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Low amounts of residual pesticides are present in the environment, often as mixtures of chemicals which contaminate drinking water and food, being a source of chronic exposure for humans and a growing matter of concern in public health policy. Despite of the needs and growing investigation, little is known about the impact of low doses and mixtures of these chemicals on human health. The purpose of this study was to enlighten if modifications of liver cell metabolic-and/or defence-related capacities could occur under such exposures. In vitro perturbations of several metabolic, stress and survival pathways in human and mice cultured hepatocytes and liver cells were evaluated under exposure to low doses of single molecules or equimolecular combinations of the three pesticides, atrazine, chlorpyrifos and endosulfan. Mainly phases I and II enzymes of detoxification were found modulated, together with apoptotic process deregulation. Hence, CYP3A4 and CYP3A11 were upregulated in primary cultured human and mouse hepatocytes, respectively. These inductions were correlated to an anti-apoptotic process (increased Bcl-xL/Bax ratio, inhibition of the PARP protein cleavage). Such disturbances in pathways involved in cell protection may possibly account for initiation of pathologies or decrease in drugs efficiency in humans exposed to multiple environmental contaminants.

Introduction

Chemicals used in agricultural settings, public health and individual households include a large variety of active substances that enter the composition of various authorized commercial preparations. Although essential for agricultural development and food resources control, pesticides remain as residual contaminants in various compartments of the environment.

Indeed, humans are exposed to multiple chemical compounds. Routes of exposure are multiple (ingestion, respiration, skin contact) based on different scenarios or situations, food being an important source of contamination. The consequences of such exposures on human health are complex and still poorly understood, making risk assessment of any toxic effects of chemical mixtures on human health uneasy and a particularly accurate process. Major difficulties in the assessment of exposures to cocktails of pesticides is due to differences in the levels, the periods of exposure and their simultaneous and/or sequential occurrence, the complexity and the diversity of active substances (regarding toxicity), but also of adjuvant used in products processing and agronomical uses.

Pesticides are designed to selectively eliminate various pests among fungi, plants or animals. They usually target specific biological functions of the pest through disruption of vital cellular pathways. Their mechanisms of action are tightly linked to their chemical structures which are widely diversified. Potent toxicity for humans is carefully evaluated by the authorities from premarket in vitro studies or in vivo experiments in animals carried out with pesticides tested individually. Safety norms, established from various experimental and epidemiological studies, are then prescribed through legal exposure thresholds such as the Acceptable Daily Intake (ADI), in order to protect human health.

Acute professional exposure to pesticides provided data showing a correlation with several human pathologies, including hepatotoxicity, immunotoxicity, increased risk of mainly haematopoietic, brain and prostate cancers [START_REF] Purdue | Occupational exposure to organochlorine insecticides and cancer incidence in the agricultural health study[END_REF][START_REF] Mahajan | Fonofos exposure and cancer incidence in the agricultural health study[END_REF][START_REF] Ruder | Brain Cancer Collaborative Study Group. The Upper Midwest Health Study: a case-control study of primary intracranial gliomas in farm and rural residents[END_REF], neuro-degenerative diseases such as Parkinson's disease [START_REF] Liu | Parkinson's disease and exposure to infectious agents and pesticides and the occurrence of brain injuries: role of neuroinflammation[END_REF][START_REF] Baldi | Association between Parkinson's disease and exposure to pesticides in southwestern France[END_REF][START_REF] Alavanja | Health effects of chronic pesticide exposure: cancer and neurotoxicity[END_REF][START_REF] Chade | Nongenetic causes of Parkinson's disease[END_REF] and deficiencies in cerebral development [START_REF] Mendola | Environmental factors associated with a spectrum of neurodevelopmental deficits[END_REF] or immunity [START_REF] Colosio | Low level exposure to chemicals and immune system[END_REF]. Household exposure to pesticides is more and more described as a significant risk [START_REF] Abadi-Korek | Parental occupational exposure and the risk of acute lymphoblastic leukemia in offspring in Israel[END_REF][START_REF] Weselak | In utero pesticide exposure and childhood morbidity[END_REF], but the most important source of contamination for the consumer remains food and cocktails of pesticides ingested every day.

Several studies, mainly epidemiological, have described pesticides as potentially deleterious for human health. In the present work, three pesticides (chlorpyrifos, atrazine and endosulfan) were selected for in vitro toxicological investigations at low doses, mainly because of their persistence in the environment and food or their acute toxicity when tested in vivo on animal models.

