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Abstract

To better understand the changes that occur following exposure to peroxisome proliferators, we utilized mRNA differential
display and microarray to screen for peroxisome proliferator target genes apart from those involved in lipid metabolism in male
C57B6 mice by using the ubiquitous plasticizer, di(2-ethylhexyl)phthalate (DEHP). One noted change was the dose-dependent
suppression of the mouse hormone metabolizing 3B-hydroxysteroid dehydrogenase V (HSD3b5), which is specifically expressed in
the male mouse liver. Northern analysis showed that HSD3b5 mRNA levels decreased dramatically upon one-day exposure to 2.0%
dietary DEHP, and were nearly undetectable by one week of treatment. Food restriction also significantly suppressed HSD3b5
expression; however, in this case the suppression was delayed and to a lesser extent. Another mouse 3B-hydroxysteroid dehydro-
genase, HSD3b4, predominantly expressed in kidneys, was also regulated by DEHP and food restriction. The sex-specific gene,
HSD3b5, was affected more by DEHP and food restriction than the tissue-specific gene, HSD3b4. © 2002 Elsevier Science (USA).
All rights reserved.
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Peroxisome proliferators encompass a diverse range
of chemicals including hypolipidemic drugs, herbicides,
and plasticizers, and are characterized by their ability to
cause peroxisome proliferation and to induce liver cancer
[1]. These proliferators transcriptionally activate many
genes involved in lipid metabolism, including fatty acyl-
CoA oxidase, 3-ketoacyl-CoA thiolase, and the mi-
crosomal CYP4A family. Regulation of these genes by
peroxisome proliferators is mediated through peroxi-
some proliferator-activated receptors (PPARSs) [2]. Per-
oxisome proliferators have also been shown to suppress
genes apart from lipid homeostasis, such as GRP58 [3],
Bip/GRP78 [4], cyp2f2 [5], and several steroid-regulated
genes, including transthyretin [6], op,-globulin [7],
17B-hydroxysteroid dehydrogenase IV [8], and
11B-hydroxysteroid dehydrogenase I [9]. In addition, we
show here that 3B-hydroxysteroid dehydrogenase V
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(HSD3b5) is also down-regulated following exposure to
a peroxisome proliferator. However, the mechanism of
down-regulation of these genes by peroxisome prolifer-
ators remains unknown.

HSD3b5 belongs to the 3B-hydroxysteroid dehydro-
genase (3p-HSD) family. Payne and coworkers [10-13]
identified six murine 3B-HSD isoforms. HSD3bl,
HSD3b2, HSD3b3, and HSD3b6 are NAD*-dependent
dehydrogenase/isomerase isoforms, while HSD3b4 and
HSD3b5 are NADPH-dependent 3-ketosteroid reductase
isoforms [14]. There is 93% amino acid sequence identity
between HSD3b4 and HSD3b5; however, these two iso-
forms have less than 80% amino acid sequence identity to
the other four 3B-HSD isoforms [11]. Unlike other
members of the 3B-HSD isoforms, HSD3b4 and HSD3b5
do not biosynthesize active steroid hormones, but rather
catalyze the inactivation of steroid hormones, such as
dihydrotestosterone [10]. HSD3b4 is expressed in kidneys
of male and female mice [13] and to a lesser extent in testes
[10], while HSD3bS5 is expressed only in livers of males,
with onset of expression around postnatal day 30 [15].
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Current literature exists for the effect of the peroxi-
some proliferators on the expression of several genes
involved in steroid metabolism. However, while the ef-
fects of development and hormones on regulation of 3f3-
hydroxysteroid dehydrogenase isoforms are known,
there are no data on the effects of environmental
chemicals and stress on these enzymes. In this paper, we
report the suppression of mouse HSD3b5 and HSD3b4
following the dietary treatment with our model peroxi-
some proliferator and plasticizer, di(2-ethylhexyl)phth-
alate (DEHP), and following the food restriction.
Additionally, the National Toxicology Program, Center
for the Evaluation of Risks to Human Reproduction,
characterized DEHP as a chemical of “‘serious concern”
for having potential detrimental effects on male infant
reproductive development [16]. We extend this concern
beyond infancy and to a later stage of development of
male reproductivity by providing evidence for the dis-
ruption of hormone function in mice during puberty by
DEHP.

