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BACKGROUND AND PURPOSE
The dual role of the constitutive androstane receptor (CAR) as both a xenosensor and a regulator of endogenous energy
metabolism (lipogenesis and gluconeogenesis) has recently gained acceptance. Here, we investigated the effects of
4-[(4R,6R)-4,6-diphenyl-1,3-dioxan-2-yl]-N,N-dimethylaniline (transpDMA), an effective CAR activator, on the gluconeogenic
genes phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) in rat livers.

EXPERIMENTAL APPROACH
The effects of transpDMA were investigated in normal and high-fat diet-fed Wistar rats using real-time PCR, Western blotting,
chromatin immunoprecipitation assays (ChIP), glucose tolerance test and insulin tolerance test.

KEY RESULTS
The expression of the gluconeogenic enzymes PEPCK and G6Pase was repressed by transpDMA treatment under fasting
conditions. Long-term CAR activation by transpDMA significantly reduced fasting blood glucose levels and improved glucose
homeostasis and insulin sensitivity in high-fat diet-fed rats. The metabolic benefits of CAR activation by transpDMA may have
resulted from the inhibition of hepatic gluconeogenic genes. ChIP assays demonstrated that transpDMA prevented the
binding of forkhead box O1 (FOXO1) to insulin response sequences in the PEPCK and G6Pase gene promoters in rat livers.
Moreover, transpDMA-activated CAR inhibited hepatocyte nuclear factor-4a (HNF4a) transactivation by competing with
HNF4a for binding to the specific binding element (DR1-site) in the gluconeogenic gene promoters.

CONCLUSIONS AND IMPLICATIONS
Our results provide evidence to support the conclusion that transpDMA inhibits the gluconeogenic genes PEPCK and G6Pase
through suppression of HNF4a and FOXO1 transcriptional activity.
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Abbreviations
CAR, constitutive androstane receptor; ChIP, chromatin immunoprecipitation; cisTPD, cis isoform of 2,4,6-
triphenyldioxane-1,3; CYP2B, cytochromes P450 2B subfamily; FOXO1, forkhead box O1; G6Pase, glucose-6-
phosphatase; GTT, Glucose tolerance test; HFD, high-fat diet; HNF4a, hepatocyte nuclear factor-4a; IRS, insulin
response sequences; ITT, insulin tolerance test; PBREM, phenobarbital responsive element module; PEPCK,
phosphoenolpyruvate carboxykinase; PROD, 7-pentoxyresorufin O-dealkylase; transpDMA, 4-[(4R,6R)-4,6-
diphenyl-1,3-dioxan-2-yl]-N,N-dimethylaniline

Introduction

The liver is the major site of endogenous glucose production
through either gluconeogenesis or glycogenolysis. Gluconeo-
genesis is largely responsible for the overproduction of
glucose in patients with type 2 diabetes mellitus (Wajngot
et al., 2001). Thus, inhibition of the gluconeogenesis pathway
may be part of a strategy against the hyperglycaemia associ-
ated with type 2 diabetes mellitus. Phosphoenolpyruvate car-
boxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) are
key gluconeogenic enzymes. These enzymes are regulated in
the liver at the transcriptional level and are highly activated
during fasting and suppressed in the fed state and by insulin
(Ropelle et al., 2009). The PEPCK and G6Pase promoters have
been extensively studied and are known to be regulated by
cross-talk between two transcriptional factors, specifically
forkhead box O1 (FOXO1, also known as FKHR) and hepato-
cyte nuclear factor-4a (HNF4a, NR2A1). HNF4a is central to
glucose metabolism because it is a key activator of basal
expression of the PEPCK and G6Pase genes (Odom et al.,
2004). Both of these genes contain functional HNF4a-
binding sites (DR1 motif) in their promoters. FOXO1 also
plays an important role in glucose homeostasis (Barthel et al.,
2005). The unphosphorylated form of FOXO1 localizes to the
nucleus and interacts with insulin response sequences (IRS)
in the promoters of gluconeogenic genes, thereby activating
their transcription. Insulin suppresses FOXO1 transcriptional
activity via Akt phosphorylation-mediated protein degrada-
tion (Matsuzaki et al., 2003).

