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Introduction

Epidemiological studies frequently focus on studying the health effects of exposure to one chemical substance at a time. However, in real life, people are simultaneously exposed to hundreds of chemical substances. Exposure to these chemical mixtures may represent a greater risk for health than singlecontaminant exposure because chemical substances can cause additive toxicological effects on health, but also synergistic or antagonistic effects due to interactions between them [START_REF] Goodson | Assessing the carcinogenic potential of low-dose exposures to chemical mixtures in the environment: The challenge ahead[END_REF][START_REF] Hernández | Toxicological interactions of pesticide mixtures: An update[END_REF][START_REF] Kopp | Genotoxicity and mutagenicity assessment of food contaminant mixtures present in the French diet[END_REF][START_REF] Eskola | Towards a dietary-exposome assessment of chemicals in food: An update on the chronic health risks for the European consumer[END_REF]. The exposome approach with the study of chemical mixtures rather than single contaminants seems therefore more appropriate and may allow achieving different goals -i.e.: to identify the mixtures to which a population is exposed, to determine the most toxic agent of a mixture, to identify interactions between the components of a mixture, or to estimate the mixtures' health effects [START_REF] Gibson | Complex Mixtures, Complex Analyses: An Emphasis on Interpretable Results[END_REF]. However, the study of mixtures presents some inherent difficulties, in particular related to the high correlations between the substances of interest which may lead to multicollinearity if they are included in the same model. Indeed, multicollinearity may induce instability in the models and, in turn, to inconsistent results [START_REF] Henn | Chemical Mixtures and Children's Health[END_REF]. Moreover, the chemicals included in the study may individually have opposite effects (positive or negative association) on the studied outcome.

The diet represents the main source of exposure to several chemical contaminants, especially for the general population. Dietary exposure to contaminants is usually chronic, at low doses and can be associated with long-term health effects [START_REF] Goodson | Assessing the carcinogenic potential of low-dose exposures to chemical mixtures in the environment: The challenge ahead[END_REF][START_REF] Lee | A role of low dose chemical mixtures in adipose tissue in carcinogenesis[END_REF]. Studying dietary exposure to chemical mixtures is challenging as they are part of a complex food matrix which includes nutrients, additives, and contaminants whose health effects are difficult to separate, especially as they can interact with each other [START_REF] Cano-Sancho | Interactions between environmental pollutants and dietary nutrients: Current evidence and implications in epidemiological research[END_REF]. From a public health perspective, it would be relevant to advise on the optimal dietary balance to maximise the nutritional benefits and minimise the potential health risks of chemical mixtures when constructing nutritional recommendations.

Human studies on dietary exposure to chemical mixtures are mostly descriptive [START_REF] Béchaux | Identification of pesticide mixtures and connection between combined exposure and diet[END_REF][START_REF] Crépet | Identification of the main pesticide residue mixtures to which the French population is exposed[END_REF][START_REF] Traoré | To which chemical mixtures is the French population exposed? Mixture identification from the second French Total Diet Study[END_REF][START_REF] Lee | Identification of chemical mixtures to which Canadian pregnant women are exposed: The MIREC Study[END_REF][START_REF] Traoré | To which mixtures are French pregnant women mainly exposed? A combination of the second French total diet study with the EDEN and ELFE cohort studies[END_REF][START_REF] Mancini | Identification of chemical mixtures to which women are exposed through the diet: Results from the French E3N cohort[END_REF]Rebouillat, Vidal, Cravedi, Taupier-Letage, Debrauwer, Gamet-Payrastre, Touvier, Hercberg, et al., 2021). These studies aimed to identify the most relevant chemical mixtures to which the study population is exposed through the diet so to prioritise which mixtures should be further investigated through animal and analytical epidemiology studies, and addressed by public health policies. To date, only two epidemiological studies investigated the relationship between dietary exposure to mixtures of pesticides and health outcomes, respectively breast cancer and type 2 diabetes. Both studies were conducted in the NutriNet-Santé French cohort [START_REF] Rebouillat | Prospective association between dietary pesticide exposure profiles and postmenopausal breast-cancer risk in the NutriNet-Santé cohort[END_REF][START_REF] Rebouillat | Prospective association between dietary pesticide exposure profiles and type 2 diabetes risk in the NutriNet-Santé cohort[END_REF].

