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ABSTRACT
Purpose To investigate the effects of three natural product
compounds, carapin, santonin and isokobusone, on the activity
of pregnane X receptor (PXR) and constitutive androstane
receptor (CAR) in induction of drug-metabolizing enzymes and
inhibition of inflammation.
Methods The monkey kidney-derived fibroblast (CV-1) cells
and human embryonic kidney HEK293 cells were used for
transient transfection and luciferase reporter gene assays. Hu-
man primary hepatocytes and primary hepatocytes from wild
type, PXR−/−, and hPXR transgenic mice were used to study
the induction of drug-metabolizing enzymes and the implication
of these compounds in inflammation.
Results Carapin, santonin and isokobusone activated both PXR
and CAR in transient transfection and luciferase reporter gene
assays. Mutagenesis studies showed that two amino acid residues,
Phe305 of the rodent PXR and Leu308 of the human PXR, are
critical for the recognition of these compounds by PXR. Impor-
tantly, the activation of PXR and CAR by these compounds
induced the expression of drug-metabolizing enzymes in primary

human and mouse hepatocytes. Furthermore, activation of PXR
by these compounds inhibited the expression of inflammatory
mediators in response to lipopolysaccharide (LPS). The effects of
these natural compounds on drug metabolism and inflammation
were abolished in PXR−/− hepatocytes.
Conclusions Our results show that carapin, santonin and
isokobusone activate PXR and CAR and induce drug-metabo-
lizing enzymes. In addition, these compounds inhibited the
expression of inflammatory mediators in response to LPS
through the activation of PXR.
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products . nuclear receptor

ABBREVIATIONS
CAR Constitutive androstane receptor
IBD Inflammatory bowel disease
LPS Lipopolysacharide
PCN Pregnenolone-16α-carbonitrile
PXR Pregnane X receptor
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RIF Rifampicin
TCPOBOP 1,4-bis [2-(3,5-Dichloropyridyloxy)] benzene

INTRODUCTION

The nuclear receptors pregnane X receptor (PXR, NR1I2)
(1,2) and constitutive androstane receptor (CAR, NR1I3)
(3,4) are transcriptional factors that regulate the expression
of genes that are involved in the metabolism and disposition
of xenobiotics and endogenous substances. PXR is primarily
expressed in the liver, intestine and kidney, whereas CAR is
highly expressed in the liver and small intestine. PXR and
CAR have been characterized as xenobiotic sensors, because
they can recognize a wide array of xenobiotic and endoge-
nous chemicals. The human cytochrome P450 3A4
(CYP3A4)/mouse Cyp3a11 and human CYP2B6/mouse
Cyp2b10 are primary target genes of PXR and CAR, re-
spectively (3,5). As such, activation of PXR and CAR has
been shown to regulate drug metabolism. In addition to their
xenobiotic functions, PXR and CAR also play essential roles
in various physiological and pathophysiological processes,
such as bile acid metabolism, lipid metabolism, glucose ho-
meostasis, and inflammation (6). Both receptors have been
suggested as useful targets for pharmacological interventions
of several diseases, such as hepatic steatosis, cholestatic liver
disease, hyperbilirubinemia, osteoporosis, and inflammatory
bowel disease (IBD) (7–9). For the anti-inflammatory function
of PXR, Zhou and colleagues demonstrated that ligand acti-
vation of PXR inhibited the activity of NF-κB, a key regulator
of inflammatory responses. Activation of PXR also suppressed
the expression of several pro-inflammatory genes, such as
prostaglandin-endoperoxide synthase 2 (COX-2), tumor ne-
crosis factor alpha (TNF-α), intercellular adhesion molecule 1
(ICAM-1), and several interleukins. In contrast, the expression
of NF-κB target genes in hepatocytes derived from the PXR
−/− mice was substantially upregulated compared to that of
the wild-type mice, suggesting that PXR plays an important
role in suppressing the NF-κB signaling (10).

