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Abstract

The constitutive androstane receptor (CAR) is known as a xeno-sensor that regulates genes involved
in xenobiotic excretion and energy metabolism. This study tested a variety of polyphenols for their
ability to modulate CAR activity. HepG2 cells were transfected with a CAR expression plasmid and
areporter plasmid containing the human CYP2B6 regulatory region and then treated with flavonoids,
catechins and other bioactive polyphenols. Luciferase assays revealed that baicalein (5, 6, 7-OH
flavone) was a potent activator of both human and mouse CAR. Catechin gallates also activated
human and mouse CAR. Wild-type and CAR knockout mice were treated with baicalein and chrysin
(5, 7-OH flavone), and their liver mRNA was analyzed by real-time PCR. A significant increase in
cyp2b10 mRNA content was observed only in wild-type mice fed chrysin. These results suggest that
dietary flavonoids regulate CAR activity and thereby accelerate both detoxification and energy
metabolism.
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INTRODUCTION

Most foods contain phytochemicals such as flavones and catechins. Plants produce these
polyphenols as the first line of defense against ultraviolet irradiation, radical oxygen production
and/or invading organisms. From the perspective of human physiology, the radical scavenging

Correspondence to Keiko Abe: The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan, Tel: +81-3-5841-5129, Fax:
+81-3-5841-8006, aka7308@mail.ecc.u-tokyo.ac.jp.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yao etal.

Page 2

activity of these compounds can benefit our health by preventing arterial sclerosis and
modulating immunological responses (1,2). In addition, some of these phytochemicals act on
specific cellular proteins and thus exhibit so-called “food functionality.” For example, chrysin
and baicalein can antagonistically bind to the aryl hydrocarbon receptor (AhR) in the presence
of its activator 2,3,7,8-Tetrachlorodibenzodioxin. The intake of these flavonoids from food
may also reduce the risk of malformation and carcinogenesis during development (3). In China,
Yin Chin tea has long been recognized as a traditional treatment for neonatal jaundice caused
by the accumulation of bilirubin. Dimethylsculetin is the effective component of Yin Chin tea,
having a structure resembling A and C rings of flavonoids. It has been shown that this
compound acts through the constitutive androstane receptor (CAR) to induce genes responsible
for solubilizing and excreting bilirubin (4).

CAR was identified as a drug-responsive nuclear receptor that binds to the phenobarbital-
responsive enhancer module (PBREM) located at positions 2339-2289 of the mouse
cyp2b10 gene (5). CAR belongs to the nuclear receptor subfamily (NR1I) along with its relative
the pregnane X receptor (PXR) (6). Both proteins share common ligands and target genes. In
response to exposure to xenobiotics, CAR and PXR act to protect the body by up-regulating
phase I, Il and 111 detoxifying genes. These receptors are also known to accelerate energy
consumption by regulating genes involved in lipid and sugar metabolism (7). This kind of
integrative gene regulation is reasonable because the detoxification processes consist of
oxidation, conjugation and membrane transport, which are coupled with the consumption of
high energy phosphorous compounds such as NADPH and ATP. Another characteristic of
CAR is its ability to recognize a broad range of compounds including barbiturates,
polychlorinated biphenyls, bile acids and steroids (8). It is possible that this promiscuity is a
result of selective pressure on CAR to be activated by structurally diverse toxic compounds in
the natural world, although historically CAR has been identified as a drug-responsive receptor.
Thus, it may be beneficial for our health to increase CAR activity by ingesting the
dimethylsculetin in Yin Chin tea and other flavones and catechins in food. In this study, we
screened several dietary polyphenols for their ability to activate CAR. We found that most
flavones activated human and mouse CAR in a similar manner. The results provide useful
information for evaluating the effectiveness of functional components of foods.

MATERIALS AND METHODS

Chemicals and reagents

Plasmids

Flavonoids and catechins were provided by the Institute for Health Care Science, Suntory Ltd
(Osaka, Japan). The chemicals, 6-(4-chlorophenyl)-imidazo[2,1-b]thiazole-5-carbaldehyde
(CITCO) and (3,5-dichloropyridyloxy)] benzene (TCPOBOP) were purchased from Sigma-
Aldrich (St. Louis, MO). DMSO and curcumin were obtained from Kanto Chemical Co., Inc
(Tokyo, Japan). Naringin was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo,
Japan). Hesperidin was a gift from the Hayashibara Biochemical Labs., Inc (Okayama, Japan).
All other reagents were obtained from commercial sources. The Dual-Luciferase Reporter
Assay System was from Promega (Madison, WI), cell culture reagents were from Invitrogen
(Carlsbad, CA), primers and probes for real-time PCR analysis were from Applied Biosystems
(Foster City, CA) and TransIT-LT1 transfection reagent was from Mirus Bio Corporation
(Madison, WI).

