state [3,4]. A
number of signaling molecules and transcription factors tightly
regulate these metabolic pathways in the liver.
g, peroxisome proliferator-
r; FXR, farnesoid X receptor;
lement-binding protein -1c;
gamma coactivator-1-alpha;
e kinase; G6Pase, glucose-6-
kinase; GAPDH, glyceralde-
rate responsive binding pro-
nscription-polymerase chain
; WAT, white adipose tissue;
Liver X receptors (LXRs) are ligand-activated transcription fac-
tors belonging to a nuclear receptor superfamily [5]. LXRs control
lipogenesis by activating the transcription of sterol regulatory
element-binding protein -1c (SREBP-1c) [6,7], one of the master
regulator of lipogenesis, as well as by directly stimulating the
transcription of lipogenic enzymes such as acetyl-CoA carboxylase
(ACC), fatty acid synthase (FAS) and stearoyl CoA desaturase-1
(SCD-1) [8,9]. LXRs form heterodimers with RXRs and bind to LXR
response elements (LXREs) on the promoter of target genes,
thereby regulating their expression.

RXRs have three isotypes that differ in tissue distribution; RXR
alpha, RXR beta and RXR gamma [10]. RXRa is expressed pre-
dominantly in the liver, kidney, epidermis, intestine, and skin,
while RXRb is ubiquitously distributed [11,12]. RXRg is found
mainly in the muscle and brain [13e15]. In addition to its role as a
heterodimeric partner of LXRs, RXRs form heterodimers with
various nuclear receptors, such as peroxisome proliferator-
activated receptors (PPARs), retinoic acid receptors (RARs) and
farnesoid X receptor (FXR) [16,17]. These nuclear receptors are
participated in glucose and lipid metabolism and some of these
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receptors have been shown to be controlled by the nutritional
status [10]. However, the current understanding of the regulation
and function of RXRs in the interactionwith other nuclear receptors
in the liver is limited.

These findings indicate a need to examine whether RXRs can be
governed nutritionally. To address this possibility, this study in-
vestigates expression levels of RXRs in the mouse liver under fasted
or refed condition and the potential role of RXRg in regulating the
SREBP-1c expression. The results demonstrated that refeeding and
glucose stimulated RXRg gene expression in the liver. In addition,
the RXRg/LXRa complex stimulated SREBP-1c promoter activity by
binding to LXRE. Taken together, these results suggest that RXRg is
a crucial mediator of glucose, acting as a controller of the lipogenic
pathway.

2. Materials and methods

2.1. Materials

Insulin, dexamethasone, 9-cis-retinoic acid (9-cis-RA) and
T0901317 was obtained from Sigma. The anti-RXRa antibody and
the anti-RXRg were obtained from Santa Cruz Biotechnology.
Expression vectors for human LXRa (pCMV-hLXRa), mouse RXRa
(pCMV-mRXRa), mouse RXRg (pCMV-mRXRg) and mouse PPARg
(pCMV-mPPARg) were gifts from Dr. David J. Mangelsdorf [13].
pSREBP1c-luc was a gift from Dr. Jae Bum Kim [18]. Plasmids con-
taining the coding sequences for mouse RXRg1 and RXRg2 were
constructed in the vector pcDNA 3.0 (Invitrogen).

2.2. Animals

Five-week-old male C57BL/6 or ICR mice were purchased from
Orient bio and adapted to the environment for 1-week prior to
experiment. Mice were raised on open formula and water ad libi-
tum, with a 12 h lightedark cycle. Fasting group of mice was fasted
for 48 h and refeeding group was fasted for 48 h and then refed for
3, 6 or 12 h. All the animal experiments were approved by the
Institutional Animal Care and Use Committee of Yonsei University
College of Medicine.

2.3. Isolation of mouse primary hepatocytes and cell culture

Primary hepatocytes were isolated from 8 week old male mice as
described previously with modification [19] and cultured in Dul-
becco's modified Eagle's medium (Invitrogen) supplemented with
10% fetal bovine serum (FBS) (Invitrogen), 100 nM insulin, 10 nM
dexamethasone,100 units/mL penicillin and 100 mg/mL streptomycin
(Invitrogen) prior to transfer to 60-mm dishes about 60% confluence
for 6 h for attachment. Alexander cells and 293Tcellswere cultured in
DMEM supplemented with 10% FBS, 100 units/mL penicillin and
100 mg/mL streptomycin and maintained at 37 �C in 5% CO2.