Both PXR and CAR form obligate heterodimers with a
common partner, the retinoic X receptor (RXR, NR1B2),
after which the PXR-RXR or CAR-RXR heterodimers bind
to the specific response elements termed PXR response ele-
ments or CAR response elements (also called phenobarbital
response element) in the target gene promoters. PXR and
CAR share some ligands as well as target genes. In the
meantime, PXR and CAR also have their own unique ligands
and both receptors exhibit considerable species specificity in
their ligand recognition. In addition to their activation by
prescription drugs such as antibiotics, anti-neoplastic drugs
and anti-inflammatory agents, insecticides, pesticides, and
nutritional compounds, PXR and CAR have also been

reported to be activated by natural compounds. For example,
herbal medicines such as Schisandra chinensis Bail (Wu Wei Zi),
Glycyrrhiza uralensis Fisch (GanCao), Piper methysticum (kava kava)
and Hypericum perforatum (St. John’s Wort) were reported to
activate PXR, whereas Allium sativum (Garlic) and Yin Zhi
Huang were found to activate CAR (11,12). Quercetin and
kaempferol, on the other hand, can activate both PXR and
CAR (13–16). There is a continued need to identify PXR and
CAR ligands, especially from traditional medicines, in order
to harness the therapeutic potential of these receptors.

In this study, we examined the effects of three natural
product compounds carapin, santonin and isokobusone on
the activities of PXR and CAR. Carapin, an extracted com-
pound from Carapa procera, Carapa guyanensis and Carapa indica,
has been shown to have antifungal/antibacterial activity and
wound healing activity (17,18). Santonin, commonly found
in the plants of the Compositae family, has been widely used as
an antiparasitic drug (19). Santonin was also found to have
significant anti-inflammatory activity on acute inflammatory
processes (20,21). Isokobusone, a compound that can be
isolated from crude extract of tubers of Cyperus rotundus Linn.,
has long been used as a traditional Chinese medicine to treat
nausea, pain reduction, muscle relaxation, fever and inflam-
mation (22,23). We found that these compounds can activate
PXR and CAR and subsequently increase the expression of
drug-metabolizing enzymes. The same natural compounds
also exhibit anti-inflammatory activities.

MATERIALS AND METHODS

Chemicals

The natural product compounds were purchased from
MicroSource (Gaylordsville, CT). Each compound has a
purity of greater than 95%. We did not use crude extracts
or fractions from plants in this study. Other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

Plasmids and Transient Transfection

The reporter plasmids (tk-CYP3A23-Luc and tk-PBRE-Luc)
and the expression vectors (hPXR, mPXR, hCAR and
mCAR) used in this study have been described previously
(24,25). The rat PXR (rPXR) F305L and hPXR L308F
mutants are kind gifts from Dr. Richard Kim (The University
of Western Ontario, Canada) and these two mutants have
been described previously (26). The CMV2-hCAR3 and
CMV2-mCAR3 vectors were obtained from Dr. Curtis
Omiecinski (Pennsylvania State University, USA). The mon-
key kidney-derived fibroblast (CV-1) cells and human embry-
onic kidney HEK293 cells were seeded on 48-well plates and
maintained in Dulbecco’s Modified Essential Medium
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(DMEM) containing 10% fetal bovine serum, 100 U/ml pen-
icillin G, and 100 μg/ml streptomycin. After being transfected
overnight, cells were treated with either vehicle (0.1%DMSO)
or appropriate compounds (10 μM) for 24 h before luciferase
assay. Luciferase activity was normalized against the co-
transfected β-galactosidase activity. All transfections were
performed in triplicate.

Human and Mouse Primary Hepatocyte Preparation

Human livers were obtained through the Liver Tissue Pro-
curement and Distribution System, University of Pittsburgh,
and hepatocytes were isolated by three-step collagenase per-
fusion (27). Mouse primary hepatocytes from C57BL6 wild-
type, PXR−/−mice (28), and “humanized” hPXR transgenic
mice (28) were isolated by standard collagenase perfusion.
Cells were plated on collagen-coated 6-well plates at a density
of 5×105 cells/well andmaintained in hepatocyte maintenance
medium fromCambrex (Walkersville, MD) supplemented with
0.1 mM dexamethasone, 0.1 mM insulin, 50 g/ml gentamicin,
50 ng/ml amphotericin, and incubated overnight. Cells were
then treated with either vehicle or test compounds for 24 h
before RNA isolation.