Atrazine (2-chloro-4-ethylamine-6-isopropylamino-S-triazine) is a systemic triazine herbicide which was mainly used to destroy weeds in maize and rapeseed cultures, but also as algaecide in aquariums. It was banned in the EU in 2004 because of its persistence in groundwater [START_REF] Ackerman | The economics of atrazine[END_REF]. In France, atrazine is still a drinking water contaminant. This herbicide has been shown to exert neurotoxic effects even at very low doses [START_REF] Cooper | Atrazine disrupts the hypothalamic control of pituitary-ovarian function[END_REF][START_REF] Rodriguez | Sustained exposure to the widely used herbicide atrazine: altered function and loss of neurons in brain monoamine systems[END_REF] and to possess immunotoxicological potential, especially in perinatal exposures [START_REF] Rusiecki | Cancer incidence among pesticide applicators exposed to atrazine in the Agricultural Health Study[END_REF][START_REF] Rowe | Immunomodulatory effects of maternal atrazine exposure on male Balb/c mice[END_REF][START_REF] Rowe | Developmental immunotoxicity of atrazine in rodents[END_REF]. It also increased incidence of mammary tumors [START_REF] Eldridge | Atrazine interaction with estrogen expression systems[END_REF]. Ingested pesticides from the triazine family appeared to affect development in laboratory animals and humans. Epidemiological studies supported developmental or reproductive toxicity of atrazine in humans [START_REF] Villanueva | Atrazine in municipal drinking water and risk of low birth weight, preterm delivery, and small-for-gestational-age status[END_REF] and initiation of haematopoietic cancers [START_REF] Rusiecki | Cancer incidence among pesticide applicators exposed to atrazine in the Agricultural Health Study[END_REF]. Moreover, various laboratory studies indicated that atrazine adversely affects fetal implantation in rats [START_REF] Cummings | Effect of atrazine on implantation and early pregnancy in four strains of rats[END_REF]. Other data showed that chronic exposure to low concentrations of atrazine induced abdominal obesity and insulin resistance in rats by impairing mitochondrial function [START_REF] Lim | Chronic exposure to the herbicide, atrazine, causes mitochondrial dysfunction and insulin resistance[END_REF]. Recent data showed that prenatal exposure to atrazine metabolites were active on postnatal reproductive development of male rats [START_REF] Stanko | Effects of prenatal exposure to a low dose atrazine metabolite mixture on pubertal timing and prostate development of male Long-Evans rats[END_REF].

Chlorpyrifos is an organophosphorus insecticide widely used in agriculture and households. Chlorpyrifos and its metabolite chlorpyrifos-oxon toxically target the central nervous system by inhibiting acetylcholinesterase [START_REF] Whitney | Developmental neurotoxicity of chlorpyrifos: cellular mechanisms[END_REF][START_REF] Chakraborti | Comparative neurochemical and neurobehavioral effects of repeated chlorpyrifos exposures in young and adult rats[END_REF]. Authors have reported that chlorpyrifos caused immunologic abnormalities in humans [START_REF] Thrasher | Immunological abnormalities in humans chronically exposed to chlorpyrifos[END_REF][START_REF] Galloway | Immunotoxicity of organophosphorous pesticides[END_REF] and animals [START_REF] Navarro | Neonatal chlorpyrifos administration elicits deficits in immune function in adulthood: a neural effect?[END_REF]. It was also associated with autoimmune diseases [START_REF] Thrasher | Immunological abnormalities in humans chronically exposed to chlorpyrifos[END_REF], multiple chemical sensitivity and rectal cancer [START_REF] Lee | Pesticide use and colorectal cancer risk in the Agricultural Health Study[END_REF]. Growing body of evidence demonstrated that chlorpyrifos and other organophosphates possessed endocrine disruptor properties at low doses [START_REF] Haviland | Long-term sex selective hormonal and behavior alterations in mice exposed to low doses of chlorpyrifos in utero[END_REF].

Endosulfan is one of the most toxic pesticides still in use in the world. It was already banned in several countries but is still intensively used in Asia (i.e., India and China). It is basically a neurotoxic organochlorine insecticide and acaricide which is persistent in the environment. In laboratory animals, endosulfan has been shown to be toxic to the liver, kidneys, the nervous system, and reproductive organs [START_REF] Gupta | Toxicity of endosulfan after repeated oral administration to rats[END_REF][START_REF] Hack | Chronic toxicity and carcinogenicity studies with the insecticide endosulfan in rats and mice[END_REF][START_REF] Paul | Sex-related difference in the neurobehavioral and hepatic effects following chronic endosulfan treatment in rats[END_REF][START_REF] Sinha | Effect of endosulfan on the testis of growing rats[END_REF]. These effects have been attributed to increased oxidative stress caused at least by a modification of expression of antioxidant enzymes, including superoxide dismutase (SOD), glutathione peroxidase (GPX) and glutathione S transferase (GST) [START_REF] Bebe | Exposure to low doses of endosulfan and chlorpyrifos modifies endogenous antioxidants in tissues of rats[END_REF]. Endosulfan exposure increased cytochrome P450 (CYP) levels in vivo in both hepatic and extra-hepatic tissues [START_REF] Siddiqui | Some metabolic changes induced by endosulfan in hepatic and extra hepatic tissues of rat[END_REF], as well as in human hepatocytes in vitro [START_REF] Lemaire | Effect of organochlorine pesticides on human androgen receptor activation in vitro[END_REF]. Furthermore, it showed endocrine disruptor properties in rodents, and its endocrine disrupting effects in humans are a concern [START_REF] Silva | An assessment of the developmental and reproductive neurotoxicity of endosulfan[END_REF]. In developing and adult rats, endosulfan induced testicular toxicity and damage, including abnormal spermatozoa, and decreased sperm counts and motility [START_REF] Rao | L-ascorbic acid ameliorates postnatal endosulfan induced testicular damage in rats[END_REF]. In rodents, endosulfan treatment led to increased testosterone metabolism and clearance [START_REF] Singh | Effect of sub-chronic endosulfan exposures on plasma gonadotrophins, testosterone, testicular testosterone and enzymes of androgen biosynthesis in rat[END_REF][START_REF] Wilson | Endosulfan elevates testosterone biotransformation and clearance in CD-1 mice[END_REF]. Moreover, the occurrence of early and late apoptotic/necrotic processes in SH-SY5Y human neuroblastoma cells or disruption of cerebral cortical in rats treated with low doses of endosulfan supported its involvement in neurodegenerative diseases [START_REF] Jia | Exposure to mixtures of endosulfan and zineb induces apoptotic and necrotic cell death in SH-SY5Y neuroblastoma cells, in vitro[END_REF][START_REF] Scremin | The environmental pollutant endosulfan disrupts cerebral cortical function at low doses[END_REF].

