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Background and purpose: Certain nuclear receptors (NRs) such as the constitutive androstane receptor (CAR), pregnane X
receptor (PXR) and farnesoid X receptor (FXR) mediate induction of some cytochrome P450 enzymes and ABC transporters but
conflicting reports exist. The purpose of this study was to assess the reasons for these discrepancies and use a standardized
approach to compare activators of NRs.

Experimental approach: Dexamethasone, pregnenolone 16a-carbonitrile, rifampicin, phenobarbital and chenodeoxycholic
acid were incubated with HepG2, Caco-2 and cryopreserved human hepatocytes prior to analysis of mRNA and protein for
CYP2B6, CYP3A4, CYP3A5, ABCB1, ABCC1, ABCC2, PXR, CAR and FXR.

Key results: Dexamethasone significantly up-regulated PXR, CYP3A4 and ABCB1 expression in HepG2 and Caco-2 cells. As a
result, including dexamethasone as a media supplement masked the induction of these genes by pregnenolone 16a-
carbonitrile, which may explain discrepancies between previous reports. In the absence of dexamethasone, significant
activator-dependent induction was observed in all cell types. Significant correlations were observed between the fold increase
in mRNA and in protein, which were, for most instances, logarithmic. Changes in mRNA expression were greater in cell lines
than primary cells but for most transcripts correlations were observed between fold increases in HepG2 and hepatocytes.
Conclusions and implications: Clearly, no in vitro system can imitate the physiology of a hepatocyte or intestinal cell within an
intact organ in vivo, but these data explain some of the discrepancies reported between laboratories and have important
implications for study design.
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Introduction

Cytochrome P450 (CYP) enzymes and ATP-binding cassette
(ABC) transporters are predominantly expressed within the
liver and intestine, and substantial substrate overlap is
evident. Notably, overlap exists between CYP3A4 and ABCB1
and a functional interplay has been postulated, whereby
the rate of CYP3A4-mediated metabolism is influenced by
ABCB1 (Benet et al., 2004). It is also evident that the
mechanisms that control gene expression are similar for
some members of these two families of disposition genes.
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Nuclear receptors (NRs), including the constitutive an-
drostane receptor (CAR; NR1I3), pregnane X receptor (PXR;
NR1I2) and farnesoid X receptor (FXR; NR1H4), regulate
hepatic and intestinal enzymes and transporters in response
to exogenous and endogenous activators. The best-studied
orphan NR is PXR, which mediates induction of a wide
variety of genes, including CYP2B6, CYP3A4, ABCB1 and
ABCC2 (Bertilsson et al., 1998; Synold et al., 2001; Kast et al.,
2002; Wang et al., 2003). Previous studies have illustrated
species differences in activation with pregnenolone 16a-
carbonitrile (PCN)-activating rodent but not human
PXR and rifampicin (RIF)-activating human but not rodent
PXR in CV-1 cells co-transfected with expression plasmids for
PXR from different species and the (CYP3A1 DR3)2-tk-CAT
reporter (Jones et al., 2000). However, other studies assessing
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genomic activation report that RIF increases CYP3A in rat
hepatocytes and PCN increases CYP3A in human hepato-
cytes (Ogg et al., 1999; Swales et al., 2003). Data have also
indicated that the human PXR/human glucocorticoid re-
ceptor augments activation of CYP3A4 reporters in HepG2
cells (El-Sankary et al., 2001). Clearly, controversy remains
regarding species differences that may stem, at least in part,
from differences in methodology.

Ligands such as methoxychlor and artemisinin have been
shown to activate both PXR and CAR (Blizard et al., 2001;
Burk et al., 2005b), indicating that some ligand overlap
exists. CAR binds to response elements similar to those
binding PXR, both mediating induction of CYP3A (Xie et al.,
2000), CYP2B6 (Goodwin et al., 2001) and ABCB1 (Burk et al.,
2005a) via the same everted repeat-6, direct repeat (DR)-4
and phenobarbital (PB)-responsive enhancer module, and an
everted repeat-8 mediates induction of ABCC2 by PXR, CAR
and FXR (Kast et al., 2002).

Due to its emerging role in the control of cholesterol, lipid
and glucose metabolism, FXR has been proposed as a target
for cardiovascular (Bishop-Bailey, 2004) and cholestatic liver
disease (Willson et al., 2001). In addition to its role in the
induction of ABCC2 by chenodeoxycholic acid (CDCA),
CYP3A4 was recently shown to be upregulated by CDCA-
activated-FXR binding to an everted repeat-8, inverted
repeat-1 and DR-3 (Gnerre et al.,, 2004). FXR binds pre-
dominantly to inverted repeat-1 elements but has also been
shown to downregulate apolipoprotein Al as a monomer, by
binding to a single recognition motif (Claudel et al., 2002).
Interestingly, electrophoretic mobility shift assays and
reporter assays have illustrated that FXR is also able to bind
and activate transcription via DR-4 and DR-5 motifs (Laffitte
et al., 2000).

In vitro studies employ either transformed cell lines or
primary cell cultures. In contrast to primary cells, trans-
formed cells are readily available in substantial quantities,
and data generated are more reproducible within an
individual laboratory. However, key phenotypic differences
have been reported between labs (Sambuy et al., 2005), and
different culture media are often employed.