Materials and methods

Animal treatment. In a dose-response studies, 6-7-week-old male
C57B6 mice (Charles River Laboratories, Raleigh, North Carolina)
were fed ad libitum with diets containing 0.2%, 0.6%, 1.2%, or 2.0%
DEHP (di(2-ethylhexyl)phthalate, Aldrich Chemical, Milwaukee, WI)
for 4 weeks. In time-course studies, mice were fed 2.0% dietary DEHP
for 1 day, 3 day, 1 week, 2 weeks, 4 weeks, or 10 weeks while control
mice were fed with untreated rodent diet. Since previous observations
indicated that high dose DEHP-fed mice consume less food, an addi-
tional control group of food-restricted mice was also used. Here food
restricted mice were given untreated diet at 60—70% of that normally
eaten by control mice. Mice were killed by cervical dislocation; livers,
kidneys, spleens, and testes were isolated and stored in liquid nitrogen.

Total RNA isolation. Total RNA was isolated using TRIzol Re-
agent (GIBCO BRL, Gaithersburg, MD), subsequently treated with
DNase I (Boehringer Mannheim, Indianapolis, IN), and then stored in
FORMAZzol (Molecular Research Center, Cincinnati, OH) at —80°C
until further use.

mRNA differential display. Pooled total liver RNA isolated from 1-
week DEHP-treated mice was used in mRNA differential display
(RNAmap kit, GenHunter, Nashville, TN). Each of the three random
primers, 5-GACCGCTTGT-3, - AGGTGACCGT-3, and 5-GGTA
CTCCAC-3', in combination with each of the four oligo(dT) primers,
THoMG, T;;MA, T;;MT, and T;;MC (M =G, A, C), were utilized to
screen for genes affected by DEHP exposure. Bands consistently and
differentially expressed were excised, eluted into water, and PCR am-
plified using the same primer pairs used in the mRNA differential
display. The products were cloned into pCR2.1 vector (Invitrogen, San
Diego, CA) and the determined sequences were analyzed by BLASTN.

Microarray screening. Liver total RNA from three mice from each
group was used for microarray screening (GeneChip Core, UC San
Diego and Microarray Facility, UC Irvine). Total RNA was reverse-
transcribed to cDNA, biotinylated, and hybridized to the murine
U74av2 GeneChips (Affymetrix, Santa Clara, CA). The data were
analyzed using the Microarray Suite 4.0, MicroDB, and Data Mining
Tool 2.0 softwares (Affymetrix). A ¢ test was performed to determine
the significance of expression change at p < 0.05.

Quantitative RT-PCR. First-strand cDNAs were prepared using
Sug pooled total RNA (Superscript Preamplification System, GIBCO-

BRL). To amplify HSD3b4 and HSD3b5, oligonucleotide sense primer
5-AGGGCATGTCTGCTGTCATCC-3" (corresponding to nucleo-
tides 320-340 of HSD3b5 and 329-349 of HSD3b4) and antisense
primer 5-TGGGCAAG TGCTTAGGACTGA-3' (corresponding to
nucleotides 1397-1377 of HSD3BS5 and 1406-1386 of HSD3b4) were
used. Competimers and primers for 18S (Ambion) were used to co-
amplify HSD3b4 or HSD3b5 and 18S. Amplification was performed
using the following protocol: denaturation at 94°C for 1min, an-
nealing at 60 °C for 2 min, and extension at 72 °C for 2 min.

PCR cycle numbers were chosen so that amplification was in the
exponential phase as predetermined by Southern blot analysis. PCR
products were capillary transferred overnight to Zeta-probe GT
Blotting Membranes (Bio-Rad, Hercules, CA). HSD3b5 cDNA and
the 18S probes were labeled with **P-0-dATP (Amersham) using
Prime-it II random primer labeling kit (Stratagene, La Jolla, CA). The
membranes were hybridized with both 3*P-labeled HSD3b5 and 18S
probes in hybridization buffer (0.5 M Na,HPO,, pH 7.2, 7% SDS) at
65 °C overnight. Washes were carried out as follows: twice at 65 °C for
60 min with low stringency washing buffer (40 mM Na,HPO,, pH 7.2,
5% SDS) and twice at 65°C for 60 min with high stringency washing
buffer (40 mM Na,HPO,, pH 7.2, 1% SDS). The bands were quantified
using a Phosphorimager (BioRad).

