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Abstract
Nonylphenol (NP), a by-product of alkylphenol ethoxylates, is a pervasive surfactant that activates
the xenosensing nuclear receptor, the pregnane X-receptor (PXR) in transactivation assays in vitro.
We are interested in determining if NP activates PXR in vivo, determining if hPXR and mPXR act
similarly, and investigating the role of PXR in protecting individuals from NP. Wild-type (WT),
PXR-null, and humanized PXR (hPXR) mice were treated with NP at 0, 50 or 75 mg/kg/day for
one week, and cytochrome P450 (CYP) induction, liver histopathology, and serum NP
concentrations were examined. WT mice treated with NP showed induction of Cyp2b, and male-
specific induction of Cyp2c and Cyp3a. CYPs were not induced in PXR-null mice, demonstrating
that PXR is necessary for NP-mediated CYP induction. CAR-mediated CYP induction was not
observed in the PXR-null mice despite previous data demonstrating NP is also a CAR activator.
hPXR mice only showed moderate Cyp induction, suggesting that hPXR is not as sensitive to NP
as mPXR in vivo. NP-mediated Cyp3a induction from three human hepatocyte donors was not
significant, confirming that hPXR is not very sensitive to NP-mediated CYP induction. Lastly,
mice with PXR (mPXR and hPXR) showed lower NP serum concentrations than PXR-null mice
treated with NP suggesting that PXR plays a role in decreasing liver toxicity by basally regulating
Phase I-III detoxification enzymes that promote the metabolism and elimination of NP. In
summary, PXR is required for NP-mediated CYP-induction, and mPXR mediates greater CYP
induction than hPXR in vivo, and the presence of PXR, especially mPXR, is associated with
altered histopathology and increased clearance of NP.
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Introduction
Nonylphenol (NP) is a biological degradation product of the alkylphenol ethoxylates that are
widely used in the United States as intermediates for the production of industrial products
such as detergents, lubricants, agrichemicals, rubber manufacturing, and personal care
products (Reed, 1978). Commercial NP is a mixture of various isomers with para-
substituted branched NP predominating in the mixture (United States Environmental
Protection Agency, 2005)(Fig. 1). A large body of research has demonstrated that NP is an
environmental estrogen (Soto et al., 1991; White et al., 1994; Lech et al., 1996; Wilson et
al., 2004; Isidori et al., 2010) and one of the few anthropogenic environmental estrogens
shown to induce mammary cancer incidence in a rodent model (Acevedo et al., 2005).

Furthermore, NP is one of the most prevalent chemicals in the streams of the United States,
and is found in more than 50% of 139 rivers and streams tested in a United States
Geological Survey study. When found it is often the chemical present at the highest
concentration because of its ability to adsorb strongly to soils and sediments, and its long
half-life (Kolpin et al., 2002). Furthermore, NP is quite stable and remains in the sludge
even after wastewater treatment (Abad et al., 2005). There is a comprehensive ban of NP
and NP ethoxylate surfactants in the European Union in part because of NP's stability in the
environment, aquatic toxicity, and endocrine disrupting activity (Renner, 1997; Quednow
and Püttmann, 2009).

Most NP is rapidly absorbed, metabolized, and eliminated within 24 hours of exposure in
rats (Green et al., 2003). NP is metabolized by several cytochrome P450s in families 1-4;
however, the use of recombinant CYP2B6 indicates that this human CYP is the predominant
enzyme involved in NPs phase I metabolism (Lee et al., 1998). Phenobarbital-induced rat
microsomes and the inhibition of Cyp-mediated activities in mice confirm that Cyp2b >
Cyp3a members are the key CYPs involved in NP metabolism (Lee et al., 1998; Acevedo et
al., 2005). NP can be glucuronidated directly or after CYP-metabolism by UGT2B enzymes
that are primarily by MRP2 (Daidoji et al., 2003).

The Pregnane X Receptor (PXR; NR1I2) is a transcription factor involved in the regulation
of several genes crucial in the detoxification of xenobiotics and endobiotics. PXR is
activated by a variety of steroids, herbal medicines, pharmaceuticals, and environmental
chemicals (Kliewer et al., 1998; Hernandez et al., 2009a), including several environmental
estrogens such as DDT, endosulfan, dieldrin and NP (Mikamo et al., 2003; Kretschmer and
Baldwin, 2005; Lemaire et al., 2006). PXR's promiscuity is attributed to its flexible ligand
binding domain allowing it to accommodate ligands that vary greatly in size, shape, and
polarity (Watkins et al., 2001; Xue et al., 2007). Following activation, PXR heterodimerizes
with RXRα (NR2B1), binds its response elements, and induces phase I-III enzymes
(Hernandez et al., 2009a), including several genes involved in the detoxification of
nonylphenol such as MRP2 (Kast et al., 2002), and several CYPs in families 2 and 3
(Waxman, 1999). CYP enzymes induced by mouse PXR include Cyp2b10 and the classical
biomarker, Cyp3a11 (Hernandez et al., 2009a).

