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ABSTRACT: The two major pathways for the metabolism of estradiol-17βββββ (E2) are the 2- and 16-hydroxylase pathways.

Research has suggested that the increased production of the estrogenically active 16-hydroxy products such as estriol (E3)

may be involved in increased susceptibility to breast cancer. 4-Nonylphenol (4-NP) is an environmental estrogen that also

can activate the pregnane-X receptor (PXR) and induce P-450 enzymes responsible for the production of E3. It is hypo-

thesized that 4-NP may act in part as an environmental estrogen by increasing E3 production. Based on its affinity for

the estrogen receptor (ER) alone, 4-NP may be more potent than predicted at increasing mammary cancer incidence in

the MMTVneu mouse. Female mice were treated per os for 7 days at 0, 25, 50 or 75 mg kg−−−−−1 day−−−−−1 4-NP to investigate the

effects of 4-NP on hepatic estrogen metabolism after an acute treatment. 4-Nonylphenol increased the hepatic formation

of E3 in a dose-dependent manner. However, serum E3 concentrations were only increased at 25 mg kg−−−−−1 day−−−−−1 presum-

ably due to direct inhibition of E3 formation by 4-NP. MMTVneu mice were then treated for 32 weeks at 0, 30 or

45 mg kg−−−−−1 day−−−−−1 4-NP to determine its effects on mammary cancer formation and estrogen metabolism. 4-Nonylphenol

increased mammary cancer formation in the MMTVneu mice at 45 mg kg−−−−−1 day−−−−−1 but not at 30 mg kg−−−−−1 day−−−−−1. Mice treated

with an equipotent dose of E2, 10 µµµµµg kg−−−−−1 day−−−−−1, based on the relative binding affinities of nonylphenol and estradiol for

ERααααα, did not develop mammary cancer. This suggests that nonylphenol is more potent than predicted based on its

affinity for the estrogen receptor. However, no changes in serum E3 concentrations or hepatic E3 production were meas-

ured after the chronic treatment. Changes in E3 formation were correlated with increased CYP2B levels after the 7 day

4-NP treatment, and repression of CYP2B and CYP3A after 32 weeks of 4-NP treatment. Microarray analysis and Q-PCR

of liver mRNA from the mice treated for 32 weeks demonstrated a decrease in RXRααααα, the heterodimeric partner of the

PXR, which may in part explain the repressed transcription of the P450s measured. In conclusion, 4-NP treatment for

32 weeks increased mammary cancer formation at a dose of 45 mg kg−−−−−1 day−−−−−1. However, chronic treatment with 4-NP did

not increase hepatic E3 formation or serum E3 concentrations. The transient induction by 4-NP of hepatic E3 formation

and serum concentrations is most likely not involved in the increased incidence of mammary cancer in MMTVneu mice

since E3 serum concentrations were only increased at 25 mg kg−−−−−1 day−−−−−1, a dose that was not sufficient to induce mammary

tumor formation. Nevertheless, the induced hepatic E3 production in the acute exposures to 4-NP was indicative of an

increase in mammary cancer incidence after the chronic exposure. Copyright © 2005 John Wiley & Sons, Ltd.
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late menopause, no or late parity in life, and genetics

account for only 25%–50% of breast cancer cases

(Madigan et al., 1995; Rockhill et al., 1998). Evidence

in monozygotic twins suggests that only 27% (CI 4%–

41%) of breast cancer has a genetic component and that

most breast cancer (73%, CI 59%–96%) is caused by en-

vironmental exposures (Lichtenstein et al., 2000). These

factors may include late onset of pregnancy, high fat diet,

exposure to pharmaceuticals and additives, and exposure

to environmental pollutants such as the environmental

estrogens (Davidson, 1998; Rockhill et al., 1998; Bhatt,

2000; Harvey and Darbre, 2004).

Introduction

Breast cancer is the most commonly diagnosed cancer in

women and the incidence has risen considerably in devel-

oped countries since the industrial revolution (National

Center for Health Statistics, 1996). It is estimated that

established risk factors such as aging, early menarche,
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Nonylphenol is a common persistent, toxic degradation

product of alkylphenol ethoxylates (APEs), nonionic

surfactants used in a variety of products including insti-

tutional cleaning agents, textiles, agricultural chemicals,

plastics, paper products, household cleaning agents,

and personal care products. Over 1 billion pounds of

nonylphenol ethoxylates are produced annually, and over

450 million pounds of APEs were sold in the United

States in 1990 (Talmage, 1994). As a consequence of

their use in a variety of products, they are quite common

in rivers and other aquatic environments that receive

sewage discharges (Bennie, 1999). 4-Nonylphenol has

been detected in drinking water (Clark et al., 1992), and

has been reported to leach from tubing for milk processing,

and from plastics used in food packaging (Gilbert et al.,

1992). 4-Nonyphenol increases MCF-7 breast cancer cell

growth (Soto et al., 1991), and has an estimated thresh-

old dose of 40 mg kg−1 day−1 in vivo for increased devel-

opment and proliferation of mammary glands in 4–5

week old ovariectomized Noble rats treated orally for 3

or 11 days (Odum et al., 1999a, b).

4-Nonylphenol is an environmental estrogen (White

et al., 1994) with a relative binding affinity (RBA)

for ERα, the mammotropic estrogen receptor, of approx-

imately 4500–5500 times less than estradiol (E2) and

80–100 times less than the phytoestrogen genistein

(Kuiper et al., 1998; Laws et al., 2000; Gutendorf and

Westendorf, 2001; Legler et al., 2002). 4-Nonylphenol is

also approximately 100 times less sensitive than genistein

in the mouse uterotropic assay (Milligan et al., 1998).

However, 4-NP enhances estrogen-dependent trans-

cription of MCF-7 cells equally as well as genistein. While

genistein induces transcription of α1-antichymotrypsin

(α1-ACT) at lower levels than 4-NP, 4-NP induces

transcription of pS2 and transforming growth factor

β3 (TGFβ3) at similar levels and induces monoamine

oxidase (MAO-A) at lower concentrations than genistein

(Jorgensen et al., 2000). These observations are not con-

sistent with the affinity data and suggest that 4-NP has

other effects on estrogen-related processes in breast

cancer cells not explainable by ER binding affinity alone.

Hydroxylation of E2 occurs primarily at the 2 and

16 positions (Cheng et al., 2001; Spink et al., 2002).

CYP3A family members are responsible for approxi-

mately 75% of 16-hydroxylation in humans (Huang et al.,

1998), while CYP1A family members are responsible

for much of the 2-hydroxylation (Dannan et al., 1986).