Molecular techniques such as mRNA and protein analyses,
electrophoretic mobility shift assay and reporter assays are
all used to study the mechanisms that underpin the
regulation of gene expression by NRs (Faucette et al., 2006;
Owen et al., 2006; Ripp et al., 2006). However, it must be
noted that some of these methodologies have limitations.
Electrophoretic mobility shift assays utilize synthetic oligo-
nucleotides and artificial binding buffers and are often
coupled with high concentrations of recombinant proteins.
Electrophoretic mobility shift assays and response element-
based reporter assays often focus on only part of the
regulatory region and therefore regulation effected by distal
sequences may be missed. Moreover, different investigators
have utilized different reporter constructs (sometimes from
different genes) to study PXR activation (Lamba et al., 2005;
Faucette et al., 2006). This has resulted in an additional tier
of complexity when interpreting data.

Clearly, there are disparate reports in the literature
regarding the impact of NR activators on target genes. Such
apparent discrepancies may be the result of variations in
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culture conditions, vehicles, methodology (sensitivity), cell
source, passage number and so on. There is currently no
comprehensive, systematic analysis of the effects of typical
NR activators on multiple target genes conducted in the
same cells and laboratory using the same methodology. The
aim of this study was to apply consistent, sensitive and
specific methodology to assess the effects of four, typical,
well-established activators of NRs—PB, CDCA, PCN and
RIF—on the expression of ABCB1, ABCC1, ABCC2, CYP2B6,
CYP3A4, CYP3AS, PXR, CAR and FXR in HepG2, Caco-2 and
cryopreserved human hepatocytes.

Materials and methods

Cell culture
HepG2 and Caco-2 cell lines were purchased from American
Type Tissue Culture. HepG2 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
Dorset, UK) supplemented with 10% fetal bovine serum (FBS;
Bio-Whittaker, Berkshire, UK). Caco-2 cells were maintained
in DMEM supplemented with 15% FBS. All cell lines were
incubated at 37 °C and 5% CO; and subcultured every 4-5
days. Basal levels of all transcripts were initially quantified
from passages 82-101 and 72-91 in HepG2 and Caco-2 cells,
respectively (data not shown). We observed decreases in a
number of transcripts in both cell lines after 13 continuous
passages in our laboratory, and therefore cells were not used
after passage 96 for HepG2 or passage 86 for Caco-2.
Cryopreserved human hepatocytes were removed from
liquid nitrogen storage (2 x 10 vials per donor; H1 and H2).
The cells were thawed by gently shaking the vials in a 37 °C
water bath (~75-90s). The pooled hepatocyte suspensions
(10 ml per donor) were then transferred into two separate
50ml centrifuge tubes on ice. Cold suspension medium
(15 ml) was then slowly added to the suspensions at a rate of
~1ml per 10s. The cells were then centrifuged at 50g for
3min and the resulting pellet was resuspended in 12ml of
DMEM supplemented with 10% FBS. Viability was then
determined based on Trypan blue exclusion (Loretz et al.,
1989; Li et al., 1999) and was found to be 57.4% for H1 and
65.5% for H2.

Assessment of protein binding

Equilibrium dialysis was used to determine protein binding
of PB, CDCA, PCN and RIF within the culture supernatant.
Briefly, Dianorm dialysis membranes (GmbH, Munich,
Germany) with molecular weight cutoff (MWC) of 5000
were soaked for 1 h in DMEM (Sigma-Aldrich, UK). PB, PCN,
CDCA and RIF were then individually added to DMEM
containing either 10% (HepG2 media) or 15% (Caco-2
media) FBS to a final concentration of 10puM. An aliquot
(1ml) was then dispensed into one side of the dialysis block
divided by the pre-soaked membrane, the other side
containing control (without additions) media. The dialysis
block was then sealed and rotated in a water bath overnight
at 37 °C. A 200 ul aliquot was subsequently removed from the
control side of the dialysis block and placed into quench
tubes containing 200ul of ice-cold methanol. After



centrifugation at 400g¢ for 20min, the supernatant was
transferred into 96-well plates and analysed using liquid
chromotography/mass spectrometry/mass spectometry (LC-
MS/MS) (AstraZeneca in-house methodology).

Treatment of cells

Cell lines were seeded at a density of 5 x 10° per well into
the appropriate FBS-supplemented medium, in Nunclon
Surface 6 well plates (Nunc A/S, Kamstrup, Denmark). For
all analyses, cells were plated 24h prior to addition of
compounds and were therefore not permitted to differenti-
ate. Initial experiments assessed the effect of dexamethasone
(DEX) on the expression of CYP3A4, ABCB1 and PXR and
on the inducibility of CYP3A4, ABCB1 and PXR by PCN in
HepG2 and Caco-2 cells. Firstly, concentration-response
experiments for DEX (Sigma, Sigma-Aldrich, Dorset, UK)
were conducted at final concentrations of 0, 0.01, 0.1, 1.0, 10
and 100pM. PCN (Sigma, UK) was then assessed at final
concentrations of 0, 0.01, 0.1, 1.0, 10 and 100 pM with and
without 500nM DEX (here DEX was included as a media
supplement and as such included in the media prior to
addition of PCN). DMSO-treated controls were used for PCN
and DEX (0.1% v/v for vehicles).

