Marion Guibourdenche 
  
Hiba El 
  
Khayat El Sabbouri 
  
Fidéline Bonnet 
  
Narimane Djekkoun 
  
Hafida Khorsi-Cauet 
  
Aurélie Corona 
  
Jean Guibourdenche 
  
Véronique Bach 
  
Pauline M Anton 
  
Jérôme Gay-Quéheillard 
  
Dr Jérôme Gay 
  
  
Perinatal exposure to chlorpyrifos and/or a high-fat diet is associated with liver damage in male rat offspring
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Introduction

The prevalence of obesity or overweight in children is a serious, growing public health concern and is associated with greater morbidity and mortality in early adulthood. There is a genetic predisposition to obesity/overweight: parental obesity doubles the risk of adult obesity in children under the age of 10 [START_REF] Whitaker | Predicting Obesity in Young Adulthood from Childhood and Parental Obesity[END_REF] and is therefore a major risk factor in this context. The biological mechanisms that underlie these effects have not yet been fully elucidated, although a growing body of evidence suggests that environmental factors during pregnancy may modulate foetal growth and development and thus predispose the offspring to metabolic diseases in later life (for a review, see [START_REF] Sarron | Early exposure to food contaminants reshapes maturation of the human brain-gut-microbiota axis[END_REF]). These environmental factors include pesticides, i.e. substances used to control organisms that are harmful for plants and animals in agriculture. Even though the use of pesticides increases yields in agriculture, it is increasing clear that these compounds have detrimental health effects -particularly during highly sensitive periods of life.

The perinatal period comprises several highly plastic developmental phases, during which sensitivity to environmental factors is at its highest. The maternal environment (including exposure to chemical agents) might therefore influence foetal growth. Most of these factors are likely to influence growth directly through changes in nutrient transfer or damage to the thyroid gland, or indirectly through foetal immunotoxicity and neurotoxicity [START_REF] Kamai | Fetal growth in environmental epidemiology: mechanisms, limitations, and a review of associations with biomarkers of non-persistent chemical exposures during pregnancy[END_REF]. Indeed, prenatal pesticide exposure is likely to contribute to the occurrence of obesity and type 2 diabetes later in life, exemplifying the "Developmental Origins of Health and Disease" concept. Organophosphates (OPs) are still the most widely used category of pesticides worldwide, although their known consequences on both animal and human health means that use in France and other countries is currently decreasing. The OPs' main mechanism of action is the irreversible inhibition of acetylcholinesterase activity in both insects and mammals. However, other mechanisms are probably involved in the long-term effects of foetal or neonatal OP exposure [START_REF] Slotkin | Cholinergic systems in brain development and disruption by neurotoxicants: nicotine, environmental tobacco smoke, organophosphates[END_REF]. Most human exposure is due to the oral ingestion of pesticide residues present on fruits and vegetables. Since OPs and their metabolites cross the placenta easily, a foetus can be exposed throughout pregnancy [START_REF] Fish | Organophosphorus cholinesterase inhibitors and fetal development[END_REF]. The OP chlorpyrifos-ethyl (CPF) has been widely used to protect cereal crops against pests. However, CPF's use has been questioned because a large body of evidence shows that this compound can disrupt embryonic development (Slotkin et al., 2005b) and affect the foetal nervous system [START_REF] Hunter | Gestational Exposure to Chlorpyrifos: Comparative Distribution of Trichloropyridinol in the Fetus and Dam[END_REF][START_REF] Akhtar | Transplacental disposition and teratogenic effects of chlorpyrifos in rats[END_REF] -phenomena that have repercussions in postnatal life [START_REF] Slotkin | Developmental cholinotoxicants: nicotine and chlorpyrifos[END_REF]. Early-life CPF exposure alters glucose and lipid metabolism (culminating in prediabetes) [START_REF] Slotkin | Does early-life exposure to organophosphate insecticides lead to prediabetes and obesity?[END_REF] and induces oxidative stress and lipid peroxidation. The persistence of these alterations into adulthood suggests that adverse effects can be transgenerational [START_REF] Ndonwi | Gestational Exposure to Pesticides Induces Oxidative Stress and Lipid Peroxidation in Offspring that Persist at Adult Age in an Animal Model[END_REF]. This type of exposure is a known risk factor for obesity [START_REF] Lassiter | Rats gain excess weight after developmental exposure to the organophosphorothionate pesticide, chlorpyrifos[END_REF] and is responsible for maternal and developmental toxicity [START_REF] Maurissen | Lack of selective developmental neurotoxicity in rat pups from dams treated by gavage with chlorpyrifos[END_REF]. We have reported previously that repeated, low-level, oral maternal exposure to CPF was altering foetal development resulting in long-term neurological effects on the offspring with later consequences in adulthood [START_REF] Laporte | Developmental neurotoxicity in the progeny after maternal gavage with chlorpyrifos[END_REF]. We also showed that CPF exposure during gestation and development has both short-and long-term impacts on the digestive tract [START_REF] Joly Condette | Chlorpyrifos Exposure During Perinatal Period Affects Intestinal Microbiota Associated With Delay of Maturation of Digestive Tract in Rats[END_REF]. Furthermore, we suggested that various types of pre-and post-natal exposure could impair adult metabolism and biochemical status and thus predispose the individual to metabolic syndrome. This hypothesis was developed further in a recent review; the researchers hypothesized that OP exposure is hepatotoxic, induces inflammation and oxidative stress, and leads to hyperglycaemia and other impairments in glucose metabolism (including increased glycogenolysis and gluconeogenesis) thus directly associating OPs with obesity and diabetes [START_REF] Czajka | Organophosphorus pesticides can influence the development of obesity and type 2 diabetes with concomitant metabolic changes[END_REF]. In particular, CPF exposure was shown to impair lipid metabolism and induce histopathological changes in the liver [START_REF] Elsharkawy | Sub-chronic exposure to chlorpyrifos induces hematological, metabolic disorders and oxidative stress in rat: Attenuation by glutathione[END_REF]. Furthermore, the mother's diet and body composition before pregnancy have a great influence on her child's future health [START_REF] Barker | The developmental origins of adult disease[END_REF]. A study of 97 overweight or obese pregnant women found the latter's children developed fatty liver in young adulthood [START_REF] Cantoral | Overweight and obesity status from the prenatal period to adolescence and its association with Non-alcoholic fatty liver disease in young adults: cohort study[END_REF]. This effect has also been observed in the laboratory, since long-term maternal consumption of a high-fat diet (HFD), mimicking dietary habits in Western societies [START_REF] Srinivasan | Maternal high-fat diet consumption results in fetal malprogramming predisposing to the onset of metabolic syndrome-like phenotype in adulthood[END_REF]) starting before pregnancy and lasting until weaning was associated with metabolic syndrome phenotypes in the rat offspring [START_REF] Tellechea | The Association between High Fat Diet around Gestation and Metabolic Syndrome-related Phenotypes in Rats: A Systematic Review and Meta-Analysis[END_REF]. Taken as a whole, these data suggest that maternal obesity and pesticide exposure are (among others) risk factors for impaired postnatal metabolism and the occurrence of obesity or type 2 diabetes in the offspring. Furthermore, neonatal parathion exposure of rats on an HFD favoured the incidence of obesity independently of dietary factors [START_REF] Adigun | Neonatal parathion exposure and interactions with a high-fat diet in adulthood: Adenylyl cyclase-mediated cell signaling in heart, liver and cerebellum[END_REF]. Lastly, it has been reported that an obese phenotype can exacerbate the toxicity of CPF exposure in mice [START_REF] Kondakala | Effects of acute exposure to chlorpyrifos on cholinergic and non-cholinergic targets in normal and highfat fed male C57BL/6J mice[END_REF]. Hence, the primary objective of the present study was to determine whether, in rats, exposure of dams to CPF and an HF diet, from 4 months before gestation to weaning, increased the occurrence of obesity, metabolic disorders and liver damage among their male offspring.