4-Nonylphenol has been shown to induce CYP3A1

levels in rats (Lee et al., 1996b; Masuyama et al., 2000)

by binding to the pregnane X-receptor (Masuyama

et al., 2000). 16-Hydroxyestradiol (estriol, E3) and other

16-hydoxylated products of estrogen are estrogen receptor

agonists, which is the probable cause of their carcino-

genicity (Taioli et al., 1999), while the 2-hydroxylated

products of E2 have little biological activity and have

been shown to be anti-estrogenic (Schneider et al., 1984).

Furthermore, the 16α-hydroxylated estrogens such as

E3 induce MCF-7 and T47D cell proliferation, but 2-

hydroxylated estrogens do not (Gupta et al., 1998).

Evidence suggests that an increase in 16-hydroxylation

relative to 2-hydroxylation is a breast cancer risk (Bradlow

et al., 1995; Telang et al., 1997), and pesticides that de-

crease the ratio of 2-hydroxylation to 16-hydroxylation

(2/16E) increase the breast cancer risk (Bradlow et al.,

1995). Similarly, indole-3-carbinol decreased the breast

cancer risk, possibly by inducing 2-hydroxylation of E2

(Baldwin and LeBlanc, 1992; Michnovicz et al., 1997),

while reducing the concentrations of 16-hydroxyestrogens

(Michnovicz et al., 1997b). 4-Nonylphenol at 80 mg kg−1

day−1 has been shown to down-regulate CYP1A2 mRNA

and protein levels (Lee et al., 1996a) in addition to its

ability to induce CYP3A.

Recent studies indicate that the ratio between 2 and

16-hydroxylation may not be as important as the amount

of E3 produced or E2 available. When comparing post-

menopausal women with breast cancer to healthy con-

trols, it was found that the concentrations of estrone (E1),

E2 and E3 were better predictors than the 2/16E ratio

(Ursin et al., 1997). Furthermore, the urinary concentra-

tions of E1, E2 or E3 reflect the differences in breast cancer

risk between Singapore Chinese and United States women,

but the 2/16E ratio does not (Ursin et al., 2001). Taken

together, this work suggests that an increase in available

estrogens can result in an increased breast cancer risk and

that the increased production of E3 is a concern.

Lastly, of all the estrogen metabolites tested, E3 is the

most potent (Lippert et al., 2003), and it is only about 10

times less potent at binding and activating ERα than E2.

Furthermore, it shows 400 times greater affinity for ERα
and 6000 times greater activity in a luciferase reporter

gene assay than 4-NP (Gutendorf and Westendorf, 2001),

and therefore any increase in E3 concentrations by 4-NP

could have greater effects on mammary gland prolifera-

tion and the development of cancer than 4-NP alone.

The purpose of the present study was to (1) determine

the effects of 4-NP exposure on hepatic estrogen meta-

bolism and serum E3 concentrations, (2) establish whether

4-NP could increase mammary cancer incidence in

MMTVneu mice susceptible to mammary cancer forma-

tion (Guy et al., 1992), and (3) determine if there is

an association between increased hepatic E3 production,

serum E3 concentrations and breast cancer incidence in

4-NP treated mice.

Materials and Methods

Mice

All studies were carried out according to NIH guide-

lines for humane use of research animals according to

institutional guidelines. FVB/NJ mice (4–6 weeks of age)
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were received from The Jackson Laboratory (Bar Harbor,

ME) and allowed to acclimate for 1 week prior to treat-

ment. Mice were fed Harlan Teklad rodent diet and

provided water ad libitum. Technical grade 4-NP was

obtained from Fluka Chemical Co. (Ronkonkoma, NY).

This grade of 4-NP is a mixture of branched side chains

containing 85% p-isomers.

In the acute study, mice were provided 4-NP orally at

0, 25, 50 or 75 mg kg−1 day−1 for 7 days in 100 µl honey

as a vehicle. Mice were anesthetized with ketamine,

blood was collected by heart puncture, and then mice

were euthanized with carbon dioxide. The individual

livers were sliced into several pieces for cytosol or

microsome preparation and stored at −80 °C. Approxi-

mately half of each liver was differentially centrifuged to

separate cytosol and microsomes, and protein concentra-

tions were determined using a commercially available

colorimetric assay (Bio-Rad, Hercules, CA).

In the chronic study, transgenic mice (FVB/N-

TgN(MMTVneu)202Mul; also termed MMTVneu mice)

that overexpress the neu (Erbb2) proto-oncogene under

the control of the MMTV promoter on the FVB/NJ

background were obtained from The Jackson Laboratory

between the age of 4–6 weeks and acclimated for 1

week prior to 4-NP treatment. The MMTVneu mouse

model is an ideal model for examining increased

mammary carcinogenesis, because it has increased cancer

susceptibility and does not require pregnancy for tumor

formation.

Mice were treated with 0, 30 or 45 mg kg−1 day−1 of

4-NP, or 10 µg kg−1 day−1 of E2 (Sigma Chemical Co, St

Louis, MO) in 150 µl honey for 32 weeks. The dose

of E2 chosen (10 µg kg−1 day−1) was based on the relative

binding affinity of 4-NP and E2 for the ERα, the

mammotropic estrogen receptor. E2 has a relative binding

affinity approximately 4500 times greater than 4-NP

(Kuiper et al., 1998; Laws et al., 2000; Gutendorf and

Westendorf, 2001; Legler et al., 2002) and therefore

45 mg kg−1 day−1 of 4-NP and 10 µg kg−1 day−1 of E2 have

equipotent estrogenicity based on their relative binding

affinities. Based on the acute study that showed no

overt toxicity, and other studies showing the potential

estrogenic effects of 4-NP on rats at a threshold dose of

40 mg kg−1 day−1 (Odum et al., 1999a, b), MMTVneu mice

on the FVB/NJ background were treated for 32 weeks

with 0, 30 or 45 mg kg−1 day−1 4-NP. The 30 mg kg−1 day−1

dose of 4-NP represented a dose below the previously

observed estrogenic threshold, while the 45 mg kg−1 day−1

dose of 4-NP represented a dose slightly greater than the

previously observed threshold dose for the estrogenic

effects of 4-NP.

Mice were weighed, anesthetized with ketamine, and

blood was collected for serum preparation by heart punc-

ture after the 32 weeks of treatment. Mice were then

euthanized with carbon dioxide, and livers were excised,

sliced into several pieces for cytosol or microsome

preparation, and stored at −80 °C. Lungs and mammary

tissue were excised and placed in 10% formalin (Fisher

Scientific, Fair Lawn, NJ) for histological examination.