For subsequent experiments, DEX was not included in the
culture media. Test compounds, PB, CDCA, PCN and RIF (all
compounds from Sigma, UK) were added at final concentra-
tions of 0, 0.01, 0.1, 1.0, 10 and 100 M. DMSO-treated
controls were used for PB, CDCA and PCN and methanol-
treated controls were used for RIF (0.1% v/v for both
vehicles). For all experiments in HepG2 and Caco-2, cells
were incubated for 18 h at 37°C and 5% CO,.

For primary hepatocytes, cells were seeded at a density of
1x10° per well into 10% FBS-supplemented medium, in
Nunclon Surface 6-well plates (Nunc A/S, Denmark). The NR
activators, PB, CDCA, PCN and RIF were added to a final
concentration of 1.0uM, and vehicle controls were as
described above. Cells were then incubated at 37°C and
5% CO, and sampled at 0, 2, 4, 6 and 18 h.

Toxicity

Test compounds were assayed for toxicity in HepG2 and
Caco-2 cells by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay (Mosmann, 1983) at final
concentrations of 0.01-100 pM. These assays were initially
performed at 18 h to assess cell death at the point of analysis.
Subsequently, toxicity was assessed after 5-day incubations,
as toxic concentrations would not necessarily be evident
after an18 h incubation.

Quantitative real-time PCR

For HepG2, Caco-2 and primary hepatocytes, total RNA was
isolated and cDNA was constructed as described previously
(Owen et al., 2004). For each transcript, real-time PCR assays
were developed for quantification relative to B-actin (house-
keeping gene). In each case, assays were optimized to limit
formation of primer dimer to ensure no aberrant data as a
result of non-specific intercalation of pico green (Molecular
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Probes, Paisley, UK). In addition, fragments were sequenced
in order to confirm correct amplification, and, where
possible, assays were validated against minor groove binder
(MGB) probe-based methodology. Relative expression
(AACT) of transcripts against the housekeeping gene B-actin
was performed in an Opticon2 Fluorescence Detector (M]
Research, Bio-Rad, Hertfordshire, UK). Amplification was
conducted in a reaction consisting of 2.5ul 10 x Tagman
Buffer II, 0.5U Taq polymerase, 1.25uM MgCl, (Amplitaq
Gold; Applied Biosystems, Warrington, UK), 1.25 uM dNTPs
(Promega, Southampton, UK), 20ng cDNA, 0.5 ul pico green
(final concentration 1:5000) and 0.03 uM forward and reverse
primers (0.3 uM forward and reverse primers for CYP2B6),
and nuclease-free water was added to a final volume of 25 ul
(Sigma-Aldrich, UK). All primer sequences are available on
request.

For CYP2B6, CYP3A4 and ABCBI1, pre-validated MGB
probe-based methodology was used to cross-validate the
pico-green assays. This was carried out by the AACT method
using GAPDH as a housekeeping gene as described pre-
viously (Owen et al., 2004).

Immunoblotting

For CYP proteins, immunoblotting was conducted on crude
protein homogenates, and for transporter proteins, crude
membrane protein fractions were purified as described
previously (Marshak, 1996). In both cases, protein concen-
tration was determined using the bicinchoninic acid assay
(Stoscheck, 1990), samples were normalized to 5pgul~! and
stored at —80°C.

Western blotting of all proteins was conducted using
NuPage 4-12% Bis-Tris Gels (Invitrogen, Paisley, UK). Blot-
ting was conducted using nitrocellulose membranes and an
iBlot Gel Transfer System (Invitrogen, UK). Membranes were
blocked in 10% non-fat-dried milk overnight at 4 °C.

For CYP2B6, CYP3A4, CYP3AS (1:1000), ABCC1, ABCC2
(1:2000), ABCB1 and B-actin (1:5000), membranes were
incubated with ab22734 sheep anti-human CYP2B6 (Abcam,
Cambridge, UK), AB1278 sheep anti-human CYP3A4
(Chemicon, Temecula, USA), AB1279 rabbit anti-human
CYP3AS (Chemicon, USA), ab3373 (M2 III-6) mouse anti-
human MRP1 (Abcam, UK), ab24102 (MRPmS) mouse anti-
human MRP2 (Abcam, UK), mdr(C-19) goat anti-human P-gp
(Santa Cruz Biotechnology, CA, USA) and anti-p-actin
(Sigma, UK) for 2 h at room temperature in 2% non-fat-dried
milk. For CYP2B6, CYP3A4, CYP3AS and B-actin, 0.01%
T-TBS was used, and for others, 0.05% T-TBS was used.

Secondary antibodies were incubated for 1h at room
temperature and were as follows: STAR88P donkey anti-sheep
HRP conjugated (Serotec, North Carolina, USA), ab6701
donkey anti-rabbit HRP conjugated (Abcam, UK) (1:10000),
P0449 rabbit anti-goat HRP conjugated (DakoCytomation,
Glostrup, Germany) and sheep anti-mouse HRP conjugated
(Amersham Biosciences, UK) (1:15000).