The liver is an essential organ involved in the metabolism of endogenous or exogenous substances. Most of xenobiotics are metabolized in the liver by detoxification processes involving several activation, conjugation and elimination mechanisms. Multiplicity and chronicity of xenobiotics exposures induce simultaneous modulations of various cross-reactive cellular pathways. On another hand, evaluation of the impact of chronic exposure to low doses and combinations of residual environmental contaminants on humans is still uncertain and very difficult to set up in term of regulation [START_REF] Alavanja | Health effects of chronic pesticide exposure: cancer and neurotoxicity[END_REF]. Some authors described severe endocrine disruptions due to pesticides exposure at very low environmental doses [START_REF] Hayes | Hermaphroditic, demasculinized frogs after exposure to the herbicide atrazine at low ecologically relevant doses[END_REF]. Additionally, non-linear dose-response toxicity can be observed and combinations with other POPs or differences in individual susceptibility may increase the effects [START_REF] Calabrese | Hormesis is central to toxicology, pharmacology and risk assessment[END_REF][START_REF] Lutz | Differences in individual susceptibility to toxic effects of chemicals determine the dose-response relationship and consequences of setting exposure standards[END_REF]. As a consequence, effects of pesticides and combinations of pesticides have to be studied carefully at very low doses.

Besides its metabolic functions, the liver may also constitute a target for toxic xenobiotics. In a previous study, we observed that a mixture of twelve pesticides administered at doses corresponding to human ADI was not carcinogenic in a rat liver model of chronic exposure [START_REF] Perez-Carreon | Tumor promoting and co-carcinogenic effects in medium-term rat hepatocarcinogenesis are not modified by co-administration of 12 pesticides in mixture at acceptable daily intake[END_REF]. These data enlighten difficulties to observe clear evidences for toxicity of chronic low dose exposures to pesticide mixtures through phenotypical changes in vivo. Another of our investigations, examining the role of nuclear receptor (NC) activation in human and rat hepatocytes exposed to Pregnane X Receptor (PXR) activators, suggested that PXR may protect the liver against chemicals by simultaneously regulating detoxification and the apoptotic pathway [START_REF] Zucchini | Regulation of Bcl-2 and Bcl-xL anti-apoptotic protein expression by nuclear receptor PXR in primary cultures of human and rat hepatocytes[END_REF]. The present work evaluates in vitro perturbations at the mRNA and protein levels of several stress and toxicity related cellular pathways in various hepatic cells ranging from animal and human hepatocytes to human hepatocarcinoma-derived cell models, following exposure to low doses of single molecules or equimolecular combinations of atrazine, chlorpyrifos and endosulfan.

The slight modifications induced by pesticides in liver cell metabolic and/or defence capacities revealed in this study may help to better understand mechanisms by which multiple environmental contaminants exposure could interfere with cellular pathways which could be of importance in health or drug efficiency status in humans.

Material and methods

Materials

Chemicals

The pesticides, Atrazine, Chlorpyriphos, and Endosulfan, were purchased above 98% purity from Sigma-Aldrich (Saint Quentin Fallavier, France). DMSO was from Sigma-Aldrich. All other chemicals and reagents used were of analytical grade.

Antibodies (Abs)

Mouse monoclonal antibody (Ab) to Bcl-2 (clone Ab-1) was from Oncogene (Boston, USA); Rabbit polyclonal Ab to Bcl-xL was from Transduction Laboratories (Lexington, KY, USA); Rabbit polyclonal Abs to human were from Oxford Biomedical Research (Oxford, MI, USA); Rabbit polyclonal Ab to Bax and rabbit monoclonal Ab (clone 46 D11) were from Cell Signaling (Beverly, MA, USA). Blots were reprobed with rabbit monoclonal Ab to Gapdh (clone 14C10) from Cell Signaling.

Cell culture and treatments

Various hepatic cells were used in our experiments: the HepaRG™ immortalized human hepatic cell line and primary cultured human and mouse hepatocytes.

HepaRG cells were grown and maintained as already described [START_REF] Gripon | Infection of a human hepatoma cell line by hepatitis B virus[END_REF][START_REF] Aninat | Expression of cytochromes P450, conjugating enzymes and nuclear receptors in human hepatoma HepaRG cells[END_REF]. Briefly, the William's E medium with L-glutamine (Invitrogen, Life Technologies SAS, Saint Aubin, France), supplemented by 10% fetal calf serum (PAA, Les Mureaux, France), 0.1 U/ml insulin (Lilly Pharma, Giessen, Germany), 5 lM hydrocortisone hemisuccinate (Sigma-Aldrich) and 1% penicillin/streptomycin (Invitrogen,) was used to cultivate the cells, which were seeded at low density and grown for 2 weeks. After this period, the growth medium was supplemented by 1-2% DMSO (Sigma-Aldrich) and cells were left in culture for another 2 weeks, until reaching differentiation. The growth medium was renewed every 2 or 3 days. Differentiated HepaRG cells were exposed to xenobiotics for 24 h at which point their RNA was extracted.