The constitutive androstane receptor (CAR, NR1I3; recep-
tor nomenclature follows Alexander et al., 2011), expressed
mainly in the liver, plays a central role in detoxification
processes by regulating the expression of a set of genes
involved in metabolism of xenobiotics and drugs (Kachaylo
et al., 2011). CAR also regulates other physiologically impor-
tant enzymes, and the crosstalk between hepatic gluconeo-
genesis and CAR has gained increased attention. PEPCK and
G6Pase genes are repressed in response to CAR activators, and
this repression is CAR dependent (Ueda et al., 2002). The
CAR-mediated repression of these genes seems to involve
several molecular mechanisms. CAR inhibits HNF4a activity
by competing with HNF4a for binding to the DR1 motif and
the common coactivators PPARg coactivator 1a and glucocor-
ticoid receptor-interacting protein 1 (Miao et al., 2006). CAR
can also bind to FOXO1 and suppress its transcriptional activ-
ity by preventing FOXO1 binding to the IRS in the PEPCK
and G6Pase promoters (Kodama et al., 2004). The in vivo sig-
nificance of CAR-mediated suppression of gluconeogenesis
was recently shown. CAR activation suppresses glucose pro-
duction, stimulates glucose uptake, improves glucose toler-

ance and insulin sensitivity, and prevents obesity in ob/ob
mice and high-fat diet-fed wild-type mice (Dong et al., 2009;
Gao et al., 2009). These findings may establish CAR as a
potential therapeutic target for metabolic diseases, including
obesity and type 2 diabetes mellitus. Because CAR is a poten-
tial therapeutic target for metabolic diseases, a search for
selective CAR modulators may provide novel therapeutic
tools for the management of metabolic disorders.

In our previous studies, the effects of the cis isoform of
2,4,6-triphenyldioxane-1,3 (cisTPD) were investigated. cisTPD
is a highly effective activator of CAR and its target genes in rat
liver, but it is not able to activate CAR in mice (Pustylnyak
et al., 2011a; 2011b). We have demonstrated that a single
10 mg kg-1 body weight i.p. injection of cisTPD evoked a
significant decrease in the expression of the key hepatic glu-
coneogenic genes PEPCK and G6Pase through a diminished
association of HNF4a and FOXO1 with their specific binding
sites in the gene promoters (Kachaylo et al., 2012a). Moreo-
ver, long-term cisTPD treatment reduced fasting blood
glucose levels in both normal diet- and high-fat diet-fed rats
and improved glucose tolerance in high-fat diet-fed rats
(Kachaylo et al., 2012b). The aim of the present study was
to examine the effects and mechanism of action of the
cisTPD analogue 4-[(4R,6R)-4,6-diphenyl-1,3-dioxan-2-yl]-
N,N-dimethylaniline (transpDMA) on the hepatic gluconeo-
genic CAR-regulated genes PEPCK and G6Pase in rats. Our
previous results have shown that cisTPD and transpDMA have
similar potency on the CAR target, the 2B subfamily of cyto-
chrome P450 (CYP2B) in rat liver (Pustylnyak et al., 2011a).

Methods

Experimental animals
All animal care and experimental procedures were approved
by the Animal Care and Use Committee of the Institute of
Molecular Biology and Biophysics SB RAMS. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 50 animals were used in the experiments described here.
Male Wistar rats (150–200 g) were supplied by the Institute
of Clinical Immunology SB RAMS (Novosibirsk, Russia).
Animals were acclimated for 1 week and allowed free access to
food and water. Animals were treated i.p. with cisTPD or
transpDMA (a single injection of 5 or 10 mg kg-1 body weight
in corn oil), fasted 20 h later and decapitated 18 h after
fasting began. Control animals received only an equal
volume of corn oil. Three rats were used in each treatment
group.
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Rats were randomly divided into six groups of five rats
each to examine the long-term effects of cisTPD and transp-
DMA on glucose metabolism and homeostasis. Control group
rats were fed a normal diet (5% fat of kJ intake) for 8 weeks.
The high-fat diet (HFD) group rats received a HFD (45% fat of
kJ intake) for 8 weeks. The cisTPD group rats were fed a
normal diet and injected weekly i.p. with a single dose of
10 mg kg-1 body weight of cisTPD in corn oil for 8 weeks. The
transpDMA group rats were fed a normal diet and injected i.p.
with 10 mg kg-1 body weight of transpDMA in corn oil for 8
weeks as a single weekly dose. The HFD + cisTPD rats received
HFD for 8 weeks and were i.p. injected with 10 mg kg-1 body
weight of cisTPD in corn oil as a single weekly dose. This
dosage regimen significantly decreased gluconeogenic gene
expression and improved glucose tolerance (Kachaylo et al.,
2012b). The HFD + transpDMA rats received HFD for 8 weeks
and were i.p. injected with 10 mg kg-1 body weight of transp-
DMA in corn oil as a single weekly dose (similar to cisTPD).
After 8 weeks, all groups of rats were fasted for 16 h, and a
fasting blood glucose analysis was performed using One-
Touch Select glucometer (LifeScan, Inc., Milpitas, CA, USA).

