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Abstract
Cytochromes P450 (P450s) and glutathione S-transferases (GSTs) constitute two important enzyme
families involved in carcinogen metabolism. Generally, P450s play activation or detoxifying roles
while GSTs act primarily as detoxifying enzymes. We previously demonstrated that oral
administration of the linear furanocoumarins, isopimpinellin and imperatorin, modulated P450 and
GST activities in various tissues of mice. The purpose of the present study was to compare a broader
range of naturally occurring coumarins (simple coumarins, and furanocoumarins of the linear and
angular type) for their abilities to modulate hepatic drug metabolizing enzymes when administered
orally to mice. We now report that all of the different coumarins tested (coumarin, limettin, auraptene,
angelicin, bergamottin, imperatorin and isopimpinellin) induced hepatic GST activities, whereas the
linear furanocoumarins possessed the greatest abilities to induce hepatic P450 activities, in particular
P450 2B and 3A. In both cases, this corresponded to an increase in protein expression of the enzymes.
Induction of P4502B10, 3A11, and 2C9 by xenobiotics often are a result of activation of the pregnane
X receptor (PXR) and/or constitutive androstane receptor (CAR). Using a pregnane X receptor
reporter system, our results demonstrated that isopimpinellin activated both PXR and its human
ortholog SXR by recruiting coactivator SRC-1 in transfected cells. In CAR transfection assays,
isopimpinellin counteracted the inhibitory effect of androstanol on full length mCAR, a Gal4-mCAR
ligand binding domain fusion, and restored coactivator binding. Orally administered isopimpinellin
induced hepatic mRNA expression of Cyp2b10,Cyp3a1, GSTa in CAR(+/+) wild-type mice. In
contrast, the induction of Cyp2b10 mRNA by isopimpinellin was attenuated in the CAR(−/−) mice,
suggesting that isopimpinellin induces Cyp2b10 via the CAR receptor. Overall, the current data
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indicate that naturally occurring coumarins have diverse activities in terms of inducing various
xenobiotic metabolizing enzymes based on their chemical structure.
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Naturally occurring coumarins (NOCs) are dietary constituents found among the Rutaceae,
Apiaceae, Umbellifereae, and Moraceae families (Murray, 1982). Coumarin (1,2-
benzopyrone) is present in highest concentrations in cassia leaf oil (17000–87000 ppm),
cinnamon bark oil (7000 ppm) and peppermint oil (20 ppm) (reviewed in (Lake, 1999)).
Coumarin is also present in candies, alcoholic beverages, and fragrances, such that the
estimated human exposure is estimated to be 0.04 mg/kg/day (Lake, 1999). However, many
other sources of NOCs exist. For example, 49.6 mg of auraptene, a simple coumarin, was
extracted from 120 g of grapefruit peel (Wangensteen et al., 2003). Furanocoumarins are also
present in citrus oils, in which the total furanocoumarin content was recently estimated to be
2900 ppm, 2200 ppm, and 1100 ppm in lemon, grapefruit, and bitter orange oils, respectively
(Frerot and Decorzant, 2004). NOCs are also present as Crude Drugs in Traditional Chinese
Medicine and other phytomedicines. Human exposure to furanocoumarins following
consumption of tablets prepared from Dorstenia species in Brazil was estimated to be 2–5.36
mg/d (Cardoso et al., 2006). Concentrations of imperatorin and isoimperatorin were reported
to be 40–60 μg/mL and 12–44 μg/mL (respectively) in the Crude Drug Radix Angelica
Dahurica (Cardoso et al., 2006). Several coumarins, including 7-hydroxycoumarin, 7-
methoxycoumarin, 5,7-dimethoxycoumarin (limettin), 5-methoxypsoralen, 8-
methoxypsoralen, and 5,8-dimethoxypsoralen (isopimpinellin) were detected by LC-UV in
human urine following ingestion of Umbelliferae Chinese herbal medicine (Wang and Jiang,
2006). The range of pharmacologic/toxicologic properties of NOCs are diverse, and include
furanocoumarin-induced photoxicity (Berenbaum, 1995), modulation of P450 3A4 (Guo and
Yamazoe, 2004), anticarcinogenesis/chemoprevention of cancer (Kelly et al., 2000) (Prince
et al., 2006) (Kleiner et al., 2002b) (Cai et al., 1997) (Wattenberg et al., 1979) (Tanaka et
al., 1998) (Baba et al., 2002), antimicrobial properties (Ngwendson et al., 2003), and cancer
cell cytoxicity (Setzer et al., 2000).

Many of the cancer chemopreventive effects of NOCs have been attributed to their abilities to
modulate xenobiotic metabolizing enzymes. For example, of the NOCs investigated,
bergamottin was one of the most potent at suppressing mouse hepatic ethoxyresorufin O-
dealkylase activity, with an IC50 of 1.2 × 10−7 M (Cai et al., 1993). Furthermore, bergamottin
(200 nmol, topical) inhibited the formation of the major benzo[a]pyrene (B[a]P)-DNA adduct,
anti-benzo[a]pyrene-7,8-diol, 9,10-epoxide-dGuo in mouse epidermis in vivo (Cai et al.,
1997). Bergamottin was also effective at blocking B[a]P-induced skin tumor initiation in mice
(Cai et al., 1997). Thus, the ability of bergamottin to suppress mouse skin tumor initiation by
B[a]P is likely mediated by its ability to suppress cytochrome P450 1A1 dependent metabolic
activation of B[a]P into the anti-benzo[a]pyrene-7,8-diol, 9,10-epoxide. However, there is
selectivity in the P450-inhibitory properties of NOCs. Bergamottin was actually a weak
inhibitor of murine P450 1B1, and was not effective at suppressing P450 1B1-dependent
metabolism of 7,12-dimethylbenz[a]anthracene (DMBA) into the syn-DMBA diol-epoxide
derived DNA adducts (Kleiner et al., 2002a). In contrast, imperatorin and isopimpinellin were
similarly effective at suppressing both P450 1A1 and P450 1B1 activities (Kleiner et al.,
2003) and were effective at suppressing DNA adduct formation and skin tumor initiation from
both B[a]P and DMBA (Cai et al., 1997; Kleiner et al., 2002b). The double bond on the furan
ring is important in P450 suppression, as evidenced by studies with coriandrin. Coriandrin is
a mechanism-based inactivator of P450 1A1 (Cai et al., 1996); whereas dihydrocoriandrin,
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which lacks the double bond on the furan ring, lacked the ability to inhibit P450 (Cai et al.,
1993). Indeed, most furanocoumarins are more potent than simple coumarins at suppressing
P450 1A1, 1A2, 1B1, 2B1, 3A4 activities in general (Cai et al., 1993; Kleiner et al., 2003;
Prince et al., 2006). It has also been demonstrated in several rodent models that coumarins
induce Phase II enzymes (reviewed in (Hayes and Pulford, 1995)). Wattenberg and colleagues
(Wattenberg et al., 1979; Sparnins and Wattenberg, 1981) showed that coumarin enhanced
forestomach glutathione S-transferase (GST) activity and sulfhydryl levels following two
weeks of dietary administration to mice. Coumarin in the diet also induced NAD(P)H quinone
oxidoreductase (NQO1) activity in small intestine of mice, and both coumarin and 3-
hydroxycoumarin induced GST activity in the small intestine of mice (McMahon et al.,
2001). It was also shown that coumarin increased aflatoxin B1 (AFB1) aldehyde reductase,
GSTA5, GSTP1, and NQO1 expression in rat liver (Kelly et al., 2000). Coumarin in the diet
also protected rats from AFB1 hepatocarcinogenesis (Kelly et al., 2000). Thus, induction of
GSTs and other carcinogen-detoxifying enzymes is another mechanism by which NOCs can
inhibit chemical-induced carcinogenesis.