Male and female C57/black6 mice were obtained from IFFA Credo, France. All animals received humane care in compliance with institutional guidelines. All experiments on human tissue were in accordance with ethical standards of the responsible committee on human experimentation and with the Helsinki Declaration. Hepatocytes from human and mouse liver were isolated and cultivated as previously described [START_REF] De Sousa | Freshly isolated or cryopreserved human hepatocytes in primary culture: influence of drug metabolism on hepatotoxicity[END_REF]. Briefly, after isolation, cell viability was determined as at least 80% by the Erythrosine B exclusion test. Hepatocytes were seeded onto type-1collagen-coated dishes and cultured in medium I (William's E medium, 10% FBS, 50 UI/ml penicillin, 50 Ag/ml streptomycin and 0.1 UI/ml insulin) for 24 h. Then, medium I was replaced by a similar one deprived of serum and supplemented with hydrocortisone hemisuccinate (1 lM) and bovine serum albumin (240 lg/ml).

Cells were treated through the culture medium 24 h post-plating with 0.1, 1 and 10 lM of each pesticide or their mixture prepared in DMSO, giving a final concentration of 0.05% of this vehicle. The chosen doses were adapted to cell culture on the basis of ADI established for humans as follows: Values expressed in mg/kg of body weight/day were converted to lg/ml of cell culture medium by assimilation to plasma concentration after complete transfer of the corresponding amount of pesticide in vivo (it was considered an individual of 60 kg with 5 L of blood). Controls received similar amounts of DMSO alone. ADI for atrazine, chlorpyrifos and endosulfan are 0.006, 0.01 and 0.006 mg/kg of BW/day, respectively (according to EPA).

Gene expression profiling using cell stress and toxicity qPCR-based maccroarrays

The modulation of 84 genes, targeting pathways of cell stress and toxicity in mice (namely, oxidative or metabolic stress, heat shock, proliferation and carcinogenesis, growth arrest and senescence, inflammation, necrosis, apoptosis and DNA damage and repair), was studied using arrays based on quantitative RT-PCR (qPCR)-analysis (RT 2 Profiler™; SA Biosciences, a QIAGEN Company, Courtaboeuf, France), performed according to the manufacturer's protocol. The array used in this study (catalogue Refs. PAMM-003D) consisted of a 96-well plate containing primers optimized for amplification of the targeted genes, plus five housekeeping genes and seven internal controls, including evaluation of reverse transcription, qPCR and gDNA removal efficiencies. Hepatocytes were prepared as described above from three male and three female mice and treated for 24 h with 1 or 10 lM of either each pesticide, or the mixture, or DMSO for controls. Total RNA extraction was performed on each sample using the RNeasy Plus mini Ò kit from QIAGEN which includes a gDNA removal step.

RNA concentration was estimated using a NanoDrop (Thermo Scientific, Wilmington, DE, USA), while RNA integrity and quality were controlled by both the spectrophotometric 260/280 ratio (higher than 2.0) and the 28S/18S ratio (close to 1.8) using an Agilent 2100 Bioanalyzer. 1 lg of total RNA from each individual was converted into cDNA using the RT 2 First Strand Kit from SA Biosciences/QIAGEN. RT 2 Real-Time SYBR Green/ROX PCR Master Mix, specifically designed for the ABI Prism 7000 thermocycler used, was added to the cDNA and an equal volume of 25 ll was distributed to each of the 96 wells of the array. Amplification was conducted with an initial 10-min hot start step at 95 °C followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. A dissociation curve was run after 40 cycles to verify single product formation. Experiments were performed in triplicate for each treatment. Data were imported into an MS-Excel sheet with macros provided by the manufacturer. For each PCR reaction, normalized average C t values, a paired t test p-value and a fold change were calculated. Analysis of relative gene expression data was performed using the 2ÀDDCt method [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method[END_REF] after normalization of the raw data to five housekeeping genes included in the PCR-array (namely, glucuronidase b, hypoxanthine guanine phosphoribosyl transferase 1, HSP90ab1, Gapdh and Actin b). Any gene with a C t value of 35 or more was considered absent. Statistical analysis was performed on the data from three independent experiments using a Student's t-test provided by the manufacturer in the macros. Genes differentially expressed were retained when the Pvalue was 6 0.05 (noted ⁄ ) and |fold change| P 1.5 following the different treatments.

Quantitative RT-PCR analysis

Independently from macroarrays, expression of several genes was determined or controlled through individual RT-PCR analyzes. Thus real-time PCR analyzes were performed to compare RNA expression of Cyp3A4, Bcl2, Hsp70 and Hsp90 on cells treated with similar and higher concentrations of pesticides. RNA isolation and cDNA synthesis were performed as described before [START_REF] Zucchini-Pascal | Lindane and cell death: at the crossroads between apoptosis, necrosis and autophagy[END_REF] from at least three independent cultures. Real-time PCR analysis was performed using LightCycler Ò 480 Probes Master (Roche) as specified by the manufacturer, together with the FAMlabeled hydrolysis probes from the Universal ProbeLibrary Set, Human (Roche). Intron spanning primers were designed using the Universal ProbeLibrary Assay design center (http://www.universalprobelibrary.com). Calculations were performed using Gapdh as the endogenous control reference gene and, in the case of samples obtained from HepaRG cells, TBP. Fold difference in gene expression was calculated using the LightCycler software, taking into account the efficiency of the standard curve obtained with the second derivative maximum method.