Methods

Animal Housing

We studied 51 male offspring of 16 female Wistar rats (Janvier laboratory -Saint Berthevin, France. All animals were pair-housed in stainless-steel, enriched cages (with a roller, a sizzle pad, and hardwood chip bedding) at a controlled temperature (23±1°C), at constant relative humidity (26%) with a 12-hour/12-hour dark/artificial light cycle [START_REF] El | Does the perigestational exposure to chlorpyrifos and/or high-fat diet affect respiratory parameters and diaphragmatic muscle contractility in young rats?[END_REF].

The animals' welfare was monitored daily. All experimental protocols had been audited by the local animal care and use committee (C2EA#96, Amiens, France) and approved by the French Ministry of Research (reference: APAFIS # 8207-

v2). All animal experiments complied with the European Union

Directive 2010/63/EU.

Animal Experiments

The male offspring of dams exposed to the different environmental conditions were monitored from birth until early adulthood, i.e. postnatal day (PND) 60. The offspring were not exposed to chemical treatments or non-standard environmental factors and had ad libitum access to a standard chow diet (SCD, Serlab 3436 maintenance chow, Serlab, Montataire, France) and water (Figure 1) throughout the study. After one week of acclimation, the 16 dams (mean ± standard error of the mean body weight: 225 ± 17 g at 8 weeks of age) were assigned at random to the two diet is not necessarily required for effects on the phenotype (weight gain), metabolism (glucose tolerance, levels of high-density lipoprotein (HDL), triglycerides (TGs), plasma cytokines and adipocytokines) and behavioural outcomes [START_REF] Almeida-Suhett | Control diet in a high-fat diet study in mice: Regular chow and purified low-fat diet have similar effects on phenotypic, metabolic, and behavioral outcomes[END_REF]. Furthermore, we studied the HFD's transgenerational influence on the offspring (all of which received a SC diet), rather than on the exposed dams. Further details of the diets are given in Table 1. 10), L-cystine (3.5), choline chloride (2.5), dye (blue)(0.3), butylated hydroxytoluene (0.1), corn starch (0). Fatty acid composition of the HFD: lauric acid (0.07%), myristic acid (0.44%), palmitic acid (7.93%), stearic acid (4.37%), arachidic acid (0.11%), linolenic acid (0.49%), linoleic acid (4.64%), palmitoleic acid (0.94%), and oleic acid (13.97%) b. Contains: wheat middling, wheat, barley, soybean meal (non-GMO), corn (non-GMO), poultry meal, wheat starch, whey powder, soybean oil (2.13%), sunflower vs. SC diet) were continued until the end of the lactation period. PND1 was defined as the day of parturition. On average, a litter comprised 10 ± 5 pups, with 4 ± 3 males. There were no intergroup differences in the litter size. Male pups accounted for 54% of the offspring. Each pup was tattooed on the leg with a special veterinary ink (Centravet, Nancy, France) for individual identification. The pups were counted, sexed and weighed at PND3. To limit potential maternal separation stress in early life, the pups were not weighed at PND1. At weaning (PND21), the pups were separated from their mothers and were fed tap water and standard chow (Serlab 3436) ad libitum (Figure 1). In order to avoid potentially confounding factors (such as menstrual cycles and the impact of hormones on physiological functions), only male pups were studied further (Figure 1) in the following four groups: (i) the ctrl-SCD group (maternal exposure to SCD and vehicle, n=16); (ii) the CPF-SCD group (maternal exposure to SCD and CPF, n=20), (iii) the ctrl-HFD group (maternal exposure to an HFD and vehicle, n=10), and (iv) the CPF-HFD group: maternal exposure to both CPF and HFD (n=5).