RNA Isolation and Real-Time PCR

Total RNA was isolated by using the TRIZOL reagent from
Invitrogen (Carlsbad, CA). After DNase I treatment, 1 μg of
RNA was reverse-transcribed by using iScript cDNA synthe-
sis kit (Bio-Rad). Amplifications were performed with the
ABI 7500 real-time PCR (Applied Biosystem) by using the
SYBR Green Master Mix (29). The primer sets used in this

study are presented in Table I. The GADPH or cyclophilin
were used as an internal control for normalization.

Measurements of Cytochrome P450 Activity

After the hepatocytes were treated with compounds for 24 h,
cells were washed and incubated with a medium containing
testosterone (200 μM) for 6 h. Then, the mediumwas collected
and the reaction was terminated by the addition of an equal
volume of cold methanol. The precipitated proteins were
separated by centrifugation at 13,000 g for 15 min. The
formation of 6β- and 16β-hydroxytestosterone in the medium
were used as markers for CYP3A and CYP2B activities, re-
spectively, and were measured by HPLC as described previ-
ously (30,31) with some modifications. One hundred microli-
ters of the culture medium was injected into a LiChrospher
100 RP-18 column (4.6×250 mm, 5 μm) fromMerck (Darm-
stadt, Germany). A mobile phase of methanol/water (50:50,
v/v) at a flow rate of 1.2 ml/min was used to separate various
components. The eluents were measured using a UV detector
at a wavelength of 242 nm. The concentrations of 6β- and 16β-
hydroxytestosterone were quantified by comparing the peak
area of the samples to a standard curve containing a known
amount of metabolites.

Statistical Analysis

Statistical analyses were performed by the unpaired Stu-
dent’s t-test. For comparison of more than two groups of
data, One-way ANOVA with Student–Newman-Keuls post-
hoc test was performed. P values of less than 0.05 were
considered to be statistically significant.

Table I Primer Sequences for
Real-Time PCR Gene name Forward primer sequence Reverse primer sequence

Human:

hCYP3A4 CACCCTGATGTCCAGCAGAA TGCCTTATTGGGTAAAACTGCAT

hCYP2B6, AGACGCCTTCAATCCTGACC CCTTCACCAAGACAAATCCGC

hiNOS CAGCGGGATGACTTTCCAA AGGCAAGATTTGGACCTGCA

hMCP-1 GATCTCAGTGCAGAGGCTCG TGCTTGTCCAGGTGGTCCAT

hGAPDH CCCATCACCATCTTCCAGGAG GTTGTCATGGATGACCTTGGC

hCyclophilin TGGTGTTTGGCAAAGTGAAA TCGAGTTGTCCACAGTCAGC

Mouse:

mCyp3a11 AAACTGCAGGATGAGATCGATGA TCCAGGTATTCCATCTCCATCAC

mCyp2b10 TCCTGACCAGTTCCTGGATG CTGGAGGATGGACGTGAAGAA

miNOS GTGACGGCAAACATGACTTCAG GCCATCGGGCATCTGGTA

mMCP-1 CAACTCTCACTGAAGCCAGCTCT CAGGCCCAGAAGCATGACA

mIL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

mGAPDH CAGTGCCAGCCTCGTCCCGTAGA CTGCAAATGGCAGCCCTGGTGAC

mCyclophilin GGAGATGGCACAGGAGGAA GCCCGTAGTGCTTCAGCTT
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RESULTS

The Effects of Carapin, Santonin and Isokobusone
on PXR Activation

Carapin, santonin and isokobusone were three candidate
PXR activators identified in a screen of the GENPLUS nat-
ural product library from MicroSource (Gaylordsville, CT)
using a transient transfection and reporter gene assay (data not
shown). The chemical structures of these three compounds,
along with those of the typical PXR and CAR agonists RIF,
PCN, TCPOBOP andCITCO, are shown in Fig. 1a.We first
validated the effect of these three compounds on PXR activity
using the PXR transfection assay in CV-1 cells. Cells were
transfected with the human PXR (hPXR) and rat PXR
(rPXR) expression vectors. The activity of PXR after drug
treatment was determined using a PXR-responsive tk-
CYP3A23-Luc reporter. As shown in Fig. 1b–c, carapin,
santonin and isokobusone at the dose of 10 μM activated
both hPXR and rPXR compared to that of the vehicle
controls. In these experiments, RIF and PCN were
included as hPXR-specific and rPXR-specific ligands,