NP also activates rodent and human PXR in transactivation assays performed in vitro
(Masuyama et al., 2000; Hernandez et al., 2007). In addition, NP activates PXR's relative,
the constitutive androstane receptor (CAR; NR1I3) as determined by mouse CAR
transactivation assays (Hernandez et al., 2007; Baldwin and Roling, 2009). In vivo studies
with CAR +/+, and CAR -/- mice demonstrated that Cyp2b10 is induced in a CAR-
dependent manner. Furthermore, human hepatocytes and humanized CAR mice treated with
NP show Cyp2b10 induction, demonstrating that both mouse and human CAR are activated
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by NP in vivo (Hernandez et al., 2007). However, similar studies that test whether PXR is
required for CYP induction by NP have not been performed in vivo.

There is circumstantial evidence that NP activates PXR in vivo. NP has been shown to
induce Cyp3a subfamily members in rat liver (Lee et al., 1996) as well as mouse liver;
(Masuyama et al., 2001). Furthermore, while the NP-mediated induction of Cyp2b in WT
mice was lost in CAR-null mice; the induction of several other Cyps including Cyp2a4 and
Cyp3a11 was observed in CAR-null female mice suggesting NP activation of PXR
(Hernandez et al., 2009b). One of the goals of this paper is to prove that NP activates mouse
and human PXR in vivo.

Furthermore, we are interested in determining if PXR protects individuals from NP
exposure. Even though PXR is crucial in the induction of detoxification enzymes, the
presence or activation of PXR has rarely been shown to protect individuals from
xenobiotics. In contrast, PXR-null mice show fewer adverse hepatotoxic effects after co-
treatment with pregnenolone 16α-carbonitrile (PCN) and acetaminophen (APAP),
demonstrating the role of PXR in the bioactivation of acetaminophen to N-acetyl-p-
benzoquinone imines (NAPQI) (Guo et al., 2004). However, PXR is important in protecting
individuals from bile acids, and PXR-null mice treated with lithocholic acid exhibit
significantly higher hepatoxicity than WT mice (Xie et al., 2001). This hepatoxicity is
attributed to the inability of PXR-null mice to respond and induce enzymes involved in the
detoxification and excretion of this toxic bile acid.

In this study, we investigated PXR's role in the basal regulation of drug metabolizing CYPs
as basal regulation may be important in protecting the liver from xenobiotics, especially
after initial exposure and before an inductive response can occur (Mota et al., 2010). Then
we investigated the role of PXR in NP-mediated CYP induction in WT, PXR-null, and
hPXR mice to determine if NP activates mPXR and hPXR in vivo. Cyp3a11 induction was
also assessed in primary human hepatocytes to confirm hPXR's role in responding to NP.
Lastly, liver histopathology and serum levels of NP were compared between treatment
groups to test whether PXR is associated with increased clearance and protection of the liver
from NP. Overall, the data indicates that mPXR is necessary for CYP induction, hPXR is
not as sensitive as mPXR in vivo, and PXR is associated with lower serum concentrations of
NP in mice.

Materials and Methods
Animals

All studies were performed in agreement with NIH guidelines for the humane use of
research animals and approved by the Clemson University Animal Care and Use Committee.
Mice were provided with food and water ad libitum. Male and female 8-10 week old B6129
(WT), PXR-null (Staudinger et al., 2001) and hPXR (Lichti-Kaiser and Staudinger, 2008)
mice were randomly split into groups (n = 4-6). The control mice were fed 100 μl of honey
with a syringe. Treated mice were fed 50 or 75 mg/kg/day NP (technical grade with
approximately 85% p-isomers; Fluka Chemical Co., Seelze, Germany) dissolved in 100 μl
honey for seven consecutive days. The dosages were based on previous studies
demonstrating CYP induction (Acevedo et al., 2005; Hernandez et al., 2006; Hernandez et
al., 2007). Furthermore, it is estimated that a dose as low as 50 mg/kg/day NP for 7 days can
reach metabolic saturation and lead to steady state concentrations in the serum (Green et al.,
2003). The positive control, dexamethasone (technical grade 98%; Sigma St. Louis MO)
was dissolved in 100 μl of corn oil and injected at 75 mg/kg/day once per day for three days.
All mice were anesthetized 6 hours following the last treatment, blood was collected from
the mice by heart puncture, and livers excised.
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Liver sample preparation
Livers from euthanized mice were excised, weighed, snap frozen, and cut into several pieces
for RNA extraction, and microsome preparation. Total RNA was isolated using a modified
TRI-reagent protocol of guanidinium thiocyanate-phenol-chloroform extraction following
manufacturer's specifications (Sigma, St. Louis, MO). To remove residual DNA from the
RNA a DNAse digestion was performed (Promega Corporation, Madison WI). RNA was
quantified at 260 nm and 280 nm wavelengths using a spectrophotometer and samples were
immediately stored at −80°C. For cDNA preparation reverse transcription was performed
using MMLV-RT, dNTP mixture, and random hexamers followed by immediate storage at
−20°C. Microsomes were homogenized and isolated by differential centrifugation;
aprotonin, leupeptin, and PMSF were used as protease inhibitors. After protein
quantification (Bio-Rad, Hercules, CA), microsomes were stored at −80°C.

Quantification of CYP expression
QPCR was performed using previously published protocols and primers (Muller et al., 2002;
Wiwi et al., 2004; Hernandez et al., 2009b). All samples were diluted 1:10 and standard
curves were performed using a composite of samples diluted from 1:1 to 1:1000. To
quantify gene expression amplifications were performed in triplicates using a 96-well iQ5™
multicolor Real-Time PCR Detection System (Bio-Rad) with 0.25× SybrGreen. Data
normalization of Q-PCR results was performed using the expression of 18S rRNA as the
housekeeping gene. Quantification was done by taking the efficiency curve of the Q-PCR
reaction to the power of the threshold cycle (Ct) divided by 18S (Muller et al., 2002).