We previously demonstrated that orally administered imperatorin and isopimpinellin blocked
DNA adduct formation by DMBA and/or benzo[a]pyrene (B[a]P) in lungs, mammary gland,
forestomach, and skin epidermis of mice (Kleiner et al., 2001). In lung, forestomach, and skin
epidermis, P450 activities were inhibited. However, we observed an increase in P450-mediated
enzyme activities [using 7-ethoxyresorufin and pentoxyresorufin as substrates] and GST
activities in liver and GST activity in lungs of mice, following oral administration of
isopimpinellin and/or imperatorin (Kleiner et al., 2001). We observed that the induction of
P450 activities, which was apparently specific to the liver, was fairly specific to
furanocoumarins, which are known to also suppress P450 activities Interestingly, long-term
administration of grapefruit juice to rats resulted in an increase in liver microsomal nifedipine
oxidation activity and P450 content (Mohri et al., 2000). However, it is known that grapefruit
juice in humans has a predominantly inhibitory effect on drug metabolism (Lundahl et al.,
1998), so these differences could be due to species-specific effects. The purpose of the current
study was to examine a broader range of naturally occurring simple and furanocoumarins, and
to explore potential mechanisms for their effects on hepatic enzyme activities.

Experimental Procedures
Caution

Certain naturally occurring coumarins may be phototoxic and should be handled with care.

Chemicals and Reagents
Coumarin, limettin, phenobarbital (PB), NADP+, glucose 6-phosphate, glucose 6-phosphate
dehydrogenase, 1-chloro-2,4-dinitrobenzene (CDNB), 1,2-dichloro-4-nitrobenzene (DCNB),
2,6-dichloroindophenolate hydrate (DCPIP), cumene hydroperoxide, dicumarol were
purchased from Sigma-Aldrich Chemical Co. (St Louis, MO). Angelicin, bergamottin,
imperatorin, and isopimpinellin were purchased from Indofine Chemical Co. (Somerville, NJ).
Auraptene was a generous gift from Naoki Yoshimi (Kinki University, Japan). The chemical
structures of the coumarins used are shown in Figure 1. AIN-76A semi-purified diet was
obtained from Dyets (Bethlehem, PA).

Animals
C57BL/6 mice and SENCAR mice were purchased from the National Cancer Institute
(Frederick, MD). All mice were housed in a temperature- and humidity-controlled AAALAC
facility with a 12 h light/dark cycle. All procedures were approved by the U.T.M.D. Anderson
Cancer Center Institutional Animal Care and Use Committee in accordance with NIH
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guidelines. Mice were maintained on AIN-76A diet (Dyets, Bethlehem, PA) and allowed
access to food and water ad libitum.

Structure-Activity Relationship Study
Groups of male and female C57BL/6 mice (7–9 weeks of age) were fed AIN-76A semi-purified
diet and were treated orally (100 mg/kg body weight, suspended in corn oil) by gavage once
daily for 3 consecutive days. Vehicle control mice received corn oil (0.1 mL/25 g body weight)
only. At 24 h after the final dose, mice were sacrificed by cervical dislocation, and hepatic
tissue isolated as previously described (Kleiner et al., 2001). Livers from male and female mice
were pooled together in each treatment group. Each compound was tested in 2–3 separate
experiments. Liver/body weight ratios were calculated as the weight of the liver (g) divided
by the body weight (g) × 100.

Dose-Response Study
Female SENCAR mice (7–9 weeks of age) were fed AIN-76A semi-purified diet and were
treated orally with imperatorin or isopimpinellin (35, 70, and 150 mg/kg body weight,
suspended in corn oil) by gavage once daily for 4 consecutive days. Vehicle control mice
received corn oil (0.1 mL/25 g body weight) only. At 24 h after the final dose, mice were
sacrificed by cervical dislocation, and livers were homogenized in 0.05 M Tris buffer, pH 7.5,
containing 0.25 M sucrose (1:5, w/v). Liver cytosol and endoplasmic reticulum (microsomal)-
enriched fractions were isolated by differential centrifugation as previously described (Kleiner
et al., 2001). Livers from individual mice were assayed separately (3–4 mice per group).

Enzyme assays
To probe for P450s 1A1/2, 2B9/10, and 3A11, liver microsomal samples were assayed using
ethoxyresorufin, pentoxyresorufin, and testosterone as substrates, respectively (Burke et al.,
1985; Burke et al., 1994) (Sonderfan et al., 1987). For P450s 1A1/2 and 2B9/10, liver
microsomes (0.25 mg/mL protein) were preincubated with an NADPH generating system
(0.336 mM NADP+, 0.5 mM glucose 6-phosphate, 0.15 mM MgCl2 and 1 U of glucose 6-
phosphate dehydrogenase) in 0.05 M Tris buffer, pH 7.5 (total volume 1.0 mL) at 37°C for 5
min. Reactions were initiated with 7-ethoxy or 7-pentoxyresorufin (5 μM) and terminated at
10 min (ethoxyresorufin) or 20 min (pentoxyresorufin) using 2.5 mL ice-cold methanol.
Samples were allowed to precipitate on ice and centrifuged for 10 min at 3000 × g. Supernatants
were analyzed spectrofluorometrically for product (resorufin) an excitation of 550 nm and
emission of 585 nm. For the P450 3A11 assay, liver microsomal protein (0.25 mg/mL) was
preincubated with the NADPH generating system in 0.1 M KH2PO4 buffer, pH 7.4, the
reactions were initiated with 0.25 mM substrate (testosterone), and incubated for 10 min at 37°
C. Reactions were terminated with acetonitrile, and product (6β-hydroxytestosterone) was
analyzed by reverse-phase HPLC with UV254nm detection. Experimental values were
extrapolated using a standard curve in the linear range. Background (boiled protein) was
subtracted from experimental values.