respectively. We next determined the specific amino
acid determinants of PXR in its activation by carapin,
santonin and isokobusone. Two amino acid residues,
Phe305 of rPXR and Leu308 of hPXR, have been
reported to be critical for determination of the species-
specific ligand activation (26). We used the rPXR
F305L and hPXR L308F mutants to determine whether
these residues are important for the activation of PXR
by these compounds. The results showed that the acti-
vation of hPXR by carapin, santonin and isokobusone
was abolished in hPXR L308F mutant transfected cells.
The activation of rPXR activation by these compounds
was also abolished by the rPXR F305L mutation.

The Effects of Carapin, Santonin and Isokobusone
on CYP3A4 Expression in Primary Human
Hepatocytes and Cyp3a11 Expression in Primary
Mouse Hepatocytes

We then determined whether carapin, santonin and isokobusone
could induce the expression of drug-metabolizing enzymes in
human primary hepatocytes. PXR activation is known to

Fig. 1 Carapin, santonin and isokobusone activated the human and rat PXR. (a) Chemical structures of carapin, santonin and isokobusone, along with those
of the typical PXR and CAR agonists rifampicin, PCN, TCPOBOP, and CITCO. (b, c_ CV-1 cells were cotransfected with the tk-CYP3A23-Luc reporter
gene, together with the wild-type and mutant hPXR (b) or rPXR (c). Transfected cells were treated with the vehicle or the indicated compounds (10 μM
each) for 24 h before luciferase assay. Rifampicin (RIF) and pregnenolone-16α-carbonitrile (PCN) were included as the positive control ligands for hPXR and
rPXR, respectively. Results are shown as fold induction over vehicle control and represent the average from triplicate assays. * P<0.05, vs the vehicle control
group of each WTand mutant receptors.
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increase the mRNA expression of CYP3A4. Consistent with
the result obtained from hPXR reporter gene assay, all of the
test compounds at the dose of 10 μM effectively induced
CYP3A4 mRNA expression in primary human hepatocytes
(Fig. 2a). We also determined the effect of carapin, santonin
and isokobusone on the expression of Cyp3a11, a mouse PXR
target gene, in primarymouse hepatocytes. As shown in Fig. 2b,
these compounds induced the expression of Cyp3a11 mRNA
in WT mouse hepatocytes, and this induction was abolished in
PXR−/−mice, suggesting that the induction was PXR depen-
dent. We previously generated “humanized” hPXR transgenic
mice in which a liver-specific hPXR transgene was introduced

into the PXR−/− background (28). Consistent with the results
from human primary hepatocytes, we found Cyp3a11 mRNA
expression was increased after treatment of humanized primary
mouse hepatocytes with these compounds (Fig. 2b). Again, RIF
and PCN were included as hPXR-specific and mPXR-specific
ligands, respectively.

The Effects of Carapin, Santonin and Isokobusone
on Human and Mouse CAR Activation

Since CAR is a sister xenobiotic receptor of PXR and shares
some of its ligands as well as target genes, we determined the
effect of carapin, santonin and isokobusone on CAR activation
using luciferase reporter assay. HEK293 cells were transiently
transfected with humanCAR (hCAR) and the CAR-responsive
tk-PBRE reporter gene. As shown in Fig. 3a, carapin, santonin
and isokobusone activated hCAR with potency similar to that
of the positive control CITCO. The WT CAR (also termed
CAR1) is known to possess a high level of constitutive activity
in cell-based assays, obscuring the detection of ligand activa-
tors. Previous studies showed that the CAR gene produces a
number of differentially spliced mRNAs encoding structurally
diverse proteins (32). A human splice variant of CAR, termed
CAR3, functions as a ligand-dependent receptor transcript
and exhibits substantially lower constitutive activity. In addi-
tion, CAR3 is activated by ligands with similar specificity as the
reference CAR. Therefore, we used hCAR3 expression vector
to determine the effect of these three compounds on CAR
activation using luciferase reporter assay. As expected, carapin,
santonin and isokobusone could also activate hCAR3 in this
assay (Fig. 3a).We then usedmCAR andmCAR3 to repeat the
experiments, and TCPOBOP was included as a positive con-
trol. As shown in Fig. 3b, carapin, santonin and isokobusone
also activated mCAR. Interestingly, although carapin and
isokobusone were effective in activating mCAR3, santonin
showed little activity on mCAR3. As expected, CAR3s showed
lower basal activities compared to their WT counterparts.