Due to poor fertility, the number of male pups was lower in the co-exposure group (CPF-HF) than in the other groups. Pups were weighed every 3 days until PND54

(early adulthood). Animals were fasted on the night before sacrifice. Total RNA was isolated from liver samples using the FastGene Basic ® RNA kit (NIPPON Genetics Europe, Dueren, Germany). The total RNA concentration was measured spectrophotometrically using a Nanodrop 1000 spectrophotometer (Life Technologies). cDNA was generated by reverse transcription of 1 µg mRNA with the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Life Technologies), as described previously [START_REF] Joly Condette | Chlorpyrifos Exposure During Perinatal Period Affects Intestinal Microbiota Associated With Delay of Maturation of Digestive Tract in Rats[END_REF]. The expression of genes coding for proteins involved in lipid and carbohydrate metabolism was measured using RT-PCRs (Table 2). Primers and SYBR™ Green Master Mix were purchased from Life Technologies.

PCRs were run on a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Reactions were performed in duplicate.

Four housekeeping genes (Gapdh, Hprt1, Ubc, and Actb) were tested under the same conditions. Expression stability was determined using RefFinder [START_REF] Xie | miRDeepFinder: a miRNA analysis tool for deep sequencing of plant small RNAs[END_REF] BestKeeper [START_REF] Pfaffl | Determination of stable housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper -Excel-based tool using pair-wise correlations[END_REF], Normfinder [START_REF] Andersen | Normalization of Real-Time Quantitative Reverse Transcription-PCR Data: A Model-Based Variance Estimation Approach to Identify Genes Suited for Normalization, Applied to Bladder and Colon Cancer Data Sets[END_REF] and Genorm [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF] programs with the help of the delta-Ct method [START_REF] Silver | Selection of housekeeping genes for gene expression studies in human reticulocytes using real-time PCR[END_REF]. After a comparison of the results, Gapdh was selected as the best housekeeping gene (Supplementary Material 1). Levels of amplified cDNA were quantified using the 2 -ΔΔCT method (ΔΔCt =ΔCtexposed-mean ΔCtcontrol), relative to Gapdh. with the help of ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF].

Statistical analysis

Data were expressed as the mean ± standard error of the mean (SEM) and were analysed using GraphPad Prism software (version 5.04 for Windows, GraphPad Software Inc., San Diego, CA, USA www.graphpad.com). Groups were compared using a non-parametric Kruskal-Wallis test; if the intergroup difference was statistically significant, Dunn's post-hoc test was then applied. The threshold for statistical significance was set to p<0.05.

For additional information, please refer to the Key Resources Table.

Results

3.1. Perinatal exposure to CPF with an SC or an HF diet is associated with alterations in the growth rate and glycaemia but not in lipemia 3.1.1. Perinatal exposure to CPF is associated with slower pup growth from birth until weaning

Male pups from mothers exposed to CPF had a significantly lower mean ± SEM body weight immediately after birth (PND3; 7.99 g ± 0.11 g in the CPF-SC group, vs. 9.04 g ± 0.32 g in the ctrl-SC group; relative decrease: 12%; p=0.0196) (Figure 2). In contrast, perinatal exposure to an HF diet was associated with a significantly greater body weight at weaning (PND21: 73.3 g ± 3.03 g in the ctrl-HF group, vs. 55.5 g ± 1.90 g in the ctrl-SC group; relative increase: 32%; p=0.0317). At the end of the study (PND54), the body weight was greater (but not significantly) in the ctrl-HF group (322.2 g ± 12.99 g) than in the ctrl-SC group (288.8 g ± 4.36 g; relative increase: 12%; p=0.1932). Furthermore, perinatal HF diet exposure was associated with a significantly greater body weight in CPF-HF rats soon after birth (PND3; 10.09 g ± 0.13 g, vs. 7.99 g ± 0.11 g in CPF-SC; relative increase: 26%; p=0.0015), at weaning (PND21; 71.27 g ± 0.99 g in CPF-HF vs. 47.20 g ± 2.60 g in CPF-SC; relative increase: 51%; p=0.0017) and at early adulthood (PND54; 313.2 g ± 7.08 g in CPF-HF vs. 285.0 g ± 3.64 g in CPF-SC; relative increase: 10%; p=0.0351) (Figure 2). The hepatic and plasma TG levels were higher (by 14% and 20%, respectively) in male offspring of dams from the CPF-SC group, relative to the ctrl-SC offspring.

However, these differences were not statistically significant. Perinatal HFD exposure was also associated with a higher hepatic TG content (by 35%, vs. the ctrl-SC offspring: p=NS). There were no significant intergroup differences in the lipid profile (Table 3).

Plasma levels of insulin-like growth factor-1 (IGF1) and leptin were significantly lower in the CPF-SC offspring than in the ctrl-SC offspring (relative decreases: 49.11%, p=0.0043, and 57.80%, p=0.0321, respectively). The insulin level and glycaemia were slightly but not significantly higher (relative increases: 20% and 23%, respectively) in the CPF-SC offspring than in the ctrl-SC offspring. Perinatal HFD exposure was associated with a slightly but not significantly higher glycaemia value (relative increase vs. ctrl-SC: 16%). However, there were no significant differences between the CPF-HF and ctrl-HF groups with regard to glycaemia or hormone levels (Table 3). 3).

Furthermore, perinatal HFD exposure was associated with significantly greater expression of Acaca (relative increase vs. ctrl-SC: 90%; p<0.0001); Fasn (relative increase: 75%; p<0.0001) and Srebf1/Srebp1c (relative increase: 37%; p=0.0340).

Exposure to both CPF and an HFD was associated with significantly lower expression of Srebf1/Srebp1c than for exposure to CPF alone (relative decrease vs.