Visualization was performed using enhanced chemilumi-
nescence technology (PerkinElmer, Massachusetts, USA) and
quantification was achieved using Bio-Rad GS710 scanner
and Bio-Rad Quantity One densitometric analysis software.
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Data analysis and statistical procedures

All data are presented as the mean+s.d. of at least four
separate experiments conducted in duplicate. A cautious
approach was taken for data generated with ligand concen-
trations shown to be toxic at 5 days for HepG2 and Caco-2.
Specifically, concentrations that produced toxicity after 5
days are illustrated in the figures as dashed lines and
statistical analysis is only presented for data at which
significant induction was observed below this threshold.
This compromised the ability to generate robust ECso and
Eax estimates. Normality was assessed using a Shapiro-Wilk
statistical test. Differences in mRNA and protein expression
were assessed using a paired t-test. Logarithmic and/or
linear regression were used to determine the relationship
between change in mRNA and protein in cell lines. Finally,
log-transformed average fold change at 1uMm for CDCA,
PCN and PB in HepG2 and Caco-2 cells were linearly
regressed against equivalent log-transformed average fold
change observed in primary cells for each transcript. The
equation of each line was then used to predict the fold
induction for RIF in primary cells from that obtained in
HepG2. The resulting predicted values for RIF were then
regressed against the measured values in order to test the
prediction.

Results

Toxicity

None of the compounds tested (up to 100 uM) were toxic
in incubations up to 18h as assessed by the MTT assay
(as compared to vehicle controls). However, after 5 days,
significant toxicity was detected at higher concentrations in
HepG2 and Caco-2 cells and data generated at these
concentrations were therefore interpreted with caution. For
HepG2, PB was toxic at 10uM (P<0.0001) but not until
100 puMm for PCN (P<0.0001), CDCA (P=0.0028) and RIF
(P=0.0002). For Caco-2, 10 uM was found to be toxic for PCN
(P<0.0001) and CDCA (P=0.013) and 100 um was found to
be toxic for PB (P=0.0002) and RIF (P=0.0034).

Protein binding

For DMEM containing 10% FBS, PB, PCN, RIF and CDCA
were found to be 98, 97, 98 and 82% unbound, respectively.
In media containing 15% FBS, the corresponding free
fractions were 97, 96, 98 and 80%, respectively, indicating
low levels of binding to FBS and a similar free drug
concentration was present for incubations with HepG2 and
Caco-2 cells.

Pico-green assay validation

All pico-green assays used in this study were validated
rigorously. Primer design, primer concentration, MgCl,
concentration, annealing temperatures and cycle number
were first optimized so as to completely eliminate primer
dimer formation by visualization after agarose gel electro-
phoresis (data not shown). All amplicons were then excised
from the gel and sequenced with the forward and reverse
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primers used for the amplifications. Each amplicon was
ensured to be specific for its target by a NCBI blast search
(data not shown). For CYP2B6, CYP3A4 and ABCBI1, pre-
validated MGB probe-based methodology was available
within our laboratory (Owen et al., 2004). Therefore, for
these transcripts the pico-green assays were cross-validated
using the samples obtained after incubation of Caco-2 cells
with RIF. A significant positive correlation was observed
between these assays (*=0.99, P<0.0001 for ABCBI;
?»=0.95, P<0.001 for CYP2B6; r*=0.89, P<0.005 for
CYP3A4). Bland and Altman plots were also constructed to
show the relationship between the pico-green-based assay
and the MGB probe-based assay for the effect of RIF on
ABCB1 in Caco-2 cells, and the assays were within 95% limits
of agreement (data not shown). Finally, none of the
compounds were shown to affect the B-actin C(t) values at
any of the concentrations used, indicating that B-actin was
an appropriate housekeeping gene for these studies (data not
shown).

Effects of DEX on CYP3A4, ABCB1 and PXR

DEX potently induced CYP3A4, ABCB1 and PXR in HepG2
(Figure 1la) and Caco-2 (Figure 1b). Concentration-
dependent induction was observed in each case with
significant induction at 0.01 pm DEX for CYP3A4, ABCB1
and PXR in HepG2, 0.01 uM DEX for CYP3A4 and ABCB1 and
0.1uM for PXR in Caco-2. Maximum induction of all
transcripts was observed at 100 pM.

In HepG2 and Caco-2 cells, PCN significantly induced
the mRNA of CYP3A4 (Figures 1c and d), ABCB1 (Figures le
and f) and PXR (Figures 1g and h), as compared to the
DEX-free control. However, when DEX was included in the
culture media, no significant induction was observed
for any of the transcripts, as compared to the DEX control
(Figures 1c-h).