Liver cytosolic GST activities were assayed using general and specific substrates as follows
(reviewed in (Hayes and Pulford, 1995)). CDNB is a general substrate for GST, although the
GST μ form appears to have relatively high activity using CDNB as a substrate. DCNB is a
more specific substrate for GST μ. Conversely, GSTs π and α have relatively higher activity
using ethacrynic acid (EA) as a substrate. Liver cytosolic GST activities were assessed
spectrophotometrically (Shimadzu, Columbia, MD, kinetic mode) at 340 nm (CDNB), 345 nm
(DCNB), and 270 nm (EA) at 25°C. Activities were calculated using extinction coefficients
of 9.6 nM−1/cm−1, 8.5 nM−1/cm−1, and 5.0 nM−1/cm−1, respectively, as previously described
(Habig et al., 1974). Substrate and GSH concentrations for each assay were 1 mM DCNB, 5
mM GSH; 1 mM CDNB, 1 mM GSH, and 0.2 mM EA, 0.25 mM GSH. Liver cytosolic NQO
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activity was assayed spectrophotometrically at 600 nm using 2,6-dichloroindophenol (1.25
mM) as a substrate and an extinction coefficient of 21 nM−1/cm−1 as previously described
(Prochaska and Talalay, 1986).

Protein concentration was estimated using the Bradford method (Bradford, 1976) with BSA
as a standard.

Western blots
Microsomal and cytosolic tissue samples (25 μ g) were separated electrophoretically in 10%
(for P450) and 12% (for GST) SDS-PAGE gels under reducing conditions according to the
method of Laemmli (Laemmli, 1970), and transferred electrophoretically to PVDF membranes
(0.45 μ m) as previously described (Towbin et al., 1979). Blots were probed with appropriate
dilutions of primary antibodies [anti-ratP450 1A1 (with cross-reactivity to P450 1A2, Daiichi
1:1000), anti-rat P450 2B4 (1:2000), anti-rat P450 3A2 (Daiichi, 1:7500), anti-GSTα, π, or μ
(1:1000 each, Oxford Biomedical Research, Inc., Oxford, Mich.), anti-β-actin antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA) or anti-albumin (Accurate Chemicals)], followed
by secondary antibodies and enhanced chemiluminescent detection previously described
(Prince et al., 2006). Protein standards included: 3-methylcholanthrene induced rat liver
microsomes (P4501A1) and phenobarbital induced rat liver microsomes (P4502B9/10). GST
standards (purified from rat liver), were purchased from (Oxford Biochemicals, Inc.): GSTα,
GST Ya–Yc (p/n GS 11); GSTπ, GST Yp (p/n GS 40), and GSTμ, GSTYb1-Yb1 (p/n GS 22).
The intensities of immunostained proteins were determined using Image J software
(http://rsb.info.nih.gov/ij/).

P450 content
Concentrations of P450 were determined in liver microsomes by measuring the differences in
the spectra (dithionite + carbon monoxide) − dithionite as described previously (Omura and
Sato, 1964). The molar extinction coefficient of 91/mM/cm was used for the absorbance change
between 450 and 490 nm.

PXR transfection assays
Functional cell-based assays have been developed using transient expression of the receptor
with a reporter that expresses luciferase or alkaline phosphatase. The receptor can be expressed
as either a full-length protein or as a chimaera that comprises the ligand-binding domain of
PXR fused to the DNA-binding domain from the yeast transcription factor galactose 4 (Gal4).
Expression plasmids for the full-length receptor are transfected with reporter plasmids that
contain either multiple PXR response elements upstream of a heterologous promoter or,
alternatively, an intact promoter of a PXR target gene. The PXR–GAL4 chimeric receptor
assay uses a reporter construct that contains several copies of the GAL4 DNA-binding element.
This latter assay format has the advantage of avoiding interference from endogenous receptors
expressed within the host cell. For the current study, CV-1 cells were cotransfected with Gal-
L-PXR or Gal-L-SXR together with MH100-tk-luc, CMX-β-gal as previously described
(Blumberg et al., 1998). Additional cells were transfected with full length PXR or SXR,
together with hRXRalpha, (DR3)3-tk-luc and CMX-β-gal. To determine whether
isopimpinellin facilitated interaction between the SRC-1 receptor interaction domain (RID)
and PXR/SCR, CV-1 cells were cotransfected with Gal-SRC-1 RID and/or VP-L-PXR or VP-
L-SXR, together with MH100-tk-luc and CMX-β -gal. Transfected cells were incubated with
media containing indicated amount of ligand or solvent control for 18–24 hours before
subjected to luciferase and β -gal assay. Interaction between SRC-1 RID and PXR/SXR was
assessed by the relative luciferase activity normalized by β-gal activity.
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CAR transfection assays
Transfection assays were perfomed as previously described (Tzameli et al., 2000). Briefly,
HepG2 cells, obtained from ATCC (Manassas, VA) were maintained in Dulbecco’s modified
Eagle medium, supplemented with 10% fetal bovine serum (Hyclone). Cells (105) were plated
onto 24-well dishes supplemented with charcoal-stripped serum and transfected as shown in
Figure 8. Cells were co-transfected with pCMX-mCAR (filled bars) or pCMX vector (open
bars), G5-TK-luciferase reporter (LXRE)3-firefly luc and pRL-tk-renilla luc as an internal
control. Cells were grown to 70–80% confluence and then treated with 4 μM androstanol (to
suppress CAR activation), 0.1% DMSO, or 4 μM androstenedione in addition to either 250
nM TC, or 0.1–100 μM isopimpinellin. At 24 h after treatment, luciferase activity was detected
by dual-luciferase assy kit (Promega) on a luminometer, and the ratio of firefly luciferase to
renilla luciferase was calculated. Data represent means ± SD of at least 3 separate experiments.

CAR(−/−) knockout mouse studies
CAR(+/+) wild-type and CAR(−/−) knockout mice were bred and genotyped as previously
described (Wei et al., 2000). Mice were housed in a temperature- and humidity-controlled
AAALAC facility with a 12 h light/dark cycle. All procedures were approved by the
Institutional Animal Care and Use Committee in accordance with NIH guidelines. Mice were
allowed access to food and water ad libitum. For each genotype [CAR(+/+) and CAR(−/−)]
groups of 3 male and 3 female mice (7–9 weeks old) were treated with isopimpinellin (150
mg/kg in corn oil, gavage, 24 h), vehicle (corn oil, 0.1 mL/25 g bw), or the positive control TC
(3 mg per kg body weight, i.p, 6 h). At the appropriate time-points, mice were sacrificed and
livers were removed and snap-frozen in liquid nitrogen. Total liver RNAs were analyzed for
Cyp or GST RNA expression by Northern blots as previously described (Wei et al., 2000).
Blots were scanned and the intensity of the bands were compared using Image J analysis
(http://rsb.info.nih.gov/ij/).

Statistical analysis
Data represent means ± SD or range of at least 2–3 separate experiments. Statistically
significant differences were assessed using ANOVA followed by Fisher’s protected least
significant difference (PLSD) test. Fisher PLSD tests were performed on a Macinotosh
computer with Statview 5.0 software (Altura Software, Inc.).