Serum Steroid Hormone Concentrations

Blood was drawn monthly from MMTVneu mice and

at the end of the 7 day and 32 week treatments described

above. Concentrations of E2 in mouse serum were deter-

mined by radioimmunoassay (RIA) using the DSL 3rd

generation estradiol RIA (Diagnostic System Laboratory;

Webster, TX) with a theoretical level of sensitivity of

0.6 pg ml−1. Concentrations of E3 and progesterone were

determined in serum collected at the end of each study

using DSL (Diagnostic Systems Laboratory) Double

Antibody Ultra-senstive Unconjugated E3 RIA with a

sensitivity of 0.03 ng ml−1 and DSL Progeswteron RIA

with a 0.12 ng ml−1 sensitivity. RIA methods were vali-

dated for use with murine serum by standard curve

parallelism studies, spike tests using rat serum and

demonstration of linearity under sample dilution. Sample

concentrations are means of duplicate determinations.

Vaginal swabs were performed at the time of blood

collection and prior to euthanasia, and stained as

described previously (Champlin et al., 1973) using the

Richard-Allan Signature Series™ stains (Kalamazoo, MI)

and staining protocol. The maturation index was used

to determine mice in estrus by identifying increased

cornified epithelium in the vagina and determining the

percentage of superficial, intermediate and parabasal cells

(Champlin et al., 1973; Laws et al., 2000). Mice in estrus

were not used in hormone determinations or enzyme

assays, although most research indicates that steroid

metabolism is not affected by estrus cycle (Kashuba

et al., 1998).

Histological Examination of Lung and Mammary
Tissue

Representative sections of formalin-fixed lung and

mammary masses were processed by routine methods,

embedded in paraffin, sectioned at 4 µm, stained with

hematoxylin and eosin, and coverslipped for histological

examination by light microscopy. Mammary masses were

evaluated for the presence of morphological alterations

in tissue structure indicative of a disturbance of growth,

and interpreted according to the classification system

described previously (Cardiff et al., 2000).

Enzyme Assays

Steroid hydroxylation assays were performed as described

previously (Quail and Jellinck, 1987; Baldwin and
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LeBlanc, 1992) with some modifications. Briefly, 100 µM

[14C]estradiol or [14C]testosterone (150 000 dpm) (Perkin-

Elmer, Boston, MA.), was incubated at 37 °C for 8 min

in 0.1 M potassium phosphate (KPi) buffer, 2 µM ascorbic

acid (E2 metabolism assay only), 200 µg microsomal pro-

tein and started with NADPH. The reactions were termi-

nated with 2 ml of ethyl acetate and an additional 2 ml

was used to extract the hydroxylated metabolites. The

metabolites of E2 were separated by TLC using 50 ml

cyclohexane, 45 ml ethyl acetate and 5 ml ethanol (Sigma

Chemical Co., St Louis, MO) (Quail and Jellinck, 1987).

The testosterone metabolites were separated by two

separate solvent systems. The first solvent system was

composed of 80 ml of methylene chloride and 20 ml

of acetone, and the second solvent system contained

80 ml chloroform, 20 ml ethyl acetate and 14 ml ethanol

(Baldwin and LeBlanc, 1992). All solvents were obtained

from Fisher Scientific unless otherwise specified. Meta-

bolite identification of the hydroxylated steroids was deter-

mined based on prior research (Quail and Jellinck, 1987;

Baldwin and LeBlanc, 1992), and 2-hydroxyestradiol

(2-OHE2) and E3 standards (Steraloids, Newport, RI) were

used to confirm identity by co-migration of the standards

with the [14C]estradiol metabolites. E3 has a Rf value of

0.12 and 2-OHE2 has a Rf value of 0.24 in this solvent

system. The E3 spot was about 72%–83% E3 in untreated

and 4-NP treated microsomes, respectively, based on co-

migration with E3 in a 2-D TLC plate separated in one-

dimension as described above and the second dimension

using the testosterone hydroxylase dual solvent system.

All steroid hydroxylase assays were performed twice.

Assays to determine the efficacy of 4-NP in inhibiting

steroid hydroxylation were performed as described above

except 20 µM [14C]testosterone or [14C]estradiol was used

to determine the steroid metabolizing enzymes inhibited

by 4-NP. Steroid metabolism assays were performed in

the presence of 4-NP at concentrations ranging from

2× to 80× (40 µM to 4 mM 4-NP) the E2 concentration

provided in the assay.

Western Blots

Thirty micrograms of microsomal protein was separated

by polyacrylamide gel electrophoresis (SDS-PAGE) in a

10% gel (Laemmli, 1970), and then transferred to nitro-

cellulose for immunoblotting with commercially available

rabbit anti-rat CYP3A1 antibodies (Chemicon Inter-

national, Temicola, CA), or mouse anti-rat CYP2B10

antibody (a gift from Dr Randy Rose, North Carolina

State University, Raleigh, NC). Since the anti-rat CYP3A1

antibody may recognize multiple isoforms in the mice, a

specific CYP3A family member is not referred to in this

manuscript. Alkaline phosphatase coupled secondary

antibodies were used to visualize the western blots

colorimetrically with nitroblue tetrazolium (NBT) and

5-bromo-4-chloro-3-indolyl phosphate (BCIP) as sub-

strates (Bio-Rad). Bands were scanned on a GS-710

densitometer (Bio-Rad), and quantified with LabWorks™

image analysis software (UVP Laboratory Products,

Upland, CA).

Probe Synthesis and Array Hybridization of Liver
RNA from 4-NP and Untreated Mice

RNA was extracted using TRI-Reagent (Sigma Chemical

Co.) according to the manufacturer’s directions. RNA

was quantified at 260 nm on a spectrophotometer and

RNA integrity was determined by gel electrophoresis.

Fifty micrograms of total RNA from each mouse liver

sample was enriched for poly A+ RNA using the

Atlas™ Pure Total RNA Labeling system (Clontech, Palo

Alto, CA), and reverse transcribed in the presence

of [33P]dATP, dCTP, dGTP, dTTP and AMV reverse

transcriptase to produce cDNA probes. The probes were

purified using the ProbeQuant™ G-50 Micro Columns

(Amersham Pharmacia Biotech Inc., Piscataway, NJ),

and then denatured in the presence of Cot-1 DNA.