Western blot analysis

Primary cultures of human and mouse hepatocytes were treated for 48 h with increased concentrations of atrazine, endosulfan, chlorpyrifos and the mix ACE (0.1, 1 and 10 lM). Hepatocytes were lysed in a hypotonic buffer (25 mM HEPES, pH 7.5, 5 mM MgCl 2 , 5 mM EDTA, 5 mM DTT, 2 mM PMSF,10 lg/ml leupeptin, 10 lg/ ml pepstatin A) supplemented with 0.1% SDS. Total protein concentration was determined using a bicinchoninic acid (BCA) protein assay kit (Pierce) from a bovine serum albumin (BSA) standard curve. Protein electrophoresis was performed in either 10% or 12% SDS-polyacrylamide gels with 50 lg protein loaded to each line. The proteins were then transferred onto a PVDF membrane (Amersham Life Science, Buckinghamshire, UK). After blocking with 5% non-fat skimmed milk in TBS-T (10 mM Tris/HCl, pH 7.5, 140 mM NaCl, 0.1% Tween 20) for 1 h at 37 °C, membranes were Author's personal copy washed and incubated with the primary antibody in TBS-T containing 3% BSA. After washing, membranes were incubated with horseradish peroxidase-conjugated secondary antibody (anti-mouse immunoglobulin G or anti-rabbit immunoglobulin G, Promega, Madison, WI, USA). The signals were detected using Immobilon Western Detection Reagents (Millipore, Molsheim, France) and acquired using a CCD camera (ChemiGenius2, SynGene). Then, semi-quantification was performed using the GeneTools analysis software.

Statistical analysis

Data are expressed as means ± standard deviation (S.D.) and determined from at least 3 independent experiments (cultures).

For qRT-PCR analysis and Western blot quantification, statistical significance of differences between various samples was determined using a Student's t-test. The levels of probability are noted ( ⁄ P < 0.05 or ⁄⁄ P < 0.01).

Results

Effects of pesticides on the modulation of genes involved in stress and toxicity pathways

The modulation of 84 genes involved in cell stress and toxicity pathways was studied on primary cultures of male and female mice hepatocytes (Figs. 1 and2) and human HepG2 and HepaRG B) Genes modulated by the different treatments in the oxidative and metabolic stress pathway selected among the array outcomes. Data were obtained from three independent biological replicates. Cts obtained from qPCRs (average was calculated and SD never exceeded 3%) were normalized against selected most stable housekeeping genes (five were available). Each treated samples was compared to corresponding control. Statistical analysis of gene expression was performed as mentioned in the methods, using a specific EXCEL macro furnished by the manufacturer. Briefly, a Student's t-test was performed and only modulations with P-values 60.05 ( ⁄ ) were considered. Reliability of the data was also supported by several internal quality controls including the qPCR array reproducibility, control of reverse transcription quality and evaluation of possible genomic DNA contaminations. All the controls were passed successfully for the presented analyzes.

Author's personal copy hepatocarcinoma cell line after exposure to either each pesticide separately (atrazine: A, chlorpyrifos: C, endosulfan E) or their equimolar mixture (ACE).

Fig. 1 shows data obtained from female mice hepatocytes exposed to 1 lM pesticides as compared to controls treated with DMSO. In these cells, exposure to A, C or E separately induces 12 significant gene up-or down regulations, most of them being pesticide-specific, and only one being common to A and E treatments (Fig. 1A). Exposure to ACE does not clearly reveal synergic, additive or antagonistic effects (Fig. 1B).

Main modulated genes which are over expressed (exceeding a twofold change threshold) belong to the oxidative and metabolic stress pathway. Indeed, both E and ACE induce a similar over expression of Cyp2c29, Cyp3a11 and Gstm3 of about 13, 5 and 9fold, respectively (Fig. 1A), showing a predominance of E impact on female mouse hepatocytes. An additional over expression (twofold change) of Chek2, a key gene involved in DNA damage and repair, is found under A exposure. When the threshold was reduced to 1.5-fold-change, additional genes belonging to the same or other pathways appear significantly over expressed by A (Cyp7a1 from the metabolic pathway), C (Ccl4 involved in inflammation, Atm in cell growth and DNA damage, and Tnfsf10 in apoptosis signaling), E (Check 2 involved in DNA damage), and ACE (Gstm1, Sod1 and Sod2 from the metabolic pathway and Gadd45 involved in growth arrest). One gene, Fmo1, involved in metabolic stress, is found about two fold down regulated after E exposure. The other genes remain globally unchanged after the different treatments.

Sex-related differences have been pointed out in our animal model. Investigating ACE exposure (1 and 10 lM) on male and female mice, we observe modulations common to male and female mice in term of pathways (specificity for the stress and metabolism pathway). Main genes which are found over expressed (Cyp2c29, Cyp3a11 and Gstm3) are similarly modulated in males and females (Fig. 2). On the contrary, Cyp2b9 and Caspase1 gene expressions are found specifically down-modulated in males, while about stable in females. It should be noticed that increasing pesticides dose to 10 lM leads to emphasize the modulations observed at 1 lM for the main genes cited above, except for Cyp3a11 which remains unchanged (Fig. 2).