Induction of CYP2B6, CYP3A4 and CYP3A5 mRNA in HepG2,

Caco-2 and primary hepatocytes

The impact of CDCA, PCN, PB and RIF on the expression of
CYP2B6, CYP3A4 and CYP3AS5 mRNA in HepG2, Caco-2 and
primary hepatocytes is shown in Figure 2. For clarity,
statistical analysis is only presented for the lowest concen-
tration at which a significant induction was observed. CDCA
significantly increased expression of CYP2B6 in HepG2
(Figure 2a), CYP3A4 in Caco-2 (Figure 2b) and CYP2B6 and
CYP3AS in primary cells (Figure 2c). For PCN, a significant
increase in CYP2B6 and CYP3A4 was observed in all three
cell types (Figures 2d-f) and a less marked induction of
CYP3AS was also observed in Caco-2 and primary cells
(Figures 2e and f). PB elicited a significant induction of
CYP3A4 in all three cell types (Figures 2g-i) as well as that
of CYP2B6 in Caco-2 and primary cells (Figures 2h and i). PB
did not affect CYP3AS5 in any cell type. Finally, RIF
significantly upregulated CYP2B6 and CYP3A4 in HepG2
and primary cells (Figures 2j and 1) but not in Caco-2 cells
(Figure 2k). No effects of RIF on CYP3A5 mRNA was
observed.
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Figure 1 Implications of using dexamethasone as a media supplement. (a, b) Impact of DEX (0-100 pm) on mRNA expression of CYP3A4,
ABCB1 and PXR in HepG2 and Caco-2 cells. (c-h) Impact of DEX (500 nm) on inducibility of CYP3A4 (c, d), ABCB1 (e, f) and PXR (g, h) by PCN
in HepG2 and Caco-2 cells. Data are the mean *s.d. of four experiments conducted in duplicate. For clarity, not all statistical analyses are
given. For each transcript, a significant increase in expression was observed when cells were incubated with PCN alone, which was not seen if
DEX was included in the culture media. *P<0.05; **P<0.01; ***P<0.001.
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Figure 2 Impact of typical activators on CYP isoforms. Effect of CDCA (a-c), PCN (d-f), PB (g-i) and RIF (j-1) on CYP2B6, CYP3A4 and

CYP3A5 mRNA expression in HepG2, Caco-2 and primary hepatocytes. Data are the mean + s.d. of four experiments conducted in duplicate. In
cell lines, concentration dependency was investigated, whereas, in primary cells, time dependency was assessed in two cultures of hepatocytes
(H1 and H2) at 1 uM of each compound. Dotted lines indicate concentrations at which toxicity was observed following 5-day incubations with
drug. For clarity, statistical analyses are given only for the lowest concentration at which a significant difference was observed: *P<0.05;

**P<0.01; **P<0.001.

Induction of ABCB1, ABCC1 and ABCC2 mRNA in HepG2,
Caco-2 and primary hepatocytes

The effects of CDCA, PCN, PB and RIF on the expression of
ABCB1, ABCC1 and ABCC2 mRNA in HepG2, Caco-2 and
primary hepatocytes is shown in Figure 3. CDCA elicited
significant upregulation of all three transporters in HepG2
(Figure 3a) and primary cells (Figure 3c) but not in Caco-2
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cells (Figure 3b). PCN significantly increased ABCB1 and
ABCC2 mRNA in all three cell types (Figures 3d and e) and
ABCC1 mRNA in HepG2 and primary cells (Figures 3d and e).
PB increased the expression of all three transporters in
Caco-2 (Figure 3h) and primary cells (Figure 3i) but only that
of ABCB1 and ABCC2 in HepG2 (Figure 3g). Conversely, RIF
induced all three transporters in HepG2 (Figure 3j) and
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primary cells (Figure 31) but only ABCB1 and ABCC2 in
Caco-2 cells (Figure 3k).

Induction of CAR, FXR and PXR mRNA in HepG2, Caco-2 and
primary hepatocytes

The effects of CDCA, PCN, PB and RIF on the expression of
CAR, FXR and PXR mRNA in HepG2, Caco-2 and primary

hepatocytes are shown in Figure 4. CDCA caused significant
induction of CAR, FXR and PXR in Caco-2 (Figure 4b) and
primary cells (Figure 4c) but only that of FXR in HepG2
(Figure 4a). PCN significantly upregulated mRNA for PXR
and CAR in HepG2 (Figure 4d) and primary cells (Figure 4f)
but only PXR in Caco-2 cells (Figure 4e). For PB, a significant
induction of PXR was observed in all three cell types (Figures
4g-i), and CAR was also upregulated in HepG2 (Figure 4g)
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and primary cells (Figure 4i). RIF upregulated CAR and PXR
but not FXR in all three cell types (Figures 4j-1).

Induction of CYP2B6, CYP3A4, CYP3AS, ABCB1, ABCC1 and
ABCC2 protein in HepG2 and Caco-2 cells

Figure 5 shows the effects of CDCA, PCN, PB and RIF on
the expression of CYP2B6, CYP3A4, CYP3AS, ABCB1, ABCC1
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and ABCC2 protein in HepG2 and Caco-2 cells. CDCA
significantly upregulated CYP2B6, ABCB1, ABCC1 and
ABCC2 protein in HepG2 and CYP3A4, ABCB1, ABCC1
and ABCC2 protein in Caco-2 cells. PCN upregulated
all proteins except CYP3AS in both HepG2 and Caco-2.
PB significantly upregulated CYP2B6, CYP3A4, ABCBI,
ABCC1 and ABCC2 protein in Caco-2 and CYP3A4,
ABCB1, ABCC1 and ABCC2 protein in HepG2 cells. RIF
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elicited induction of CYP3A4, ABCB1, ABCC1 and ABCC2 in
all three cell types.