2.4. RNA extraction and RT-PCR analysis

Total RNA was isolated from mouse tissues or primary hepato-
cytes using TRIzol reagent (Invitrogen) according to the manufac-
turer's instructions. For each sample, total RNA (3 ug) was reverse
transcribed by Superscript II reverse transcriptase (Invitrogen) with
random hexamer according to manufacturer's protocol. PCR was
performed tomeasuremRNA expression levels of RXRa, RXRb, RXRg,
RXRg1, RXRg2, PPARg, LXRa, SREBP-1c, PGC-1a, LGK, L-PK, G6Pase,
PEPCK, and GAPDH. Each PCR was performed from diluted cDNA
template (1:25). Forward and reverse primers usedwere as followed;

RXRa forward, 50-CATTGGGCTTCGGGACTGGT-30, RXRa reverse,
50-CCTCGTTCTCATTCCGGTCC-30, RXRb forward, 50-ATTCTCCGG-
GCCTGTCAGCA-30, RXRb reverse, 5’-ctccatccccgtctttgtcc-30, RXRg
forward, 50-CAGGTCTGCCTGGGAT TGGA-30, RXRg reverse, 50-
CCTCACTCTCTGCTCGCTCT-30, RXRg1forward, 50- GAGTCAT-
CACTTCTGCCATG-30, RXRg2 forward, 50-CAACCTTCACAGCTGTA-
CAC-30, PPARg forward, 5-TCCGTGATGGAAGACCACTG-30, PPARg
reverse, 50-CCCTTGCATCCTTCACAAGC-30, LXRa forward, 50-
GAGAAGCTGGTGGCTGCCCA-30, LXRa reverse, 50-AGCTGTAG
GAAGCCAGGGAG-30, SREBP-1c forward, 50-GGAGCCATGGATTGCA-
CATT-30, SREBP-1c reverse, 50-CTGAGTGTTTCCTGGAAGG-30, PGC-1a
forward, 50-CTCAGAACCATGCAGCAAAC-30, PGC-1a reverse, 50-
CAGAGGAAGAGATAAAGTTG-30, LGK forward, 50-GGAGGCCAGTG-
TAAAGATGT-30, LGK reverse, 50-CTCTTGATAGCATC TCGGAG-30, L-
PK forward, 50-CGCCTCAAGGAGATGATCAA-30, L-PK reverse, 50-
TTCCGTACAAAGGAGGCAAA-30, G6Pase forward, 50-ACATCCGGGG-
CATCTACA ATG-30, G6Pase reverse, 50-TTACAAAGACTTCTTG-
TGTGTCTG-30, PEPCK forward, 50-TATGACAACTGTTGGCTGGC-30,
PEPCK reverse, 50-TTACAAAGACTTCTTGTG TGTCTG-30, GAPDH for-
ward, 50- ACCACAGTCCATGCCATCAC-30, GAPDH reverse, 50-
TCCACCACCCTGTTGCTGTA-3’.

2.5. Transfection and luciferase reporter assay

Cells were plated in 6-well plates about 80% confluence.
Twenty-four hours later, the cells were transfected with 500 ng of
firefly luciferase reporter plasmids, 100 ng of expression vectors, or
empty vector and 100 ng of pCMV-b-gal using Lipofectamine and
Plus reagent (Invitrogen). Twenty-four hours after transfection,
cells were treated with vehicle (ethanol) or 9-cis retinoic acid
(1 uM) or T0901317 (1 uM). The cells were harvested 48 h later and
analyzed for luciferase activity. The luciferase activity was
measured by using Luciferase Assay System (Promega) and
normalized to b-galactosidase activity.

