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Human pregnane X receptor (PXR/NR1I2) is the master regulator of CYP3A4,
which metabolizes >50% of drugs on the market. This study investigated the
relationship between the two most frequent haplotypes [H1 (TCAGGGGCCACC)
and H2 (CCGAAAACTAAT)] of PXR and basal and St John's wort (SJW)-induced

Ten healthy subjects carrying H1 and H2 haplotypes (three subjects with H1/H1,
four with H1/H2 and three with H2/H2) entered this study. The 10 subjects did
not carry CYP3A4*4, *5 and *6. All subjects were administrated a 300-mg SJW
tablet three times daily for 14 days, and CYP3A4 activity was measured

using nifedipine (NIF) as a probe.The plasma concentrations of NIF and
dehydronifedipine (DNIF) were determined by a validated liquid
chromatography/mass spectrometry/mass spectrometry method.

After administration of SJW, the AUC,._.. of NIF decreased significantly, and the
AUC,_.. of DNIF increased significantly (P < 0.05). For H1/H2, the AUC,._.. of NIF
decreased by 42.4%, and the AUC,... of DNIF increased by 20.2%; for H2/H2, the
AUC,._.. of NIF decreased by 47.9%, and the AUC,_.. of DNIF increased by 33.0%;
for H1/H1, the AUC,_.. of NIF decreased by 29.0%, yet the AUC,_.. of DNIF
increased by 106.7%. The increase of the AUC,._.. of DNIF in H1/H1 was

significantly different from the other two haplotype pairs (P < 0.05). Meanwhile,
before administration of SJW, the ratio of AUC_...onip/AUCo—..nip) Was the lowest
for H1/H1 (22.1%), compared with H1/H2 (58.7%) and H2/H2 (30.0%).

CONCLUSIONS

H1/H1 of the human PXR gene had weaker basal transcriptional activity but
greater inducible transcriptional activity to CYP3A4 than H1/H2 and H2/H2.

© 2009 The Authors
Journal compilation © 2009 The British Pharmacological Society
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Introduction

Interindividual variability in response to drugs remains an
important challenge to optimal drug therapy. An impor-
tant determinant of pharmacological response is the path-
ways governing drug-metabolizing enzymes and drug
transporters. Drug-metabolizing enzymes facilitate the
conversion of xenobiotics to hydrophilic molecules more
suitable for excretion into urine or bile. The importance of
metabolism to drug effects and toxicity has been widely
appreciated and studied. The cytochrome P450 (CYP)
superfamily of enzymes is responsible for the metabolism,
detoxification and bioactivation of the majority of pharma-
ceuticals and xenobiotics. CYP3A4 is the most abundantly
expressed CYP and has been implicated in the metabolism
of >50% of prescribed pharmaceuticals [1]. Variability in
CYP3A4 expression and/or function can have a dramatic
effect on the clinical response to many drugs. The expres-
sion levels of CYP3A4 vary up to 100-fold between indi-
viduals [1]. Induction or inhibition of CYP3A4 is a common
cause of adverse drug-drug interactions, which are a major
public health problem worldwide [1]. Genetic polymor-
phisms including 304 single nucleotide polymorphisms
(SNPs) in the CYP3A4 gene (http://www.ncbi.nlm.nih.gov/,
access date 29 August 2008) can not explain such large
interindividual variation.

The pregnane X receptor (PXR/NR1I2), also known as
steroid and xenobiotic receptor and pregnane-activated
receptor,is a member of the nuclear receptor (NR) family of
ligand-dependent transcription factors [2-5]. PXR/NR112
has been identified as a key regulator for the expression of
genes involved in all stages of drug metabolism and trans-
port [4, 5]. Phase | drug-metabolizing enzymes regulated
by PXR/NR112 include several CYPs (e.g. CYP3A4, 3A5, 2B6
and 2(C8), carboxylesterases and dehydrogenases [2-5].
The most common clinical implication for the activation of
PXR/NR112 is the occurrence of drug-drug interactions
mediated by upregulated CYP3A4.Therefore, altered func-
tion or expression of the PXR gene due to SNPs is consid-
ered an important additional source of interindividual
variation in the expression and activity of CYP3A4.To date,
there are 373 reported SNPs for the human NR17/2 gene in
the SNP database at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/, access date 29
August 2008). Multiple SNPs of PXR have functional effects
on the expression of human PXR. Zhang et al. [6] found
that the -25385C—T was associated with a marked higher
CYP3A4 induction ability by rifampin as determined by the
erythromycin breath test, a marker of CYP3A4 hepatic
activity. Individuals with the -25385C—T genotype had
twofold higher CYP3A4 activity after treatment with
rifampin compared with subjects with the wild-type geno-
type.Out of nine SNPs reported in the 3"-UTR of PXR/NR1I12,
four demonstrated association with the expression levels
of target genes. Hustert etal. [7] found three variants
(V140M, D163G and A370T) with significant functional