Effects of pesticides treatments on CYPs enzymes expression

Based upon our transcriptional studies, we investigated to confirm the effects of pesticides and their mixture on the detoxification process. Therefore, exposure to the three pesticides alone or in mixture was tested by Western blot at concentrations of 0.1, 1 and 10 lM on human and mouse hepatocytes and HepaRG cells.

In mouse hepatocytes, endosulfan is found able to induce CYP3A11 in a dose-dependent manner. Similar effects are found in cells treated with the mixture (Fig. 3). Chlorpyrifos strongly induces CYP2B6 

Gene name

Fig. 2. Sex differences in modulation of stress and toxicity pathways-related genes in mice hepatocytes exposed to the combination of three pesticides (ACE). The treatment is introduced in the culture medium. Two concentrations of the mixture were tested: 1 and 10 lM. The graph presents the main genes modulated by the treatments after analysis (as described in the legend of Fig. 1). ⁄ P-value 60.05 on at least three replicates. and CYP1A1/2 but only at the higher dose (10 lM). As found with endosulfan, the modulation pattern of CYP2B6 by chlorpyrifos is found similar with the mixture. This was not the case for CYP1A1/2 whose effect strongly diminishes when chlorpyrifos is combined with the other pesticides. Atrazine has no effect on any of the CYPs tested in our conditions. HepaRG cells have, by now, become well established in toxicology, as one of the best models of human hepatic cells in toxicological evaluation of xenobiotics in terms of enzyme expression [START_REF] Gripon | Infection of a human hepatoma cell line by hepatitis B virus[END_REF][START_REF] Aninat | Expression of cytochromes P450, conjugating enzymes and nuclear receptors in human hepatoma HepaRG cells[END_REF]. Utilizing quantitative PCR, we evaluated the modulation of CYP3A4 gene expression, following the treatment of differentiated cells with three different final concentrations (0.1, 1 and 10 lM) of individual pesticides and the ternary mixture. CYP3A4 was found to be up regulated 9and 10-fold in the case of treatment with E and ACE (Fig. 4 A), respectively.

Modulations observed on mouse hepatocytes were different on human cells where only CYP3A is induced by chlorpyrifos and the mixture in a dose dependent manner. Indeed, human hepatocytes seem to be more sensitive to chlorpyrifos than to endosulfan (Fig. 4B andC). No effect is observed with atrazine treatment in either human or murine hepatocytes (not shown).

Effects of pesticides treatments on the apoptotic process

In previous studies we have demonstrated that PXR activation leaded to induced and spontaneous apoptosis inhibition [START_REF] Zucchini | Regulation of Bcl-2 and Bcl-xL anti-apoptotic protein expression by nuclear receptor PXR in primary cultures of human and rat hepatocytes[END_REF]. Indeed, this nuclear regulates Bcl-2 and Bcl-xL, two anti-apoptotic members of the Bcl-2 gene family. Accordingly, we sought to evaluate whether A, C, E and the mixture ACE affected spontaneous apoptosis in mouse hepatocytes (Fig. 5). As shown in Fig. 5, A, C, E and ACE increase the protein level of Bcl-xL in a concentration-dependent manner. This increase is accompanied by a down-regulation of the pro-apoptotic protein family member Bax (Fig. 5A). Pro-and anti-apoptotic members of the Bcl-2 family act predominantly by counteracting each other through heterodimerization, establishing the protein ratio between these two subsets such as a rheostat for the suicide program. A, C, E, and ACE increase the Bcl-xL/Bax ratio at protein level in a concentration-dependent manner (Fig. 5B), attesting the anti-apoptotic potential of these compounds. Although no significant effects were observed on apoptosis-linked caspase activities (data not shown), C, E and ACE inhibited the cleavage of the poly (ADP-ribose) polymerase (PARP) protein (Fig. 5C andD). This enzyme of 116 kDa (involved in DNA damage and repair) is a substrate of caspase-3 that cleaves it to generate a fragment of 89 kDa. Hence, we observe a slight but significant increase of the full length/cleaved protein ratio when mouse hepatocytes were cultivated in the presence of C, E and ACE. These results confirm the anti-apoptotic tendency of these xenobiotics. It is interesting to note that the effect of the mixture ACE is strictly the same that of the most potent pesticide.

Discussion

In toxicological evaluation of xenobiotics, phenotypical modifications associated with medium-and even long-term exposure to low or very low doses of pesticides are rarely observed in experimental models in vivo. Moreover, the sole cell survival, which is a commonly used parameter in toxicology, often becomes a hardly significant marker of possible effects. Chronic or variable types of exposures are additional time-dependant factors which render evaluations even more complicated. Multiple targets (DNA, proteins, or signaling and metabolic pathways) may be affected, up-or down-modulating the severity of the effects (additivity, antagonism, reversibility, cell adaptability). Thus, wishing to increase the knowledge on the topic, it becomes absolutely necessary to analyze cellular reactions at molecular level. Consequently, studying the activation of key nuclear receptors such as PXR and CAR or the modulation of main actors of cell stress and toxicity pathways constitute an essential step in trying to understand and anticipate the impact of pesticides on cellular homeostasis and metabolism, especially in a key organ such as the liver.