CPF-SC: 197%; p=0.0030). However, we did not observe any significant intergroup differences in the expression of Mlxipl/Chrebp (carbohydrate response element binding protein, another major transcription factor involved in lipid synthesis) (Figure 3). The mRNA gene expression levels were quantified as the fold induction over the control group (set to 1). Data were expressed as the mean ± SEM (n=5-20), using the 2 Perinatal HFD exposure was associated with significantly greater mRNA expression of the nuclear receptor Pparg (relative increase vs. ctrl-SC: 238%; p=0.0033). In contrast, this exposure was associated significantly lower mRNA expression of Cd36

(relative decrease vs. ctrl-SC: 73%; p=0.0003), Dgat1 (relative decrease: 92%; p<0.0001) and Dgat2 (relative decrease: 76%; p=0.0002) (Figure 4). Diacylglycerol O-acyltransferase 2; Lpl; lipoprotein lipase; Pparg; peroxisome proliferator-activated receptor gamma.

Perinatal exposure to an HF diet was associated with significantly lower mRNA expression of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (Hmgcr, a major involved in lipid (cholesterol) synthesis), relative to the ctrl-SC offspring (relative decrease: 39%; p=0.0069) (Figure 5). The mRNA gene expression levels were quantified as the fold induction, relative to the control group (set to 1). Data were expressed as the mean ± SEM (n=5-20), using the 2 Lastly, perinatal HFD exposure was associated with significantly lower mRNA expression of Pck1/Pepck (coding for phosphoenolpyruvate carboxykinase; relative decrease vs ctrl-SC: 50%; p=0.0207). Perinatal exposure to both HFD and CPF was associated with significantly lower mRNA expressed of Ppara, relative to CPF exposure alone (relative decrease vs. CPF-SC: 80%; p=0.0018) (Figure 7). In all histopathological analyses, the offspring's liver tissues sections had a normal structure and composition (a central vein, and well-organized hepatocytes) (Figure 8 A). Indeed, no histopathological changes (portal area hypertrophy, dilatation of bile duct or the branch of the hepatic artery, mononuclear cell infiltration, vacuolization, etc.) were observed in liver sections in any of the groups studied. PAS staining of liver sections showed that exposure of CPF and/or HFD was not associated with steatosis or inflammation (Figure 8A): the liver's tissue architecture (e.g. percentage of steatosis) was not modified, relative to ctrl-SCD offspring (data not shown).

However, the hepatocyte surface area was significantly lower (by 17%; p=0.0145)) in the CPF-SCD offspring than in the ctrl-SCD offspring. No collagen fibres could be seen between the hepatocytes -suggesting that the amount of collagen was below the staining methods' limits of detection. Therefore, we did not observe any characteristic features of hepatic fibrosis (Figure 8 B and C). Col1a1 (coding for one of the two main collagen fibres; relative increase vs. ctrl-SC: 160%; p<0.0001) (Figure 9). Maternal exposure to an HFD was associated with significantly lower IL1b gene expression (relative decrease vs. ctrl-SC: 82%; p<0.0001) (Figure 9). The mRNA gene expression levels correspond to the fold-induction over the control group (set to 1). Data were expressed as the mean ± SEM (n=5-20), using the 2 -ΔΔCt calculation method with the Gapdh housekeeping gene. **, **** statistically significant difference (p<0.01 and p<0.0001, respectively) vs. ctrl-SC offspring. ctrl, control; CPF; chlorpyrifos; HF, high-fat diet; SC, standard chow diet; Col1a1; collagen alpha-1; IL1b; interleukin 1 beta.

The mRNA expression of Prkaa1/Ampka (coding for a sensor of the cell's energy homeostasis) was significantly lower (by 33%) in the CPF-SC offspring than in the ctrl-SC offspring (p=0.0448). Perinatal HFD exposure was associated with significantly lower mRNA expression of Prkaa1/Ampka (relative decrease vs. ctrl-SC: 69%) (Figure 10). The mRNA gene expression levels were quantified as the fold induction, relative to the control group (set to 1). Data were expressed as the mean ± SEM (n=5-20), using the 2 -ΔΔCt calculation method with the Gapdh housekeeping gene. *, **** statistically significant difference (p<0.05 and p<0.0001, respectively) vs. ctrl-SCD offspring. ctrl, control; CPF; chlorpyrifos; HF, high-fat diet; SC, standard chow diet; Prkaa1; AMPactivated protein kinase catalytic subunit alpha.

Perinatal CPF exposure is associated with an elevation of liver damage markers

The plasma levels of liver enzymes tended to be higher in the offspring of mothers treated with CPF. This difference was significant (relative increase vs. ctrl-SC: 68%; p=0.0347) for ALP -one of the most sensitive markers of liver damage (Table 4). 

Discussion

Perinatal exposure to OPs might be associated with abnormalities in body weight gain and with changes in the expression of certain genes involved in the regulation of glucose and lipid homeostasis in adulthood. Here, we studied the consequences of maternal metabolic disorders and pesticide exposure during critical windows of development on the offspring's metabolism and liver tissue architecture.

We exposed the dams to a 1 mg/kg/d dose of CPF which is the oral No Observable Adverse Effect Level in the rat for this pesticide. According to the literature, this dose can depress acetylcholinesterase activity [START_REF] Cochran | Chlorpyrifos: Hazard assessment based on a review of the effects of shortterm and long-term exposure in animals and humans[END_REF]. To ensure that all the animals were exposed to the same amount of CPF and to mimic natural exposure in humans (residues on fruits and vegetables), the animals were gavaged.

