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Abstract

OCP are xenobiotics which display various toxic effects on animal and human health. One of their effects is to bind and activate
estrogen receptor alpha (ERa). We have previously studied the down-regulation of induced CYPIA 1 (cytochrome P450) expression by this
class of molecules in mammary carcinoma cells and shown the importance of ERa in this process. However, an alternative mechanism was
suggested by those experiments in hepatoma cells. In this study, we have performed Northern blot and transient transfection assays in
various cell lines and shown that OCP activate human pregnane X receptor (PXR) and subsequent CYP3A4 mRNA expression. This effect
is mediated by the distal xenobiotic responsive element modulator of the promoter. The induction of CYP3A4 by OCP was dose-dependent
within the 1-10 uM range. The data suggest that chronic exposure to OCP could alter a major metabolite pathway in human liver and

putatively modify the pharmacokinetics of drugs and pollutants.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

OCP are produced by industrial processes and used
during agricultural procedures. They contaminate the food
chains and display toxic effects in animals and human
populations. For example, dieldrin, a commonly used
insecticide, is suspected to increase breast cancer risks
[1]. Indeed, most OCP display estrogenic actions because
they bind and activate ER [2]. Moreover, estrogen exposure
is known to increase breast cancer risk [3]. As a conse-
quence, these xenobiotics are called xenoestrogens.

Activation of ERa leads to an increase of the transcription
of a plethora of genes and in the repression of other genes [4].
We and other groups have previously shown that E2 inhibits
CYPIAI-induced transcription [5]. CYP1AL is an enzyme
involved in xenobiotic metabolism and belongs to the
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CYP superfamily best known as major phase I xenobiotic
metabolizing enzymes (XMEs). Expression of the CYPI
(1A1,1A2, 1B1) subfamily is induced by dioxins, furans and
polychlorinated biphenyls and this effect depends on the
activation of the aryl hydrocarbon receptor (AhR) transduc-
tion pathway [6]. Inhibition of dioxin-mediated CYPIAI
activation in mammary carcinoma cells depends on ERa. As
a consequence, we have studied the effects of xenoestrogens
on this gene and shown that these xenobiotics display the
same actions as natural estrogens [5]. However, in the
hepatoma cell line, HepG2, which does not contain func-
tional ERa, OCP but not E2 repress CYPIAI gene expres-
sion [5]. This result shows that other transduction pathways
could be involved in xenobiotic effects.

Recent studies have shown that some OCP could activate
the PXR, a new member of the nuclear hormone receptor
superfamily [7,8], which is involved in CYP3A transcription
in the liver and the gut [9,10]. These studies have shown an
activation of rodent PXRs (rat and mouse) and subsequent
CYP3A23 (mouse) and CYP3AI (rat) induction [9,10].
Binding of pesticides to rodent PXR required the ligand
binding domain (LBD) which is poorly conserved in the
human gene [11-14]. As a consequence, some ligands
(rifampicin) of the human PXR do not bind rodent PXR
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Fig. 1. Structures of the three pesticides used in this study.

[15]. Here, we show that three OCP, a.-endosulfan, chlordane
and dieldrin (Fig. 1), activate human PXR and CYP3A4
transcription and could thus alter the metabolism of a large
number of endogenous as well as xenobiotic compounds.

2. Material and methods
2.1. Chemicals

Chlordane, dieldrin and «-endosulfan were obtained
from Promochem and dissolved in ethanol (10 mM,
volume of treatment 0.1%). The certified value of purity
of these pesticides is 64.78, >99 and >99%, respectively.
Other chemicals were obtained from Sigma (unless other-
wise stated) and oligonucleotides were from Genset.
DMEM culture medium was purchased from Invitrogen.

2.2. Cell culture

The human hepatoma cell line HepG2 (ATCC) and the
human mammary tumor cell line MCF-7 (ATCC) were
maintained in Dulbecco’s modified Eagle medium
(DMEM, Life Technologies) with phenol red and supple-
mented with 10% fetal calf serum, 100 units/mL penicillin
and 100 pg/mL streptomycin (Life Technologies), and

0.5 pg/mL fungizone (Squibb). Primary cultures of human
hepatocytes were prepared and cultured as described by
Gerbal-Chaloin et al. [16].

2.3. Northern blots

Total RNA preparation was performed with RNA Easy
Midi Kit (Qiagen). Northern blots were performed as
already described [5]. Probes were synthesized from cDNAs
with the Megaprime DNA labeling kit (Amersham Pharma-
cia Biotech) according to the manufacturer’s instructions.

2.4. Plasmids

The Firefly luciferase (FL) expression plasmid (pGL3
basic vector) was purchased from Promega. CDG1, SXR
(human PXR) and (PXRE);-tk-LUC expression or reporter
vectors were provided by R. Evans and are described by
Blumberg et al. [11]. CYP3A4 reporter vectors were sub-
cloned following the instructions of Goodwin ef al. [7].
Ligation experiments were performed with T4 DNA ligase
(Invitrogen).