2.6. Immunoblotting

Nuclear extracts were prepared from 293Tcells transfected with
LXRa, RXRa, and RXRg, respectively, using NUN buffer as previously
described [20]. Proteins were subjected to SDS-PAGE and trans-
ferred to nitrocellulose membranes. Membranes were blocked in
5% non-fat dried milk in Tris-buffered saline containing 0.1% tween
20 (TBST). Membranes were then incubated with primary anti-
bodies, horseradish peroxidase-conjugated secondary antibodies
and SuperSignal West Pico chemiluminescent substrate (Pierce)
and visualized using X-ray film (Fujifilm).

2.7. Electrophoretic mobility shift assay (EMSA)

EMSA was performed as previously described [20]. The oligo-
nucleotide probe corresponding to the LXRE in the promoter of
human SREBP-1c (50-AGTGACCG-CCAGTAACCCCA-30) was labeled
with [g-32P] ATP (PerkinElmer) using T4 polynucleotidekinase
(New England Biolab). Nuclear extracts were incubated with reac-
tion buffer containing 10 mMHEPES pH 7.6, 1 mM EDTA,1 mMDTT,
50 ng/uL poly (dI-dC)$(dI-dC) and 7% glycerol for 25 min on ice. For
supershift analysis, 1 ug of antibody against either RXRa or RXRg
was pre-incubated with the nuclear extracts for 15 min on ice prior
to the addition of the 32P-labeled probe. Reaction mixtures were
then separated on 4.5% polyacrylamide gels in 0.25X TBE buffer for
1 h and detected by autoradiography.

3. Results

The expression of metabolic enzymes and transcription factors
related to glucose and lipid metabolism is regulated by feeding
status. For an analysis of nutritional effects on RXRs expression,
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mRNA expressions of the mouse liver subjected to fasting for 48 h
or refeeding for 3, 6 and 12 h after fasting were examined. Among
the RXR isotypes, RXRg mRNA was strongly induced after 3 h of
refeeding and stayed elevated level up to 12 h after refeeding
(Fig. 1A). Intriguingly, the induction of RXRg mRNA was correlated
with the elevation of SREBP-1c, LGK and L-PK mRNA levels in the
refed state. By contrast, the expression of neither PPARg nor LXRa
was changed by refeeding. These results imply that the expression
of RXRg was regulated by the feeding status in the liver.

Fasting mRNA level of hepatic RXRg was higher in ob/ob mice
than in control C57BL/6 mice, and similar mRNA expression levels
were observed for GK, L-PK, ACC and FAS (Fig. 1B). These finding
suggests the involvement of RXRg in the regulation of glucose and
lipid metabolism in fed state.
Fig. 1. Refeeding increases RXRg expression in mouse liver (A and B) and primary hepato
scription factors in C57BL/6 mouse liver during fasting and refeeding. Mice were fasted for 4
subjected to RT-PCR analysis. (A) Gene expression levels in mouse liver during fasting and
(lean) and ob/ob mice. (C) Mouse primary hepatocytes were cultured in the absence of gluco
levels were determined by a semi-quantitative RT-PCR analysis using primers for RXRa and
Refeeding led to a transient increase of plasma glucose level,
implying the regulation of RXRg expression by glucose. To test this
hypothesis, primary cultures of mouse hepatocytes were incubated
at different concentrations of glucose (0 mM, 5.5 mM, 12.5 mM or
25 mM) after pre-incubation in 0 mM glucose for 12 h. Primary
hepatocytes cultured in 5.5 mM and 12.5 mM glucose demon-
strated a slight increase themRNA level of RXRg, whereas 25mM of
glucose had a significantly positive effect on RXRg mRNA expres-
sion. By contrast, RXRa expression was not affected by glucose
concentration (Fig. 1C). These results suggest that hepatic RXRg
expression may be regulated by glucose at the transcriptional level
in a dose-dependent manner.

Next, to clarify the basal tissue distribution of the RXRg isotype,
mice were fasted for 48 h or refed for 6 h after 24 h of fasting. RT-
cytes (C). RT-PCR analysis of genes related to glucose and lipid metabolism and tran-
8 h or refed for indicated times after fasting for 48 h. Total RNA from mouse liver was
refeeding. (B) Gene expression levels in liver during fasting and refeeding in C57BL/6
se for 12 h followed by exposure to glucose for 24 h as indicated concentration. mRNA
RXRg.