When performed by an experienced handler, gavaging does not generate stress or behavioural or metabolic changes in the dam or the offspring [START_REF] Mcdonnell-Dowling | Consequences of Oral Gavage during Gestation and Lactation on Rat Dams and the Neurodevelopment and Behavior of Their Offspring[END_REF]. In the HF diet used in the present experiments, 60% of the energy content came from fat; the literature data show that this type of diet induces metabolic alterations in the offspring in adulthood (at 7 months of age) [START_REF] Lecoutre | Depot-and sex-specific effects of maternal obesity in offspring's adipose tissue[END_REF].

We found that chronic, repeated exposure of dams to CPF was associated with developmental impairments in the male offspring, as characterized by a lower birth weight and lower plasma levels of growth factors (such as IGF1) and leptin. As leptin is produced mainly in adipose tissue, a low level of this hormone decrease might be linked to low body fat deposition or dysregulated leptin secretion in the male pups.

Furthermore, CPF exposure in the dams appeared to induce intrauterine growth restriction, since we observed a significant relative reduction in birthweight. This might be due to CPF's toxic effect on placental nutrition of the foetus, as suggested by studies of rats exposed orally to CPF during the pre-and postnatal periods [START_REF] Akhtar | Transplacental disposition and teratogenic effects of chlorpyrifos in rats[END_REF][START_REF] Joly Condette | Chlorpyrifos Exposure During Perinatal Period Affects Intestinal Microbiota Associated With Delay of Maturation of Digestive Tract in Rats[END_REF], 2014;[START_REF] Mattsson | Lack of Differential Sensitivity to Cholinesterase Inhibition in Fetuses and Neonates Compared to Dams Treated Perinatally with Chlorpyrifos[END_REF][START_REF] Maurissen | Lack of selective developmental neurotoxicity in rat pups from dams treated by gavage with chlorpyrifos[END_REF]. Moreover, the CPF exposure in our experiments continued after birth via lactation. It has been reported that CPF concentrates in the mother's milk and that pups are exposed to measurable amounts of CPF during lactation [START_REF] Mattsson | Lack of Differential Sensitivity to Cholinesterase Inhibition in Fetuses and Neonates Compared to Dams Treated Perinatally with Chlorpyrifos[END_REF]. These impairments appeared to have disappeared by adulthood (PND54), when the offspring were no longer exposed to CPF. In contrast, perinatal exposure to an HFD was associated with greater body weight at weaning and in early adulthood, although the differences vs. control animals were not statistically significant. Our results are in line with those of some other studies [START_REF] Ribaroff | Animal models of maternal high fat diet exposure and effects on metabolism in offspring: a meta-regression analysis: Maternal HFD and offspring metabolism[END_REF][START_REF] Tellechea | The Association between High Fat Diet around Gestation and Metabolic Syndrome-related Phenotypes in Rats: A Systematic Review and Meta-Analysis[END_REF]. Even though we did not observe a cumulative effect of perinatal HF diet and CPF exposures, we did find that the HF diet was associated with a significantly greater body weight from birth into young adulthood in pups exposed to CPF -as described previously by other researchers [START_REF] Cortés-Álvarez | A high-fat diet during pregnancy impairs memory acquisition and increases leptin receptor expression in the hippocampus of rat offspring[END_REF]. Indeed, the nutritional composition of breast milk is related to maternal obesity and diet during pregnancy and lactation. Ingestion of an HF diet increases the lipid concentration in the mother's milk [START_REF] Purcell | Maternal stress and high-fat diet effect on maternal behavior, milk composition, and pup ingestive behavior[END_REF] and modulates the metabolic defects associated with early-life exposure to various OPs. For example, neonatal exposure to parathion and an HF diet was associated with a greater incidence of obesity, diabetes, liver problems and metabolism perturbations in the rat [START_REF] Adigun | Neonatal parathion exposure and interactions with a high-fat diet in adulthood: Adenylyl cyclase-mediated cell signaling in heart, liver and cerebellum[END_REF][START_REF] Lassiter | Rats gain excess weight after developmental exposure to the organophosphorothionate pesticide, chlorpyrifos[END_REF]. In our experiments, maternal CPF exposure was associated with statistically higher plasma levels of insulin and glucose and a clear trend of higher TG. These results were linked to previous studies [START_REF] Slotkin | Does early-life exposure to organophosphate insecticides lead to prediabetes and obesity?[END_REF]Slotkin et al., 2005a). Unexpectedly, we found that dams in the CPF-HF group were less fertile than the other dams. A recent review reported that an HF diet impairs female reproductive function by altering the hypothalamic-pituitary-ovarian axis [START_REF] Hohos | High-Fat Diet and Female Fertility[END_REF], and a late study revealed that CPF also induces reproductive problems (changes in sperm, serum hormone levels, oxidative stress in the testis, and the activity of enzymes related to spermatogenesis) in the rat [START_REF] Li | Chlorpyrifos-induced reproductive toxicity in rats could be partly relieved under high-fat diet[END_REF], we did not observe such consequences in our model. Since all the animals in the present study were raised in the same environment, the observed difference can only be explained by the cumulative effect of the two harmful factors studied here. To clarify this point, the cumulative impacts of CPF and an HFD on reproductive functions (with a focus on putative follicular atresia in the dams' ovaries) shall be investigated further.

The low weight gain described above was correlated with alterations in lipid and glucose metabolism. Perinatal exposure to CPF or an HF diet was associated with lower expression of key genes in lipogenesis, such as Acaca (coding for an enzyme that produces malonyl-CoA for fatty acid synthesis) and Fasn (coding for an enzyme that catalyses the last step in fatty acid biosynthesis). In contrast, expression of Srebf1/Srebp1c (coding for the main transcription factor for Acaca and Fasn) was only affected by HF diet exposure. Perinatal exposure to CPF or an HF diet also led to a relative decrease in the expression of lipid accumulation markers such as Cd36, Dgat 1, and Dgat2; the latter two enzymes catalyse the final step in TG synthesis.