The Clontech Atlas™ Mouse 1.2 Arrays (7853-1) (Palo

Alto, CA) were prehybridized in 5 ml of ExpressHyb

(Clontech) and 0.5 mg of heat denatured sheared salmon

sperm for 30 min at 68 °C prior to probe incubation. The

probes were added and incubated overnight at 68 °C

before washing four times for 30 min each time with

2× SSC, 1% SDS, then once with 0.1× SSC, 0.5% SDS

for 30 min, and once with 2× SSC for 5 min at 68 °C.

Blots were visualized by placing them on a K-screen for

3–4 days (Bio-Rad).

Arrays were visualized from the K-screen with a

phosphoimager (Molecular Imager FX, Bio-Rad), and

analysed and quantified using the ResGen Pathways™

Universal Microarray Analysis Software™ (Research

Genetics, Carlsbad, CA). Local background was subtracted

automatically from the individual spot intensities, and

spot intensities were normalized to the mean intensity of

all spots on the array. This is called datapoint normaliza-

tion on the ResGen Pathways Microarray Analysis Soft-

ware™. Normalized gene intensities on the arrays probed

with 4-NP-treated mouse liver and untreated mouse liver

cDNA were compared, and fold differences were calcu-

lated. Arrays were also visually examined, especially

for spots showing statistical significance, to ensure this

significance was not attributed to array blemishes or

non-specific marks. Differential expression was statistic-

ally determined by the Chen test (Chen et al., 1997);

however, genes were only considered differentially

expressed if the changes in expression were greater than

1.50×, similar to previous studies (Eckmann et al., 2000;

Ranganna et al., 2003). The Chen test was selected

because type I error was reduced (Chen et al., 1997), and

it was more stringent than the t-test when the statistical
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tests were directly compared between treatment groups.

Information on the Clontech Atlas™ Mouse 1.2 Array

and the genes it contains, as well as bioinformatics on the

individual genes is available at the Atlas Bioinformatics

website Atlas Info™ at http://atlasinfo.clontech.com/

atlasinfo/array-list-action.do. Clontech’s bioinformatics

tools were used to determine the ontogeny of the differ-

entially expressed genes (Ranganna et al., 2003). Data for

each gene on the array can be found on GEO (Accession

# GSE1083).

Quantitative Real-time PCR (Q-PCR)

Primers were designed to several orphan nuclear

receptors and nuclear receptor cofactors involved in the

expression of cytochrome P450s. PCR samples were

denatured at 95 °C for 30 s, lowered to the appropriate

annealing temperature for 30 s, and extended at 72 °C

for 30–45 s. The oligonucleotide primer sequences for

each gene are below with their corresponding anneal-

ing temperatures in parentheses: GAPDH forward

5′-CATGACCACAGTCCATGC-3′, GAPDH reverse 5′-
GTCATACCAGGAAATGAGC-3′ (55 °C); CAR forward

5′-CCAAGGATCTGCCGCTCTT-3′, CAR reverse 5′-
TGGTTGTTCAGAATCAGCGC-3′ (51 °C); ERα for-

ward 5′-CTGCCAAGGAGACTCGCTAC-3′, ERα reverse

5′-CCAACAAGGCACTGACCATC-3′ (62 °C); RXRα
forward 5′-ATGGGGTATACAGTTGTGAGGG-3′, RXRα
reverse 5′-TTTGAGAGCCCCTTAGAGTCAG-3′ (50 °C);

PXR forward 5′-GCTGATGGACGCTCAGATG-3′, PXR

reverse 5′-GGTCCTCGATGGGCAAG-3′ (62.5 °C).

Q-PCR was performed using a Cepheid Smart Cycler®

System with Smart Cycle Software 1.2b (Applied

Biosystems, Foster City, CA). 0.25X SybrGreen was

used as a fluorescent double strand-intercalating agent to

quantify gene expression. The Q-PCR results are the

average of two separate PCR runs, divided by the

average of the housekeeping gene, GAPDH. Rela-

tive quantities of each transcript were determined as

described previously (Muller et al., 2002; Roling et al.,

2004).

Statistics

All data are expressed as mean ± SEM. A value of P

< 0.05 was regarded as statistically significant as deter-

mined by ANOVA followed by Scheffe’s multiple com-

parison test as the post-hoc test when comparing multiple

treatments. Student’s t-tests were performed when com-

paring two treatments. Fisher’s exact test compares two

independent binomial proportions and was used to deter-

mine the probability that 4-NP increased tumor incidence.

StatView softwareR (SAS Institute, Inc. Cary, NC) was

used to perform all statistical tests.

Results

Steroid Metabolism following Acute 4-NP
Exposure

Mice were treated for 7 days with 4-NP at 0, 25, 50

or 75 mg kg−1 day−1 to (1) determine the acute effects of

4-NP on E2 metabolism and steroid hormone concentra-

tions, and (2) ensure that 4-NP is not toxic to the FVB/

NJ mouse strain. These concentrations of 4-NP did not

cause noticeable toxicity nor were significant histological

hepatic lesions observed in the sections of liver exam-

ined. 4-Nonylphenol did increase the hepatosomatic index

of mice (17%–20%) at 25 and 75 mg kg−1 day−1 4-NP

(Table 1).

The estradiol metabolites 2-hydroxyestradiol (2-OHE2)

and E3 were quantified after incubation of hepatic micro-

somes with [14C]estradiol. 50 and 75 mg kg−1 day−1 4-

Nonylphenol increased E3 production 3.2- and 4.3-fold,

respectively (Fig. 1a). Therefore, the 2/16E ratio de-

creased 3.3- and 4.3-fold at 50 and 75 mg kg−1 day−1,

respectively, solely because of the increase in E3 pro-

duction. The formation of E3 and the decrease in 2/16E

ratio is consistent with our hypothesis that 4-NP can

increase the concentration of available estrogens.