Relationship between mRNA and protein expression

In order to assess whether a relationship existed between
induction of mRNA and protein, 1 M mRNA data for each
transcript (with the exception of CYP3AS, as no change in
protein was observed with any compound) were plotted

against the corresponding protein data (Figure 6). In HepG2,
a significant logarithmic relationship was observed between
mRNA and protein for CYP2B6 (Figure 6a), CYP3A4
(Figure 6c), ABCB1 (Figure 6e) and ABCC2 (Figure 6i).
Conversely, the relationship between mRNA and protein
was linear for ABCC1 (Figure 6g). Similar trends were
observed in Caco-2 cells but were only statistically signifi-
cant for CYP2B6 (Figure 6b) and ABCC1 (Figure 6h). For the
latter, the correlation was driven predominantly by one data
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Table 1 Relationship between fold change observed in HepG2 and that
observed in primary hepatocytes

2

Transcript r P-value Power (%) (for 5% significance)
CYP2B6 0.41 0.41 16.2
CYP3A4 0.92 0.04 65.8
CYP3A5 0.73 0.15 35.5
ABCBI1 0.91 0.04 63.4
ABCC1 0.19 0.56 8.9
ABCC2 0.98 0.01 87.2
CAR 0.85 0.08 51.1
FXR 0.96 0.02 80.5
PXR 0.75 0.13 37.8

The fold change observed for CDCAs, PCN and PB in HepG2 and an average
of primary hepatocytes were log transformed and linearly regressed.

2
-
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Figure 7 Correlation between induction observed in primary cells
(measured) with that predicted from HepG2 cells (predicted). For
predicted values, the log-transformed average fold change from
HepG2 for CDCA, PCN and PB was plotted against the log-
transformed average fold change from primary cells for each
transcript (see Table 1 for regression). The equations from the
resultant lines were then used to calculate a prediction of the fold
change in primary cells from the fold change in HepG2 for RIF.

point (PB) and this was not statistically significant when this
data point was removed (R*=0.07; P=0.7).

Relationship between fold change in primary cells and cell lines
Linear regression was used to assess the relationship between
fold change of each transcript in HepG2 versus primary cells
for CDCA, PCN and PB (Table 1). A significant linear
relationship was observed for CYP3A4, ABCB1, ABCC2 and
FXR. For all other transcripts (except ABCC1), a trend was
observed (*>0.41; 0.05 <P<0.15). The equations of these
lines for each transcript were then used to assess whether
the fold change in primary cells could be predicted from the
HepG2 data for RIF. When the predicted values for RIF were
regressed against the measured values, a significant linear
correlation was observed (Figure 7).

Discussion and conclusions
Ease of culture of immortalized cells and the reproducibility

of data obtained from them have resulted in their wide-
spread use to study regulation of gene expression. Such
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studies have been pivotal in identifying key regulatory
mechanisms. For example, HepG2 cells have been shown
to lack expression of the co-chaperone, cytosolic CAR
retention protein, resulting in nuclear accumulation of
unliganded CAR (Kobayashi et al., 2003). However, many
cell lines acquire mutations that result in dissociation from
the phenotype in vivo (Castell et al., 2006), interindividual
variability cannot be assessed, and there are likely to be
significant inadequacies when extrapolating to the situation
in vivo. Nonetheless, several cell lines still find widespread
utility for evaluation of drug absorption and metabolism.
Primary hepatocytes express typical hepatic functions, and
quantitative similarities between in vitro and in vivo metabo-
lism have been observed, making them an attractive
alternative to immortalized cells (Vermeir et al., 2005).

HepG2 cells exist in at least two primary strains, and the
level and activity of enzymes is influenced further by culture
conditions and clonal selection in different laboratories
(Rodriguez-Antona et al., 2002). Analysis of Caco-2 cells has
shown that transporter expression resembles closely that of
normal colon, although properties are also compromised at
high passage (Calcagno et al., 2006). Another important
difference between laboratories is the use of DEX as a media
supplement. DEX prolongs cell viability (Bailly-Maitre et al.,
2001) but is a known inducer of CYP3A4 (Chieli et al., 1994)
and has been shown to modulate P-gp expression in rat
hepatocytes (Fardel et al., 1993). DEX also upregulates PXR
and CAR mRNA (Pascussi et al., 2000a,b) and the order of
DEX and PCN administration appears to be an important
determinant of effects on CYP3A1 in rats (Hosoe et al., 2005).
Data presented here show that DEX has a marked effect on
the expression of CYP3A4, ABCB1 and PXR and its inclusion
in media may therefore decrease the ability to detect
induction. Similar observations have been reported in rat
liver slices (Meredith et al., 2003). These data suggest that
there is a maximal response to PCN. Therefore, the addition of
DEX effectively increases the baseline but, as the maximum is
fixed, a reduction in the potential effect is observed. There-
fore, one hypothesis is that this competition allows the
biological system to self-limit and prevent over-activation.