Glucose tolerance test (GTT) and insulin
tolerance test (ITT)
Rats were fasted for 16 h before receiving an i.p. injection of
D-glucose at 2 g kg-1 body weight or an i.p. injection of
human regular insulin at 0.75 units kg-1 body weight. Blood
glucose was measured by tail bleed at 0, 20, 40, 60 and
120 min after the glucose load with OneTouch Select gluco-
meter (LifeScan, Inc.).

cDNA synthesis and real-time PCR
Total RNA was isolated from rat livers frozen in liquid nitrogen
using the RNeasy Mini Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s protocol. The concentration and
purity of the RNA were determined by measuring the absorb-
ance at 260 and 280 nm, with a correction for background at
320 nm, and RNA integrity was examined by visualizing the
18S and 28S rRNA bands on a denaturing agarose (1%) gel.
Total RNA (1mg samples) was used for the synthesis of single-
stranded cDNA. First-strand cDNA synthesis was carried out
using of the QuantiTect Reverse Transcription Kit (Qiagen)
according to the manufacturer’s protocol. Expression levels of
the genes were measured by real-time PCR using the Maxima
SYBR Green/ROX qPCR Master Mix (Fermentas, Vilnius,
Lithuania). Real-time PCR was carried out on an IQ5 real-time
PCR system (Bio-Rad Laboratories, Hercules, CA, USA). Signals
were normalized to the housekeeping gene 18S rRNA as an
endogenous internal control. Gene-specific oligonucleotide
primers were used for CYP2B1, CYP2B2, PEPCK, G6Pase and
18S rRNA (Kachaylo et al., 2012a). The fold change in the
target gene normalized to the level of 18S rRNA and the
control was calculated based on PCR efficiency and Ct.

Preparation of crude liver extracts and
microsomal proteins
For the preparation of crude liver extracts, livers were rinsed in
cold phosphate-buffered saline and suspended in lysis buffer
(50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% Triton X-100;
0.5% NP-40; 1 mM DTT; and 1 mM EDTA) supplemented with

Complete Mini Protease Inhibitor Cocktail (Roche Diagnos-
tics, Basle, Switzerland). The livers were homogenized.
Homogenates were incubated on ice for 30 min and centri-
fuged at 5000 g for 10 min to remove insoluble precipitates.
Supernatants were used as crude liver protein extracts. Crude
liver extracts were collected and stored at -80°C. The protein
concentrations in crude liver extracts were determined using
the Bradford method with bovine serum albumin as a stand-
ard. The microsomal protein fractions were isolated from
freshly excised liver tissues by standard differential centrifu-
gation (Burke et al., 1985). The protein concentrations in the
microsomes were measured using the Lowry method with a
bovine albumin solution as a standard. The microsomal frac-
tions were collected and stored at -80°C. The activity of
7-pentoxyresorufin O-dealkylase (PROD) was measured at
37°C by fluorimetry (Burke et al., 1985).