256 |/ 67:2 / Br] Clin Pharmacol

defects in terms of CYP3A4 transcription. A Q158K
mutation of PXR has been linked to decreased rifampin-
mediated CYP3A4 induction. Koyano et al. [8] have investi-
gated the three variants [443G—A (R148Q), 1141C—T
(R381W), 1207G—A (1403V)] of PXR and found that their
basal and rifampicin-induced transactivation of the
CYP3A4 enhancer/promoter was significantly reduced
compared with the wild-type PXR [9]. Our previous study
showed that the activity of the recombinants with alleles
containing the -24622A—T in the 5-untranslated region
or -24446C—A in exon 1 was 30-40% higher than that
in the reference genotype [10].

Human PXR has broad substrate specificity and thus
may be activated by a large number of chemically diverse
compounds found in the diet as well as therapeutic agents.
It is now known that many clinically relevant drug interac-
tions involving upregulation of CYP3A4 are mediated
through the actions of human PXR [11, 12].The objective of
this study was to explore the influence of the most fre-
quent haplotypes of human PXR genetic variations on
basal and St John's wort (SJW)-induced CYP3A4 activity.
CYP3A4 activity was evaluated using the dihydropyridine
calcium channel inhibitor nifedipine (NIF) as a probe sub-
strate [13]. It is well known that in humans, NIF is predo-
minantly metabolized by CYP3A4 to its primary pyridine
metabolite, dehydronifedipine (DNIF) [14, 15].

Materials and methods

Drugs and reagents

SJW preparation (300-mg tablet) containing 0.3% hyperi-
cin and 5% hyperforin was obtained from Dr Willmar
Schwabe Pharmaceuticals (Karlsruhe, Germany). NIF
(purity 99.9%) and nitrendipine (internal standard, purity
97.8%) were synthesized and provided by Baiyunshan
Pharmaceutical Inc. (Guangzhou, China). DNIF (purity
99.9%) was obtained from Sigma-Aldrich Chemical Co.
(St Louis, MO, USA).

Subjects

We initially recruited 12 unrelated healthy adult subjects,
from a total of 210 healthy Han Chinese volunteers who
had been screened for human PXR genotype and haplo-
type for this study [10]. In our previous study, 42 inferred
haplotypes were identified in Han Chinese [10]. In the hap-
lotype analysis, only those SNPs with a mutant allele fre-
quency over 5% were included. These included 12 SNPs,
namely -25385C—T in the 5’-UTR, -24381A—C in exon 1,
-24113G—A in intron 1, 252A—G in intron 2, 275A—G in
intron 2, 4760G—A in intron 4, 7635G—A in intron 5,
7675C—T in intron 5, and 10483C—T, 10719G—A,
11156A—C and 11193T—C all in the 3’-UTR [10]. The most
frequent haplotypes in Han Chinese are H1 (TCAGGGGC-
CACC) and H2 (CCGAAAACTAAT), with a frequency of
15.1% [10]. After having signed the informed consent, two
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subjects (one carrying H1/H1, one carrying H2/H2) with-
drew for personal reasons.Only 10 subjects completed the
study. All volunteers were subjected to a complete physical
examination and a series of biochemical tests for evaluat-
ing their health status before entering the study. Volun-
teers were excluded if they were found to have diseases of
the heart, kidney, liver, blood, or other organs/systems.
Ethical approval of the study was obtained from the Ethics
Committee of Sun Yat-sen University (Guangzhou, China),
and written informed consent was obtained from all
participants.