The CAR coding region from mouse and humans was cloned into the pcDNA3.1 V5-His vector
(Invitrogen), and the reporter plasmid containing CYP2B6 PBREM and the thymidine kinase
promoter (PBREM-TK-pGL3) were constructed as described previously (9,10). The phRL-
TK Renilla luciferase control reporter was purchased from Promega.
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Luciferase assay

HepG2 cells were seeded at 9x107 cells/well in 24-well plates in MEM (Minimum Essential
Medium) supplemented with 10% fetus bovine serum and 1% penicillin and streptomycin. The
cells were maintained for 24 h prior to transfection with PBREM-TK-pGL3 (0.1 pg/well),
MCAR/hCAR expression vector (0.1ug/well) and pRL-TK plasmid (0.1ug/well). Four hours
after transfection, cells were treated with solvent (0.1% DMSO) and test compounds (catechins,
flavonoids, curcumin and naringin each at a concentration of 10 uM, hesperidin at 50 pM),
CITCOat 2 uM or TCPOBOP at 250 nM) for 48 h in minimum essential medium supplemented
with 2% fetal bovine serum and 1% penicillin and streptomycin.

Subsequently, cell lysates were assayed for luciferase activity normalized against Renilla
luciferase activity using a Dual-Luciferase kit. Data are represented as means£SD of three
individual transfection trials. The effect of each compound on CAR activity was calculated as
a relative value compared to the response to the vehicle solution and then normalized by the
response to positive control drugs (CITCO and TCPOBOP, which induced 2.5-fold and 5-fold
increases, respectively). Negative control experiments were performed using cells transfected
with the pcDNA3.1 V5-His vector, and the response to each of the polyphenols was subtracted
from that of cells transfected with the CAR plasmid.

Animal experiments

All animals were housed and acclimated to cage temperature, light and humidity controls, and
fed the MF Diet (Oriental Yeast Co., Ltd) and water ad libitum. Housing and experimental
procedures were in accordance with the Guide for the Care and Use of Laboratory Animals
from the U.S. National Institutes of Health. Male C3H/HeNCrICrlj mice aged 6 weeks were
orally administered the following compounds in 3 ml corn oil/kg body weight for 3 days:
chrysin (7.62 mg/kg), baicalein (8.10 mg/kg) or TCPOBOP (0.3 mg/kg). Corn oil alone was
used as a control. Animals were sacrificed 24 hr after the last administration.

Real-time PCR

RESULTS

Total RNA was isolated from liver tissue (50 mg) using Trizol (Invitrogen) and reverse
transcribed into cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). The Tagman mixture of cyp2b10 primers and probe (Assay ID:
MmO00456591_m1) was purchased from Applied Biosystems (Foster City, CA). The mRNA
content of cyp2b10 was normalized to the content of GAPDH (Applied Biosystems, Foster
City, CA). Real-time PCR analyses were performed in optical 96-well reaction plates on an
ABI PRIZM 7000 Sequence Detection System (Applied Biosystems).

Activation of CAR by dietary polyphenols

Food-derived phenolic compounds that are known to exhibit certain physiological activities
were assayed in a cell-based system (Fig. 1). We used the CYP2B6 PBREM reporter (9,10) to
detect CAR activation. The activity of CAR has been known to be regulated in vivo by drug
dependent translocation into nucleus, while it exhibits constitutive activity in cell based assay
system (19). In our system, CAR expressed from the CAR expression plasmid has decreased
its constitutive activity due to a /5 tag at activation function 2. When cells were co-transfected
with this plasmid and the reporter gene and treated with a CAR activator, there was an increase
of several fold in the reporter luciferase activity over the basal activity seen in the absence of
the activator. Since preliminary experiments revealed that some of the compounds caused a
change in cell morphology at concentrations higher than 20 uM, the following experiments
were performed with compounds at concentrations lower than 10 uM. Figures 2A and 2B show
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the responses of human and mouse CAR to these compounds. There is an overall similarity in
the response profile between human CAR and mouse CAR. For example, 5,6,7-OH flavone
(baicalein) and 3,5,7-OH flavone (galangin) activated both human and mouse CAR, while a
lower degree of activation was seen in both human and mouse CAR with 2',3,4',5,7-OH flavone
(morin), hesperigin and naringin. It is notable that chrysin, baicalein and galangin are more
effective activators of human CAR than CITCO, which has been identified as the most potent
activator of human CAR.