Fig. 2. Differential distribution of RXRg1 and RXRg2 in mouse tissues. ICR mice were fasted for 24 h and refed for 6 h after fasting. Expression levels of RXRa, RXRg1 and RXRg2
were determined by RT-PCR using cDNA from the mouse liver, spleen, kidney, heart, lung, muscle, brain, BAT and WAT. As a positive control, GAPDH was detected by RT-PCR.
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PCR analysis was performed using liver, spleen, kidney, heart, brain,
brown adipose tissue (BAT) and white adipose tissue (WAT) cDNA
as templates. As shown in Fig. 2, RXRg1 was predominantly
expressed in the brain and muscle, whereas the RXRg2 was highly
expressed in liver, heart, muscle and BAT.

It is well established that LXR/RXR stimulates SREBP-1c tran-
scriptional activity. In this regard, the potential regulation of
SREBP-1c promoter activity by RXRg was examined by luciferase
assay. Alexander cells were transfected with SREBP-1c reporter
plasmid and expression vectors for LXRa, RXRa or RXRg. As shown
in Fig. 3A, RXRg led to about 4.2-fold increase in the activity of the
SREBP-1c promoter, as RXRa led to 4.4-fold increase. In addition,
RXRg and LXRa cooperatively stimulated the luciferase activity
(25.8-fold) as in the case of RXRa (23.2-fold), suggesting that RXRg
can also activate the SREBP-1c promoter. Furthermore, RXRg2
increased SREBP-1c activity despite of the lack of activation domain
(Fig. 3B).

To examine whether RXRg directly interact with LXRE, we
performed EMSA using nuclear extracts of 293T cells over-
expressing RXRa or RXRg. Immunoblot analysis confirmed
expression of RXRa or RXRg (Fig. 4A). Next, 32P-labeled double-
stranded oligonucleotide probe corresponding to LXRE (�299/-
280) of the human SREBP-1c promoter (Fig. 4B) was incubated with
nuclear extracts of 293T cells. As shown in Fig. 4C, RXRgwas able to
form complexes with LXRE oligonucleotide. RXRg binding to LXRE
in SREBP-1c promoter was confirmed by presence of a supershift
band when nuclear extract was pre-incubation with anti-RXRg
Fig. 3. RXRg enhanced the transcriptional activity of SREBP-1c promoter. (A) pSREBP1c-Lu
cells. pCMV-b-gal was co-transfected to determine transfection efficiency. Twenty-four hour
medium and incubated another 24 h. Luciferase activity was measured in cell extracts and no
or mock vector (Mock) in 293T cells as indicated. Data are represented by means ± SEM.
antibody (Fig. 4C, lane 5, upper arrow), demonstrating that RXRg
formed a heterodimer with LXRa and was obviously bound to LXRE
on the SREBP-1c promoter.

4. Discussion

The transition from the fasted state to the fed state leads to
increase glycolysis and lipogenesis in the liver. Postprandial lipo-
genesis is regulated mainly by glucose and insulin signaling path-
ways through transcription factors such as LXRa, ChREBP and
SREBP-1c [21e24]. It is known that SREBP-1c and LXRs are acti-
vated by glucose at the transcription level [25,26]. However, the
underlying mechanisms by which mediate glucose action are still
not clearly understood. In addition, it remains controversial
whether LXR is directly regulated by glucose [24,27]. On the other
hand, relatively little attention has been paid to elucidate the
functional role of RXRs. Thus, it is of interest to explore the effects of
the fasting/refeeding or glucose on RXRs expression in the liver.