Study design and clinical protocol

The study was conducted before and after a 14-day treat-
ment period with a SJW preparation at 300 mg three times
daily. Two weeks before and during the experiment, the
subjects have been forbidden to take any kind of food
substances known to induce or inhibit CYP3A4, including
grapefruit juice, red wine, alcoholic beverages, teas and
herbs. CYP3A4 activity before and after administration of
SJW was measured using NIF as a probe. After overnight
fasting (10 h), volunteers were treated with a single oral
dose of NIF (10-mg tablet) with 200 ml of warm water.
The volunteers were monitored during the experimental
period for the development of adverse effects commonly
associated with SJW and NIF, such as dry mouth and dizzi-
ness. Regular standardized low-fat meals were provided
until 4h after dose administration; water intake was
allowed after 2 h of drug administration. Following drug
administration, venous blood samples (5 ml) were col-
lected into heparinized brown tubes according to the fol-
lowing schedule: immediately before drug administration
(0 min) and 0.25,0.5,0.75,1,1.5,2,3,5,8, 12 and 24 h after
dosing. Blood samples were centrifuged at 2000g for
10 min, and plasma was separated and clearly labelled and
stored at —30°C until analysis.

Analytical method
Plasma concentrations of NIF and its metabolite, DNIF, were
quantified by a validated liquid chromatography/mass
spectrometry/mass spectrometry (LC/MS/MS) method
according to the method previously described [16]. A
Waters 2695 separation module (alliance) (Avondale, CA,
USA) was used for solvent and sample delivery. Chromato-
graphic separation was achieved by using a C18 column
(Hypersil BDS C18, i.d. 2.1 x 50 mm, 3 um; Elite HPLC Inc.,
Dalian, China) at room temperature.The mobile phase con-
sisted of methanol-water (containing 1% formic acid)
(80:20, v/v), pumped at a flow rate of 200 pl min™.

In brief,a mixture of 500 I of a plasma aliquot and 20 pl
of nitrendipine (internal standard) was extracted with 2 ml
of extraction solvent (ether:n-hexane, 3:1, v/v). After
centrifugation at 2500 g for 10 min, the organic layer was
decanted and evaporated to dryness using nitrogen gas.
The residues were dissolved in 100 ul methanol/water
(50:50, v/v) and an aliquot (10 pl) of the reconstituent was
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injected onto the LC/MS/MS for analysis. The method had a
chromatographic running time of approximately 2.5 min
and the lower limit of quantification of the analytical
method was 0.5 ng ml™' for both analytes.

Pharmacokinetic analysis

Pharmacokinetics parameters were calculated by noncom-
partmental model using WinNonlin program version 1.0
(Scientific Consulting Inc., Cary, NC, USA). The AUC from
time zero to the last quantifiable time point (AUC,-) and
from time zero to infinity AUC,._.. were estimated using the
log-linear trapezoidal rule. The terminal elimination rate
constant () was determined by log linear regression, and
the terminal elimination half-life (t,,5) was determined by
the following relationship: t;/,3 = 0.693/p. Peak plasma con-
centration (Cmax) Was determined by visual inspection.
Mean residence time (MRT) was calculated by the total
area under the first-moment curve divided by AUCo.. F (%)
was the relative bioavailability of NIF before and after oral
administration of SJW, obtained by (AUCo after ssw/AUCo
before sJw) X 100%.

Statistical analysis

Statistical analysis was performed in SPSS system for
Windows version 11.0 (SPSS Inc, Chicago, IL, USA). Data
were expressed as mean * SD.The changes of pharmaco-
kinetic parameters in 10 individuals after administration of
SJW were analysed with Student’s t-test for paired design.
The differences of pharmacokinetic parameters among the
three PXR haplotype groups were analysed using the
Kruskal-Wallis H test. P < 0.05 was regarded as being of
statistical significance.

Results and discussion

The clinical features and PXR haplotypes of the 10 healthy
subjects are summarized in Table 1. The 10 healthy sub-
jects involved in the pharmacokinetic study contained the
two most frequent haplotypes {{H1(TCAGGGGCCACC) and
H2(CCGAAAACTAAT)I}. Three individuals were identified
to be with the haplotype pairs H1/H1; four were with the
haplotype pairs H1/H2;and the other three were owned by
the haplotype pairs H2/H2. After administration of SJW, the
area under the plasma concentration-time profile (AUC) of
NIF in all subjects decreased significantly, and the AUC of
its major metabolite DNIF increased significantly (P < 0.05,
see Table2), indicating that SJW induced CYP3A4-
catalysed metabolism of NIF to form DNIF. For the three
haplotype pairs of PXR, there was a significant difference in
the change of the AUC,_.. of NIF and DNIF. For H1/H2, the
AUCo« and AUG,._.. of NIF decreased by 46.4 and 42.4%,
respectively, and the AUC, and AUC,_.. of DNIF increased
by 25 and 20.2%, respectively (Figure 1). For H2/H2, the
AUGCo and AUG,_.. of NIF decreased by 44.7 and 47.9%,

Br | Clin Pharmacol / 67:2 /| 257



BJCP X-D.Wang et al.