Although this decrease might conceivably lead to a lower TG content in the liver, we actually observed a slight increase. We hypothesize that fewer fatty acids were synthesized from acetyl CoA and so fewer TGs were stored in the liver. This difference was associated with greater expression of Lpl following perinatal CPF exposure. Lpl hydrolyses TGs into fatty acids and glycerol and is also a ligand facilitating the cellular uptake of VLDL and LDL. This could be responsible for an increase in lipid transport. As a consequence, we could expect an increase of Cd36 mRNA expression related to lipid-rich diets and hepatic steatosis [START_REF] Miquilena-Colina | Hepatic fatty acid translocase CD36 upregulation is associated with insulin resistance, hyperinsulinaemia and increased steatosis in non-alcoholic steatohepatitis and chronic hepatitis C[END_REF]. But we did not notice this increase in progeny from mother exposed to CPF or HFD, indicated a normal state of hepatocytes. Moreover, perinatal exposures to CPF alone or an HF diet alone were both associated with greater mRNA expression of Pparg (a nuclear receptor and transcription factor involved in lipid storage) in the male pups. Likewise, perinatal HF diet exposure was also associated with lower mRNA expression of Hmgcr -the main gene related to lipid (cholesterol) synthesis -in these animals. The lower level of hepatic lipid storage in the offspring exposed to CPF and HFD was probably due an overall reduction in lipid metabolism, as suggested by the lower gene expression of key factors. However, it remains to be seen whether protein expression and function are modified. The mechanism(s)

underlying differences in gene expression will also have to be characterized. A change in protein levels would indicate dysregulation of the main hepatic lipogenic pathways and thus an impairment in hepatic metabolism. In line with the literature data, concomitant perinatal co-exposure of the dams to both CPF and HFD tended to have the same consequences as each factor separately; although synergistic effects were not observed [START_REF] Adigun | Neonatal parathion exposure and interactions with a high-fat diet in adulthood: Adenylyl cyclase-mediated cell signaling in heart, liver and cerebellum[END_REF].

Maternal CPF exposure was associated with greater mRNA expression of Ppara in the pups' liver, whereas maternal HF diet exposure was associated with lower expression of the gene in its offspring. Ppara is involved in the inflammatory response and in fatty acid oxidation. Ppara targeted genes control the release of fatty acids from TG-rich lipoproteins, chylomicrons, and VLDL. In our study, the lower plasma TG level reflected lower hepatic synthesis and greater catabolism in the plasma; this may have been related to regulation of the Lpl gene. This hypothesis was confirmed by the significantly greater mRNA expression of Lpl and Ppara genes and the elevation (albeit non-significant) in the plasma TG level in the offspring of CPF-exposed dams. Perinatal CPF and HF diet exposure was also associated with differences in glucose metabolism. We noted lower expression of Slc2a2/Glut2 (a glucose transporter) and G6pc (a major regulatory enzyme in gluconeogenesis and which catalyses the hydrolysis of glucose-6-phosphate to D-glucose). A lower level of gluconeogenesis might be related to the elevation (albeit non-significant) in glycaemia after perinatal exposure of dams to CPF or an HF diet. Moreover, insulin inhibits the transcription of Pck1/Pepck gene, which is involved in gluconeogenesis and the transformation of oxaloacetate into phosphoenolpyruvate. Perinatal HFD exposure was associated with lower Pck1/Pepck gene expression in the offspring.

We hypothesize that lower glucose uptake by liver cells resulted in an elevation of glycaemia and a relative decrease in lipid synthesis in general and TG synthesis in particular.

We also looked at potential tissue changes and inflammation in the liver. The plasma levels of liver enzymes went higher after perinatal CPF exposure (relative to controls), with a relative reduction in hepatocyte size (in agreement with the literature [START_REF] Mansour | Adverse effects of lactational exposure to chlorpyrifos in suckling rats[END_REF]); these differences were suggestive of damage to the hepatocyte membrane. The relative increase associated with CPF exposure was statistically significant for ALP -the most sensitive marker of liver damage. No histological alterations in young adult rats were noted in any of the experimental groups. Maternal exposure to CPF was also associated with greater expression of the Col1a1 gene (coding for one of the two main components of collagen fibres); this might predict the subsequent development of fibrosis. In contrast, maternal exposure to an HF diet was not associated with any differences in markers of liver damage in the offspring, except a slight but nonsignificant elevation of plasma levels of liver enzymes. Nevertheless, concomitant maternal exposure to both an HF diet and CPF was associated with lower mRNA expression of Prkaa1/Ampka, a sensor of the cell's energy homeostasis. This enzyme switches on fatty acid oxidation and glycolysis and switches off lipogenesis via short-term effects on regulatory protein phosphorylation and long-term effects on gene expression [START_REF] Foretz | Régulation du métabolisme énergétique par l'AMPK -Une nouvelle voie thérapeutique pour le traitement des maladies métaboliques et cardiaques[END_REF]. We expected to observe greater expression of this gene in the offspring of dams exposed to both an HF diet and CPF; this would have explained the lower level of lipogenesis. The observed impacts might only be predictive of more severe impairments later in life;

the age of 8 weeks was a probably too early to observe such metabolic effects. Even though the exact fat content of an HF diet is not correlated with any outcomes in offspring, other factors (such as the species, the effects of the interventional diet on the mother, the intervention time point, and the micronutrient and macronutrient content of the control diet) might account for the differences in outcomes between studies in which HF diets were used to induce obesity [START_REF] Ribaroff | Animal models of maternal high fat diet exposure and effects on metabolism in offspring: a meta-regression analysis: Maternal HFD and offspring metabolism[END_REF].