Northern blot analysis. Fifteen micrograms of total RNA was
separated by formaldehyde-denaturing gel electrophoresis and subse-
quently transferred to Zeta-probe GT Blotting Membranes for
Northern analysis. Hybridization and washes were performed as de-
scribed above for RT-PCR, except the blot was probed with HSD3b5
first and then re-probed with 18S as a control.

Statistical analysis. Comparisons between groups were performed
using ONEWAY analysis followed by Fisher’s pairwise comparisons
(Minitab). T test was used to determine differences between means at
the level of significance set at p < 0.01 or p < 0.05.

Results and discussion

One of the main target organs of peroxisome prolif-
erators and specifically DEHP is the liver. Therefore
mRNA differential display was employed to identify
novel DEHP target genes in the livers of mice fed with
2.0% DEHP diets for 1 week. One of the genes identi-
fied to be regulated by DEHP was 3B-hydroxysteroid
dehydrogenase V (HSD3b5) (GenBank accession no.
L41519/MUSHSD3) (Fig. 1). Screening of the mouse
U74av2 genechip using total RNA isolated from three
mice from control, food restriction, and 1.0% DEHP
treatment also showed HSD3b5 to be down-regulated
(Table 1). Further studies with Northern analysis dem-
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Fig. 1. Identification of HSD3b5 as a novel DEHP target gene by
mRNA differential display. Pooled total RNA isolated from 1 week
DEHP-treated mouse livers was converted to cDNA. mRNA differ-
ential display was performed using RNAmap kit from GenHunter
(Nashville, TN). A band corresponding to the HSD3b5 gene as de-
termined by sequencing consistently disappeared after 2.0% dietary
DEHP treatment.
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Table 1
Induce expression of 3-BHSDS using DNA microarray
Control FR DEHP Description
Average signal 27836 2455 349 L41519 Mus muluscus 3-ketosteroid

reductase (HSD3b5)

Average signal of n = 3 for each control/treatment group as determined by hybridization of labeled probe generated from each mouse hybridized
to the mouse U74av2 genechip (Affymetrix). Significant difference was determined by # test with p < 0.05.

onstrated the down-regulation of HSD3b5 to be dose-
dependent (Fig. 2).

Since our dose-response study demonstrated a com-
plete abolishment of expression of HSD3b5 by 4 weeks
of treatment with 2.0% DEHP, we wanted to determine

0 0.2 0.6 1.2 20 % DEHP

<«— HSD3b5

% Relative to
Control

Fig. 2. Dose-dependent differential expression of HSD3b5 in liver
following DEHP treatment and food restriction. Each lane of the
Northern blot was loaded with 15pg liver total RNA isolated from
mice treated for 4 weeks with DEHP. Hybridization with HSD3b5
probe detected as a single band of ~1.6kb.

100 73 54 1.0 ~0

the specific time point in which expression was first
affected. The time-response study showed significant
down-regulation of HSD3b5 by more than 50% within
only one day of exposure (Fig. 3). By one week of ex-
posure to DEHP, the levels were nearly undetectable,
about 8.5% of control. No detectable levels of HSD3b5
were observed by Northern analysis in the 2, 4, or 10
week exposed mice (data not shown). Mice given 2.0%
dietary DEHP consumed about 60-70% of food eaten
by control mice. Since food restriction could also regu-
late stress related genes [17], the expression of HSD3b5
mRNA was also measured in livers of food-restricted
mice to confirm that the suppression of HSD3b5 mRNA
was due to DEHP rather than the result of decreased
food consumption. Food restricted mice were given the
same amount of untreated food as that consumed by
2.0% DEHP treated mice. Although food restriction
resulted in some decrease in HSD3b5 mRNA, addi-
tional and significant decrease in HSD3b5 mRNA levels
observed following 2.0% DEHP treatment was the result
of exposure to DEHP, not due to a decrease in food
intake. It has been demonstrated that typical PPARa-
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Fig. 3. Northern analysis of total liver RNA isolated from individual mice after 1, 3, and 7 days of treatment with 2.0% DEHP. One representative
Northern blot of total RNA from one mouse is presented here. A sample population of n = 3 yielded mean + SD with statistical significance from
control, indicated by * (p < 0.01) and + (p < 0.05). Gene expression in control (0% DEHP) mice was set as 100%. The expression of HSD3b5 was
normalized with that of 18S rRNA.
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Fig. 4. Comparison of HSD3b5 and HSD3b4 mRNA levels following
DEHP treatment and food restriction using quantitative RT-PCR.
Quantification of HSD3b4 and HSD3b5 mRNA levels upon 4 weeks
of food restriction and 2.0% dietary DEHP treatment in pooled total
RNA from kidneys and livers, respectively. The expression of HSD3b4
and HSD3b5 was normalized with 18S rRNA. Gene expression in
control mice (0% DEHP) was set as 100%. Open histograms represent
HSD3b5 and filled histograms represent HSD3b4.