Testosterone hydroxylase assays were performed

to determine the P450s induced by 4-NP since the

P450s responsible for the regiospecific and stereospecifc

hydroxylation of testosterone have been relatively well

characterized (Waxman, 1988). Quantification of the

testosterone metabolites revealed that the formation

of 16β-hydroxytestosterone, an indicator of CYP2B

induction (Ohmori et al., 1993), was increased, but

Table 1. Hepatosomatic indices of mice treated with
4-NP. Mice were treated with 4-NP in their honey for 7
days (A) or 32 weeks (B), and then euthanized. Mouse
livers were excised, weighed and compared with the
weight of the mouse to determine the hepatosomatic
index (HIS). Data are presented as mean ± standard
deviation (n = 6 for the 7 day study and 13–14 for the
32 week study). *Statistical difference by ANOVA
followed by Scheffe’s multiple comparison post-hoc
test (P < 0.05)

A

Treatment 7-Day 4-NP HIS

0 mg kg−1 day−1 4-NP 0.041 ± 0.004

25 mg kg−1 day−1 4-NP 0.048 ± 0.003*

50 mg kg−1 day−1 4-NP 0.046 ± 0.003

75 mg kg−1 day−1 4-NP 0.049 ± 0.004*

B

0 mg kg−1 day−1 4-NP 0.054 ± 0.005

30 mg kg−1 day−1 4-NP 0.056 ± 0.005

45 mg kg−1 day−1 4-NP 0.057 ± 0.008

10 mg kg−1 day−1 E2 0.056 ± 0.005
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Figure 1. Steroid hydroxylation in mice treated with 4-NP for 7 days. Hydroxylation of estradiol (A) or
testosterone (B) was measured in hepatic microsomal fractions from mice treated with 4-NP. Data are expressed as
mean ± SEM (n = 5–6). *Statistical difference using ANOVA followed by Scheffe’s multiple comparison test as the
post-hoc test (P < 0.05)

the formation of 6β-hydroxytestosterone, an indicator of

CYP3A induction, was not altered (Namkung et al.,

1988) (Fig. 1b).

Serum Steroid Concentrations after 4-NP
Treatment for 7 days

Serum E3 concentrations were measured to determine if

they were associated with hepatic E3 formation (Fig. 1).

25 mg kg−1 day−1 4-NP increased serum E3 concentrations

after the 7 day treatment (Fig. 2a), which is consistent

with the increased E3 formation measured during the

estradiol hydroxylase assays. However, serum E3 con-

centrations were not increased at 50 or 75 mg kg−1 day−1

4-NP in the 7 day study, which is not consistent with our

hypothesis.

Estradiol and progesterone concentrations were also

measured because E2 is the predominant estrogen and

increased E2 concentrations have been correlated with

increased incidence of breast cancer (Ursin et al., 1997).

Progesterone has been shown to activate the MMTV

promoter (Bradham and Bolander, 1989) and therefore

increased concentrations of progesterone may increase the

expression of neu and in turn induce cancer formation by

an unintended mechanism. 4-Nonylphenol treatment for 7

days did not alter either serum estradiol or progesterone

concentrations (Fig. 2b,c).

Inhibition of Steroid Metabolism by 4-
Nonylphenol

Since serum E3 concentrations were not increased at 50

or 75 mg kg−1 day−1 4-NP, it was hypothesized that 4-NP

may also inhibit hepatic E2 metabolism. E2 metabolism

inhibition assays were performed with increasing concen-

trations of 4-NP. The formation of E3 was preferentially

inhibited by 4-NP when compared with inhibition of 2-

OHE2 (Fig. 3a) and the other unidentified E2 metabolites

(data not shown).

In addition, testosterone hydroxylase assays were

performed in the presence of 4-NP to gain a better under-

standing of the P-450s inhibited. 4-NP preferentially
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Figure 2. Serum steroid hormone concentrations in
mice treated with 4-NP for 7 days. Serum was pre-
pared and estriol (A), estradiol (B) and progesterone
(C) concentrations were determined by RIA in mice
that were not in estrus. Data are expressed as mean ±
SEM (n = 4–6). *Significant difference using ANOVA
followed by Scheffe’s multiple comparison test as the
post-hoc test (P < 0.05)

inhibited testosterone 6β-, and 16β-hydroxylase activities,

compared with 6α-hydroxylase activity (Fig. 3b) and the

other NADPH-dependent metabolites (data not shown).

This indicates that 4-NP preferentially inhibits CYP2B

Figure 3. Inhibition of estradiol and testosterone
hydroxylation by 4-NP in vitro. Estradiol (A) and
testosterone (B) hydroxylation by hepatic microsomes
from control mice were measured in the presence of
4-NP at 2–50 times the concentration of the [14C]
steroids. Data are expressed as relative inhibition of
two replicates

and CYP3A family members, which is consistent with

the previously published literature (Lee et al., 1996b,

1998), and with the inhibition of enzymes important in

the metabolism of E2 to E3 (Huang et al., 1998; Horn

et al., 2002).

Gross Pathology and Tumor Incidence in
Chronically 4-NP treated FVB-MMTVneu Mice

MMTVneu mice were treated with 4-NP and E2, and

hepatic E3 production as well as serum E2 and E3 con-

centrations were compared with tumor incidence. One

mouse in the 45 mg kg−1 day−1 4-NP group died during

the treatment phase of the study. The cause of death was

not investigated. Furthermore, 4-NP had no effect on the

hepatosomatic index in the 32 week study (Table 1b), nor

were physical signs of distress or significant histological

lesions observed in the sections of liver examined from

mice treated for 32 weeks.
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Figure 4. Images of H&E stained mammary glands and mammary tumors. (A) Mammary gland: Normal mammary
gland in adipose tissue-simple cuboidal epithelium. (B) Mammary gland: Mammary intraepithelial neoplasia
(MIN). The epithelium is dysplastic, with stratification of the epithelium and mild to moderate anisokaryosis.
(C) Mammary gland: Solid carcinoma. Sheets of neoplastic epithelial cells, occasionally with slight cuboidal dif-
ferentiation at the interface with vascular structures. (D) Lung: Metastatic solid carcinoma within a pulmonary
vessel. Bar = 400 µm

Mammary tumor incidence and latency was monitored

during the 32 weeks of 4-nonylphenol and E2 treatment,

and verified by histological examination of lesions

identified visually and by palpation upon dissection of

the mammary and subcutaneous tissues. Morphological

changes in the mammary tissue varied from slight prolif-

erations of epithelium confined to the lumen of ducts, to

large focal nodular expansile proliferations of mammary

epithelium. In intraductular proliferations, epithelium

was 2–4 cell layers thick with very slight nuclear atypia.

Rare mitotic figures were noted (mammary intraepithelial

neoplasia – MIN). In nodular lesions, epithelial cells

formed solid sheets with minimal stroma, but with

moderate capillary vascularization. At the interface with

capillary stroma, the epithelial cells often were slightly

more cuboidal in differentiation. In both types of lesions,

the epithelial cells were relatively uniform cells with

medium-sized round to occasionally oval nuclei contain-

ing stippled chromatin and indistinct nucleoli. Nuclear

atypia was mild. Mitotic figures were noted at a fre-

quency of 1–2 per 400× field. Cytoplasm was scant to

moderate, faintly eosinophilic and nongranular. Cell mar-

gins were relatively indistinct. Intravascular, expansile

proliferations of epithelium forming solid sheets were

observed in lung tissue multifocally from some mice.