The primary objective of the present study was to assess the potential impact of a harmful maternal environment (an obesogenic diet and/or exposure to the pesticide CPF) in the offspring. Even in the absence of direct contact between the offspring and the harmful factors (except through lactation), we found that exposure had an impact on metabolic activity in the liver. Indirect exposure to CPF was associated with alterations in the mRNA expression of several liver enzymes, which in turn might have reduced neoglucogenesis and de novo lipogenesis. Exposure to an HF diet alone during the perinatal period induced the same type of effect as CPF alone -

showing that long-term metabolic disorders can occur in the absence of inflammatory signs (Figure 11). Dgat2; Diacylglycerol O-acyltransferase 2; FA, fatty acids; Fasn, fatty acid synthase;

G6pc, glucose-6-phosphatase; Hmgcr; 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; IL1b; interleukin 1 beta; Lpl; lipoprotein lipase; Pck1, phosphoenolpyruvate carboxykinase; Ppara, peroxisome proliferator activated receptor alpha; Pparg, peroxisome proliferator activated receptor gamma; Prkaa1;

AMP-activated protein kinase catalytic subunit alpha; Slc2a2, solute carrier family 2, facilitated glucose transporter member 2; Srebf1, sterol regulatory element binding factor 1 variant 2.

  experimental groups: one group (n=8) received chlorpyrifos-ethyl (CPF, O,O-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate (LGC Standards Laboratory, Molsheim, France), 1 mg/kgBW/d per os in 1 mL/kg rapeseed oil vehicle (MP Biomedicals, Illkirch, France)) and the other group (n=8) received vehicle alone (1 mL/kg) (Figure 1).

Figure 2 -

 2 Figure 2 -Body weight (g) at birth (PND3), after weaning (PND21) and in early adulthood (PND54) in male offspring born to mothers exposed to CPF and/or an HF diet. Data were expressed as the mean ± SEM (n=5-20). * '** significant difference (p<0.05 and p<0.01, respectively) vs. ctrl-SC offspring. ctrl, control; CPF; chlorpyrifos; HF, high-fat diet; SC, standard chow diet; PND; postnatal day.

Figure 3

 3 Figure3-mRNA expression (RT-PCR) of lipogenesis markers in 8-week-old male offspring of dams exposed to CPF and/or an HF diet.

Figure 4

 4 Figure 4 -mRNA expression (RT-PCR) of markers of lipid accumulation in 8-weekold male offspring of dams exposed to CPF and/or an HF diet. The mRNA gene expression levels were quantified as the fold induction, relative to the control group (set to 1). Data were expressed as the mean ± SEM (n=5-20), using the 2 -ΔΔCt calculation method with the Gapdh housekeeping gene. **, *** and **** statistically significant difference (p<0.01, p<0.001 and p<0.0001, respectively) vs. ctrl-SC offspring. ctrl, control; CPF; chlorpyrifos; HF, high-fat diet; SC, standard chow diet; Cd36; fatty acid translocase; Dgat1; Diacylglycerol O-acyltransferase 1; Dgat2;

Figure 5

 5 Figure5-mRNA expression (RT-PCR) of markers of cholesterol synthesis in 8week-old male offspring of dams exposed to CPF and/or an HF diet.

Figure 6

 6 Figure6-mRNA expression (RT-PCR) of markers of carbohydrate metabolism in 8week-old male offspring of dams exposed to CPF and/or an HF diet.The mRNA gene expression levels were quantified as the fold induction, relative to the control group (set to 1). Data were expressed as the mean ± SEM (n=5-20), using the 2 -ΔΔCt calculation method with the Gapdh housekeeping gene. *,** and *** statistically significant difference (p<0.05, p<0.01 and p<0.001, respectively) vs. ctrl-SCD offspring. CPF; chlorpyrifos; ctrl, control; HF, high-fat diet; SC, standard chow diet; G6pc, glucose-6-phosphatase; Slc2a2, solute carrier family 2, facilitated glucose transporter member 2.

Figure 7

 7 Figure7-mRNA expression (RT-PCR) of markers of gluconeogenesis and fatty acid oxidation in 8-week-old male offspring of dams exposed to CPF and/or an HF diet.The mRNA gene expression levels were quantified as the fold induction, relative to the control group (set to 1). Data were expressed as the mean ± SEM (n=5-20), using the 2 -ΔΔCt calculation method with the Gapdh housekeeping gene. * statistically significant difference (p<0.05) vs. ctrl-SCD offspring. ctrl, control; CPF; chlorpyrifos; HF; high-fat diet; SC, standard chow diet; Pck1, phosphoenolpyruvate carboxykinase; Ppara, peroxisome proliferator activated receptor alpha.

Figure 8 -

 8 Figure 8 -PAS, Masson's trichrome and Sirius Red staining of liver tissue in the 8week-old male offspring of mothers exposed to CPF and/or an HF diet.

Figure 9

 9 Figure9-mRNA expression (RT-PCR) of markers of inflammation and fibrosis in 8week-old male offspring of dams exposed to CPF and/or an HF diet.

Figure 10 -

 10 Figure10-mRNA expression (RT-PCR) of markers of energy metabolism in 8week-old male offspring of dams exposed to CPF and/or an HF diet.