Results
Structure-Activity Relationship of the Effects of NOCs on murine hepatic drug-metabolizing
enzymes

Initial studies were done to determine the extent to which different NOCs modulated hepatic
drug-metabolizing enzyme activity. In this regard, a series of NOCs, including simple
coumarins with aliphatic side chains of increasing length (coumarin, limettin, auraptene); an
angular furanocoumarin (angelicin); and linear furanocoumarins (isopimpinellin, bergamottin)
(structures shown in Figure 1) were administered to male and female C57BL/6 mice by gavage
for 3 consecutive days. PB was used as a positive control (that induces P450s). The following
parameters were measured: liver weight, liver microsomal P450 1A, 2B, and 3A activity and
expression; and liver cytosolic NQO and GST enzyme activities. The results are summarized
in Figure 2. As shown in Figure 2A, liver weights were significantly increased in all treatment
groups. The greatest effects on liver weight were observed in mice treated with isopimpinellin
and bergamottin, with 59% and 45% increases in liver/body weight ratios, respectively. There
was an 18% increase in liver/body weight ratio in the PB-treated mice. Although only the PB-
treated group showed a significant increase in P450 1 and P450 2 activity (Figures 2B and 2C,
respectively), bergamottin and isopimpinellin treatment showed an apparent increase in P450
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2B activities (Figure 2C) by ~5-fold each. Similarly, P450 3A activities were significantly
increased by bergamottin, isopimpinellin, and PB treatment by 3–4-fold (Figure 2D). There
was also an increase in P450 3A activity by angelicin treatment, but this effect was not
statistically significant. P450 content was increased mainly in the PB and isopimpinellin-
treated mice, but no changes were apparent in the other groups (Figure 2E).

Also in Figure 2, the effects of different NOCs on carcinogen-detoxifying enzymes are
summarized. GST activities using DCNB as a substrate were significantly increased in all
groups, with the highest increase in the coumarin, angelicin, and isopimpinellin treated mice
(Figure 2F). There were significant increases in NQO activities in the coumarin and
bergamottin treated groups by 2–3 fold; several other NOCs as well as PB increased NQO
activities but these values were not significantly different from the control group (Figure 2G).

Western blot analysis was also performed to determine the effects of different naturally
occurring coumarins on hepatic P450 and GST protein expression. As shown by densitometry
analysis in Figure 3, angelicin, bergamottin, isopimpinellin, and PB increased P450 1A1/1A2
protein expression. The original western blots are shown in Supplemental Figure 1. In addition,
bergamottin, isopimpinellin, and PB increased P450 2B10 and 3A11 protein expression. The
simple coumarins (coumarin, limettin, auraptene) did not have any apparent effect on P450
protein expression. However, as shown by densitometry analysis all the coumarins tested
increased liver cytosolic GSTα protein expression, had modest effects on GSTπ, and no effect
on GSTμ. Interestingly, PB had a greater effect on inducing GSTμ than GSTα or GSTπ in this
assay.

Dose-response study
To further characterize the effects of the furanocoumarins, imperatorin and isopimpinellin on
hepatic P450 and GST activities in mice, a dose-response study was conducted and enzyme
assays performed on liver fractions. Mice were treated orally once daily for 4 consecutive days
with corn oil, imperatorin, or isopimpinellin (35, 70, and 150 mg/kg), and sacrificed 24 h after
the final dose. Figure 4 shows the results of these experiments. There were significant increases
in P450 1 (panel A) and P450 2B (panel B) activities following oral treatment with either
imperatorin or isopimpinellin, with the greatest effects being on P450 2B activities. These
effects did not show a linear dose response, probably because imperatorin and isopimpinellin
can also inhibit P450 1 and P450 2B activity (Cai et al., 1993). However, these results are
consistent with our published results (Kleiner et al., 2001) using a 70 mg/kg oral dose. P450
3A activity (panel C) was also increased by imperatorin and isopimpinellin. Liver cytosolic
NQO (panel D) was also increased at all doses in both the imperatorin and isopimpinellin
groups. Increases in NQO activity were maximal at the 35 mg/kg dose. Both imperatorin and
isopimpinellin increased liver cytosolic GST activities using CDNB, DCNB, and EA as
substrates. The increases in these activities corresponded with increasing doses of imperatorin,
reaching a maximal effect at the highest dose (150 mg/kg). For isopimpinellin, there was a
maximal effect at 70 mg/kg, and no further increase was observed at 150 mg/kg. The maximum
induction of GST activities (using CDNB, DCNB, and EA as substrates) by imperatorin was
260%, 300%, and 170% of the corn oil control, respectively. The maximum induction of GST
activities (using CDNB, DCNB, and EA as substrates) by isopimpinellin was 250%, 350%,
and 200% of the corn oil control, respectively. There were no differences in GST activities
using cumene hydroperoxide as a substrate even at the highest doses of imperatorin and
isopimpinellin (data not shown). Taken together, these results indicate that multiple oral doses
of imperatorin and isopimpinellin elevated enzyme activities associated with murine P450s
1A1/2, 2B9/10, and 3A11. In addition, these compounds also elevated NQO and GST enzyme
activities using CDNB, DCNB, and EA as substrates. It is interesting to note that this pleiotropic
pattern of altered enzyme activities is similar to a number of compounds, including ethoxyquin
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and oltipraz (Manson et al., 1997;Kelly et al., 2000) and raises some important questions
regarding the mechanism(s) that are involved.

To further evaluate the effects of imperatorin and isopimpinellin on various Phase I and Phase
II enzyme activities, western blot analyses were performed to examine protein expression
levels in liver. As shown by the densitometry analysis in Figure 5, P450 1A1/1A2 and P450
2B10 protein levels were elevated after four consecutive oral doses of imperatorin or
isopimpinellin (35, 70, and 150 mg/kg). The original western blots are shown in Supplemental
Figure 2. In particular, P450 2B10 protein levels were significantly elevated. Furthermore, we
found that hepatic expression of GST α was greatly increased, particularly at the highest doses,
whereas only a modest increase in GST π and no increase in GST μ protein expression was
observed. However, expression of GSTμ was higher than GSTα or GST π in the control group.
These results are consistent with the observations made in Figure 3 and indicate that the effects
were more pronounced when a higher dose was used. These results indicate that the increased
enzyme activities observed in liver following oral dosing with imperatorin and isopimpinellin
corresponded to an increase in their respective protein expression.