Immunoblotting was used to quantify CYP protein levels. Quantification of mouse CYP is
referred to by subfamily because each antibody may recognize more than one mouse
isoform in a subfamily. Antibodies from different sources were used to quantify mouse
Cyp2b, 2c, and 3a. Cyp2c and Cyp3a were quantified using a human CYP2C8/9/19 or rat
CYP3A1 antibodies respectively from Chemicon, (Billerica, MA). A newly developed
polyclonal antibody was used to quantify Cyp2b (Mota et al., 2010). Proteins were separated
electrophoretically on a 10% polyacrylamide gel (SDS-PAGE), and transferred to
nitrocellulose membrane (Bio-Rad) using 30-50 μg of microsomal protein. After protein
transfer the nitrocellulose was blocked in 2.5-5% dried milk for 30 min to 1 hour and
washed in Tris Buffer Saline pH=7.4 0.1%Tween 20. Primary antibodies were incubated at
room temperature for 2h and overnight at 4°C prior to secondary antibody incubation at
room temperature for 2h (Mota et al., 2010). β-Actin (Sigma, St. Louis, MO) was used as a
housekeeping gene. Secondary antibodies used were based on the source of the primary
antibodies mainly goat anti-mouse or goat anti-rabbit (Bio-Rad; 1:500) Protein detection
was performed by chemiluminescence using Immun-Star AP Chemiluminescent Protein
Detection Systems and quantified by Chemi Doc XRS HQ using Quantity One 4.6.5 (Bio-
Rad, Inc).

Primary human hepatocytes
Human hepatocytes were obtained from Cellz Direct (Pittsboro, NC) and maintained as
previously described (Hernandez et al., 2007). The hepatocytes were extracted from three
different donors that were Caucasian females with ages of 52, 29 and 77. Cells were treated
with DMSO (UT), NP, or phenobarbital (PB) as a positive control (Sigma, St. Louis, MO)
for 24h. After treatments, the cells were harvested, RNA extracted, cDNA prepared and Q-
PCR performed using CYP3A4 and 18s primers as previously described (Hernandez et al.,
2007).
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Histology samples
Liver samples from untreated and NP-treated WT, PXR-null, and hPXR mice were fixed in
10% formalin. Samples were trimmed, processed, embedded, sectioned, and stained with
hemotoxylin and eosin at Colorado Histo-Prep (Fort Collins, CO) for blind histopathological
evaluation. Standard mouse toxicologic pathology criteria and nomenclature were used to
evaluate microscopic tissue changes in each of the different treatment groups.

Nonylphenol Extraction and GC quantification
Nonylphenol was extracted from mice serum using a modified protocol (Danzo et al., 2002).
In brief, 150 μl of mouse serum was vigorously vortexed with 1 mL saturated NaCl in glass
tubes, afterwards 1 mL of ethyl acetate was added and vortexed. Mixture was allowed to
settle for 10 min at room temperature, or until mixture turned biphasic. Supernatant was
transferred to new glass tubes, where 1 mL of water was added, vortexed and supernatant
was again transferred to a new glass tube. Solvent was evaporated with nitrogen gas, and
reconstituted with 400 μl of ethyl acetate.

Standards of NP were prepared at a concentration of 0.01, 0.05, 0.1, 0.5, 1.00 μg/mL in ethyl
acetate. Spectra were recorded using Agilent 7890 A gas chromatograph (Agilent
Technologies, Inc., Santa Clara, CA) using 70eV electron ionization at an ion source
temperature of 230°C. Chromatographic separations were performed using 30m × 0.25mm,
0.25 μm film DB-5ms column (Agilent Technologies, Inc.) GC analyses were done using a
splitless injection at 250°C, followed by a column temperature program change of 100 to
300°C over 10°/min. Quantification was done by selected ion monitoring with an ion dwell
time of 25 msec. The ions used for NP were, m/z 135, 149, and 220. Quantification of all
samples were performed by the external standard technique in which a known amount of a
reference standard was analyzed; areas of selected ion monitoring chromatographic peaks
were integrated using GC ChemStation© software (Agilent Technologies, Inc.) Areas under
the peaks were converted to plasma concentrations using the standard curve of NP. The
detection limit was 0.01 ng/μL.

Statistical analysis
One-way ANOVA followed by Dunnett's multiple comparison test was performed on Q-
PCR data when comparing the CYP expression between the different mouse genotypes, and
to determine statistically significant differences in NP serum concentrations between
untreated and NP treated mice of different genotypes. Student's two-tailed t-tests were used
to compare differences in CYP3A4 expression in human hepatocytes, and CYP protein
expression measured by Western blotting. Fisher's 2×2 was performed to determine a
significant difference between untreated and NP treated WT, PXR-null and hPXR mice that
exhibited hepatocyte hypertrophy. Values of p < 0.05 were considered significant. All
statistical analyses were performed using GraphPad Prism 4.0 (GraphPad Software Inc., San
Diego, CA, USA).