responsive genes, including CYP4A enzymes, acyl-CoA
oxidase, enoyl-CoA hydratase/3-hydroxyacyl-CoA de-
hydrogenase, and 3-ketoacyl-CoA thiolase, were also
regulated by fasting [18]. A requirement for PPARa in
mediating regulation of these genes by fasting and per-
oxisome proliferators was confirmed by abolished re-
sponses in PPARa-deficient mice [18,19], suggesting that
PPARa could be the convergent point between fasting
and peroxisome proliferation. Since PPARa cross-talks
with other nuclear hormone receptors [20], it could be
the sensor of diet and hormonal signaling [21].
HSD3b4 is expressed mainly in kidneys and at very
low levels in testes but does not co-express with HSD3b5
in the liver [10,13]. HSD3b4 has the highest sequence
homology (93%) with HSD3b5 in the murine HSD
family [13]. Since only HSD3b4 and HSD3b5 in the 33-
HSD family function as 3-ketosteroid reductases, we
also analyzed if HSD3b4 was down-regulated by DEHP
and food restriction. Furthermore it was of interest to
determine if the 3B-hydroxysteroid dehydrogenase ex-
pression was affected by DEHP in the other two target
organs, kidneys and testes. Using RT-PCR, we dem-
onstrated that the suppression profile of kidney-specific
HSD3b4 was different from that of the liver-specific
HSD3b5 (Fig. 3). Compared to more than a 150-fold
reduction of HSD3b5 mRNA levels by 4 weeks of 2.0%
DEHP treatment as indicated by RT-PCR, HSD3b4
mRNA levels were suppressed by only 5-fold. In addi-
tion, food-restriction had a lesser impact on the sup-
pression of HSD3b4 as compared to HSD3b5 (Fig. 4).
Using RT-PCR, we were only able to amplify a very faint
band of about 1 kb from the testes (data not shown).
HSD3b5, like the mouse major urinary proteins
(MUPs), is a sex-specific gene. The expression of both
genes is dramatically inhibited by DEHP [22]. Two tis-
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sue-specific genes, cyp2f2 [5] and HSD3b4, are also
regulated by DEHP. However, their down-regulation by
DEHP is less than that of the sex-specific HSD3b5 and
MUP. The different pattern of suppression could indi-
cate that DEHP affects sex-specific genes, such as
HSD3b5 and MUP, more than tissue-specific genes,
such as HSD3b4 and cyp2/2. It is also known that serum
testosterone levels are reduced by DEHP treatment [23]
and by food restriction [24]. Collectively, these data
imply that there is a possible connection between hor-
mone levels and gene regulation by DEHP. There exists
a growing body of evidence for phthalates as endocrine
disruptors, [25-27] and here we demonstrated yet an-
other gene involved in steroid metabolism, specifically
sex hormone inactivation, to be a target of phthalate
plasticizer. One possible mechanism of peroxisome
proliferators, such as DEHP, to repress transcription of
steroid metabolizing genes is the activation of an an-
tagonist to bind PPARa this complex in turn facilitates
co-repressor binding while simultaneously disrupting
interactions with co-activators [28]. Understanding the
mechanism of regulation of peroxisome proliferators
and phthalate plasticizers would allow for better risk
assessment of its production and use.