Figure 11 -

 11 Figure 11 -Hypothetical changes in the liver during the development of the male offspring of dams exposed to CPF alone and/or combined with an HFD. CPF; chlorpyrifos; HFD, high-fat diet; Acaca, acetyl-CoA carboxylase 1; Cd36; fatty acid translocase; Col1a1; collagen alpha-1; Dgat1; Diacylglycerol O-acyltransferase 1;

  

Table 1 -

 1 Composition of the rodent chows used in the study.

	a. Contains (in g/kg, totalling 1000): pork lard (315), casein (277), maltodextrin (156),
	sucrose (85), cellulose powder (60), mineral premix (60), soybean oil (31), vitamin
	premix (

and amino acids Crude nutrients (%) HF diet a SC diet Standard breeding chow diet c

  

	Purpose Potassium Folic acid Chlorine Biotin	0.97 16 mg High-calorie diet Maintenance diet 0.78 2 mg Unknown 0.36 300 µg 220 µg	Pregnancy/ 0.80 2.4 mg lactation 0.33 220 µg
	Gross energy (GE) MJ/kg Choline	25 Amino acids (%) 920 mg 2000 mg 16.1	17 2000 mg
	Arginine Vitamin C Metabolizable energy (ME) MJ/kg Lysine	0.95 Unknown 21.6 2.02 Trace elements (mg/kg) 1.10 40 mg 13.1 1.00	1.50 40 mg 14.3 1.40
	Metabolizable Methionine Iron	0.86 168		0.39 250	0.60 200
	energy density	5.16		3.13	3.41
	(Kcal/g) Methionine + Zinc cysteine Copper	Major nutrients (%) 1.31 0.76 65 60 13 14	68 0.60 15
	Crude protein Tryptophan Iodine	24.4 0.33 1.2		18.5 0.20 1	23.5 0.27 1
	Crude fat Threonine Manganese	34.6 1.07 95		4.5 0.65 60	5.5 0.87 40
	Crude fibre Selenium	6.0 Vitamins (/kg) 0.2	4.5 0.3	3.0 0.27
	Vitamin A	15,000 IU		14,000 IU	14,000 IU
	cake, brewer's dried yeast, minerals, vitamins, and amino acids c. Contains: flaked oats, soybean meal (non-GMO), poultry meal, wheat middling, wheat starch, barley, herring meal, grass meal, whey powder, corn (non-GMO), D12492 3436 3336 Crude ash 5.3 6.5 5.7 Starch 0.1 35 Vitamin D3 1,500 IU 1,000 IU At the age of 24 weeks (i.e. after 4 months of exposure), the 16 dams (mean body 1,000 IU weight: 316 ± 33 g BW) were mated. Pregnancy was confirmed by the presence of 36 Sugar 9.4 Unknown Unknown Minerals (%) Calcium 0.92 1.05 1.00 Phosphorus 0.64 0.80 0.74 Vitamin E 150 mg 110 mg spermatozoa and/or a plug in the vagina, checked twice with a smear early on the 110 Thiamine (B1) 25 mg 30 mg 32 mg Riboflavin (B2) 16 mg 20 mg 21 mg Pyridoxine (B6) 16 mg 14 mg 14 mg following morning. After fertilization, pregnant females were individually housed in soybean oil, minerals, vitamins, Product reference N-free extracts 26.3 54 51.3 Vitamin K 20 mg 2 mg 2 mg clean plastic cages. The various treatments and diets (CPF vs. vehicle, and HF diet
	Cobalamin (B12)	30 µg		50 µg	50 µg
	Supplier Magnesium Nicotinic acid Sodium Pantothenic acid	Ssniff Spezialdiäten 0.23 47 mg 0.20 GmbH, Soest, Germany 55 mg	Serlab, Montataire, 0.20 70 mg 0.20 France 33 mg	0.20 Serlab, 70 mg Montataire, 0.20 France 33 mg

Table 2 -

 2 Metabolic genes assessed in the study

Table 3 -Lipid and carbohydrate metabolism in 8-week-old male offspring of dams exposed to CPF and/or an HFD.

 3 

	Plasma samples were assayed for total cholesterol (TC), plasma and hepatic
	triglycerides (TGs), high-density lipoprotein (HDL), low-density lipoprotein (LDL), and
	glycaemia-associated hormones. The data were quoted as the mean ± SEM (n=5-
	20). *,** significant difference (p<0.05 and p<0.01, respectively) vs. ctrl-SC offspring.
	ctrl, control; CPF; chlorpyrifos; HF, high-fat diet; SC, standard chow diet; IGF1,
	insulin-like growth factor-1.			
		ctrl-SC	CPF-SC	ctrl-HF	CPF-HF
	TC (µmol/L)	2214 ± 72.6	2252 ± 92.0	2064 ± 86.4	1987 ± 63.3
	TG (µmol/L)	951 ± 73.7	1139 ± 103.1	960 ± 94.4	1463 ± 69.8
	TG (mg/g liver)	24.21 ± 3.5	27.37 ± 1.4	32.89 ± 4.0	36.06 ± 8.21
	HDL (µmol/L)	1533 ± 62.1	1573 ± 74.1	1470 ± 69.7	1323 ± 57.8
	LDL (µmol/L)	478.3 ± 32.3	426.6 ± 25.2	759.7 ± 25.7	370.7 ± 15.8
	Fasting				
	glycaemia	11.69 ± 0.8	14.43 ± 0.8	13.53 ± 1.3	14.99 ± 2.4
	(mmol/L)				
	Fasting leptin (pg/mL)	622.3 ± 86.3	305.6 ± 33.6 *	759.7 ± 163.1	469.1 ± 63.9
	Fasting insulin (µU/L)	10.12 ± 0.9	12.19 ±1.3	9.73 ± 0.7	10.33 ± 3.8

Table 4 -

 4 Plasma levels of markers of hepatic metabolic activity in 8-week-old male offspring of dams exposed to CPF and/or an HF diet.

	The data were expressed as the mean ± SEM (n=5-20). * statistically significant
	difference (p<0.05) vs. ctrl-SCD offspring. ctrl, control; CPF; chlorpyrifos; HF, high-fat
	diet; SC, standard chow diet; ALP; Alkaline phosphatase, ALAT; alanine
	aminotransferase, ASAT; aspartate aminotransferase, ASAT/ALAT; aspartate
	aminotransferase/alanine aminotransferase and LDH; lactate dehydrogenase.
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