Results
Comparing basal CYP expression in mPXR, PXR-null, and hPXR mice

Q-PCR was performed to determine basal regulation of CYPs by mouse and human PXR.
Different isoforms of CYPs were tested by Q-PCR to compare CYP expression in WT and
PXR-null male and female mice, as well as between hPXR and PXR-null mice. The loss of
PXR resulted in a significantly lower expression of Cyp3a11 in male and female PXR-null
mice compared to WT mice. Interestingly, PXR-null mice showed significantly higher
expression of Cyp2b10 and Cyp3a41 than WT mice (Table 1). Negative regulation of
Cyp3a41 by PXR has been previously demonstrated (Anakk et al., 2004); however to our
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knowledge, this is the first time that Cyp2b10 has been shown to be negatively regulated by
PXR. Surprisingly, mouse CYPs did not respond the same to human PXR (Table 2). For
example, hPXR did not repress Cyp2b10 in the same manner as mPXR, nor was Cyp3a11
repressed in male hPXR mice. Overall, mPXR showed stronger basal regulation of mouse
CYPs than hPXR when compared to the PXR-null mice.

CYP induction by NP in vivo is PXR-dependent
Immunoblots were performed to determine NP-mediated induction of CYPs in WT, PXR-
null, and hPXR mice. Cyp2b was significantly induced by NP in male and female WT mice
(Fig. 2A). Cyp3a and Cyp2c (data not shown) were significantly induced in male mice
treated with 50 or 75 mg/kg/day of NP (Fig. 2A). Female WT mice did not demonstrate
Cyp3a induction by NP. We have previously observed a lack of Cyp3a induction by NP in
WT mice (Acevedo et al., 2005; Hernandez et al., 2009b), presumably because of NP-
mediated repression of Cyp3a41, a female specific CYP negatively regulated by PXR
(Anakk et al., 2004)(Table 1). WT mice treated with the positive control, dexamethasone,
also exhibit significant induction of Cyp2b and Cyp3a (Suppl. Data Fig. 1A). Because NP
activates CAR and PXR (Hernandez et al., 2007), Cyp induction may be mediated by either
CAR or PXR activation (especially Cyp2b). However, PXR-null mice did not demonstrate
CYP induction following NP treatment (Fig. 2B), indicating that NP-mediated CYP
induction is PXR-dependent.

hPXR activation by NP
Humanized PXR mice lack mouse PXR and instead contain human PXR. They are used to
reduce uncertainty when extrapolating data from rodents to humans, and demonstrate the
key role of hPXR in mediating chemical-mediated CYP induction (Lichti-Kaiser and
Staudinger, 2008). The hPXR mice did not appear to respond to NP treatment as robustly as
mPXR (WT) mice. Female hPXR mice had no significant CYP induction from either of the
NP treatments (50 or 75 mg/kg/day) (Fig. 3A). Male hPXR mice treated with NP showed
induction of Cyp2b and Cyp3a (Fig. 3B), albeit weaker induction than the WT mice. In
comparison, hPXR mice treated with dexamethasone, as a positive control, showed Cyp2b
induction in both male and female mice, but Cyp3a induction was not significant (Suppl
Data Fig. 1B). Overall, CYP induction was more robust in mPXR mice than hPXR mice
suggesting that NP is a weaker hPXR activator than mPXR activator in vivo.

CYP3A4 expression in human hepatocytes
Weak induction of CYPs in hPXR mice could be caused by poor interactions between the
necessary murine coactivators and human PXR. Therefore, we treated fresh human
hepatocytes from three donors with NP and phenobarbital (known to activate human CAR
and PXR) (Moore et al., 2000) for 24 hours and then measured CYP3A4 expression. While
most patients showed weak CYP3A4 induction, there was no statistically significant
difference in CYP3A4 mRNA expression between UT and NP treated hepatocytes in any of
the three donors (Fig. 4A-4C). A statistically significant higher expression of CYP3A4 was
observed in all of the three patients treated with phenobarbital (Fig. 4D-4F). Thus, NP does
not significantly increase CYP3A4 expression in human hepatocytes. This result coincides
with the hPXR result and indicates that NP is a weaker hPXR activator than mPXR
activator.

Histopathology
Given that NP activates PXR and PXR regulates several detoxification genes both basally
and when activated, we wanted to test whether PXR protects the liver from NP-mediated
damage. Therefore, liver histopathology was assessed in formalin fixed H&E stained slides
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from the different mouse genotypes, and NP treatments at 0 and 50 mg/kg/day. Untreated
WT mice exhibited normal liver tissue (Fig. 5A); whereas NP-treated WT mice (Fig. 5B)
showed significant hepatocyte hypertrophy in the periportal region (Table 3). Increased
eosin staining was also observed in NP-treated livers from WT mice, which may be a sign of
increased protein synthesis. In the PXR-null (Fig. 5-4D) and hPXR (not shown) mice the
liver showed minimal hepatocyte hypertrophy in the periportal regions regardless of the
treatment (untreated or NP-treated) (Table 3), and increased eosin staining was observed in
both PXR-null and hPXR mice. Therefore, there was no statistically significant difference in
the hypertrophy scoring between UT and NP-treated PXR-null mice or hPXR mice (Table
3). However, some of the NP-treated PXR-null mice did show a subjectively larger increase
in eosin staining (Fig.5), but no significant differences in hypertrophy. The histopathology
data for the PXR-null and hPXR mice is difficult to interpret because of minimal
hypertrophy in the untreated mice. Overall, NP appears to cause some damage or an acute
response as observed through increased eosin staining and hypertrophy in the WT mice,
which may be mediated through PXR and was more responsive in mPXR (WT) mice than
hPXR mice.