SDS-PAGE electrophoresis and
Western blotting
The crude liver protein extract (60 mg) or 30 mg of microsomal
proteins was loaded in each lane, separated by 10% SDS-PAGE
and transferred to a nitrocellulose membrane. Membranes
were stained with Ponceau S to verify loading and transfer
efficiency. Immunodetection was performed with polyclonal
anti-CYP2B1, anti-PEPCK (sc-32879, Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, USA), anti-G6Pase (sc-25840,
Santa Cruz Biotechnology), anti-CAR (sc-13065, Santa Cruz
Biotechnology), anti-HNF-4a (sc-8987, Santa Cruz Biotech-
nology), anti-FKHR (FOXO1) (sc-11350, Santa Cruz Biotech-
nology) or anti-human b-actin (Sigma-Aldrich, St. Louis, MO,
USA) antibodies. Polyclonal antibodies against rat CYP2B1
were prepared in rabbits by immunization with the purified
CYP2B1 protein. b-Actin was used as a loading control. The
bands were visualized using the Visualizer Spray and Glow
ECL Western Blotting Detection System (Millipore, Billerica,
MA, USA) or colorimetry with 4-chloro-1-naphthol (MP Bio-
medicals, Santa Ana, CA, USA) as a substrate.

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed in accordance with a previously
described protocol (Kachaylo et al., 2012a). In brief, livers were
rinsed in cold phosphate-buffered saline with 0.4% NP-40 and
homogenized in the same solution. Homogenates were treated
with 1% formaldehyde to cross-link the chromatin. Fixed cells
were collected by centrifugation, washed, homogenized in cell
lysis buffer, and incubated on ice for 30 min. Lysates were
sonicated on ice with three pulses of 20 s and 20% amplitude
in a MicrosonTM Ultrasonic Liquid Processor XL-2000 cell
disrupter (Qsonica LLC, Newtown, CT, USA), yielding chroma-
tin fragments of 500–1000 BP. Samples were centrifuged to
remove debris and the supernatants were collected. As a posi-
tive control (Input), the supernatants were retained. The
supernatants were diluted 10-fold with dilution buffer. The
diluted lysates were precleared by incubating them with
20 mL mL-1 protein G agarose/salmon sperm DNA (Millipore)
for 1 h at 4°C on a rotating plate. Cleared lysates were sub-
jected to an overnight incubation with either the appropriate
antibody or a normal rabbit IgG at 4°C under rotation. Immu-
nocomplexes were precipitated by adding protein G agarose/
salmon sperm DNA (Millipore) for 1 h at 4°C with shaking.
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Samples were then washed with low-salt buffer, high-salt
buffer, LiCl buffer and twice with 10 mM Tris-HCL, pH 7.5; and
1 mM EDTA buffer. The immunoselected chromatin was
eluted in elution buffer. The samples were further incubated
for 6 h at 65°C to reverse the cross-linking. After protease
digestion, the DNA was purified by phenol/chloroform extrac-
tion. PCR amplification was performed using primers specific
for the rat CYP2B2 gene promoter [phenobarbital responsive
element module (PBREM) site: F: 5′-CGTGGACACAACCTTC
AAG-3′ and R: 5′-GAGCAAGGTCCTGGTGTC-5′]; the PEPCK
gene promoter (DR1 site: F: 5′-CAGAGCTGAATTCCCTTC-3′
and R: 5′-AGCTGTGAGGTGTCAC-3′; IRS site: F: 5′-GGGAG
TGACACCTCA-3′, R: 5′-GTGTGCCAGTGGCTGC-3′); and the
G6Pase gene promoter (DR1 and IRS sites: F: 5′-TTATCAGTT
GCCAGGTGGG-3′, R: 5′-CCAAAGTCGTGGAGCACGTTC-3′).

Data analysis
Data are presented as the mean � SD. Statistical analyses were
performed using GraphPad Prism 5.0 (GraphPad Software,
Inc., San Diego, CA, USA). A one-way ANOVA followed by
Dunnett’s post hoc test was used to compare each treated
group to the control (for more than two groups). A two-way
ANOVA followed by Bonferroni’s post hoc test was used for
multiple comparisons between diets with and without com-
pound treatments. A P-value < 0.05 was considered statisti-
cally significant.

Materials
cisTPD and transpDMA (Figure 1) were synthesized as
described by Griengl and Geppert (1976). The identity of the
compound was verified by NMR spectroscopy, and LC/MS
analysis showed the preparation to be 97–98% pure. All
chemicals and solvents were of analytical grade and obtained
from commercial sources.