The mechanism by which this interaction between PCN
and DEX occurs is currently being investigated. However,
what is known is that sub-micromolar concentrations of
PCN have previously been shown to activate rodent PXR
(Shah et al.,, 2007) but antagonize the glucocorticoid
receptor. In addition, activation of glucocorticoid receptors
by DEX increases PXR expression and thus increases
CYP3A1, whereas PCN activates PXR directly in rats (Hosoe
et al., 2005). Clearly, the overlap in NR activation and
function makes this area extremely complex, but, given that
a considerable body of convincing structural and mecha-
nistic data that support the concept that human PXR is not
activated by PCN, one could hypothesize that this pheno-
menon is mediated via other NRs. It is important to note that
the involvement of other NRs would also explain the
surprising observations that the classical potent PXR ligand,
RIF, produced one of the weaker activations in all systems.
Nonetheless, because of these issues, DEX was not included
in subsequent experiments, and this may explain some
discrepancies with previous studies.
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Consistent with some reports, similar inductions of
CYP3A4 and ABCB1 by PCN and RIF were observed in
HepG2, Caco-2 cells and primary hepatocytes (Faucette et al.,
2006). Although studies with reporter assays have shown
that PCN activates rodent but not human PXR, and the
converse is true of RIF (Jones et al., 2000), PCN has been
shown to increase human CYP3A4 (Ogg et al., 1999) and RIF
increases the rodent orthologue (Swales et al., 2003). Clearly,
this appears counter-intuitive, given the species differences
in PXR activation. One possible explanation is that other
mechanisms are involved in the observed induction. Indeed,
PCN has been reported to activate the CYP3A4 promoter via
the glucocorticoid receptor (Ogg et al., 1999). Administration
of PCN to humans has also been shown to diminish the
activity of some drugs, which is consistent with induction of
metabolism in vivo (Szabo et al., 1975).

Some differences were observed between the profiles of
induction in HepG2 versus Caco-2. Although it is tempting
to invoke tissue-specific differences between hepatic and
intestinal cells, it is unclear whether these differences are
inherent between tissues or result from divergence during
transformation or culture. Interestingly, the magnitude of
induction was in the rank order of HepG2 > Caco-2 > primary
hepatocytes, and as the rank order of transporter expression
is primary hepatocytes>Caco-2>HepG2 and these com-
pounds are substrates, it is tempting to speculate that this
may be a consequence of lower intracellular inducer
accumulation. This requires further experimentation and
was beyond the scope of this study.

Data for PB and RIF are in agreement with other studies
conducted in primary hepatocytes (Jigorel et al., 2006;
Nishimura et al., 2006). Also, where overlap exists, the data
agree with studies in HepG2, Caco-2 and primary hepatocytes
(Schrenk et al., 2001). For Caco-2 cells, results with RIF
conflict with previous studies that indicated no effect on
ABCB1, ABCC1, ABCC2, CYP3A4 or PXR expression (Pfrunder
et al., 2003; Collett et al., 2004). Induction of ABCB1, ABCC1,
ABCC2 and PXR but not CYP3A4 was observed here. There are
differences in methodology; Pfrunder et al. (2003) used media
containing 10% FBS supplemented with gentamicin and up to
1% DMSO was used as a vehicle, whereas in this study 15%
FBS and methanol were used, respectively. RIF has been
shown to be stable for 3 months in methanol (Le Guellec
etal., 1997) and DMSO (Karlson and Ulrich, 1969), and DMSO
has been reported not to effect PXR and CYP3A4 expression
below a concentration of 0.1% (Bowen et al., 2000). However,
RIF reduces CYP3A4 and CYP3A5 mRNA levels when >0.5%
DMSO is used (Nishimura et al., 2002).

Logarithmic correlations between changes in mRNA and
protein in HepG2 and Caco-2 cells were observed. Lower
changes in mRNA elicited linear increases in protein but there
appeared to be a threshold beyond which no additional
increase in protein was observed. Finally, although there are
clearly important inadequacies of transformed cells that must
be considered when studying mechanisms, an accurate predic-
tion of the profile of induction in hepatocytes by RIF from
HepG2 data was possible. This is exploratory and requires
examination with a larger set of compounds, and its
importance will ultimately be determined by the suitability
of primary hepatocytes as surrogates for gene regulation in vivo.
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For ABCB1, an increase in mRNA and protein was observed
when cells were exposed to CDCA at non-toxic concentra-
tions. However, in Caco-2 cells, an increase in protein was
noted even though increases in mRNA were not noted until
toxic concentrations (100 pM) were added. This is in agree-
ment with a previous study that showed increased expres-
sion of ABCB1 and P-glycoprotein activity in Madin Darby
canine kidney cells exposed to 100 uM CDCA (Kneuer et al.,
2007). Nonetheless, the change in protein was comparable
between HepG2 and Caco-2, despite marked differences
between the two cell lines at the mRNA level. The reason for
this requires further investigation, but one could speculate
that there may be transcriptional, post-transcriptional and/
or translational mechanisms involved in the upregulation
of the protein. It is of interest that non-transcriptional
mechanism has been reported to induce P-glycoprotein
expression in other transformed cells (Yague et al., 2003).