The Effects of Carapin, Santonin and Isokobusone
on CYP2B6 and Cyp2b10 Expression in Human
and Mouse Primary Hepatocytes

CYP2B6 and Cyp2b10 are primary CAR target genes inmice
and humans, respectively. Therefore, we evaluated the effects
of carapin, santonin and isokobusone on the expression of
CYP2B6 and Cyp2b10 genes in human and mouse primary
hepatocytes, respectively. We found that all three compounds
were effective in inducing CYP2B6 in human hepatocytes.
When the mouse hepatocytes were evaluated, santonin and
isokobusone, but not carapin, were effective in inducing
Cyp2b10 (Fig. 4). Again, CITCO and TCPOBOP were
included as hCAR-specific and mCAR-specific ligands,
respectively.

Fig. 2 Carapin, santonin and isokobusone induced the expression of PXR
target gene CYP3A in human and mouse primary hepatocytes. (a) Treat-
ment with carapin, santonin and isokobusone induced the mRNA expres-
sion of CYP3A4 in primary human hepatocytes. (b) The induction of
Cyp3a11 mRNA by carapin, santonin and isokobusone in primary hepato-
cytes was abolished in hepatocytes isolated from PXR−/− mice. In con-
trast, the inducibility was restored in hepatocytes isolated from hPXR
humanized mice. The cells were treated with the compounds at the dose
of 10 μM for 24 h before harvesting total RNA and real-time PCR analysis.
RIF was included as positive control for CYP3A4 induction in human
hepatocytes, whereas PCN was used as positive control for Cyp3a11
induction in mouse hepatocytes. Results normalized to GAPDH are shown
as fold induction over vehicle control and represented the averages from
triplicate assays. * P<0.05, vs respective vehicle controls of each genotype.
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The Effects of Carapin, Santonin and Isokobusone
on CYP3A and CYP2B Activities in Human and Mouse
Hepatocytes

The data presented above implied that carapin, santonin
and isokobusone activate PXR, leading to an increased
expression of CYP3A. To assess whether carapin, santonin
and isokobusone increased the CYP3A activity, we deter-
mined the metabolism of testosterone by measuring 6β-
hydroxytestosterone levels in the medium of hepatocyte cul-
tures. RIF and PCN were included as hPXR-specific and
rPXR-specific control ligands, respectively. Surprisingly, the
results showed that these compounds did not affect the 6β-
hydroxytestosterone level in either the primary human hepa-
tocytes or hepatocytes isolated from the humanized mice. In
the WT primary mouse hepatocytes, only santonin, but not
isokobusone, was effective in inducing 6β-hydroxytestosterone
level. In contrast, the 6β-hydroxytestosterone level was signif-
icantly decreased by carapin (Fig. 5a). As positive controls,
RIF was effective in inducing 6β-hydroxytestosterone

Fig. 3 Carapin, santonin and isokobusone activated human and mouse
CAR. (a, b) HEK293 cells were co-transfected with hCAR (hCAR1) or
hCAR3 (a) and mCAR or mCAR3 (b), together with the tk-PBRE-Luc
reporter gene. Transfected cells were treated with the vehicle or the
indicated compounds (10 μM each) for 24 h before luciferase assay. CITCO
(1 μM) and TCPOBOP (250 nM) were included as the positive control
ligands for hCAR and mCAR, respectively. Results are shown as fold
induction over vehicle control and represent the averages from triplicate
assays. * P<0.05, vs vehicle control of each receptor or its mutant variant.