Results

Effects of compounds on hepatic CYP2B
in rats
Total RNA was isolated from rat livers 48 h after treatment
with cisTPD, transpDMA or the vehicle, and mRNA levels of

CYP2B1 and CYP2B2 were measured by real-time PCR. The
animals were subjected to fasting for 18 h before decapita-
tion. As expected from our previous results (Pustylnyak et al.,
2011a), hepatic CYP2B1/2 gene expression, which are typical
CAR target genes, was induced in a dose-dependent manner
by cisTPD and transpDMA (Figure 2A). Next, we examined the
effect of the compounds on the protein levels in rat livers.
The amounts of CYP2B1/2 proteins were investigated by
Western blotting analysis (Figure 2B). These proteins were
expressed at basal levels in the livers of vehicle-treated rats
but hepatic CYP2B1/2 was expressed at markedly higher
levels in rats exposed to cisTPD and transpDMA than in
control rats. In parallel, the inducibility of CYP2B in rat livers
by cisTPD and transpDMA was estimated by determining
PROD, a sensitive marker of enzymic activity. As shown in
Figure 2C, treatment with cisTPD and transpDMA increased
PROD activity in a dose-dependent manner.

Effects of the compounds on hepatic
gluconeogenic genes in rats
We analysed the gene expression levels of PEPCK and G6Pase
after 48 h of treatment under fasting conditions to examine
the effects of cisTPD and transpDMA on gluconeogenic genes.
Treatment of rats with CAR activators resulted in a dose-
dependent decrease in the mRNA levels of both genes
(Figure 3A). The decrease in PEPCK and G6Pase gene expres-
sion levels paralleled changes in the protein levels (Figure 3B,
C). Western blot analysis demonstrated a basal level of
hepatic PEPCK and G6Pase protein in the livers of vehicle-
treated rats. Hepatic PEPCK and G6Pase were markedly
decreased in rats exposed to both compounds relative to the
levels found in control rats.

Recruitment of CAR, HNF4a and FOXO1 to
their respective binding sites in vivo
We examined the effect of treatment with cisTPD and transp-
DMA on the association of CAR, HNF4a and FOXO1 with the
promoters of the CYP2B2, PEPCK and G6Pase genes. Associa-
tion of these transcriptional factors with the promoters was
determined by a ChIP assay using antibodies against CAR,
HNF4a and FOXO1. An increase in CAR recruitment to the
CYP2B2 gene promoter (PBREM) was detected after cisTPD
and transpDMA treatment (Figure 4A). Binding of HNF4a
(DR1 site) and FOXO1 (IRS site) to the PEPCK and G6Pase
promoters was detected in control rat livers (Figure 4B, C).
cisTPD and transpDMA treatment inhibited the binding of
HNF4a and FOXO1 to the promoters. Nevertheless, treat-
ment with both compounds induced the recruitment of CAR
to the DR1 motif, an HNF4a-specific binding site (Figure 4B,
C). Moreover, the results of the Western blotting analysis
showed that the protein bands corresponding to CAR, HNF4a
and FOXO1 were unchanged in the crude liver extracts rela-
tive to the control and compound-treated rats (Figure 5).

Effect of long-term compound treatment on
glucose metabolism in HFD rats
We employed six rat groups, including normal diet-fed or
HFD-fed rats with or without cisTPD or transpDMA treatment,
to investigate how long-term CAR activation by cisTPD and
transpDMA influenced glucose metabolism. Fasting blood

Figure 1
Structures of the compounds tested. cisTPD, (4S,6R)-2,4,6-triphenyl-
1,3-dioxane; transpDMA, 4-[(4R,6R)-4,6-diphenyl-1,3-dioxan-2-yl]-
N,N-dimethylaniline.
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glucose levels in rats were monitored in response to 8 weeks
of treatment. Long-term cisTPD treatment significantly
decreased fasting blood glucose levels compared with vehicle-
treated animals (Figure 6A). However, transpDMA treatment
did not produce a significant change in fasting blood glucose
levels compared with vehicle-treated animals. We also exam-
ined the effect of long-term CAR activation in HFD rats. Rats
were fed the HFD for 8 weeks and concurrently treated with
cisTPD or transpDMA (10 mg kg--1, once a week) or vehicle.
Fasting blood glucose levels were significantly increased by
the HFD compared with the control group rats (Figure 6A).
Treatment with cisTPD and transpDMA in HFD rats decreased
the level of fasting blood glucose to control group levels
(Figure 6A). Moreover, as shown in Figure 6B, cisTPD or
transpDMA significantly inhibited a gain in body weight in
the HFD rats after 8 weeks of treatment. By the end of week 8,