The main objective of the present study was to analyse the association between chemical mixtures to which women of the E3N cohort are most commonly exposed through the diet and the risk of mortality in the E3N (Etude Epidémiologique auprès de femmes de l'Education Nationale) French prospective cohort.

Material and methods

E3N cohort

The E3N cohort is an ongoing prospective cohort initiated in 1990 with the inclusion of 98 995 women.

All women were born between 1925 and 1950. They lived in France and were members of the MGEN (a French health insurance which covers workers of the national education system) at inclusion.

Women enrolled in the E3N cohort completed self-administered questionnaires sent every 2 or 3 years, including questions on their lifestyle (e.g., diet, alcohol consumption, smoking status, physical activity, etc.), socioeconomic status (e.g., education level, household income, etc.), reproductive history (e.g., number of pregnancies, breastfeeding, etc.) and health (e.g., anthropometric measures, family and personal medical history, incident health issues, drugs, etc.). All questionnaires are available on the E3N cohort website (http://www.e3n.fr/). Only 3% of the E3N women were lost to follow-up [START_REF] Clavel-Chapelon | E3N, a French cohort study on cancer risk factors. E3N Group. Etude Epidémiologique auprès de femmes de l'Education Nationale[END_REF][START_REF] Clavel-Chapelon | Cohort Profile: The French E3N Cohort Study[END_REF]. The CNIL (the French National Commission for Data Protection and Privacy) approved the study, and all participants signed informed consent.

Dietary questionnaire

In 1993, the participants received the third questionnaire (Q3), which included a semi-quantitative food frequency questionnaire with 208 food items. This questionnaire was made of two parts. The first one focused on the frequency and quantity of food groups and drinks consumed over the previous year. The portion sizes were estimated using an album including photos of 42 food groups; the other food groups were estimated in natural units (e.g. eggs). Questions were completed for 8 meal occasions, from breakfast to after-dinner snacks (including the aperitif before lunch and dinner) according to French meal patterns. The second part of the questionnaire included qualitative questions concerning food items within each food group listed in the first part. We estimated the daily food intakes (g/day or mL/day) by multiplying the frequency (eating occasions per week or month) by the amount consumed (g or mL) of each food item included in the questionnaire. The original questionnaire can be found on the E3N cohort website (http://www.e3n.fr/). The questionnaire's validity and reproducibility were previously reported [START_REF] Van Liere | Relative validity and reproducibility of a French dietary history questionnaire[END_REF].

Daily nutrient intakes were derived from the CIQUAL, the French food composition table of the French Information Center on Food Quality (ANSES, 2013). Adherence to a healthy dietary pattern was obtained by principal components analysis (PCA) [START_REF] Edefonti | Nutrient dietary patterns and the risk of breast and ovarian cancers[END_REF]. Furthermore, we estimated two nutritional scores depicting the antioxidant and inflammatory capacity of the diet. For each woman included in our study, the total antioxidant capacity of the diet was calculated by multiplying the consumption of each food item (excluding coffee) by its specific ferric ion-reducing antioxidant power (FRAP). The FRAP for each food item was obtained from the database developed by Pellegrini et al. [START_REF] Pellegrini | Total Antioxidant Capacity of Plant Foods, Beverages and Oils Consumed in Italy Assessed by Three Different In Vitro Assays[END_REF][START_REF] Pellegrini | Total antioxidant capacity of spices, dried fruits, nuts, pulses, cereals and sweets consumed in Italy assessed by three different in vitro assays[END_REF]. More details on this calculation in the E3N cohort can be found in [START_REF] Mancini | Dietary antioxidant capacity and risk of type 2 diabetes in the large prospective E3N-EPIC cohort[END_REF]. For the dietary inflammatory index, the adapted dietary inflammatory index (ADII) was estimated by the method developed by [START_REF] Van Woudenbergh | Adapted dietary inflammatory index and its association with a summary score for low-grade inflammation and markers of glucose metabolism: The Cohort study on Diabetes and Atherosclerosis Maastricht (CODAM) and the Hoorn study[END_REF], with the updated weights of Shivappa et al. [START_REF] Shivappa | Designing and developing a literature-derived, population-based dietary inflammatory index[END_REF]. The detailed methodology to adapt this score to the E3N cohort is presented elsewhere [START_REF] Laouali | Dietary inflammatory index and type 2 diabetes risk in a prospective cohort of 70,991 women followed for 20 years: The mediating role of BMI[END_REF].