Fig. 4 Carapin, santonin and isokobusone induced the expression of CAR
target gene CYP2B in human and mouse primary hepatocytes. Human and
mouse primary hepatocytes were treated vehicle (DMSO), CITCO (1 μM),
TCPOBOP (250 nM), carapin, santonin, or isokobusone (10 μM each) for
24 h. CYP2B6 and Cyp2b10 mRNA expression was measured by real-time
PCR analysis. Data were expressed as fold change over the control,
normalized to GAPDH expression. * P<0.05, vs the vehicle controls of
each genotype.

Fig. 5 Effects of carapin, santonin and isokobusone on CYP3A and CYP2B
activities. (a, b) 6β-hydroxytestosterone level in primary human hepato-
cytes as well as wild-type and humanized mice (a) and 16β-
hydroxytestosterone level in primary mouse hepatocytes (b). Cells were
treated with test compounds at the concentration of 10 μM or vehicle for
24 h. Then, they were washed with medium followed by the addition of
200 μM testosterone for 6 h. Aliquots of medium were analyzed for 6β-and
16β-hydroxytestosterone by HPLC. RIF and PCN were included as the
control ligands for hPXR and mPXR, respectively. CITCO (1 μM) and
TCPOBOP (250 nM) were included as the positive control ligand for hCAR
and mCAR, respectively. Data are expressed as means ± SD from triplicate
experiments. * P<0.05, vs DMSO-treated cells of each genotype.
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formation in primary human hepatocytes and hepatocytes
isolated from humanized mice, whereas PCN was effective
in inducing 6β-hydroxytestosterone formation in primary
mouse hepatocytes.

As CYP2B mediates the 16β-hydroxylation of testosterone,
we next determined the CYP2B activity by measuring 16β-
hydroxytestosterone level in the medium after treatment of
the cells with carapin, santonin and isokobusone. Similar to
CYP3A activity in WT hepatocytes, 16β-hydroxytestosterone
level after treatment with santonin, but not isokobusone, was
significantly increased. On the other hand, carapin decreased
16β-hydroxytestosterone level in mouse primary hepatocytes
(Fig. 5b). TCPOBOP induced 16β-hydroxytestosterone for-
mation as expected.

Inhibitory Effect of Carapin, Santonin and Isokobusone
on the LPS Responsive Expression of Pro-`inflammatory
Genes

It has been reported that PXR has an anti-inflammatory activity
by antagonizing the NF-κB pathway (33). We next investigated
whether activation of PXRby carapin, santonin and isokobusone
has an effect on the LPS responsive expression of pro-
inflammatory genes in hepatocytes. In primary human hepato-
cytes, treatment with LPS induced the expression of inducible
nitric oxide synthase (iNOS) (Fig. 6a) and monocyte
chemoattractant protein-1 (MCP-1) (Fig. 6b) as expected. Pre-
treatment of cells with carapin, santonin or isokobusone signifi-
cantly lowered the LPS-responsive expression of iNOS and
MCP-1 (Fig. 6a and b). A similar inhibition of the LPS-
responsive expression of iNOS, MCP-1 and IL-1β by the pre-
treatment of carapin, santonin and isokobusone was observed in
primary mouse hepatocytes (Fig. 7a–c). The inhibitory effect of
the three compounds on the LPS-responsive expression of iNOS,
MCP-1 and IL-1β was PXR dependent, because the inhibitions
were abolished in hepatocytes isolated from PXR−/− mice
(Fig. 7a–c).

DISCUSSION

In this study, we reported the characterization of three natural
product compounds carapin, santonin and isokobusone as
ligands for the xenobiotic receptors PXR and CAR. These
three compounds activated PXR and CAR in transient trans-
fection and reporter gene assays. Mutagenesis analysis re-
vealed Phe305, a residue located in the flexible loop that forms
part of the pore to the ligand-binding cavity of the rPXR (26),
and its hPXR counterpart Leu308, are essential for the rec-
ognition of these three compounds by PXR. Treatment of
human and mouse primary hepatocytes with carapin, santo-
nin, or isokobusone induced the expression of endogenous
CYP3A and 2B genes. Moreover, pre-treatment of

hepatocytes with these compounds inhibited the LPS-
responsive induction of pro-inflammatory genes.