To investigate the nutritional regulation of RXR expression,
mRNA levels of RXRs andmetabolic genes were compared inmouse
liver at fasting or feeding after fasting. Of the RXR isotypes, RXRg
mRNA expression increased in the fed state and was correlated
with significant increases of glycolytic and lipogenic genes
expression (Fig. 1A and B). Interestingly, the induction of RXRg
mRNA by refeeding was required a relatively short period of time
(3 h), suggesting that the nutrient is a determinant of RXRg in-
duction and RXRg may play a role in the regulation of glucose and
c was transfected with LXRa, RXRa, RXRg or control mock vector (Mock) in alexander
s after transfection, T0901317 (1uM), 9-cis-RA (1 uM), or vehicle (ethanol) was added to
rmalized to b-gal activity. (B) pSREBP1c-Luc was transfected with PPARg, RXRg1, RXRg2



Fig. 4. RXRg/LXRa complex binds to the LXRE on human SREBP-1c promoter. (A) 293T
cells were transfected with mock vector (Mock) or expression vectors for RXRa and
RXRg. Nuclear extracts from 293T cells were subjected to Western blotting with anti-
RXRa and anti-RXRg antibodies. (B) Sequence of the LXRE derived frommouser SREBP-
1c promoter. The LXRE sites are in bold type. (C) The 32P-labeled probes were incu-
bated with nuclear extracts from 293T cells transfected with expression vectors for
RXRa and RXRg as indicated. For supershift analysis, anti-RXRa (lane 4) or anti-RXRg
antibody (lane 5) was incubated with complexes before addition of probe.
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lipid metabolism in the fed state. In ob/ob mice, which are char-
acterized by hyperglycemia, hyperinsulinemia and hepatic insulin
resistance [28], fasting levels of RXRg as well as glycolytic (LGK, L-
PK) and lipogenic genes (ACC, FAS) were elevated in comparison to
those in control C57BL/6 mice (Fig. 1B).

According to a recent study, RXRg is decreased by fasting and
restored by refeeding in mouse skeletal muscle [29]. However, this
study showed neither glucose responsiveness of RXRg in primary
hepatocytes nor induction of RXRg expression by refeeding in the
liver. This discrepancy may be explained by differences in duration
of fasting (48 h vs. 16 h) and refeeding (3e12 h vs. 16 h).

Because plasma glucose levels increased after feeding and
glucose is a key modulator of gene expression in the fed state [22],
it is possible that glucosemay be required for the induction of RXRg
expression in refed state. In this study, glucose increased hepatic
RXRg expression in a dose-dependent manner, but had no effect on
the RXRa mRNA level (Fig. 2). In addition, the induction of RXRg
occurred at the physiologic level of glucose (5.5 mM), suggesting
the physiologic relevance of RXRg. Based upon these findings, we
hypothesized that RXRg plays a role in the glucose metabolism in
the liver.

Because SREBP-1c is a main target of LXR in the regulation of
lipid metabolism [23,30], the potential involvement of RXRg in the
regulation of SREBP-1c was examined. According to the luciferase
reporter assay and EMSA, RXRg as well as RXRa bind to LXRE and
activated the SREBP-1c promoter (Fig. 4B). Moreover, RXRg and
LXRa showed a significant synergistic effect on SREBP-1c promoter
activity (Fig. 3A). These findings suggest RXRg as a physiologic
regulator of SREBP-1c transcription. In addition, RXRg2, which
lacks an activation domain, also increased SREBP-1c promoter ac-
tivity (Fig. 4B), indicating that RXRg2 activate indirectly SREBP-1c
transcription probably through a direct interaction of an uniden-
tified coactivator. Taken together, it is conceivable that RXRg may
serve as a sensor for maintaining glucose and lipid homeostasis by
controlling metabolic regulators. In addition, LXRa/RXRg may
mediate the induction of SREBP-1c expression in the fed state while
LXRa/RXRamayensure a basal level of SREBP-1c expression in liver.

This study is the first to demonstrate for the regulation of RXRg
expression in the liver by feeding or glucose. In addition, RXRg/
LXRa complex bound to LXRE and trans-activated SREBP-1c pro-
moter. Our findings provide some clues to unravel the character-
ization of RXRg in the regulation of glucose and lipid metabolism.
However, it still remains to be determined whether glucose or its
metabolites are involved in the regulation of RXRg expression and
which factors mediate glucose-induced RXRg expression in the
liver. In addition, further investigation is needed to identify the
target genes of RXRg.
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