Nonylphenol serum concentrations
Because increased damage was observed in the NP-treated WT mice and increased eosin
staining was observed in the periportal regions of some PXR-null mice, GC-MS was used to
quantify serum NP concentrations and assess whether PXR-status effected the ability of WT,
PXR-null, and hPXR mice to clear NP. In general, there was a trend indicating greater NP in
the serum of treated mice than untreated mice, especially at 50 mg/kg/day NP. Differences
in serum NP concentrations between treatment groups were not significantly different in WT
and hPXR mice (Table 4A,B). There was no trend in NP serum concentrations in female
hPXR mice (Table 4) because the female untreated hPXR mice showed high concentrations
of NP. Male and female PXR-null mice treated with 50 mg/kg/day NP have greater amounts
of NP in their serum than untreated PXR-null mice (Table 4A, B), suggesting that the lack
of PXR caused perturbed clearance of NP.

Data from male and female mice was combined because there were no significant
differences in serum concentration between males and females (Table 4C). NP-treated WT
mice showed a significant increase in serum NP concentrations (Table 4C) when the data
was combined because of the increased statistical power. The p-values comparing the
untreated and 50 mg/kg/day groups from PXR-null mice also increased from 0.01 to 0.001.
A trend was observed in the male, female, and combined data where 50 mg/kg/day treated
WT mice had lower NP serum concentrations than 50 mg/kg/day treated PXR-null mice,
although the data was not statistically significant (Table 4). However, when the data from
WT and hPXR mice (all PXR-positive mice) was combined and compared to PXR-null
mice, there was significantly less NP in the serum of PXR-positive mice than PXR-null mice
(p = 0.045 by Student's t-test). Taken together, this suggests that the presence of PXR is
protective from NP potentially by regulating enzymes and transporters important in
metabolizing or clearing NP.

Discussion
PXR is important in the regulation of detoxification enzymes that are required to metabolize
and eliminate compounds that may have deleterious effects such as NP (Waxman, 1999; Xie
et al., 2001; Kretschmer and Baldwin, 2005; Hernandez et al., 2009a). Past studies have
shown NP-mediated induction of CYP3A (Lee et al., 1996), and NP activation of PXR has
been demonstrated in transactivation assays using mouse (Masuyama et al., 2000), rat, and
human PXR (Hernandez et al., 2007). It is presumed that PXR is activated by NP; however,
activation of PXR in vivo has not been demonstrated using knockout models. Instead only
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activation of CAR by NP has been definitively demonstrated in vitro and in vivo (Hernandez
et al., 2007; Hernandez et al., 2009b). The data from this study showed that NP-mediated
induction of Cyp2b and Cyp3a in male and female mice is PXR-dependent as induction was
completely lost in PXR-null mice.

This is somewhat surprising because NP also activates CAR and we hypothesized that some
CYP induction, such as the induction of Cyp2b, would be preserved in PXR-null mice due
to CAR activation. Research has shown weak CYP induction by Q-PCR in CAR-null mice
(Hernandez et al., 2009b) presumably due to activation of PXR; however, in this study there
was no CYP induction observed via immunoblotting in NP-treated PXR-null mice. Overall,
this suggest that CAR and PXR work together to regulate NP-mediated CYP induction.
Most studies indicate that activated nuclear receptors often compete for resources (Yan et
al., 1998; Miao et al., 2006; Lee et al., 2008); however, in this case CAR and PXR appear to
work together to increase NP-mediated CYP induction.

Male mice showed larger NP-mediated CYP induction than females. Cyp2b and Cyp3a
induction in males was observed at 50 and 75mg/kg/day NP with the 50mg/kg/day NP
treatment showing greater CYP induction than the 75mg/kg/day NP-treatment. Female mice
only showed a significant induction of Cyp2b by the 50mg/kg/day NP treatment, and not the
75 mg/kg/day NP treatment (Fig. 2). WT female mice did not show induction of Cyp3a
protein levels following NP-treatment, which is common and even NP-mediated down-
regulation of Cyp3a protein expression has been observed (Laurenzana et al., 2002;
Acevedo et al., 2005; Hernandez et al., 2006; Hernandez et al., 2009b), presumably due to
repression of Cyp3a41 and potentially Cyp3a44 (Anakk et al., 2004; Hernandez et al., 2006;
Hernandez et al., 2009b).

Male and female mice treated with 75 mg/kg/day consistently showed less CYP-induction
than mice treated with 50 mg/kg/day NP (Fig. 2). Mice treated with 75 mg/kg/day were
harder to feed and showed less inclination for the NP-tainted honey. It is possible that the
dose they ultimately received was less in the 75 mg/kg/day group than the 50 mg/kg/day
group because they did not fully ingest their share. Corroborating evidence was provided
from the serum concentrations of NP as the 75 mg/kg/day group showed consistently lower
NP concentrations than the 50 mg/kg/day group (Table 4). Therefore, it is our opinion that
the reduced induction of CYPs and reduced serum concentrations at 75 mg/kg/day is
indicative of the poor feeding rate of the NP-treated mice at 75 mg/kg/day.