PXR Transfection Assays
The inducing effects of the furanocoumarins may be due to activation of nuclear receptor PXR
(pregnane X receptor, NR112). PXR or its human ortholog SXR (steroid X receptor) is
activated in response to a number of xenobiotics, including hyperforin and hypericin, two
phytochemicals found in St. John’s wort that are responsible for induction of CYP3A4
(reviewed in (Mannel, 2004)). To address whether isopimpinellin activates PXR, cells
transfected with either full-length PXR or luciferase reporters driven by the PXR-DR3 element
were used. We also tested the effects of isopimpinellin on SXR as species differences in
activation of PXR and/or SXR are well-established (LeCluyse, 2001). As shown in Figure 6
and Table 1, isopimpinellin activated both PXR and SXR in a dose-dependent manner but was
far less potent that the positive controls PCN and RIF, respectively. In this regard, whereas the
effective dose that activated GAL-PXR expression by 50% was ~63 nM PCN, it was 18,000
nM isopimpinellin. For GAL-SXR, RIF activated GAL-SXR by 50% at ~1200 nM, whereas
a concentration of isopimpinellin required to activate GAL-SXR was 35,000 nM. The
concentration of isopimpinellin to reach maximal effect was 30 times higher than PCN and 10
times higher than RIF in GAL-PXR and GAL-SXR reporter systems, respectively.
Isopimpinellin was also less potent than PCN and RIF on PXR-DR3 and SXR-DR3 activation.
Furthermore, isopimpinellin was less potent at activating SXR than PXR. We also tested the
ability of isopimpinellin to recruit coactivator SRC-1 (steroid receptor coactivator-1) to PXR
or SXR using mammalian two-hybrid assay. In this experiment isopimpinellin (50 μM) induced
interaction of the PXR LBD (ligand binding domain) and -SRC-1 RID (receptor interaction
domain) by over 4-fold compared to the control (Figure 7A). This effect was similar to the
effects of 10 μM PCN, the positive control. Isopimpinellin (50 μM) and RIF (10 μM) induced
interaction of the PXR LBD and SRC-1 by ~2–3 fold, respectively (Figure 7B). Neither
isopimpinellin, PCN, nor RIF activated expression of luciferase reporter through SRC-1 alone
or VPPXR/SXR alone. Taken together, these results provide a possible explanation for the
hepatic induction of DME in mice. However, the dose-response suggests that isopimpinellin
may be less effective in humans and less effective than traditional inducers PCN and RIF.

CAR Transfection Assays
In addition to PXR, induction of P4502B10, 3A11, and 2C9 by xenobiotics may also be
mediated by the constitutive androstane receptor (CAR) (Xie et al., 2000). CAR was originally
characterized as a constitutive activator of retinoic acid (RA) response elements, and could
activate these elements in the absence of RA (Baes et al., 1994; Zelko and Negishi, 2000). In
this regard, phenobarbital (PB) is known to be a prototype inducer of Cyp2b10 and also elicits
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a pleiotropic response in livers of mice (Sueyoshi and Negishi, 2001). It has been demonstrated
that the induction of Cyp2b10 by PB is CAR-dependent (Wei et al., 2000). Subsequently, CAR
was found to be a nuclear protein that bound to the NR1 site of the phenbarbital-responsive
enhancer module (PBREM) along with the retinoic X receptor (RXR) in nuclear extracts
following PB treatment [reviewed in (Zelko and Negishi, 2000)]. Thus, upon PB exposure,
CAR accumulates in the nucleus, forms heterodimers with RXR, binds to both NR1 and NR2
sites of PBREM and activates transcription of Cyp2b10 and Cyp3a11 [reviewed in (Zelko and
Negishi, 2000)].

As an initial study to determine whether isopimpinellin could activate CAR, HepG2 cells were
transiently transfected with full-length mCAR and a CAR responsive reporter. The constitutive
CAR transactivation was blocked by the inverse agonist androstanol, as expected (Forman et
al., 1998). This inhibitory effect of androstanol was counteracted by the CAR agonist TC, and
also by increasing doses of isopimpinellin (Figure 8A). Similarly, when cells were transfected
with the mCAR-LBD fused to the Gal4 DNA binding domain, both compounds counteracted
the inhibitory effect of androstanol on Gal4 reporter expression (Figure 8B). Finally, in the
mammalian 2-hybrid assay both compounds also counteracted the inhibitory effect of
androstanol on interaction of Gal4-mCAR with the transcriptional coactivator SRC-1 (Figure
8C). In all three cases, isopimpinellin restored either CAR transactivation or coactivator
binding to the constitutive level observed with CAR alone, while TC further increased both
responses. However, much higher doses of isopimpinellin were required for this reversal of
the androstanol effect on the intact receptor relative to the ligand binding domain. The basis
for this discrepancy is unclear.

Effect of isopimpinellin on Cyp mRNA expression in CAR(−/−) mice
To further explore the role of CAR in the effects of isopimpinellin on P450 enzyme expression,
we compared oral administration of isopimpinellin or corn oil (vehicle) in CAR(+/+) and CAR
(−/−) mice. Figure 9 shows the Northern blot (panel A) and the densitometry analysis (panel
B). The results shown in Figure 9 demonstrate that a single oral dose of isopimpinellin (150
mg/kg), as well as the positive control TC, induced both Cyp2b10 and Cyp3a11 mRNA in the
CAR(+/+) wild-type mice by ~4-fold in both male and female mice. As expected, the induction
of both Cyp2b10 and Cyp3a11 by TC was absent in the CAR(−/ −) mice. Similarly, induction
of Cyp2b10 mRNA by isopimpinellin was attenuated in the CAR(−/ −) mice, suggesting that
isopimpinellin induced Cyp2b10 via the CAR receptor. However, the increase in Cyp3a11
mRNA by isopimpinellin, unlike TC, was still observed in the CAR(−/−) mice, suggesting that
isopimpinellin-mediated induction of Cyp3a11 occured via a pathway other than CAR
activation.

Effect of isopimpinellin on GST mRNA expression in CAR(−/−) mice
The effects of isopimpinellin on GSTa1 and GSTp mRNA expression were also evaluated in
CAR(+/+) wild-type and CAR(−/−) knockout mice. Figure 10 shows the Northern blot (panel
A) and densitometry analysis (panel B) of total liver RNA from this analysis. The constitutive
expression of GSTp was high in the male mice, and so did not appear much increased in CAR
(+/+) mice treated with either isopimpinellin or TC. In the female mice, constitutive GSTp
mRNA was lower, and was increased ~ 8-fold and ~4-fold in the CAR(+/+) mice treated with
isopimpinellin and TC, respectively. In CAR(−/ −) mice treated with isopimpinellin, GSTp
was still increased by at least ~5-fold. The induction of GSTp mRNA by isopimpinellin
appeared to be partially attenuated in the CAR(−/−) mice. There was no increase in GSTp
mRNA in CAR(−/ −) mice treated with TC. Isopimpinellin increased GSTa1 mRNA in both
male and female CAR(+/+) wild type mice by ~10–11 fold, and TC increased GSTa1 mRNA
in male and female CAR(+/+) mice by ~8–10 fold. In the CAR(−/ −) mice, isopimpinellin
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increased GSTa1 mRNA by ~8-fold in the males and by ~3-fold in the females. In contrast,
TC did not increase GSTa1 mRNA at all in either male of female CAR(−/−) mice.