Ascertainment of chemical mixtures

Food contamination levels were obtained from the second French total diet study (TDS2) conducted by the French Agency for Food, Environmental and Occupational Health & Safety (Anses) (ANSES, 2011a(ANSES, , 2011b)). Briefly, from 2007 to 2009, 20 280 food items were purchased in 8 French regions in order to analyse the presence of more than 400 contaminants in 1 352 composite samples prepared as consumed (i.e. washing, pealing, etc.) according to the French dietary habits [START_REF] Sirot | Core food of the French food supply: Second Total Diet Study[END_REF].

The E3N food consumption database and the Anses food contamination database were then merged to obtain the individual daily dietary intake i to a chemical substance s (in g of substance/day), by summing over all food items, the quantity q of the food item f consumed (in g of food/day) multiplied by the contamination level c of the food item f by the substance s (in g of substance/g of food) [START_REF] Mancini | Estimation of the dietary exposure to chemical compounds in the French E3N prospective cohort: A study protocol[END_REF]:

𝑖 𝑠 = ∑ 𝑞 𝑓 × 𝑐 𝑠𝑓
We followed the lower bound scenario approach, meaning that we replaced by 0 the food contamination values below the limit of detection (LOD), and by the LOD the values below the limit of quantification (LOQ). When the LOD was not provided, values below the LOQ were replaced by 0.

In [START_REF] Mancini | Identification of chemical mixtures to which women are exposed through the diet: Results from the French E3N cohort[END_REF], the 8 main chemical mixtures to which the women of the cohort are exposed through the diet were identified using the sparse non-negative matrix under-approximation (SNMU), a method of dimension reduction of a non-negative matrix (which is adapted to exposure data) derived from the non-negative matrix factorisation (NMF) [START_REF] Gillis | Using underapproximations for sparse nonnegative matrix factorization[END_REF][START_REF] Gillis | Sparse nonnegative matrix underapproximation and its application to hyperspectral image analysis[END_REF][START_REF] Traoré | To which mixtures are French pregnant women mainly exposed? A combination of the second French total diet study with the EDEN and ELFE cohort studies[END_REF]. In that study, the dimension reduction method was applied to the matrix of dietary exposure to chemicals, which corresponds to the dietary intake divided by the body weight (bw).

Indeed, dietary exposure (g/kg bw/day) can be considered suitable when the objective is to identify and describe mixtures and for food risk assessment. However, when the aim is to model how mixtures affect health risks, dietary intake (g/day) is more appropriate as it allows explicit adjustment for body mass index (BMI), which plays an important role on health. Thus, in the present study, we applied the SNMU to the dietary intakes of 197 substances and we identified 6 main chemical mixtures. Briefly, using the same parameters as in the previous study [START_REF] Mancini | Identification of chemical mixtures to which women are exposed through the diet: Results from the French E3N cohort[END_REF], we obtained three matrices U, V and Ɛ (the matrix of residuals) such that the exposure matrix E=UxV+Ɛ. The matrix U contained the weights of the contribution of each substance to the mixtures. The matrix V comprised the individual weights of adherence to each mixture. The choice of the final number of mixtures to retain was based on a balance between statistical criteria such as the overall proportion of variance explained by the chosen number of mixtures, the residual sum of squares, the interpretability of the results and the toxicological and epidemiological relevance. More details about the approach used to identify the mixtures can be found elsewhere [START_REF] Mancini | Identification of chemical mixtures to which women are exposed through the diet: Results from the French E3N cohort[END_REF].

Assessment of mortality

We included all deaths that occurred during follow-up from the date of completion of Q3 until November 2014. Information concerning the vital status of the study population was obtained from the MGEN, postal service, municipal registries, physicians or next of kin. The Inserm-CépiDc, the French centre of epidemiology on medical causes of death, provided the causes of death coded according to the 9 th edition of the international classification of diseases (ICD9 for deaths before 2000) or the 10 th edition (ICD10 for deaths after 2000). Cause-specific analyses were conducted for cancer (ICD9 140-210 and ICD10 C00-C99) and cardiovascular diseases (CVD) (ICD9 390-459 and ICD10 I00-I99) mortality.