CYP induction was also tested in hPXR mice, a model that is more relevant to human health
(Xie et al., 2000; Lichti-Kaiser and Staudinger, 2008). Interestingly, NP is a weak activator
of hPXR relative to mPXR in vivo. For example, hPXR mice treated with NP showed no
significant induction of CYPs in females and much weaker induction of Cyp2b and Cyp3a
in males than WT (mPXR) mice (Fig. 3). hPXR may not work as well as mPXR because of
poor interactions with mouse co-activators in the hPXR mouse, or NP is not as strong of an
hPXR activator as mPXR activator in vivo.

Therefore, we obtained hepatocytes from human donors to determine NP's ability to induce
CYP3A4 expression in another model directly relevant to human health. NP-treated human
hepatocytes have hPXR and the necessary human co-activators for proper CYP induction.
Q-PCR results showed that NP did not induce CYP3A4 significantly, but the positive
control phenobarbital showed significant induction (Fig. 4). A previous study in our
laboratory demonstrated CYP2B6 induction by NP in hepatocytes, and attributed the
induction to CAR, but could not rule out PXR (Hernandez et al., 2007). CYP2B6 induction
in the human hepatocytes and hCAR mice was also weaker than WT mice and PB-mediated
induction. This indicates the importance of in vivo results as transactivation assays
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suggested similar activation of rodent and human PXR by NP (Hernandez et al., 2007).
Overall, the results indicate that NP is a weaker human PXR activator than mouse PXR
activator and this is in part the reason for the weak CYP induction in hPXR mice and human
hepatocytes.

PXR was also found to be important in the basal regulation of some CYPs. For example,
male and female mice showed significantly lower expression of Cyp3a11 in PXR-null mice
than WT mice, indicative of a direct role of PXR in Cyp3a11 basal regulation when a
chemical activator is not present. Cyp2b10 and Cyp3a41 were found to be negatively
regulated by PXR, as higher expression of these genes was observed in PXR-null mice
(Table 1). Our results confirm earlier work that Cyp3a41 is negatively regulated by PXR
(Anakk et al., 2004). To our knowledge this is the first time that Cyp2b10 has been shown to
be negatively regulated by PXR. hPXR did not always demonstrate similar basal regulation
as mPXR (Table 2). For example, the mouse Cyp2b members, Cyp2b9 and Cyp2b10 did not
respond to human PXR regulation in the same manner as mPXR. This suggests either
differential binding of hPXR to co-regulators than mPXR, different function of hPXR than
mPXR, or this result could be an artificial function of the hPXR mouse. hPXR is under the
control of the transthyretin promoter in the hPXR mouse (Lichti-Kaiser and Staudinger,
2008), not the typical hPXR or mPXR promoter and therefore may be overexpressed or
expressed at different times than PXR would typically be expressed leading to altered
expression of CYPs.

Histopathology demonstrated that NP caused hypertrophy in the periportal regions of WT
mice. A previous study with rats also demonstrated increased hypertrophy following oral
NP-treatment (Woo et al., 2007). The hepatocyte hypertrophy coincides with CYP induction
and increased eosin staining around periportal regions, which is thought to be attributed to
increased protein synthesis. Therefore, this data is indicative of an acute compensatory
response to NP exposure in WT mice.

However, it is difficult to establish whether PXR-null mice are more sensitive to the toxic or
hypertrophic effects of NP on the liver than WT mice. A significant difference in
hypertrophy was not measured between treated and untreated PXR-null mice. This is
because PXR-null and hPXR mice show hypertrophy regardless of treatment (Table 3). The
observed hypertrophy in treatments of PXR-null and hPXR mice (Fig. 5C-5D; hPXR data is
not shown) indicates that mouse PXR is important for the normal physiology of the liver,
such as the constitutively regulating the expression of some CYPs (Table 1,2) There have
been other studies that have observed hepatocyte hypertrophy in knockout mouse models,
including those that lack peroxisomes and HNF4α-null mice (Hayhurst et al., 2001; Dirkx et
al., 2005). Interestingly, there is more eosin staining around periportal regions in some of
the NP-treated PXR-null mice than in untreated PXR-null mice (Fig. 5C-5D), which
suggests increased protein synthesis. Whether this is indicative of minor cellular damage
caused by NP is not known, but suggests some sensitivity in treated PXR-null mice relative
to untreated PXR-null mice.

PXR appears to provide some minor protection from NP as PXR-null mice treated with NP
showed increased eosin staining relative to untreated PXR-null mice. Furthermore, only
PXR-null mice showed significantly higher NP serum concentrations (Table 4A,B) as mice
with PXR (mPXR or hPXR) had lower serum concentrations of NP after treatment with 50
mg/kg/day than PXR-null mice treated with 50 mg/kg/day NP, especially the mPXR mice.
Because CYP induction occurred in PXR-positive mice, but not PXR-null mice; the data
suggests that PXR positive mice respond to NP and induce detoxification enzymes that are
crucial in helping eliminate a toxic insult. In addition, the role that PXR plays in the basal
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regulation of CYPs and potentially other enzymes and transporters cannot be discounted
when considering PXR's protective role (Table 1-2).