Contribution of hydroxyl and gallic acid moieties to CAR activation

We then analyzed the positional effects of the hydroxyl groups in flavones on CAR activation
(Tables 1 and 2). The tabulated values represent the fold induction of the reporter gene. The
distribution of the significant values (shaded columns) indicates that the presence of hydroxyl
groups at the 5 and 7 positions is indispensable for the activation of both human and mouse
CAR. In addition, the presence of hydroxyl groups at the 3' and 4’ positions has a positive effect
on CAR activation. This does not contradict the finding that catechins, which have hydroxyl
groups located at the 3" and 4’ positions, activate CAR as described below. Catechins are major
components of tea polyphenols, representing more than 10 % of green tea dry matter. Half of
each catechin is esterified by gallic acid at the 3-OH. Our study revealed that catechins activate
CAR depending on the composition of their gallic acid moiety. In both human and mouse CAR,
catechin gallates tended to result in greater CAR activation than unesterified catechins. In
addition, there was no significant difference in CAR activating ability among catechin
derivatives and epicatechin derivatives (Fig. 2A and B).

Dose-dependent activation of CAR by flavonoids

We next examined dose-dependent CAR activation by the common flavonoids chrysin,
baicalein and galangin, which occur naturally in many plants at concentrations of 10 to 100
mg/kg by fresh weight (21). As shown in Fig. 3A, chrysin activated human CAR more than
baicalein and galangin did at 1, 2 and 5 uM. However, this result was reversed at a higher
flavonoid concentration such as 10 pM. Similar results were obtained in the case of mouse
CAR (Fig. 3B). We also observed that the decrease of relative luciferase activity coincided
with the decrease of control reporter activity. It is possible that actual activity of chrysin has
been underestimated in this assay system because of the cell toxicity at higher concentrations.

In vivo activation of CAR by flavonoids

To determine whether these flavonoids can activate CAR in vivo, wild-type mice and CAR
knockout (KO) mice were orally administered baicalein or chrysin suspended in corn oil, as
described in MATERIALS AND METHODS, for three days and their liver cDNA transcripts
were analyzed using real-time PCR. Compared to the oil-fed controls, wild-type mice fed
TCPOBOP showed an approximately 100-fold increase in cyp2b10 mRNA content (Fig. 4A).
In the mice fed flavonoids, a significant change of cyp2b10 mRNA content was seen only with
chrysin ingestion (Fig. 4A, inset). Since the mouse cyp2b10 gene is coordinately regulated by
CAR and PXR thorough PBREM and the xenobiotic-responsive enhancer module (11), the
response of the cyp2b10 gene in a CAR KO background is indicative of PXR responsiveness
to these flavonoids. As shown in Fig. 4B, CAR KO mice showed no change in cyp2b10 mRNA
content when treated with flavonoids or TCPOBOP. These results suggest that chrysin is one
of the food factors activating CAR in vivo.

DISCUSSION

Several NR1 members have been reported to respond to naturally occurring bioactive
polyphenols; PXR responds to 10 uM tangeretein (4',5,6,7,8-OCHs flavone), while
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kaempferol, chrysin, fisetin, luteolin, morin, quercetin and myricetin did not show significant
PXR activation in the same transient assay system (12).

In our study, CAR exhibited a significant response to most of these flavonoids except morin
(Fig. 2A and B). Similar results have been obtained by Li et al using PBREM of UDP-
glucuronosyltransferase 1Al gene (20). It has also been reported that PXR cannot be activated
by catechin gallates at 100 uM. These results suggest that CAR has a broader spectrum of
response to flavonoids than PXR does. Peroxisomal proliferator-activated receptors (PPARS)
are known to be key lipid metabolism regulators. They are activated by free fatty acids as
endogenous ligands and also by anti-diabetic drugs and dietary flavonoids as exogenous ligands
(13, 14). PPARYy can be activated by apigenin, chrysin and kaempferol (15), the latter two of
which activated CAR at 10 uM in our cell-based system. In addition, catechin and catechin
gallate activate both PPARo and y (16, 17). These results indicate that the ligand response
profiles of CAR and PPARs partially overlap with each other. It is therefore possible that CAR
and PPARs coordinately regulate energy metabolism in response to dietary flavonoids.