the cisTPD- and transpDMA-treated HFD groups had lower
body weights compared with the untreated HFD group. We
further examined the effects of the compounds on insulin
sensitivity. The treatment of HFD rats with cisTPD or transp-
DMA for 8 weeks significantly improved insulin sensitivity, as
confirmed by both GTT (Figure 7A) and ITT (Figure 7B).
Taken together, these results indicate that the CAR activators
cisTPD and transpDMA may improve insulin sensitivity
through the suppression of hepatic gluconeogenic gene
expression.

Discussion and conclusions

The constitutive androstane receptor was initially character-
ized as a xenosensor regulating the response to xenochemi-

Figure 2
Dose-dependent effects of cisTPD and transpDMA on CAR target gene CYP2B1/2 expression (A), protein levels (B) and activity (C) in rat livers. Total
RNAs were prepared and subjected to RT-PCR for measurement of mRNA. Microsomal proteins were prepared from rat livers and subjected to
Western blotting analysis and CYP2B-specific PROD activity. Fold change was expressed by normalizing the corresponding value of the untreated
rats to unity. Bars represent the mean � SD. Three animals were used in each treatment group. *P < 0.05, significantly different from
vehicle-treated animals; one-way ANOVA followed by Dunnett’s post hoc test.
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cals. Recent studies have suggested that the CAR is also
involved in energy metabolism (lipogenesis and gluconeo-
genesis), showing anti-diabetic and anti-obesity effects (Dong
et al., 2009; Gao et al., 2009). It is tempting to speculate that
the pharmacological modulation of CAR may be beneficial in
managing metabolic diseases. Thus, the development of CAR
activators for use as potential therapeutic tools in the treat-
ment and prevention of these metabolic disorders holds
promise. In the present study, the effects of transpDMA on
the hepatic gluconeogenic genes PEPCK and G6Pase in rat
livers were studied in reference to cisTPD.

CYP2B genes are commonly used biomarkers to measure
CAR activation. We have demonstrated that cisTPD and
transpDMA treatment markedly increased the mRNA and
protein levels and specific activity of CYP2B. For CYP2B
genes, transcriptional activation occurs upon CAR binding to
a 51-base pair phenobarbital-responsive enhancer module
(PBREM), which contains two nuclear receptor DR4 sites
(NR1 and NR2) in the 5’-flanking sequence of the genes
(Pustylnyak et al., 2007). ChIP was used to examine the

recruitment of CAR to the CAR target gene CYP2B2 promoter
region and demonstrated that the recruitment of CAR to its
binding site (PBREM) on the target gene was increased in
response to both compounds. In contrast to CYP2B, mRNA
and protein levels of rat PEPCK and G6Pase were decreased by
treatment with these compounds. Moreover, our data suggest
that long-term CAR activation by transpDMA and cisTPD
inhibited glucose production and improved glucose homeos-
tasis and insulin sensitivity in HFD rats. Taken together, these
results indicate that the CAR activators cisTPD and transp-
DMA may suppress hepatic gluconeogenesis via inhibition of
gluconeogenic genes. However, this hypothesis needs to be
investigated in more detail.

The two transcriptional factors HNF4a and FOXO1 play
key roles in the regulation of gluconeogenesis (Puigserver
et al., 2003; Rhee et al., 2003; Hirota et al., 2008). HNF-4a is
central to glucose metabolism because it is a key positive
regulator of the basal hepatic expression of PEPCK and
G6Pase genes (Yoon et al., 2001). FOXO1 is a member of the
forkhead family of transcription factors and regulates glucose