Table 1

General data and haplotype of the 10 volunteers

Subject Gender Age (years) Height (cm) Body weight (kg) Heart rate (beat/min) Blood pressure (mmHg) Haplotype of PXR
1 (H26) Male 23 171 61 75 120/80 (1,2)
2 (H19) Female 23 158 45 81 115/65 (1,2)
3 (H12) Female 21 164 54 86 112/73 (1,2)
4 (H92) Female 22 168 55 70 100/80 (1,2)
5 (H66) Male 22 172 63 82 105/68 2,2)
6 (H115) Male 21 169 62 75 120/75 2,2
7 (H171) Female 24 158 50 88 112/65 2,2)
8 (H36) Male 24 176 70 83 108/72 (1,1
9 (H45) Female 21 166 58 70 115/76 (1,1)

10 (H156) Male 23 170 70 90 120/75 (1,1)
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The plasma concentration-time profiles of nifedipine (NIF) (A,B) and dehydronifedipine (DNIF) (C,D) before (A,C) and after (B,D) administration of St John’s
wort (SJW) for 2 weeks in three different groups of PXR haplotype. Subjects were grouped into H1/H2,H2/H2 and H1/H1 according to the haplotype of the

PXR gene. H1&2 (—@—); H2&2 (——); H1&1 ( )

respectively, and the AUCo_; and AUGC,_.. of DNIF increased
by 33.3 and 33.0%, respectively. For H1/H1, the AUC,_; and
AUC,_.. of NIF decreased by 34.5 and 29.0%, respectively,
whereas the AUC,_; and AUC,._.. of DNIF increased by 109.3
and 106.7%, respectively. Using Kruskal-Wallis H-test, the
increases of the AUC,. and AUC,_.. of DNIF in H1/H1 were
significantly different from the other two haplotype pairs
(P < 0.05), with induced transcriptional activity of H1/H1
being stronger than that of the H1/H2 and H2/H2. These
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results indicate that in subjects with H1/H1, the inducers of
PXR can lead to much higher inducible metabolic activity
of CYP3A4 than in subjects with H1/H2 and H2/H2. Since
the subgroup size of three to four is quite small, large-scale
studies are needed to verify the findings and to investigate
the functional impact of other haplotypes. None of the
subjects carried the three common allelic variants of
CYP3A4%4 (1118V), CYP3A4*5 (P218R) or CYP3A4%*6 (17776A
ins).



Table 2

The pharmacokinetic parameters for nifedipine (NIF) and dehydronifedipine (DNIF) in the study population (n

10)

Cmax (ng I") t1/2p (h) AUCq ¢ (ug I h)
Before SJW

Tmax (h)

After SIW

Before SJW

After SIW
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Before SJW  After SJIW

Before SJW  After SJIW

Before SJW  After SJIW

Haplotype

NIF

53.0 + 8.0

133.4 = 28.0*
193.0 = 52.6*

231.7 £ 47.7
370.3 £ 102.5

453.4 = 2211

112.2 = 31.0*
183.9 *= 49.9*
268.4 £ 99.2*
180.6 + 87.8*

209.5 + 32.6

+*1.0
+1.2

5.0

22.7 £ 5.4*
30.8 = 4.2*
33.2 £ 5.5*

343 £13.0
532 +6.3
59.3 + 13.2
475+ 15.4

+0.3

1.5+0.7
0.0

=4)

H1/H2 (n
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DNIF

163.6 = 48.7*
147.9 = 22.3*
207.1 £ 82.8*
171.9 = 55.3*

136.0 = 35.0
111.2 138
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124.8 = 36.6
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94.6 + 59.5
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1.1
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4.5
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117.8 =39.7