Interestingly, among the two flavonoids examined, only chrysin induced the cyp2b10 gene in
vivo (Fig. 4A and B), although baicalein activated CAR more efficiently than chrysin in the
cell-based system (Fig. 2A and B). One possible reason is that these flavonoids show
differences in effective concentration in liver among one another. Chrysin is relatively resistant
to microbial degradation in the human intestine (18). It is also possible that in vivo
glycosylation affects their excretion rates (21). In the future, we will elucidate the
bioavailability of CAR-activating flavonoids found in the present work.

From the data collected thus far, we conclude that structural characteristics of flavonoids
determine the activation of CAR, raising the possibility that dietary flavonoids can activate
CAR to stimulate detoxification and energy expenditure.
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Figure 1. Dietary polyphenols and CAR activators
Catechins, catechin gallates and their epimers as well as flavonoids with a variety of hydroxyl
moieties were assayed for their stimulatory effect on CAR. Other functional polyphenols such
as hesperidin and curcumin were also used. CITCO and TCPOBOP, potent activators of human
and mouse CAR, respectively, were used as positive controls. Structural formulae are shown

in the right column.
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Figure 2. Response profile of CAR to dietary polyphenols

The responses of CAR to various dietary polyphenols were examined with a HepG2 cell based
luciferase assay system. The cells were transfected with the CAR expression vector PBREM-
TK-pGL3 as a reporter and phRL-TK as an internal control prior to treatment with chemicals
for 48 hr. The assay was then conducted for luciferase activity. The effect of each compound
on reporter activity was calculated as a relative value compared to the response to the vehicle
solution and then normalized by the response to positive control drugs (CITCO and TCPOBOP,
which induced 2.5-fold and 5-fold increases, respectively). Data are representative of three
independent experiments, each in triplicate. Significant increases in luciferase activity versus
DMSO controls are asterisked (Welch's t-test, P < 0.05, n=3). A, baicalein (3.29-fold) activated
human CAR most efficiently, which was followed by galangin (3.02-fold) and chrysin (2.65-
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fold). B, baicalein (3.15-fold) activated mouse CAR almost similarly to galangin (2.37-fold)

and kaempferol (2.33 fold). Catechins tended to cause greater activation when esterified by
gallate (A).
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Figure 3. Dose-dependent activation of CAR by flavonoids
Chrysin, baicalein and galangin were examined for their ability to activate human (A) and
mouse (B) CAR in a dose-dependent manner. Significant increase of realative luciferase
activity compared to DMSO controls were marked by asterisks (Welch's t-test, P < 0.05, n=3).
In contrast to chrysin, which showed maximum CAR activation at 5 uM, baicalein and galangin
showed constant increases in CAR response in a dose-dependent manner at 10 uM and below.
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Figure 4. In vivo induction of cyp2b10 by flavonoids

Wild-type mice (WT) and CAR knockout mice (KO) were administered corn oil (oil), baicalein
(Ba), chrysin (Ch) or TCPOBOP (TC) for 3 days, and the cyp2b10 mRNA content of their
livers was quantified by real-time PCR analysis. A significant increase in cyp2b10 mRNA
content versus the oil-treated control (Welch's t-test, P < 0.05, n=4) was detected only in wild-
type mice fed chrysin or TCPOBOP and not in those fed baicalein (inset). No such change in
cyp2b10 mRNA content was observed in CAR KO mice.
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Table 1

Contribution of hydroxy! group in flavonoid to human CAR activation
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OH position 2| 3 S| 6] 7 g 27 3 4
311.74
6]1.28
711.98 1.58
8 0.92
4' 0.88 1.39
5, 7]12.65 3.02 3.29 1.21 1.05
3. 4' 7 1.32 |1.42 1.31
3,4',5,7 1.09 1.09 |1.46
3,4'.5,5',7 1.44

| |: p<0.02
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Table 2

Contribution of hydroxy! group in flavonoid to mouse CAR activation

OH position 3 5 6 7 8 2| 3 4
3]2.33
6]1.85
711.81 1.85
8| 1.59
4! 1.64 2.22
5, 7|11.63 2.48 3.15 1.21 1.98
3,47 1.77 |1.64 1.20
3,457 0.92 [1.71
3,4',5,5,7 1.25
[ ]:p<0.02
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