Plasmids were checked by DNA sequencing analysis
and amplified using the Qiagen Maxiprep Kit.

2.5. Transfection experiments

Transfection experiments were performed in HepG2
cells as described previously [5]. Briefly, 1 day prior to
the transfection, cells (0.3 x 10° cells/6-cm dish) were
seeded into DMEM with phenol red, 10% fetal calf serum,
penicillin, streptomycin and fungizone (see Section 2.2 for
details). The luciferase reporter vectors (1 pg of DNA) and
the expression vectors (0.1 pg of DNA) were introduced
into the cells by the calcium phosphate co-precipitation
technique followed by a 2-min glycerol shock. Twenty four
hours after transfection, cells were treated by adding
various agents to the culture medium. After an overnight
incubation, cells were homogenized for enzymatic assays
with phosphate lysis buffer (Promega). Luciferase assays
(Firefly) were performed with a Promega kit and a lumin-
ometer. Blanks were obtained by assaying luciferase activ-
ity in mock-transfected cells.

MCF-7 cells were maintained in DMEM (Life Technol-
ogies) with phenol red and supplemented with 10% fetal
calf serum, 100 units/mL penicillin, 100 pg/mL streptomy-
cin (all from Life Technologies) and 0.5 pg/mL fungizone
(Squibb) and seeded into DMEM without phenol red (Life
Technologies) supplemented with 10% charcoal-treated
calf serum (from which steroids had been removed), and
the same concentrations of penicillin, streptomycin, and
fungizone as described above. They were treated and homo-
genized like HepG2 cells. Transfections were performed as
follows: each dish was transfected with 500 pL of medium
containing 3 pL of DAC-30 solution (Eurogentec) mixed
with 1 pg of pFL (3A4 constructs or tk-LUC constructs)
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and/or 0.1 pg of expression vectors. After 4 hr, the medium
was removed and replaced by fresh medium.

3. Results

Human PXR is most expressed in liver and intestine, two
major detoxication organs. We used human hepatocytes to
evaluate the effect of pesticides (Fig. 1) and 17B-estradiol
(E2) on CYP3A4 expression. Fig. 2 shows that treatment of
cultured human hepatocytes with a-endosulfan (10 pM)
for 24 hr increases CYP3A4 mRNA levels. In contrast,
17B-estradiol (E2) (10 nM) had no effect. This observation
shows that although E2 and a-endosulfan display similar
effects on CYPIA]I regulation, they exert a distinct action
on CYP3A4 regulation in human hepatocytes.

We then performed transient transfection assays in
HepG2 cells, a hepatoma-derived cell line. We used an
expression vector of human PXR, also known as SXR and
two constructs of the CYP3A4 gene promoter described by
Goodwin et al. The first construct contains the proximal

Endosulfan

CYP3A4

188

Fig. 2. Effect of a-endosulfan and E2 in human hepatocytes. Total RNA
from human hepatocytes were prepared as described in Section 2. Cells
were treated with 10 nM of E2 or 10 uM of a-endosulfan for 24 hr before
harvesting. Northern blot was performed as already described. Hybridiza-
tions were performed with CYP3A4 and 18S probes.

promoter of human CYP3A4 gene (UP1) which includes a
everted repeat (ER6), a previously described PXR response
elements. The second one contains the same proximal
promoter with an upstream xenobiotic response element
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Fig. 3. PXR-dependent induction of the CYP3A gene promoter. (A) Structure of the CYP3A4 promoter and of the constructs used in this study. (B) HepG2
cells were transfected with the XREM-UP1 construct in the absence or presence of either CDG1 (control) or CDG1-PXR. Cells were treated with 10 pM of
chlordane, dieldrin or a-endosulfan or 50 uM of rifampicin for 24 hr. Firefly luciferase (FL) activities were assayed and fold induction was calculated for
each condition. Data shown are the means =+ SE (bars) of three independent determinations obtained in three series of experiments.
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modulator called XREM which is required to observe a
potent induction of the reporter gene (UP1-XREM)
(Fig. 3A). Fig. 3B shows that the organochlorine pesticides,
chlordane (10 uM), dieldrin (10 uM) and o-endosulfan
(10 uM) and a typical PXR ligand, rifampicin (50 uM),
induce UP1-XREM-mediated transcription up to 20-fold
only in the presence of PXR. In contrast, the proximal
construction did not respond to organochlorine pesticides
with or without PXR (data not shown). This result confirms
that pesticides activate PXR and CYP3A4 transcription and
that the XREM is required for the induction as previously

shown [7]. Obviously, the UP1 promoter is not sufficient to
mediate even a partial induction in the HepG2 cells.