The induction of drug-metabolizing enzymes by carapin,
santonin and isokobusone was abolished in primary hepato-
cytes isolated from PXR−/− mice, suggesting that the induc-
tion was PXR dependent. Although it remains to be deter-
mined whether the parent compounds or their metabolites are
responsible for the activation of PXR and CAR, the use of
HEK293 and CV-1 cells, in which the endogenous expression
of drug-metabolizing enzymes and transporters was very low
or absent (34), implied that the activations may have resulted
from the parent compounds instead of their metabolites.

Having shown that carapin, santonin, or isokobusone
activated PXR and CAR and induced the expression of
CYP3A and CYP2B, we were surprised to find that treat-
ment of primary human hepatocytes with these compounds
failed to increase the production of 6β- and 16β-
hydroxytestosterone. The pattern of effect on mouse hepato-
cytes was also not quite consistent with the pattern of receptor
activation. A possible explanation is that the inhibition of
CYP3A4 catalytic activity in the hepatocyte might be due to
either these compounds acting as competitive inhibitors for CYP
enzymes, or they cause irreversible inactivation of the enzymes.
The first possibility seemed unlikely, because the hepatocytes
were washed before the addition of the testosterone substrate in

Fig. 6 Carapin, santonin and isokobusone inhibited the LPS-responsive
expression of pro-inflammatory genes in human primary hepatocytes. (a,
(b) Human primary hepatocytes were pre-treated with vehicle, RIF, carapin,
santonin or isokobusone (10 μM each) for 24 h before the addition of
20 μg/ml LPS for 6 h. Total RNA was isolated and the expression of iNOS
(a) and MCP-1 (b) was determined by real-time PCR. Data were normal-
ized to cyclophilin expression and expressed as fold change over controls. *
P<0.05, vs LPS alone treatment groups. N=3 for each group.
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the experiments. Alternatively, the induction at mRNA level
might not have been translated into increases in enzyme proteins.
It has been reported that the changes in transcription and activity
of CYP3A4 may not be in parallel because certain PXR-
activating chemicals could also directly affect the activity

of CYP3A4 through mechanism-based inactivation (35).
The disconnection between PXR activation/P450 induc-
tion and drug metabolism has also been reported for
meclizine, a piperazine-derived histamine H1 antagonist
that increased CYP3A4 mRNA expression but de-
creased CYP3A4 catalytic activity (36).

The inhibition of LPS-responsive induction of pro-
inflammatory genes by carapin, santonin and isokobusone
was consistent with the notion that PXR has an anti-
inflammatory activity through the inhibition of the NK-kB
signaling. The expression of NK-kB target genes was found
to increase in the small bowel of PXR−/− mice (10). In
contrast, treatment of primary hepatocytes with PXR ago-
nists inhibited LPS responsive activation of pro-
inflammatory genes (11). Treatment of hPXR humanized
mice with rifaximin, an hPXR agonist, alleviated symptoms
in the DSS model of inflammatory bowel disease (IBD) (37).
We found that pre-treatment of human or mouse primary
hepatocytes with carapin, santonin and isokobusone de-
creased the LPS-responsive expression of iNOS, MCP-1
and IL-1β. The anti-inflammatory effect of santonin was
consistent with a previous report that this compound
exhibited anti-inflammatory activity closely resembling that
of diclofenac sodium, a non-steroidal anti-inflammatory
drug (21). The inhibition of LPS-induced pro-inflammatory
gene expression by these compounds was abolished in PXR
−/− mice, suggesting that the activation of PXR by these
compounds may have accounted for the inflammatory effect.

In summary, our results show that the three novel natural
compounds, carapin, santonin and isokobusone, activate
PXR and CAR and induce drug-metabolizing enzymes. In
addition, these compounds inhibited the expression of in-
flammatory mediators in response to LPS through the acti-
vation of PXR. It remains to be tested whether these com-
pounds can be used for other diseases where the PXR acti-
vation has been shown to be beneficial, such as cholestasis,
hyperbilirubinemia, and IBD.
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