Cellular morphology of these epithelial cells was identi-

cal to that described for the mammary neoplasms. Based

upon morphological characteristics and proven malignant

behavior, the nodular masses were classified as solid car-

cinomas and representative images are shown in Fig. 4.

Five mice in the 45 mg kg−1 day−1 4-NP group formed

tumors, while no mice in the 30 mg kg−1 day−1 4-NP

group, one mouse in the control group and no mice

treated with E2 formed mammary tumors (Table 2). One
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Table 2. Tumor formation in 4-NP treated MMTVneu mice. MMTVneu transgenic
mice were treated daily with 0, 30 and 45 mg kg−1 day−1 4-NP, or 10 µg kg−1 day−1

E2, and tumor incidence was monitored over the next 32 weeks by palpation and
verified histologically (n = 13–14). *Statistical difference from controls by Fisher’s
exact test (P < 0.02)

Treatment Tumors/Micea MIN/Miceb Metastasisc

0 mg kg−1 day−1 4-NP 1/14 1/14 0

30 mg kg−1 day−1 4-NP 0/14 1/14 0

45 mg kg−1 day−1 4-NP 5/13* 6/13* 2

10 µg kg−1 day−1 E2 0/5 0/5 0

a Number of mice with tumors/total number of mice.
b Number of mice with tumors or severe hyperplasia with possible tumor/total number of mice.
c Number of mice that demonstrated metastasis to the lung.

Figure 5. Tumor incidence and latency in 4-
nonylphenol treated MMTV mice. MMTVneu trans-
genic mice were treated daily with 0, 30 or 45 mg kg−1

day−1 4-nonylphenol, or 10 µg kg−1 day−1 estradiol, and
tumor incidence was monitored over the next 32 weeks
(n = 13–14)

Figure 6. Steroid hydroxylation in mice treated with
4-NP for 32 weeks. Hydroxylation of estradiol (A) or
testosterone (B) was measured in hepatic microsomal
fractions from mice treated with 4-NP. Data are ex-
pressed as mean ± SEM (n = 5–6). *Statistical dif-
ference using ANOVA followed by Scheffe’s multiple
comparison test as the post-hoc test (P < 0.05)

in mice treated for 32 weeks compared with control

mice. However, there was a decrease, albeit not statistic-

ally significant, in 6β-hydroxylation of testosterone after

the 32 week treatment with 45 mg kg−1 day−1 4-NP

(Fig. 6b).

additional mouse in the 30 and the 45 mg kg−1 day−1 4-NP

treatment groups demonstrated MIN. 4-Nonylphenol

treated mice also showed a reduced latency period before

developing palpable mammary tumors compared with

the untreated mice (Fig. 5). Lastly, two mice in the

45 mg kg−1 day−1 4-NP group had metastatic lesions in the

lungs consistent morphologically with solid carcinoma

of mammary origin, while no other treatment group

had mice identified to have metastatic pulmonary lesions

(Table 2).

Steroid Metabolism Following Chronic 4-NP
Exposure

In contrast to the 7 day study, there were no changes

in the hydroxylation of E2 following treatment with

4-NP or E2 for 32 weeks (Fig. 6a). Similarly, the hepatic

microsomal hydroxytestosterone profile was unchanged
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Serum Steroid Concentrations after 4-NP
Treatment for 32 Weeks

Blood was drawn monthly from MMTVneu mice during

and after the 32 week treatments described above. E2 con-

centrations were determined monthly, and E3 and progester-

one concentrations were determined after the termination

of the study. 4-Nonylphenol or E2-treatment did not alter

E2 serum concentrations during the 32 week study, with

the exception of the month of April when estradiol levels

were induced (Fig. 7a). The biological significance of

these data is unknown; however, E2 concentrations were

relatively stable for most of the study and therefore

April’s data appear to be an anomaly suggesting that 4-

NP does not have an effect on serum estradiol concentra-

tions. Serum E3 concentrations were not increased after

4-NP and E2 treatments in the 32 week study, however,

there was a dose-dependent increase in serum E3 con-

centrations (Fig. 7b). Progesterone concentrations also

remained unchanged following the 32 week study (Fig. 7c).

Western Blots

Changes in steroid metabolism after the 7 day exposure

indicated that CYP2B family members were induced.

Figure 7. Serum steroid hormone concentrations in mice treated with 4-NP for 32 weeks. Serum was prepared
and estradiol (A), estriol (B) and progesterone (C) concentrations were determined by RIA in mice that were not in
estrus. Data are expressed as mean ± SEM (n = 10–12). *Statistical difference using ANOVA followed by Scheffe’s
multiple comparison test as the post-hoc test (P < 0.05)

An immunoblot demonstrated that the 7 day treatment

with 50 or 75 mg kg−1 day−1 4-NP induced CYP2B10 by

7.7× and 9.2×, respectively (Fig. 8a), but induction of

CYP2B10 did not occur following the 32 week treatment

at 45 mg kg−1 day−1 4-NP (Fig. 8b).

Furthermore, 6β-hydroxylation of testosterone was

reduced after 4-NP treatment for 32 weeks, suggesting

that CYP3A levels were either reduced by 4-NP treat-

ment or 6β-hydroxylation was inhibited. An immunoblot

demonstrated that CYP3A, which was not affected by

the 7 day treatment, was down-regulated nearly 50%

following the 32 week study (Fig. 8d). The immunoblot

confirms that the reduction in 6β-hydroxylation of test-

osterone is consistent with reduced CYP3A protein and

not enzyme inhibition.

Arrays and Q-PCR

Microarrays were performed with mouse liver from the

32 week study because 4-NP had different effects on

mice treated for 7 days than mice treated for 32 weeks.

The Clontech™ arrays indicated that 13 genes out of the

1176 on the array were altered statistically (Table 3).

Transcriptional activators or repressors accounted for 4 of

the 13 genes altered (DBP, RXRα, SHFDG1, NDKB),
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Figure 8. Immunoblotting for CYP3A and CYP2B10 proteins in 4-NP treated mice. Western blots were performed
to quantify the relative levels of CYP2B10 (A,B) or CYP3A proteins (C,D) from untreated (UT) and treated mice.
Data are expressed as mean ± SEM (n = 2–3). *Statistical difference using ANOVA followed by Scheffe’s multiple
comparison test as the post-hoc test (P < 0.05)

and TTF1 is involved in the termination of transcription.