Discussion
The objective of the current study was to further characterize the modulation of hepatic drug
metabolizing enzymes in mice by using a range of structurally diverse NOCs. The current
results show that all the coumarins tested induced GST activity and protein expression, with
predominant effects on GST α In addition, linear furanocoumarins induced hepatic P450s,
predominantly P450 2B10 and 3A11. The angular furanocoumarin (angelicin) showed modest
increases in P450 expression. In the case of isopimpinellin and PB, this increase in P450
expression also corresponded to an increase in liver weight and P450 content. The increase in
liver/body weight, P450 content, and P450 protein expression is consistent with de novo protein
synthesis. Another interesting feature of linear furanocoumarins is that they also inhibit the
activities of P450 1, 2B, and 3A family members (Cai et al., 1993; He et al., 1998; Koenigs
and Trager, 1998a; Koenigs and Trager, 1998b; Kleiner et al., 2003). Thus, the net effect on
the activities of these enzymes in the liver is complicated by induction of the apoprotein and
concomitant suppression of its activity. This is a likely explanation for the high variability of
P4502B9/10 activity in the bergamottin and isopimpinellin groups. In fact, when examining
hepatic P450 2B9/10 activities in mice treated with imperatorin and isopimpinellin for 3
consecutive days, the time of sacrifice determined the overall P450 2B9/10 activity. At 1 h
after the final dose, no elevation was observed, whereas at 24 h after the final dose, P450 2B9/10
activity was increased by 100-fold (Kleiner et al., 2001). In addition to inhibition of enzyme
activity, metabolism and clearance may also contribute to these differences.

Bergamottin, imperatorin, and isopimpinellin induced a rather pleiotropic enzyme induction
response in the liver of mice following oral exposure. Among naturally occurring coumarins,
there may be a dissociation between P450 and GST induction depending on structure. Notably,
the simple coumarins also induced GST activity and protein expression but lacked the effects
on P450 induction. There did not appear to be a correlation between the length of the aliphatic
side chains and the effects of the NOCs on Phase I and Phase II DME. For example, bergamottin
and isopimpinellin appeared to be approximately equally effective, whereas coumarin, limettin,
and auraptene had little effect on increasing P450 2B9/10 and 3A11 expression. Hence, the
differences were more apparent by the presence of the furan ring, which appears to confer P450
modulating activity to both suppress P450 enzyme activities and lead to their induction. It has
been demonstrated that oxidation of the double bond on the furan ring of 8-methoxypsoralen
leads to a reactive intermediate that covalently binds to the P450 2A6, resulting in mechanism-
based inactivation (Koenigs and Trager, 1998a; Koenigs and Trager, 1998b).
Furthermore, [14C]coriandrin was previously shown to covalently bind to a protein with an
approximate molecular mass of 49 kDa (Cai et al., 1996). This covalent binding was NADPH-
dependent, and was inhibited by electrophile trapping agents and P4501A1 inhibitors (7,8-
benzoflavone, monoclonal antibody against 3-methylcholanthrene inducible P450s, polyclonal
antibody against P4501A1, and ethoxyresorufin). Coriandrin, imperatorin, isopimpinellin, and
bergamottin, also suppressed P450 content but had no effect on heme when incubated with
liver microsomes in vitro (Cai et al., 1996). Taken together, these previous observations
strongly suggest that furanocoumarins are metabolized into an electrophilic intermediate that
covalently bind to P450s. However, the exact nature of the covalent adduct has not been
elucidated.

Several observations were noted from the dose-response studies with imperatorin and
isopimpinellin. Even the lowest doses of isopimpinellin induced P450 2B9/10 activity and
protein expression to nearly the same extent as the highest dose. It is also interesting that a 2–
3 fold increase in the protein expression (as measured by the optical density) corresponded to
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a 300-fold increase in enzyme activity. In contrast, imperatorin also increased P450 2B9/10
protein expression (by about 1.5–2 fold) but increased enzyme activity by ~100-fold. The
highest dose (150 mg/kg) of imperatorin had less of an effect on P450 2B9/10 activity than the
70 mg/kg dose. Imperatorin was 10–100 times more potent than isopimpinellin at blocking
P450 2B activity using pentoxyresorufin as a substrate (Cai et al., 1993; Kleiner et al., 2003).
In contrast, imperatorin and isopimpinellin were ~equally effective at blocking P450 1A1
mediated ethoxyresorufin O-dealkylase activity (Cai et al., 1993; Kleiner et al., 2003). This
could explain why both compounds had an irregular dose-response for P450 1A1 activity
following oral administration to mice, but only imperatorin had this effect on P450 2B activity.
Western blots were not done on P450 3A in the dose-response study, but the enzyme activity
showed significant increases, even at the 35 mg/kg dose in the case of isopimpinellin. This was
consistent with the results comparing several NOCs in Figures 2–3. GST activities (with several
different substrates) were all elevated in livers of mice treated with either imperatorin or
isopimpinellin. Furthermore, western blot analyses revealed that protein levels of GST α were
elevated in liver of mice following oral dosing with imperatorin and isopimpinellin.

Based on the effects of isopimpinellin on P450 enzyme induction we hypothesized that it may
activate PXR and perhaps its human ortholog SXR. PXR/SXR is a low affinity, broad-substrate
receptor that is activated in response to steroids, phytoestrogens, and foodstuffs (Blumberg et
al., 1998). This presumably provides omnivores/herbivores an adaptive response to detoxify
food-borne xenobiotics. For example, the black swallowtail, Papilio polyxenes, consumes a
diet that consists predominantly of furanocoumarin-containing plants in the Apiaceae and
Rutaceae families, whereas the tiger swallowtail, P. glaucus, rarely ingests this diet (Hung et
al., 1996). The abilities of these species to survive on furanocoumarin-containing diets (which
are normally very toxic) are related to the constitutive and inducible expression of CYP6B,
which metabolizes furanocoumarins (Hung et al., 1996; Li et al., 2002). Several transcriptional
regulatory elements of CYP6B have been identified including XRE-xan (Xenobiotic Response
Element to Xanthotoxin), XRE-Ahr (Xenobiotic Response Element to Aryl hydrocarbon
Receptor), ARE (Antioxidant Response Element), and an imperfect PRE (PXR Responsive
Element) (Li et al., 2002). PXR/SXR is known to regulate both CYP2B and CYP3A gene
expression (Xie et al., 2000) so we investigated it as a possible mechanism for the P450
inducing effects of isopimpinellin. Indeed, in our study, isopimpinellin activated both PXR
and SXR at ~17 μM (PXR) and ~35 μM (SXR) in CV-1 cells transfected with either the GAL4
chimera or the full-length receptor. The mammalian two-hybrid assay confirmed that
isopimpinellin induced an interaction between the receptor interaction domain of SRC-1 and
the ligand-binding domain of both PXR and SXR at 50 μM. Similarly, 8-methoxypsoralen,
which differs in structure from isopimpinellin by one methoxy group, induced the expression
of CYP3A4 in human hepatocytes, and activated both rat and human PXR at an EC50 of 14
μM (Yang and Yan, 2007). The possibility also exists that PXR regulates the induction of GSTs
by isopimpinellin and other related coumarins (Falkner et al., 2001). In this regard, known
PXR activators/ligands (e.g., pregnenolone, 17α-hydroxypregnenolone, RU486) were shown
to induce a GSTA2 reporter gene expression in HepG2 cells transiently transfected with the
plasmid p1.62GSTYaLUC and pPXR (Falkner et al., 2001). Furthermore, mutation of the ARE
core sequence (GTGACaaaGC to GGGACaaaGC) abolishes this response by t-
butylhydroquinone and 17αhydroxypregnenolone (Falkner et al., 2001). These results suggest
that induction of GSTA2 by pregnanes may be mediated by the interaction of PXR with factors
binding to the ARE (Falkner et al., 2001). Alternatively, linear furanocoumarins such as
isopimpinellin may induce GSTs via the ARE similar to simple coumarins as noted by
(McMahon et al., 2001).