It is important to recognize that the viability of the
primary hepatocytes used here was <70%. This is in line
with the majority of previous studies using cryopreserved
human hepatocytes (Li et al., 1999; Shibata et al., 2002;
Baccarani et al., 2005; Terry et al., 2005; Miyamoto et al.,
2006). A number of investigators have examined the
addition of media supplements and/or purification of cells
through a Percoll gradient in order to improve the viability
and therefore metabolic competency of these cells. As it was
not our intention to investigate metabolism, we opted for
a more simplistic approach so as not to add additional
compounds that could potentially interfere with gene
regulation themselves. In either case, it must be noted that
a potential limitation to the use of primary hepatocytes is a
selective loss of hepatocyte sub-types during isolation and/or
cryopreservation (that is, diploid/tetraploid or mono-/bi-
nuclear) with lower viabilities, in which the phenotype may
be different.

Given the potential controversy of some of these findings,
some samples were also analysed using MGB-probe assays.
These results confirmed the data for RIF in HepG2 and
validated the pico-green methodology (data not shown).
Caco-2 cells are well known for exhibiting markedly different
phenotypes according to passage number and culture
conditions (Sambuy et al., 2005).

In these studies, we selected a range of concentrations of
PB from 0.01 to 100 uM. However, many previous publica-
tions have reported studies with concentrations of PB above
these concentrations (most commonly >1000 um). Further-
more, the vast majority of previous studies do not report
concentration-response relationships, and it is not clear to
us why such high concentrations were selected. Our data
indicate that these previous concentrations (as high as
5000puM in some studies) are associated with (a) toxicity
(100um for HepG2 and 10uM for Caco-2) and (b) a
submaximal response for some genes (for example, for
CYP3A4 and ABCB1, lower expression was observed at 10
and 100puM than at lower concentrations). This issue may
also explain some previous inconsistencies, as such high
concentrations, which are unattainable in vivo, may com-
promise the ability to clearly define the phenotype.

As seen with PB, bell-shaped concentration-induction
profiles were also observed in other cases, for example,



induction by PCN of CYP3A4 and ABCB1 in HepG2 and
Caco-2 cells. It is tempting to speculate, as others have done,
that this may be due to toxicity. Indeed, in the case of PCN
on ABCBL1 in Caco-2 cells, this did correlate with the toxicity.
However, in HepG2 cells, sub-maximal induction was
observed at concentrations that were non-toxic. This has
been observed in other studies of CYP3A4 with both
expression (Ripp et al., 2006) and function (Reinach et al.,
1999). In these cases, the underlying mechanisms are not
understood. However, one could hypothesize that at higher
concentrations, activation of other systems may result in
repression or partial antagonism. In this regard, it is
interesting to note that PCN has also been shown to activate
liver-X-receptor response elements and liver-X-receptor
reduces activation of the CYP3A4-XREM in response to
PCN (Kocarek et al., 2002). Higher concentrations of PCN
may therefore activate liver-X-receptor (and/or other factors)
and elicit a negative effect on PXR-mediated induction of
CYP3A4. These data indicate that using a single concentra-
tion may result in gross underestimation and may also
explain some of the discrepancies between this and other
studies, underscoring the importance of conducting full
concentration-response experiments. Indeed, significant
induction of these transcripts was seen for primary hepato-
cytes, which is in agreement with other studies (Phillips
et al., 2005).

For RIF and PB, induction of both PXR and CAR was
observed in all three cell types, and PB induced PXR and CAR
in HepG2 and hepatocytes but not Caco-2. If PXR and CAR
self-regulate, overlap may be expected, as both bind to
similar response elements (Xie et al., 2000; Goodwin et al.,
2001; Burk et al., 2005a). The mechanisms controlling PXR
expression have not been studied in great detail, but some
data are emerging (Aouabdi et al., 2006; Gibson et al., 2006).
Recently, it was reported that PXR is controlled by PXR itself
as well as PPARa (Aouabdi et al., 2006) and FXR (Jung et al.,
2006). In support of this, CDCA increased expression of PXR
in Caco-2 and primary hepatocytes in this study. Transfec-
tion of unliganded PXR and CAR was previously shown to
downregulate expression of PXR (Aouabdi et al.,, 2006).
Taken collectively with the data here, it appears that,
although unliganded PXR and CAR downregulate expres-
sion, activation of these NRs may increase transcription. This
is certainly an interesting subject for future study.

CDCA increased expression of FXR and CAR in HepG2
cells and all three NRs in both Caco-2 cells and primary
hepatocytes. This may represent an additional avenue in the
complex regulation of multiple NRs, but clearly the inter-
pretation of these findings is dependent on the specificity of
CDCA for FXR. The observation that CDCA elicits induction
of ABCC2 and CYP3A4 is in agreement with other reports
(Kast et al., 2002; Gnerre et al., 2004), but this is the first
report that implicates CDCA in the regulation of ABCBI1,
ABCC1 and CYP2B6. However, other bile acids have been
shown to regulate ABCC2 via non-FXR mediated pathways
(Zollner et al., 2003), and so the relative role of FXR should
be interpreted with caution. The clinical relevance of these
observations will depend on the number of therapeutic
compounds that activate FXR: there is significant interest in
FXR as a therapeutic target for cardiovascular (Bishop-Bailey,
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2004) and cholestatic liver diseases (Willson et al., 2001). As
FXR modulators emerge, it will be interesting to characterize
their effects on the expression of disposition genes.

The data presented herein provide a solid platform from
which to examine the molecular mechanisms that underlie
these observations.
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