An additional 3/13 genes are oncogenes (NDKB, SRC,

TTF1), and several other genes are involved in protein

turnover or associated with apoptosis (DAD1, NDKB,

CTSB, SPI 2.4).

Table 3. Alteration in gene expression in response to exposure to 4-NP for 32
weeks. Radiolabeled cDNA probes were produced from liver mRNA from control
and treated MMTVneu mice and hybridized to the Clontech 1.2 I Mouse array.
Statistics were performed using the Chen test and significant data (P < 0.05,
expression changes greater than 1.5) are presented (n = 2)

Genea Ratio P value Accession #

D-binding protein (DBP) −2.15 <0.01 U29762

G1/S specific cyclin D1 (CCND1) −1.97 <0.01 S78355

Phenylalanine 4-hydroxylase (PAH) −1.69 <0.01 X51942

Retinoid X-receptor alpha (RXRααααα) −−−−−1.90 <<<<<0.01 M84817

Cathepsin B (CTSB) −1.75 <0.01 M14222

Serine protease inhibitor 2.4 (SPI 2.4) −1.96 <0.01 X69832

Ribosomal protein S29 (RSP29) +2.66 <0.01 L31609

Src proto-oncogene (Src) +1.78 <0.01 M17031

Split hand foot deleted gene (SHFDG1) +1.77 <0.05 U41626

Transcription termination factor 1 (TTF1) +1.86 <0.05 X83974

Nucleotide diphosphate kinase B (NDKB) +1.82 <0.05 X68193

Defender against cell death (DAD1) +1.87 <0.05 U83628

Non-myelin light chain 3 (MLC3NM) +1.71 <0.05 U04443

a Gene name is followed by its Hugo nomenclature in parentheses.
b GenBank accession number.

Of special interest was the down-regulation of RXRα
by −1.90×. RXRα is the required heterodimerization part-

ner of PXR, CAR, and several other nuclear receptors.

Q-PCR was used to confirm RXRα down-regulation,

and demonstrated a −2.5× reduction in RXRα transcript
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levels after the 32 week exposure (Fig. 9b). RXRα was

not down-regulated after the 7 day treatment with 4-NP

(Fig. 9a). Down-regulation of RXRα after 32 weeks of

treatment may in part explain why chronic exposure to

4-NP attenuates CYP2B10 induction, represses CYP3A

levels, and did not increase the hepatosomatic index.

Changes in the gene expression of PXR, CAR and

ERα were also examined by Q-PCR after the 7 day and

32 week treatment with 4-NP. Previous research indicates

that estrogens may control the levels of some nuclear

receptors (Katzenellenbogen et al., 1987). Furthermore,

acute phase reactions have been shown to down-regulate

several nuclear receptors, including RXR, PXR and CAR,

as well as the P450s controlled by these receptors

(Beigneux et al., 2002). ERα was induced 5.6-fold

following treatment with 4-NP after the 7 day treatment,

but not PXR or CAR (Fig. 9a). ERα was not affected

by the 32 week exposure (Fig. 9b). Neither the PXR or

CAR were altered by 4-NP treatment.

The two methods of measuring gene expression

(microarray analysis and Q-PCR) demonstrated high

concordance. PXR, RXRα and ERα are on the Clontech

array. PXR was decreased 22.3% on the array and 26.0%

via Q-PCR following the 32 week treatment with 4-NP,

and ERα was decreased 36.2% on the array and 39.6%

via Q-PCR. As reported above, RXRα was reduced

according to both the array data (47.4%) and Q-PCR

(60%).

Discussion

MMTVneu mice treated with 4-NP for 32 weeks demon-

strated increased breast cancer incidence and metastasis,

and decreased latency (Fig. 5, Table 2). After 32 weeks,

only one tumor was grossly visible or histologically

detectable in the control group. Tumor formation was

observed in five mice at the 45 mg kg−1 day−1 4-NP

treatment group, and no tumors were present in the

30 mg kg−1 day−1 4-NP group (Table 2). MIN were also

observed histologically but not grossly, in a single mouse

in both the 30 and 45 mg kg−1 day−1 4-NP treatment

groups (Table 2). These lesions are consistent with the

typical phenotypes of solid carcinomas and MIN de-

scribed for MMTV-neu transgenic mice (Fig. 4) (Cardiff

et al., 2000). This suggests that there is a threshold dose

for tumor formation in 4-NP treated mice of approxi-

mately 45 mg kg−1 day−1, which is consistent with previous

observations that demonstrate a 40 mg kg−1 day−1 thresh-

old dose for proliferation of mammary tissue in rats

(Odum et al., 1999a, 1999b).

In contrast, none of the mice treated with 10 µg kg−1

day−1 estradiol showed tumor formation (Table 2). Only

five mice were treated with estradiol and the low number

of animals in the treatment group may have contributed to

these data. However, it is also possible that 10 µg kg−1

day−1 estradiol was below the threshold dose necessary

to cause tumor formation in MMTVneu mice. The

10 µg kg−1 day−1 E2 dose provided to mice was based on

its relative binding affinity for ERα compared with those

of nonylphenols (about 4500× greater for estradiol). Sub-

sequent studies performed in our lab have demonstrated

that 100 µg kg−1 day−1 E2 increased uterosomatic index,

breast tumor formation, and decreased tumor latency rela-

tive to the controls (data not shown).

It is hypothesized that 4-NP would be more potent

than expected based on its relative binding affinity for

ERα, and that increased hepatic production and increased

serum concentrations of E3 would be the primary basis

for the increased potency of 4-NP. Estriol is a potent

estrogen unlike most other estradiol metabolites (Taioli

et al., 1999), and because of its estrogenicity is an

indicator of poor prognosis for breast cancer (Telang

et al., 1997). 4-Nonylphenol treatment of mice for 7 days

increased the hepatic production of E3 from E2 in a dose-

dependent manner (Fig. 1a). However, no increased se-

rum concentrations of E3 were observed at the doses that

induced mammary cancer formation (Fig. 2a). Serum E3

concentrations were only increased at 25 mg kg−1 day−1

4-NP (Fig. 2a), presumably due to the preferential inhibi-

tion by 4-NP of E3 formation in liver microsomes

(Fig. 3a). Furthermore, increased serum E3 concentrations

Figure 9. Changes in the expression of nuclear
receptors following exposure to 4-NP for 7 days (A) or
32 weeks (B). Control mice are shown by the white
bars and 4-NP treated mice by the dark bars. Data are
expressed as relative intensity ± SEM (n = 4 for the 7
day study; n = 6–7 for the 32 week study). *Significant
difference by Student’s t-tests (P < 0.05)
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were not observed in the chronic study (Fig. 7b), and E2

serum concentrations were relatively stable throughout

both the acute and chronic 4-NP studies (Figs 2, 7).