Since the predominant effect of isopimpinellin was induction of P4502B10, we hypothesized
that it may also act via the CAR receptor. To address this hypothesis we compared the effects
of isopimpinellin to the positive control, TC, in CAR(−/−) knockout mice and transfection
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experiments. The transfection assay results demonstrated that isopimpinellin counteracted the
inhibitory effect of androstanol on full length mCAR and also a Gal4-mCAR ligand binding
domain fusion. In contrast to the superactivation observed with TC, the transactivation
observed with isopimpinellin plus androstanol was comparable to that observed with full length
mCAR alone, and the same result was observed with direct transactivation by a Gal4-mCAR
ligand binding fusion protein and in the mammalian two-hybrid interaction of this fusion with
the transcriptional coactivator SRC-1. These results strongly indicate that isopimpinellin is a
direct CAR ligand able to compete effectively with the inverse agonist androstanol. However,
they also suggest that isopimpinellin binding does not augment CAR transactivation beyond
the apparently constitutive activity observed in the absence of exogenous ligands. In the CAR
knockout mouse studies, our results showed that the positive control, TC, induced Cyp2b10,
Cyp3a11, GSTp, and GSTa mRNA in CAR(+/+) wild-type but not CAR(−/−) mice as
previously described (Wei et al., 2000). The induction of hepatic Cyp2b10 mRNA by
isopimpinellin also appeared to be dependent on CAR because the induction of Cyp2b10 was
attenuated in CAR(−/−) mice. However, Cyp3a11, GSTp, and GSTa mRNA were elevated by
isopimpinellin in both CAR(+/+) wild-type and CAR(−/−) knockout mice.

The role of hepatic P450 induction by furanocoumarins in their cancer chemopreventive
activities is complex. Another chemopreventive agent, oltipraz, is thought to suppress
aflatoxin-B1 hepatocarcinogenesis through its induction of GSTs. However, oltipraz was also
found to modulate hepatic P450 by acting both as a reversible inhibitor and an inducer of P450
1A and 2B (Langouet et al., 1997). We note that in our previous studies, the P450 inducing
effects of imperatorin and isopimpinellin were apparently isolated to the liver, because skin
epidermis, forestomach, and lung P450 activities remained unchanged or suppressed at 24 h
after the last of 4 consecutive oral doses (Kleiner et al., 2001). B[a]P and/or DMBA DNA
adduct formation was also reduced in these tissues (Kleiner et al., 2001). Perhaps the initial
suppression of P450 in the liver followed by induction of hepatic P450s, GSTs, and NQO
coupled with sustained suppression of P450s in the extrahepatic tissues allows carcinogens to
be metabolized and cleared in the liver.

In conclusion, the current study compared a broad range of NOCs for their abilities to modulate
P450s and GSTs. Overall, most/all coumarins induced GST expression and activities, with
predominant effects on GSTα. However, mainly the furanocoumarins induced P450 1, 2, and
3 expression and activities. Taken together, the current evidence suggests that isopimpinellin
interacts with PXR, SXR and CAR, and that the induction of Cyp2b10 mRNA may be mediated
through its interactions with CAR. In the future, we will further study additional mechanism
(s) whereby isopimpinellin and other NOCs induce Phase I and Phase II enzymes. The effects
of NOCs on xenobiotic metabolizing enzymes suggest that further research on their biological/
toxicological effects are warranted.
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Refer to Web version on PubMed Central for supplementary material.
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B[a]P  

Benzo[a]pyrene
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CAR  
constitutive androstane receptor

CDNB  
1-chloro-2,4-dinitrobenzene

DCNB  
1,2-dichloro-4-nitrobenzene

DCPIP  
2,6-dichloroindophenolate hydrate

DMBA  
7,12-dimethylbenz[a]anthracene

DME  
drug metabolizing enzymes

EA  
ethacrynic acid

GST  
glutathione S-transferase

LBD  
ligand binding domain

mCAR  
murine CAR

NOC  
naturally occurring coumarins

NQO  
NAD(P)H quinone oxidoreductase

PB  
Phenobarbital

PBREM  
phenobarbital response element

PXR  
pregnane X receptor

RXR  
retinoid X receptor

SXR  
steroid X receptor

TC  
1,4-bis[2-(3,5-dichloropyridyloxy)]benzene

XREM  
xenobiotic response element
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Figure 1.
Structures of coumarins used.