However, PXR-status was not associated with increased clearance in female hPXR because
of contamination of the serum with NP (Table 4A) for unknown reasons. NP contamination
has been observed in previous studies (Soto et al., 1991; Danzo et al., 2002) where
measurable concentrations of NP were found in untreated samples. These NP concentrations
have been attributed to NP leaching from the plastic tubes during storage and centrifugation
steps. Another possible source of contamination, in this study, might be from the plastic
water bottles, as well from the honey fed to the mice that was also stored in plastic bottle.
One study showed significant concentrations of NP found in bottled water in all commercial
bottles tested (Li et al., 2010). Why the contamination occurred in several untreated hPXR
female mice to a greater degree than other treatments is unknown. If the contamination
occurred prior to treatment of the mice then this may explain the poor induction in female
hPXR mice relative to mPXR mice. However, this does not explain why male hPXR mice
also showed much less CYP induction than mPXR mice. Furthermore, we did not observe
significant induction in the control hPXR mice, but weak induction of CYPs in the treated
hPXR mice. Therefore, most likely the contamination of the samples occurred during serum
storage and NP extraction.

PXR has been shown to induce several detoxification enzymes in response to many different
chemicals (Hernandez et al., 2009a). PXR also protects individuals from bile acids
(Staudinger et al., 2001; Xie et al., 2001). However, the presence or activation of PXR has
rarely been shown to protect individuals from anthropogenic xenobiotics. This study
indicates that the presence of PXR reduces serum NP concentrations in mice treated with 50
mg/kg/day NP compared to mice that lack PXR. Further, the reduced NP serum
concentrations in PXR-positive mice are associated with PXR-dependent CYP induction,
suggesting some level of protection is provided by PXR. The reduced CYP-induction in
hPXR mice and human hepatocytes suggests less protection by hPXR than mPXR, but also
may leave humans less susceptible to PXR-mediated adverse drug reactions following NP
exposure.

Human NP exposure is thought to vary greatly depending on occupation and fish
consumption. Exposure to NP from consumer products is about 0.6 μg/kg/day; exposure
from regional environmental sources of which fish intake is 70-80% of a typical consumers
NP consumption, is probably less than 6 μg/kg/day (Commission and Center, 2002).
Therefore, the average person is exposed to 10,000× less than per day than these
experimental murine dosages However, a textile laborer may be exposed to as much as 4.42
mg/kg/day of NP (Commission and Center, 2002), or approximately only 10-fold less than
what was provided to the mice per day during this acute exposure. How individuals may
respond after chronic treatment was not examined. Metabolic saturation does occur after
approximately 7-days of treatment in doses of NP above 50 mg/kg/day (Green et al., 2003).
It is hypothesized that the metabolic saturation leads to enhanced bioaccumulation and
ultimately biological effects such as endocrine disruption (Green et al., 2003). Whether PXR
activation or CYP induction would be different after longer periods of time is unknown, but
probably would not significantly differ. Other parameters such as increased hyperplasia are
probably more sensitive to the exposure time, and therefore may increase following longer
exposure regimens.

In summary, results suggest that the presence of PXR is important in the clearance of NP
from mice as PXR-positive mice (especially mPXR mice) treated with 50 mg/kg/day NP
have lower serum NP concentrations than PXR-null mice. This may be due to PXR-
dependent induction of drug metabolizing enzymes such as CYPs, or may be because of
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PXR's role in the basal regulation of CYPs and presumably other drug metabolizing
enzymes. However, whether PXR provides actual protection from hepatotoxicity by NP is
unresolved. NP-induced liver pathology in PXR-null mice was only subjectively increased
over untreated PXR-null mice. In addition, hPXR appears to be less sensitive to the
activating effects of NP than mPXR thus the protective role of PXR may be less in humans
than mice. Given the role of PXR in basal and inducible regulation of CYPs, and the lower
level of serum NP in PXR-positive mice, PXR probably provides some level of protection
from NP in humans. Susceptible populations that have lower expression (newborns) or
activity of PXR (polymorphsims) (Lim et al., 2005; Vyhlidal et al., 2006) may exhibit
greater sensitivity to plasticizers such as NP due to their limited detoxification and
elimination capacity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of a para-substituted branched nonylphenol molecule.
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Figure 2.
Nonylphenol activates mouse PXR. Western blots of Cyp2b, Cyp3a, and β-actin from
hepatic microsomes of untreated, 50 or 75 mg/kg/day nonylphenol treated as described in
the Materials and Methods. Actin was used as a housekeeping gene. A) Wild-type male and
female untreated and NP-treated mice. B) PXR-null male and female untreated and NP-
treated mice. Blots were quantified densitometrically and the relative mean differential
expression as compared to the controls is reported above the blots. An asterisk indicates a
statistically significant difference compared to the untreated group using Student's t-test (p <
0.05).
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Figure 3.
Nonylphenol is a weak activator of human PXR in vivo. Western blots of hepatic
microsomes were performed for Cyp2b, Cyp3a, and β-actin from hepatic microsomes of
male and female humanized mice treated with 0, 50, or 75 mg/kg/day NP. Actin was used as
a housekeeping gene. A) Female untreated and NP-treated hPXR mice. B) Male untreated
and NP-treated hPXR mice. Blots were quantified densitometrically and the relative mean
differential expression as compared to the controls is reported above the blots. An asterisk
indicates a statistically significant difference compared to the untreated group using
Student's t-test (p < 0.05).
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Figure 4.
CYP3A4 expression in human hepatocytes treated with nonylphenol. Q-PCR was performed
with human hepatocytes from three different donors treated with NP or PB. A) Donor 1 NP
treated hepatocytes. B) Donor 2 NP treated hepatocytes C) Donor 3 NP treated hepatocytes
D) Donor 1 PB treated hepatocytes E) Donor 2 PB treated hepatocytes F) Donor 3 PB
treated hepatocytes. An asterisk indicates a statistically significant difference compared to
the untreated group using Student's t-test (p < 0.05).
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Figure 5.
Liver histopathology in untreated and 50 mg/kg/day NP treated mice. Mouse liver fragments
were stained using hematoxylin and eosin and examined as described in the Materials and
Methods. A) Untreated wild-type mouse liver. B) NP treated wild-type mouse liver. C)
Untreated PXR-null mouse liver. D) NP treated PXR-null mouse liver.
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Table 1
Comparison of CYP expression between WT and PXR-null mice