While serum E3 concentrations were not increased in

a manner consistent with our hypothesis, hepatic E3

production in mice exposed for 7 days (Fig. 1a) was

associated with increased mammary cancer incidence and

decreased latency (Fig. 5, Table 2). This is consistent

with previous experiments with 4-nonylphenol (Baldwin

et al., 1997) and other compounds that indicate an

association between alterations in steroid metabolism

and physiological changes such as reduced fecundity,

repressed steroid hormone concentrations and reduc-

tions in breast cancer incidence (Bradlow et al., 1995;

Michnovicz et al., 1997; Wilson and LeBlanc, 1998).

However, our results indicate that 4-NP’s ability to in-

duce hepatic E3 formation is transient in FVB/NJ mice.

Furthermore, the association between steroid metabol-

ism and mammary cancer does not appear to reflect a

potential mechanism for the mammotropic effects of

4-NP, since serum E2 and E3 concentrations were not

induced by 4-NP at doses that increased mammary can-

cer (Figs 2, 7).

4-Nonylphenol is more potent at increasing mammary

cancer incidence in MMTVneu mice than predicted based

on its affinity for ERα; however, the mechanism of this

increased potency is unknown. The increased tumor for-

mation in 4-NP-treated mice compared with E2-treated

mice may be due to increased retention of 4-NP. How-

ever, the possibility cannot be excluded that 4-NP may

have other effects on the mammary glands that differen-

tiate it from estradiol and enhance its ability to cause

tumor formation, such as the ability to bind other nuclear

receptors found in the mammary gland (Dotzlaw et al.,

1999; Masuyama et al., 2000), recruit co-activators (Hall

et al., 2002), or enhance interactions with different

estrogen response elements (Hall and Korach, 2002; Hall

et al., 2002).

CYP2B but not CYP3A enzymes were induced by the

acute treatment with 4-NP (Fig. 8). The increased hepatic

E3 formation observed following the 4-NP treatment was

associated with the induction of CYP2B (Figs 1, 6). The

role of CYP2B10 in the 16-hydroxylation of E2 to E3 is

unknown; however, E2 is a potent activator of CAR and

CYP2B10 transcription in mice (Kawamoto et al., 2000)

and this suggests a role for CYP2B10 in the metabolism

of E2 in mice. Furthermore, indole-3-carbinol increased

the production of E3 from E2 in rats demonstrating induc-

tion of CYP2B1/2, but no induction of CYP3A family

members, suggesting that CYP2B is important in the

formation of E3 (Horn et al., 2002).

The induction of several P-450s and the concomitant

increase in steroid metabolism following the 7 day study

is probably elicited by transcriptional regulation by either

the PXR or the constitutive androstane receptor (CAR)

since 4-NP has been shown to activate these receptors

(Masuyama et al., 2000; Baldwin et al., 2004). However,

we are uncertain why the 32 week exposure to 4-NP did

not cause similar effects to the 7 day exposure on P-450

levels. Previous research has imparted similar results

demonstrating that 4-NP induces CYP3A after acute

treatment (Lee et al., 1996b; Masuyama et al., 2000) and

decreases CYP3A levels in rats treated chronically from

gestational day 7 through post-natal day 50 (Laurenzana

et al., 2002).

Furthermore, results demonstrating initial induction

of enzymes followed by repression were obtained in a re-

cent study investigating glutathione S-transferases (GSTs)

in rainbow trout (Onchorynchus mykiss) exposed to

220 µg l−1 4-NP. Fish exposed for 1 week demonstrated

an increase in GST activity; however, fish exposed for 3

weeks demonstrated a decrease in GST activity. This was

associated with increased bioaccumulation of 4-NP in the

liver (Uguz et al., 2003). Studies in rodents have also

indicated that 4-NP bioaccumulates and may saturate

liver enzymes causing toxic effects (Green et al., 2003).

RXRα is the requisite heterodimeric partner required

for PXR and CAR activation of transcription (Blumberg

et al., 1998). Down-regulation of RXRα has been shown

to reduce P450 expression (Beigneux et al., 2002).

RXRα deficient mice have reduced expression of

CYP3A1 and CYP2B10 (Cai et al., 2002). Furthermore,

hamsters treated with lipopolysaccharide (LPS), the

cytokines tumor necrosis factor (TNF), or interleukin-1

(IL-1) to mimic an acute phase response have reduced

RXRα, and reduced CYP3A and 2B levels (Beigneux

et al., 2000, 2002). These mice form fewer RXR dimers

with their nuclear receptor partners and show a reduced

ligand-dependent transcriptional response (Beigneux

et al., 2000).

It is possible that long-term exposure to 4-NP causes

an acute phase response or directly mediates a reduction

in RXRα, and thus reduces CYP3A levels. However, the

acute phase response also reduces the levels of several

other nuclear receptors, including PXR and CAR

(Beigneux et al., 2002) and while the levels of these

receptors were repressed they were not reduced signific-

antly (Fig. 9b), nor was liver damage observed.

It cannot be ruled out that P450 levels are being

repressed by a different mechanism. Estrogens have been

shown to repress the expression of the major mouse

hepatic CYP3A family member, CYP3A11, and CYP3A11

expression increased in aromatase deficient mice that

are unable to produce estradiol (Yamada et al., 2002).

Furthermore, the female predominant CYP3A family

member, CYP3A41, is down-regulated by dexamethasone

activation of the PXR (Anakk et al., 2004) and this may

explain the down-regulation of CYP3A after long-term

treatment with 4-NP.

In conclusion, 4-NP increased tumor formation in

MMTVneu mice in a manner consistent with its estro-

genicity. Consistent with our hypothesis 4-NP was more
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potent than expected compared with estradiol based

on their respective affinities for ERα. There are several

instances in the literature where chemically mediated

alterations in the rate of steroid hormone biotransforma-

tion are presumed to cause physiological changes. Our

results suggest that in the case of 4-NP, there is an asso-

ciation between changes in hormone biotransformation,

E3 formation and mammary cancer formation. However,

observed increases in hepatic E3 production, or serum E2

or E3 concentrations are not a likely mechanism for the

increased mammary cancer incidence in this study.
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