Acknowledgments

We acknowledge funding from University of California Toxic
Substances Research and Teaching Program’s Lead Campus Program
on Toxic Mechanisms. We thank Dr. Anita Payne for the 3f-hy-
droxysteroid dehydrogenase V (HSD3b5) full-length clone. We express
our gratitude towards Drs. Valery Filippov and Yoonseong Park for
their technical guidance.

References

[1] J.K. Reddy, N.D. Lalwai, Carcinogenesis by hepatic peroxisome
proliferators: evaluation of the risk of hypolipidemic drugs and
industrial plasticizers to humans, Crit. Rev. Toxicol. 12 (1983)
1-58.

[2] 1. Issemann, S. Green, Activation of a member of the steroid
hormone receptor superfamily by peroxisome proliferators,
Nature 347 (1990) 645-650.

[3] C.R. Muhlenkamp, S.S. Gill, A glucose-regulated protein,
GRP58, is down-regulated in C57B6 mouse liver after di(2-
ethylhexyl)phthalate exposure, Toxicol. Appl. Pharmacol. 148
(1998) 101-108.

[4] K. Motojima, S. Goto, Rat liver BiP/GRP78 is down-regulated by
a peroxisome-proliferator, clofibrate, Febs Lett. 308 (1992) 207—
210.

[5] X. Ye, L. Lu, S.S. Gill, Suppression of cytochrome P450 Cyp2f2
mRNA levels in mice by the peroxisome proliferator diet-
hylhexylphthalate, Biochem. Biophys. Res. Commun. 239 (1997)
660-665.

[6] K. Motojima, S. Goto, T. Imanaka, Specific repression of
transthyretin gene expression in rat liver by a peroxisome
proliferator clofibrate, Biochem. Biophys. Res. Commun. 188
(1992) 799-806.



J.S. Wong et al. | Biochemical and Biophysical Research Communications 293 (2002) 549-553 553

[7] K. Alvares, V. Subbarao, M.S. Rao, J.K. Reddy, Ciprofibrate
represses alpha 2u-globulin expression in liver and inhibits
d-limonene nephrotoxicity, Carcinogenesis 17 (2) (1996) 311-316.

[8] J.C. Corton, C. Bocos, E.S. Moreno, A. Merritt, D.S. Marsman,
P.J. Sausen, R.C. Cattley, J.A. Gustafsson, Rat 17 beta-hydroxy-
steroid dehydrogenase type IV is a novel peroxisome proliferator-
inducible gene, Mol. Pharmacol. 50 (1996) 1157-1166.

[9] A. Hermanowski-Vosatka, D. Gerhold, S.S. Mundt, V.A. Loving,
M. Lu, Y. Chen, A. Elbrecht, M. Wu, T. Doebber, L. Kelly, et al.,
PPARalpha agonists reduce 11 beta-hydroxysteroid dehydrogen-
ase type 1| in the liver, Biochem. Biophys. Res. Commun. 279
(2000) 330-336.

[10] I.G. Abbaszade, T.R. Clarke, C.H. Park, A.H. Payne, The mouse
3 beta-hydroxysteroid dehydrogenase multigene family includes
two functionally distinct groups of proteins, Mol. Endocrinol. 9
(1995) 1214-1222.

[11] I.G. Abbaszade, J. Arensburg, C.H. Park, J.Z. Kasa-Vubu, J.
Orly, A.H. Payne, Isolation of a new mouse 3beta-hydroxysteroid
dehydrogenase isoform, 3beta-HSD VI, expressed during early
pregnancy, Endocrinology 138 (1997) 1392-1399 (published
erratum appears in Endocrinology 1998 Jan; 139(1): 218).

[12] P.A. Bain, M. Yoo, T. Clarke, S.H. Hammond, A.H. Payne,
Multiple forms of mouse 3 beta-hydroxysteroid dehydrogenase/
delta 5-delta 4 isomerase and differential expression in gonads,
adrenal glands, liver, and kidneys of both sexes, Proc. Natl. Acad.
Sci. USA 88 (1991) 8870-8874.

[13] T.R. Clarke, P.A. Bain, T.L. Greco, A.H. Payne, A novel mouse
kidney 3 beta-hydroxysteroid dehydrogenase complementary
DNA encodes a 3-ketosteroid reductase instead of a 3 beta-
hydroxysteroid dehydrogenase/delta 5-delta 4-isomerase, Mol.
Endocrinol. 7 (1993) 1569-1578.