In order to test the cell and promoter specificity of the
effect of these pesticides on PXR responsive genes, we
performed dose-response studies using a construct con-
taining three PXRE fused to a tk promoter and a luciferase
reporter gene in human MCF-7 cells which do not contain
endogenous PXR. Fig. 4 shows that OCP had no effect on
luciferase activity when the cells are not co-transfected
with a PXR expression vector. However, when PXR is
added to the cells, induction with OCP was detected at
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Fig. 4. Dose-response studies in MCF-7 cells. MCF-7 cells were transfected using the DAC-30 method with a (PXRE);-tk-LUC construct (a kind gift from
R. Evans) and co-transfected the CDG1-PXR expression construct (or the control vector CDG1). Inductions were performed with various concentrations of
pesticides (A: chlordane, B: dieldrin, C: endosulfan, D: rifampicin). Firefly luciferase activities were tested and fold inductions are represented. Data shown
are the means & SE (bars) of three independent determinations obtained in three series of experiments.
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Fig. 4. (Continued ).

1 uM concentration and was maximal at 10 uM. The
pesticides displayed similar dose—response curves. They
could not be used at concentrations higher than 10 uM
because of their cellular toxicity and therefore it was
difficult to determine the concentration giving a half-
maximal effect. It is clear that this concentration is higher
than that of rifampicin which is one of the most potent
inducer of PXR. Nevertheless, the fold activation of this
promoter is similar for the four drugs at 10 uM. In fact, the
fold activation by chlordane at 10 uM was even higher than
that of rifampicin at 5 or 50 uM. Interestingly, the pattern
of the dose-dependent activation of PXR by OCP is similar
to the one reported for the ER. Indeed, the three OCP used

in this study activate the ER and the PXR within the same
concentrations range. Thus, those compounds should be
considered as both PXR and ER activators.

4. Discussion

Our data provide novel evidence for the activation of
human PXR by organochlorine pesticides and subsequent
activation of CYP3A4 gene expression. These observations
show that CYPIAI and CYP3A4 are regulated in opposite
ways by pesticides. Indeed, CYPIAI is down-regulated by
these compounds in the MCF-7 and the HepG?2 cell lines
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whereas CYP3A4 gene expression is up-regulated in the
HepG?2 cell line as well as in human hepatocytes. We have
demonstrated that the human PXR but not the ER is
required to observe the latter effect.

The amounts of pesticides used in this study (1-10 pM
range) are higher than those usually detected in the blood
of contaminated people. In one study, intoxications of
endosulfan above 1 pM have been reported and were
correlated with toxic effects [17]. In other studies, lower
concentrations of pesticides have been detected in blood
and were nevertheless correlated with deleterious conse-
quences such as increased incidence of breast cancer [1].
However, it should be mentioned that those compounds
tend to accumulate in fat-rich tissues such as breast.
Furthermore, human exposure is usually chronic which
could exacerbate the toxic effects of these xenobiotics.

Cytochrome P4503A4 displays a variety of metabolic
functions in the liver and the gut [18]. One of these
functions is to catabolize E2 leading to the catechol, 2-
OH-E2 [19]. This metabolite is not considered as highly
toxic but its estrogenic activity is poor [20]. Thus, exposure
of liver cells to pesticides would lead to a decrease in the
activity of endogenous estrogenic compounds. This may
seem paradoxical since the organochlorine pesticides dis-
play xenoestrogenic activity. In fact, this intrinsic xenoes-
trogenic activity which is related to the ability of OCP to
bind to the ER is putatively accompanied by a decrease in
endogenous estrogens. Another interesting consequence is
the cell specificity of pesticides effects. Indeed, in the
mammary gland, CYPIAI and CYPIB] are predominantly
expressed while CYP3A4 is poorly expressed [21]. The
effect of pesticides in those cells is primarily to inhibit
CYPIAI induction [5] which may lead to a decrease in E2
metabolism. In contrast, CYP3A4 is the predominant CYP
in the liver. Thus, in this tissue, the most likely effect of
pesticides is to increase E2 catabolism.

Induction of CYP3A4 could have other deleterious
effects on human health. Indeed, this enzyme is implicated
in more than 60% of drug metabolism [18]. Cross-reactions
with drugs, such as oral contraceptives, could be provoked
by chronic exposure to organochlorine pesticides as pre-
viously hypothesized with hyperforin [22]. Moreover,
CYP3A4, in association with CYPIAI and CYP2E], is a
major ROS producer because of uncoupling mechanisms
[23]. Oxidative stress is implicated in several human
pathologies [24] and pesticides may favor ROS production
by activating CYP3A4 expression. Finally, constitutive
expression of PXR in the mouse has been shown to lead
to deleterious developmental defects [25]. One hypothesis
is that a subsequent induction of CYP3A23 could alter liver
metabolism of critical developmental factors like steroid or
other endogenous molecules. It is possible that chronic
exposure to pesticides could lead to a similar effect.

In summary, we showed that several organochlorine
pesticides activate human PXR and induce CYP3A4
expression in the liver. The effects of these xenobiotics

are usually studied in estrogen-dependent tissues because
of ER activation. Our results support the presence of a new
transduction pathway, the PXR pathway. Both the ER and
the PXR pathways are activated by OCP within a similar
range of concentrations. The observations raise the ques-
tion of OCP toxicity in the liver and in the intestine, two
major sites of expression of the promiscuous human PXR.
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