CYP WT Female PXR-null Female WT Male PXR-null Male

Cyp2b9 14.97 ± 4.96 a** 6.47 ± 1.27 1.00 ± 0.81 0.69 ± 0.46

Cyp2b10 2.42 ± 0.53 23.64 ± 5.53 b** 1.00 ± 0.41 6.74 ± 2.28 d**

Cyp2c29 0.82 ± 0.28 1.42 ± 0.85 1.00 ± 0.28 1.87 ± 0.44

Cyp3a11 1.19 ± 0.24 0.31 ± 0.06 b* 1.00 ± 0.24 0.26 ± 0.08c*

Cyp3a41 60.98 ± 15.31 a* 125.37 ± 23.26 b* 1.00 ± 0.76 0.85 ± 0.31d**

Data is expressed as relative data ± SEM

*
P-value < 0.05 and

**
p-value < 0.01; indicate statistical significance by one-way ANOVA followed by Dunnett's multiple comparison test.

a
Indicates significant difference between WT female and WT male.

b
Indicates significant difference between WT female and PXR-null female mice.

c
Indicates significant difference between WT male and PXR-null male mice.

d
Indicates significant difference between PXR-null female and PXR-null male mice.
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Table 2
Comparison of CYP expression between PXR-null and humanized PXR mice

CYP hPXR Female PXR-null Female hPXR Male PXR-null Male

Cyp2b9 2.20 ± 0.53 4.98 ± 1.02 b* 1.00 ± 0.64 0.05 ± 0.03 d**

Cyp2b10 0.65 ± 0.14 0.79 ± 0.40 1.00 ± 0.56 0.36 ± 0.11

Cyp2c29 0.59 ± 0.27 0.63 ± 0.11 1.00 ± 0.28 1.71 ± 0.62

Cyp3a11 0.22 ± 0.05 0.25 ± 0.06 1.00 ± 0.44 0.23 ± 0.06

Cyp3a41 9.71 ± 1.75 22.78 ± 4.78 b* 1.00 ± 0.87 0.34 ± 0.24 d**

Data is expressed as relative data ± SEM

*
P-value < 0.05 and

**
p-value < 0.01; indicate statistical significance by one-way ANOVA followed by Dunnett's multiple comparison test.

a
Indicates significant difference between hPXR female and hPXR male.

b
Indicates significant difference between hPXR female and PXR-null female mice.

c
Indicates significant difference between hPXR male and PXR-null male mice.

d
Indicates significant difference between PXR-null female and PXR-null male mice.
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Table 4

Nonylphenol serum concentrations, as measured by GC-MS in mice treated with 0, 50, or 75 mg/kg/day NP.

A. Female

NP WT# PXR-null# hPXR#

0 0.0285 + 0.0179 0.0221 ± 0.0122b 0.1182 ± 0.0250

50 0.0926 ± 0.0322 0.1493 ± 0.0223b 0.0950 ± 0.0133

75 0.0791 ± 0.0100 0.0574 ± 0.0279 0.0796 ± 0.0060

B. Male

NP WT PXR-null hPXR

0 0.0103 ± 0.0042 0.0335 ± 0.0255b 0.0343 ± 0.0038

50 0.0783 ± 0.0468 0.1432 ± 0.0118b 0.1250 ± 0.0343

75 0.0024 ± 0.0011 0.0292 ± 0.0144 0.0585 ± 0.0121d

C. Male and Female

NP WT PXR-null hPXR

0 0.0194 ± 0.0092a 0.0283 ± 0.0099c 0.0902 ± 0.0237

50 0.0856 ± 0.0264a 0.1459 ± 0.0076c 0.1086 ± 0.0169

75 0.0364 ± 0.0141 0.0433 ± 0.0108 0.0690 ± 0.0077

#
Data is expressed as mean (μg/ml) ± SEM (n = 4-6 or n = 8-12 for combined male and female data). Detection limit was of 0.01μg/ml. Values

calculated below detection limit but higher than 0 were assigned a value of ½ detection limit.

a
Indicates significant difference between untreated and NP-treated mice (p-value < 0.05)

b
Indicates significant difference between untreated and NP-treated mice (p-value < 0.01)

c
Indicates significant difference between untreated and NP-treated mice (p-value < 0.0001)

d
Indicates significant difference between WT and hPXR mice (p-value < 0.05)

Statistical significance determined by ANOVA followed by Dunnett's multiple comparison test.
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