Our data first show that, well below the NOAEL established in vivo, pesticides can induce significant gene modulations in primary cultures of male and female mice hepatocytes. The three compounds tested mainly affected metabolic enzymes (i.e., two CYPs and a glutathione S-transferase). CYPs are key proteins of the cell detoxification process and represent approximately 2-4% of total protein in human liver. The most abundant isotype in this organ is CYP3A (29%) followed by CYP2C (18%), CYP1A2 (13%), CYP2B6 (1-10% due to notable inter-individual variability) and CYP2E1 (7%). It is to be noted that the slightly represented CYP2D6 (<2%), accounts for the metabolism of almost 30% of all drugs [START_REF] Mizutani | Autoantibodies against CYP2D6 and other drug-metabolizing enzymes in autoimmune hepatitis type 2[END_REF][START_REF] Stresser | Monospecific antipeptide antibody to cytochrome P-450 2B6[END_REF].

Interestingly, we found the major CYP3A gene family to be clearly over expressed by low doses of endosulfan in mouse and human cells. CYP3A, which has been estimated to be responsible for metabolization of about 50% of drugs metabolized by CYPs in humans [START_REF] Bertz | Use of in vitro and in vivo data to estimate the likelihood of metabolic pharmacokinetic interactions[END_REF], is prototypical among a battery of genes activated by PXR [START_REF] Urquhart | Nuclear receptors and the regulation of drug-metabolizing enzymes and drug transporters: implications for interindividual variability in response to drugs[END_REF]. CYP3A modulations observed in the present work are in accordance with those recently described in a study demonstrating PXR activation by endosulfan both in human cells in vitro and in mice in vivo [START_REF] Casabar | Endosulfan induces CYP2B6 and CYP3A4 by activating the pregnane X receptor[END_REF].

Increasing evidence made clear that CAR and PXR show broad and often overlapping functions [START_REF] Moore | Orphan nuclear receptors constitutive androstane receptor and pregnane X receptor share xenobiotic and steroid ligands[END_REF][START_REF] Williams | Induction of cytochrome p450 enzymes[END_REF]. Indeed, species-dependent assymmetrical regulation of CYP3A and CYP2B gene by PXR and CAR has been described by some authors, involving cross-talk between the two nuclear receptors [START_REF] Moore | Orphan nuclear receptors constitutive androstane receptor and pregnane X receptor share xenobiotic and steroid ligands[END_REF][START_REF] Faucette | Differential regulation of hepatic CYP2B6 and CYP3A4 genes by constitutive androstane receptor but not pregnane X receptor[END_REF]. Recent studies describing induction of Cyp3a11 and Gstm3 under treatment by the potent PXR activator pregnenolone-16a-carbonitrile (PCN) in mice [START_REF] Cui | ChIPing the cistrome of PXR in mouse liver[END_REF], or showing CYP3A to be inhibited in CAR-null mice [START_REF] Mota | Constitutive androgen receptor-null mice are sensitive to the toxic effects of parathion: association with reduced cytochrome p450-mediated parathion metabolism[END_REF][START_REF] Braeuning | Inducibility of drugmetabolizing enzymes by xenobiotics in mice with liver-specific knockout of Ctnnb1[END_REF], clearly support our data. Thus, it is conceivable that the activation of these genes by endosulfan observed in our study follows a regulatory mechanism involving both PXR and CAR. Unlike other PXR/CAR activators such as rifampicine, chlotrimazole or phenobarbital [START_REF] Moore | Orphan nuclear receptors constitutive androstane receptor and pregnane X receptor share xenobiotic and steroid ligands[END_REF], endosulfan seems to modulate CYP3A both in mouse and human cells, thus suggesting an involvement of similar mechanism in the two species.

Estrogen-like endocrine disruption effect of endosulfan has previously described by our team [START_REF] Lemaire | Activation of alpha-and beta-estrogen receptors by persistent pesticides in reporter cell lines[END_REF]. Besides their induction by the pregnenolone derivative PCN [START_REF] Cui | ChIPing the cistrome of PXR in mouse liver[END_REF], Cyp3a11, Cyp2c29 and Gstm3 were also shown to be over expressed under nonylphenol (an environmental estrogen) exposure in a CAR-dependent manner [START_REF] Hernandez | Sexually dimorphic regulation and induction of P450s by the constitutive androstane receptor (CAR)[END_REF]. Hence, such similarities between these data and our present findings suggest involvement of the PXR/CAR-dependent machinery in this endosulfan toxic effect.

As similar estrogenic properties have been mentioned for chlorpyrifos in a screening study on human MCF-7 cells exposed to various pesticides [START_REF] Andersen | Effects of currently used pesticides in assays for estrogenicity, androgenicity, and aromatase activity in vitro[END_REF], it could be assumed that overlapping activation of several pathways by endosulfan and chlorpyrifos explain the differential expression of CYP1A and CYP3A4 that we observe in human hepatic cells exposed to C alone or mixed in ACE. Again, some lack of correspondence between respective modulation of gene and protein expressions (i.e., CYP2B6 and Bcl2) observed in western blot analyzes may be Author's personal copy related to the complexity of regulatory mechanisms involved as suggested by some authors [START_REF] Gry | Correlations between RNA and protein expression profiles in 23 human cell lines[END_REF].