[14] A.H. Payne, 1.G. Abbaszade, T.R. Clarke, P.A. Bain, C.H. Park,
The multiple murine 3 beta-hydroxysteroid dehydrogenase iso-
forms: structure, function, and tissue- and developmentally
specific expression, Steroids 62 (1997) 169-175.

[15] C.H. Park, I.G. Abbaszade, A.H. Payne, Expression of multiple
forms of 3 beta-hydroxysteroid dehydrogenase in the mouse liver
during fetal and postnatal development, Mol. Cell. Endocrinol.
116 (1996) 157-164.

[16] R.C. Kavlock, National Toxicology Program, US Department of
Health and Human Services, Center for the Evaluation of Risks to
Human Reproduction, 2000 http://cerhr.niehs.nih.gov/news/in-
dex.html.

[17] P.J. Scarpace, M. Nicolson, M. Matheny, UCP2, UCP3 and leptin
gene expression: modulation by food restriction and leptin,
J. Endocrinol. 159 (1998) 349-357.

[18] D.L. Kroetz, P. Yook, P. Costet, P. Bianchi, T. Pineau,
Peroxisome proliferator-activated receptor alpha controls the
hepatic CYP4A induction adaptive response to starvation and
diabetes, J. Biol. Chem. 273 (1998) 31581-31589.

[19] S.S. Lee, T. Pineau, J. Drago, E.J. Lee, J.W. Owens, D.L. Kroetz,
P.M. Fernandez-Salguero, H. Westphal, F.J. Gonzalez, Targeted
disruption of the alpha isoform of the peroxisome proliferator-
activated receptor gene in mice results in abolishment of the
pleiotropic effects of peroxisome proliferators, Mol. Cell. Biol. 15
(1995) 3012-3022.

[20] T. Lemberger, O. Braissant, C. Juge-Aubry, H. Keller, R.
Saladin, B. Staels, J. Auwerx, A.G. Burger, C.A. Meier, W.
Wahli, PPAR tissue distribution and interactions with other
hormone-signaling pathways, Ann. NY Acad. Sci. 804 (1996)
231-251.

[21] B. Desvergne, A. Ijpenberg, P.R. Devchand, W. Wahli, The
peroxisome proliferator-activated receptors at the cross-road of
diet and hormonal signaling, J. Steroid Biochem. Mol. Biol. 65
(1998) 65-74.

[22] X.Q. Ye, Differential gene expression in C57B6 mice following
di(2-ethylhexyl)phthalate treatment, Dissertation, University of
California, Riverside, 1999.

[23] S. Oishi, K. Hiraga, Testicular atrophy induced by phthalic acid
esters: effect on testosterone and zinc concentrations, Toxicol.
Appl. Pharmacol. 53 (1980) 35-41.

[24] S. Leonhardt, M. Shahab, H. Luft, W. Wuttke, H. Jarry,
Reduction of luteinzing hormone secretion induced by long-
term feed restriction in male rats is associated with increased
expression of GABA-synthesizing enzymes without alterations
of GnRH gene expression, J. Neuroendocrinol. 11 (1999) 613—
619.

[25] K.J. Turner, R.M. Sharpe, Enivronmental oestrogens- present
understanding, Rev. Reproduct. 2 (1997) 69-73.

[26] T.R. Zacharewski, M.D. Meek, J.H. Clemons, Z.F. Wu, M.R.
Fielden, J.B. Matthews, Examination of the in vitro and in vivo
estrogenic activities of eight commercial phthalate esters, Toxicol.
Sci. 46 (1998) 282-293.

[27] K. Picard, J.C. Lhuguenot, M.C. Lavier-Canivenc, M.C. Cha-
gnon, Estrogenic activity and metabolism of n-butyl benzyl
phthalate in vitro: identification of the active molecule(s), Toxicol.
Appl. Pharmacol. 172 (2001) 108-118.

[28] H.E. Xu, T.B. Stanley, V.G. Montana, M.H. Lambert, B.G.
Shearer, J.E. Cobb, D.D. McKee, C.M. Galardi, K.D. Plunket,
R.T. Nolte, et al., Structural basis for antagonist-mediated
recruitment of nuclear co-repressors by PPARalpha, Nature 415
(2002) 813-817.