Kleiner et al. Page 17

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effects of oral administration of different naturally occurring coumarins on liver:body weight
(A), P450 1A activity (B), P450 2B activity (C), P450 3A activity (D), P450 content (E), GST
activity (using DCNB as a substrate, panel F), and NQO activity (G). Male and female C57BL/
6 mice were treated with NOCs or PB (100 mg/kg, p.o.) once a day for 3 consecutive days. At
24 h after the final dose, mice were sacrificed by cervical dislocation and livers removed. Liver
weights were calculated as a percentage of liver weight divided by body weight. Data are
represented as a percentage of the corn oil (vehicle) control mice (means ± SD or range).
Substrates (and concentration of substrate) for P450 1A, 2B, 3A, GST, and NQO were
ethoxyresorufin (5 μM), pentoxyresorufin (5 μM), testosterone (0.25 mM), DCNB (1 mM),
and 2,6-dichloroindophenol (1.25 mM), respectively. Control values for each assay were: 5.37
±0.48% (A), 89.4 ± 9.4 pmol/min/mg (B), 6.60 ± 2.72 pmol/min/mg (C), 1.30 ± 0.14 nmol/
min/mg (D), 0.87 ± 0.23 nmol/mg (E), 31.0 ± 10.4 nmol/min/mg (F), and 242 ± 78 nmol/min/
mg (G). Livers from male and female mice (3–4 per group) were pooled together in each
experiment. This experiment was performed 2–3 times. * Data were significantly different
from corn oil control (P 0.05, Student’s t-test)
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Figure 3.
Densitometric analysis of western blots of effects of oral administration of different naturally
occurring coumarins on hepatic microsomal P450 (panel A) and cytosolic GST (Panel B)
protein expression. Male and female C57BL/6 mice were treated with NOCs or PB (100 mg/
kg, p.o.) once a day for 3 consecutive days. At 24 h after the final dose, mice were sacrificed
by cervical dislocation and livers removed. Microsomal and cytosolic liver fractions were
analyzed by western blot for P450 and GST expression, respectively. β-actin and albumin were
used loading controls for microsomal and cytosolic samples, respectively. Figures represent
pooled samples from 3 mice each and are expressed as a percentage of the corn oil (vehicle)
control group.Original western blotsare shown in Supplemental Figure 1.
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Figure 4.
Dose-response of the effects of orally administered imperatorin and isopimpinellin on hepatic
Phase I and Phase II enzyme activities. Mice were treated as described in Experimental
Procedures. Liver microsomal samples were assayed for P450 1 activity (A), P450 2B activity
(B), and P450 3A activity (C). Liver cytosolic samples were assayed for NQO activity (D),
and GST activities using CDNB as a substrate (E), DCNB as a substrate (F), or ethacrynic acid
as a substrate (G). Substrates (and concentration of substrate) for P450 1A, 2B, 3A, NQO,
GST-CDNB, GST-DCNB, and GST-EA were ethoxyresorufin (5 μM), pentoxyresorufin (5
μM), testosterone (0.25 mM), 2,6-dichloroindophenol (1.25 mM), CDNB (1 mM), DCNB (1
mM), and ethacrynic acid (0.2 mM) and), respectively. Data are expressed as % of control
(means ± SE, n = 3–9). Control values for each assay were as follows: 45.9 ± 14.3 pmol/min/
mg (A); 6.5 ± 1.8 pmol/min/mg (B); 7.31 ± 2.19 nmol/min/mg (C); 28.9 ± 2.5 nmol/min/mg
(D); 1000 ± 94 nmol/min/mg (E); 30.0 ± 0.5 nmol/min/mg protein (F); and 15.2 ± 1.6 nmol/
min/mg (G).* Significantly different than corn oil control (p < 0.05).
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Figure 5.
Densitometric analysis of the effects of orally administered imperatorin and isopimpinellin on
hepatic microsomal P450 (upper panel) and cytosolic GST (lower panel) protein expression.
Mice were treated with imperatorin or isopimpinellin (35, 70, and 150 mg/kg, p.o.) once daily
for 3 consecutive days. β -actin was used as a loading control for both microsomes and cytosol.
Samples from duplicate mice per group were analyzed and the data are expressed as percentage
of the corn oil (vehicle) control group. The original western blots are shown in Supplemental
Figure 2.
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Figure 6.
CV-1 cells were cotransfected with Gal-L-PXR (A) or Gal-L-SXR (B) together with MH100-
tk-luc, CMX-β-gal. In panels (C) and (D), cells were transfected with full length PXR or SXR,
together with hRXRalpha, (DR3)3-tk-luc and CMX-β-gal. Transfected cells were incubated
with media containing indicated amount of ligand or solvent control for 18–24 h before
subjected to luciferase and β-gal assay. Transcriptional activation was assessed by the relative
luciferase activity normalized by β-gal activity. Figures represent means ± SD.
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Figure 7.
CV-1 cells were cotransfected with Gal-SRC-1 receptor interaction domain (RID) and/or VP-
L-PXR (A) or VP-L-SXR (B), together with MH100-tk-luc and CMX-β-gal. Transfected cells
were incubated with media containing indicated amount of ligand or solvent control for 18–
24 hours before subjected to luciferase and β-gal assay. Interaction between SRC-1 RID and
PXR/SXR was assessed by the relative luciferase activity normalized by β gal activity. Figures
represent means ± SD.
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Figure 8.
Activation of mCAR mediated reporter gene expression by isopimpinellin. HepG2 cells were
co-transfected with [A] pCMX-mCAR (filled bars) or pCMX vector (open bars), [B] pCMX-
Gal4 mCARLBD, and [C] pCMX-Gal4 mCARLBD + VP16SRC1. Cells were co-transfected
with G5-TK-luciferase reporter (LXRE)3-luc and pRL-tk-renilla luc as an internal control.
Cells were grown to 70–80% confluence and then treated with 4 μM androstenedione (to
suppress CAR activation), 0.1% DMSO, or 4 μM androstenedione in addition to either 250
nM TC, or 0.1–100 μM isopimpinellin. At 24 h after treatment, luciferase activity was detected
on a luminometer, and the ratio of firefly luciferase to renilla luciferase was calculated. Data
represent means ± SD of at least 3 separate experiments.
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Figure 9.
Effects of orally administered isopimpinellin on hepatic expression of Cyp2b10 and
Cyp3a11 in CAR(+/+) wild type vs. CAR(−/− knockout mice. Mice were treated with a single
dose of isopimpinellin (150 mg/kg, per os) and sacrificed 24 h later. Total liver RNA was
analyzed by Northern blot (Panel A) for Cyp2b10 and Cyp3a11. First lane: Co, corn oil control;
Lanes 2–4: isop1–3, isopimpinellin, 3 individual mice; Lane 5: TC, mice were treated with a
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known inducer, TC (3 mg per kg body weight, i.p., 6 h). Panel B, densitometry analysis of the
effects of isopimpinellin on Cyp2b10 and Cyp3a11. Individual values (both male and female)
were pooled together and the data are expressed as a percentage of the control (means ± SD or
range: corn oil control, n=2; isop. n=6; TC, n=2). Bars with the superscript a were significantly
different from each other (p ≤0.05).
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Figure 10.
Effects of orally administered isopimpinellin on hepatic expression of GSTPi and GSTa1in
CAR(+/+) wild type vs. CAR(−/−) knockout mice. Mice were treated with a single dose of
isopimpinellin (150 mg/kg, per os) and sacrificed 24 h later. Total liver RNA was analyzed by
Northern blot (Panel A) for GSTPiand GSTa1: First lane: Co, corn oil control; Lanes 2–4:
isop1–3, isopimpinellin, 3 individual mice; Lane 5: TC, mice were treated with a known
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inducer, TC (3 mg per kg body weight, i.p., 6 h). Panel B, densitometry analysis of the effects
of isopimpinellin on GSTPi and GSTa1. Individual values (both male and female) were pooled
together and the data are expressed as a percentage of the control (means ± SD or range: corn
oil control, n=2; isop. n=6; TC, n=2). Bars with the superscript a were significantly different
from each other (p ≤0.05).
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