We observe other gene modulations under exposure to the three pesticides indicating interference with the DNA damage and repair pathway. One of them, the Atm gene involved in the pro-apoptotic process, displays a protein kinase activity and controls the rate of cells growth. It was described to interact with other proteins such as BRCA1 to respond to DNA-damage [START_REF] Cortez | Requirement of ATM-dependent phosphorylation of brca1 in the DNA damage response to double-strand breaks[END_REF]. In our experiments, other genes like Gadd45a and Tnfsf10 (TRAIL) are also found modified by treatments at low doses, revealing occurrence of a control/retro control on and around this pathway. Moreover, C, E and ACE show to inhibit the cleavage of the PARP protein involved in DNA damage and repair. Due to similarity among mouse and human data mentioned above, we sought possible involvement of the three pesticides in an apoptotic process. Indeed, in a previous study we found that PXR promoted cell survival through Bcl-2 or Bcl-xL regulation and proposed a model where PXR coordinately regulates phase I, II, III and anti-apoptotic proteins, so as to protect hepatocytes from the harmful effects of endo-and xenobiotics [START_REF] Zucchini | Regulation of Bcl-2 and Bcl-xL anti-apoptotic protein expression by nuclear receptor PXR in primary cultures of human and rat hepatocytes[END_REF]. Based upon these results and the literature, we suggested that PXR serves as a physiological sensor that coordinately regulates gene expression in the liver to promote its survival. The present study seems to confirm this hypothesis and reveal possible involvement of complex cross-regulating processes.

In conclusion, our data show a good correlation between mouse and human hepatocytes in primary cultures regarding deregulation of genes encoding metabolic and detoxification pathways enzymes. They globally confirm the occurrence of molecular changes in expression and regulation pathways under low doses of residual contaminants, and reveal the anti-apoptotic tendency of the three pesticides tested with a predominance of the effects for chlorpyrifos and endosulfan. It is interesting to note that the effect of the mixture ACE mimicked that of the most potent pesticide. Even though only slight perturbations are observed, our study shows that early disturbance of DNA damage and apoptosis pathways are effective at low and mixed doses of residual pesticides. Such disturbances in a context of chronic exposure may possibly favor occurrence of pathologies in humans. Further development of long term in vivo studies is needed to assess such hypothesis.

On a regulatory point of view, such studies, when enriched with investigations on the patterns of exposure and the underlying variability within the human population, help in better understanding the links between metabolic perturbations and animal toxicology data, thus improving the evaluation of the risks to human health posed by exposures to mixtures of residual pesticides and other environmental contaminants.

Fig. 1 .

 1 Fig.1. Stress and toxicity pathways-related genes expression profile in female mice hepatocytes exposed to 3 pesticides and their mixture. Pesticides tested are A, atrazine; C, chlorpyrifos; E, endosulfan and ACE mixture of A + C + E. Cells were exposed to 1 lM of A, C, E or ACE introduced in the culture medium. 84 gene expression levels were evaluated using the RT2 Profiler™ real time quantitative PCR (qPCR)-based array in three independent cultures of female mice hepatocytes. (A) Relative expression of genes significantly modulated by each pesticide separately. Left panel shows Venn representation of genes significantly modulated by the single pesticide treatments. Right panel shows fold changes in corresponding genes modulation. (B) Genes modulated by the different treatments in the oxidative and metabolic stress pathway selected among the array outcomes. Data were obtained from three independent biological replicates. Cts obtained from qPCRs (average was calculated and SD never exceeded 3%) were normalized against selected most stable housekeeping genes (five were available). Each treated samples was compared to corresponding control. Statistical analysis of gene expression was performed as mentioned in the methods, using a specific EXCEL macro furnished by the manufacturer. Briefly, a Student's t-test was performed and only modulations with P-values 60.05 ( ⁄ ) were considered. Reliability of the data was also supported by several internal quality controls including the qPCR array reproducibility, control of reverse transcription quality and evaluation of possible genomic DNA contaminations. All the controls were passed successfully for the presented analyzes.
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 34 Fig. 3. Effects of pesticides and their mixture on the CYP expression level in mouse hepatocytes. Primary cultured mouse hepatocytes were treated with increased concentrations (0.1, 1 and 10 lM) of A, C, E and the mix ACE for 48 h. Then, cells were lysed and CYP3A11, CYP2B6, CYP1A1/2 and Gapdh protein levels were analysed by Western blot as described in experimental procedures (results representative of three experiments).

Fig. 5 .

 5 Fig. 5. Effects of pesticides and their mixture on the apoptotic regulation process. Primary cultured mouse hepatocytes were treated with increased amounts of pesticides A, C, E and the mix ACE for 48 h (0.1, 1 and 10 lM concentrations are represented by letter indexes 1, 2 and 3 on the graph, respectively). Bcl-xL, Bax, PARP (full-length and cleaved fragments) and Gapdh protein levels were analysed by Western blot (A and C) on cell lysates as described in experimental procedures (results representative of three independent experiments). The semi-quantification of chemiluminescence was performed after the acquisition with a CCD camera. The Bcl-xL/Bax ratio (B) and the PARP full length/cleaved ratio (D) were calculated from band densitometry measured on three independent experiments (means ± S.D.) after normalization by DMSO-control cells value and Gapdh.
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