4.5
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4.4 +
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*P < 0.05, before vs. after SJIW administration. Tmax, time to maximum plasma concentration; Crax, peak concentration; ti/p, elimination half-life; MRT, mean residence time; AUCo-1, area under concentration-time curve up to the last

measured time point; AUCo-., AUCq-¢ extrapolated to infinity; F, relative bioavailability of NIF before and after oral administration of SIW, obtained by (AUCo-t after ssw/AUCo-t before siw) X 100%); SIW, St John's wort.
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Meanwhile, before administration of SJW, the ratio of
AUCpnie/AUCye was the lowest for H1/H1 (22.1%), presum-
ing that the basal transcriptional activity was the weakest
among the three haplotypes (H1/H2 of 58.7% and H2/H2
of 30.0%).However, for the three haplotype pairs, the elimi-
nation half-life (t1,,5) and MRT for both NIF and DNIF were
not significantly different.

There is wide interindividual variation and population
variation in the pharmacokinetics and clinical response of
NIF.Reports on oral NIF pharmacokinetics have shown that
peak plasma levels and AUC values are higher in Mexican
and Japanese than in European and North American sub-
jects [17,18]. Following an oral 10-mg dose, the maximum
concentrations (Cnay) of NIF range from 17 to 80 ng ml™
with elimination half-lives (ti3) between 1 and 34 h [17,
18], and the Cpax values of DNIF vary from 8 to 37 ng ml™
after an oral dose of 10 mg NIF [17, 18]. These significant
differences were also observed in our study. The ratio of
plasma level of DNIF to that of NIF is often used as a reliable
indicator of CYP3A4 activity.

The frequencies of SNPs in PXR/NR1/2 genes vary in
different ethnic groups, including White, African-American
and Chinese populations [9, 19]. Since haplotype analysis
(i.e. identification of SNP blocks) can often provide more
useful information on the association of genes to a pheno-
type and give a better prediction of drug response (effi-
cacy and toxicity) than an individual SNP genotype, studies
are required to identify potential haplotypes in the PXR/
NR1I2 gene that make a connection to a complex pheno-
type such as drug response.

Hyperforin present in SJW is the most potent inducer of
CYP3A4 and P-glycoprotein [20]. SJW has been reported to
decrease the systemic exposure of a number of drugs that
are known substrates of CYP3A4 and/or P-glycoprotein
[20]. Hyperforin is a high-affinity ligand that binds to PXR
and consequently transactivates its target genes such as
CYP3A4. Upon ligand binding, PXR forms a heterodimer
with retinoid X receptor oo (RXRo) and transactivates
everted repeat with 6-bp spacer (ER6) elements upstream
of the CYP genes [21]. RXRa serves as a common het-
erodimerization partner for many orphan nuclear recep-
tors, including constitutive androstane receptor. The
binding of PXR/RXRa. to ER6 is followed by recruitment of
coactivator proteins, e.g. steroid receptor coactivator-1,
and transcriptional activation of the respective gene [22].
There is evidence for a second binding site for PXR in the
~7800 bp upstream 5’-flanking region of the CYP3A4 gene
having ER6-like binding sites [23]. PXR and RXRo are
induced by glucocorticoid receptor [24]. Thus, the activa-
tion of glucocorticoid receptor by glucocorticoids, such as
dexamethasone, leads to the induction of PXR/RXRa and
to the increase of CYP3A4 induction by endogenous and
exogenous compounds. PXR knockout mice showed no
induction by typical mouse Cyp3a inducers,and loss of PXR
did not alter the basal Cyp3a expression [25]. Transgenic
mice containing human PXR have also been generated
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showing induction by human specific inducers, such as
rifampicin [26]. In this study, we found that haplotype of
PXR could affect its inducibility by SJW by unknown
mechanisms. We speculate that different haplotypes of
PXR would result in PXR variant proteins with distinct
binding properties to ER6 of the CYP3A4 gene and thus
have different inducing ability by SJW.

SNPs inducing changes in the function or expression of
human PXR are considered to be potential sources for
variation in CYP3A4 activity, since several SNPs of PXR have
been found to alter basal and/or induced transactivation
of the CYP3A gene [6-8].In our study, we found that H1/H1
of the PXR gene had weaker basal transcriptional activity,
but stronger induced transcriptional activity on CYP3A4
than H1/H2 and H2/H2, suggesting that different haplo-
types of PXR can lead to different transactivation on
CYP3A4, which provide further evidence for the great
variation of the activity and expression of CYP3A4 enzyme.
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