Figure 3
Dose-dependent effects of cisTPD and transpDMA on PEPCK and G6Pase gene expression (A) and protein levels (B, C) in rat livers. Total RNAs were
prepared and subjected to RT-PCR for measurement of mRNA. Crude liver extracts were prepared from rat livers and subjected to Western blot
analysis. The protein bands were analysed by the computerized densitometric program Total Lab. The intensities of the signals were determined
from the areas under the curves for each peak, and the data were plotted. PEPCK and G6Pase were normalized to b-actin as an internal control.
Fold change was expressed by normalizing the corresponding value of the vehicle-treated rats to unity. Bars represent the mean � SD. Three
animals were used in each treatment group. *P < 0.05, significantly different from control animals; one-way ANOVA followed by Dunnett’s post
hoc test.
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metabolism in the adult liver, especially during fasting (Puig-
server et al., 2003; Accili and Arden, 2004). FOXO1 regulates
the expression of the PEPCK and G6Pase genes by directly
binding to its target DNA sequence and through interaction
with nuclear receptors. FOXO1 activity is regulated by phos-
phorylation and acetylation. Insulin induces the phosphor-
ylation of FOXO1 through the PI3K-Akt signalling pathway.
Phosphorylated FOXO1 is excluded from the nucleus,
thereby attenuating its transcriptional activity (Matsuzaki
et al., 2003). Several reports have suggested that reducing

FOXO1 activity may represent a potential strategy for treat-
ment of type 2 diabetes mellitus (Nakae et al., 2001; Alto-
monte et al., 2003; Qu et al., 2006; Nagashima et al., 2010). In
our previous study using ChIP assays, we demonstrated that
cisTPD-activated CAR inhibited HNF-4a transactivation by
competing with HNF-4a for binding to the HNF-4a-binding
element (DR1-site) in gluconeogenic gene promoters (Kach-
aylo et al., 2012a). Moreover, we showed that cisTPD treat-
ment prevented the binding of FoxO1 to IRS in the PEPCK
and G6Pase gene promoters in rat livers. Similar to our pre-

Figure 4
Recruitment of CAR, HNF4a and FOXO1 to CYP2B2 (A), PEPCK (B) and G6Pase (C) gene promoters in rat livers in response to cisTPD and
transpDMA treatment. Chromatin was isolated and pre-cleared as described. Pre-cleared chromatin was immunoprecipitated using antibodies
against CAR, HNF4a, FOXO1 or normal rabbit IgG. The DNA regions were amplified by PCR and resolved on agarose gels.
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vious studies (Kachaylo et al., 2012a), we demonstrated that
transpDMA-activated CAR produced a significant decrease in
the expression of the key hepatic gluconeogenic genes PEPCK
and G6Pase through a diminished association of HNF4a and
FOXO1 with their specific binding sites in the gene promot-
ers. However, the protein levels of both transcription factors
remained unchanged. These results agree with previous
studies showing that activated CAR can regulate gluconeo-
genic genes through an HNF4a-specific binding site in their
promoters (Miao et al., 2006) and bind to FOXO1 and sup-
press its transcriptional activity by preventing it from binding
to IRS in the promoters of target genes (Kodama et al., 2004).

Thus, our findings provide evidence to support the
conclusion that transpDMA, similar to cisTPD, inhibits the
gluconeogenic genes PEPCK and G6Pase through the suppres-
sion of HNF4a and FOXO1 transcriptional activity. These
results suggest that transpDMA may be a novel potential
therapeutic tool for the regulation of gluconeogenesis.
However, this study focused on only a few key molecules of
the gluconeogenic pathway. Therefore, additional biochemi-
cal and dynamic analyses are necessary. Moreover, there is no
evidence that transpDMA can activate human CAR. Further
investigation will be required to determine the species-
specific effects of this compound in humans and investigate
the use of this compound as a therapeutic tool for the treat-
ment and prevention of metabolic disorders.
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Figure 5
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which PEPCK and G6Pase were normalized. Fold change was expressed by normalizing the corresponding value of the vehicle-treated rats to unity.
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Figure 6
Effect of long-term cisTPD and transpDMA treatment on fasting
blood glucose (A) and body weight (B) at the end of 8 weeks of a
normal diet (Cont) or HFD. Bars represent the mean � SD Five
animals were used in each treatment group. *P < 0.05, significantly
different from control animals; #P < 0.05, significantly different from
HFD animals; two-way ANOVA followed by Bonferroni’s post hoc test.
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