Study population

We included the 74 522 women who answered the dietary questionnaire sent in 1993. Women in the 1 st or 99 th percentile of the distribution of the ratio of energy intake on energy requirements were identified as outliers and therefore excluded from the analyses (N=1 491). Energy requirements are equal to the basal metabolic rate (derived from the Schofield equation based on sex, age and weight) multiplied by their physical activity level [START_REF] Schofield | Predicting basal metabolic rate, new standards and review of previous work[END_REF]. We also excluded 446 women lost to followup after the dietary questionnaire. Finally, the study population comprised 72 585 women, including 6 441 deaths and 66 144 non-deaths. For the cause-specific mortality analyses, we further excluded 169 participants with unknown causes of death, leading to a study population of 72 416 women. The flow chart is presented in Supplementary figure 1.

Statistical analyses

Descriptive analyses

We first conducted descriptive analyses of the study population. We identified the proportions of the causes of death and we described the baseline characteristics (mean and standard deviation (STD) for continuous variables, number and proportion for categorical variables) of the overall population, among cases and non-cases, and among each quartile group of the weights of adherence to each mixture.

We then performed descriptive analyses on the exposure, by calculating the proportion of each substance in each mixture and the Spearman rank correlation coefficients between the weights of adherence to the 6 mixtures. We also estimated partial Spearman rank correlation coefficients (i.e.

adjusted on the weights of adherence to the other mixtures) between the weights of adherence to the 6 mixtures and the consumption of 30 food groups and 2 nutritional scores.

Main analyses

Cox proportional hazard models with age as the time-scale were applied to estimate hazard ratios (HR)

and their 95% confidence intervals (CI) for the associations between the weights of adherence to each mixture and the risk of all-cause, cancer and CVD mortality. Age at the start of follow-up was the age when answering the dietary questionnaire, and age at the end was the age at death, at the last completed questionnaire or at the end of the follow-up period which corresponded to the last update of the mortality database (in November 2014), whichever occurred first.

The main exposure variables were the weights of adherence to each of the 6 chemical mixtures divided by their STD in order to estimate the HR for one STD increment. We excluded values below the 1 st (except if they were zero) or above the 99 th percentile of the main exposure variables from our models to reduce the potential impact of outliers.

Adjustment covariates were chosen from the known main factors associated with mortality and from the directed acyclic graph (DAG, http://www.dagitty.net) presented in Figure 1. Despite acknowledging the role of diet as a confounding factor, it was not possible to adjust on all items representing "diet" as these items entirely determined the exposure to the mixtures. We therefore tested different adjustment strategies including several dietary-related variables (e.g. specific food groups consumption, nutritional scores) to block the confounding paths between "diet" and "mortality". In order to respect temporality, we selected the other confounding covariates in the questionnaire sent in January 1992 (Q2), so before the dietary questionnaire (Q3) sent in 1993. If these variables were not available in Q2, we used variables from the first questionnaire (Q1) sent in 1990, or in Q3.

Five models were developed to study the risk of all-cause mortality. Model a was only adjusted on age (as the time scale, in years). Model b was further adjusted on BMI at Q2 (spline with 4 knots, kg/m 2 ), birth generation (<=1930, (1930 -1935], (1935 -1940], (1940 -1945], >1945), school education level (<12 years, 12 to 14 years, >14 years), smoking status at Q2 (never smoker, former smoker, current smoker), physical activity at Q3 (spline with 4 knots, MET-hours/week), and menopausal status and recent (i.e. in the last year) use of menopausal hormone therapy (MHT) at Q2 (premenopausal, menopausal and recent MHT use, menopausal and no recent MHT use, menopausal and no information on whether and when MHT was used). Model c was additionally adjusted on dietary variables, all measured at Q3: total energy intake excluding energy from alcohol and lipids (linear term, kcal/day), alcohol consumption (spline with 4 knots, g of ethanol/day), and lipids consumption (spline with 4 knots for mixture 1, linear term otherwise, g/day). Model d was equal to model c plus an adjustment on the weights of adherence to all other mixtures, and on the consumption of the food group which contributed the most (i.e. the most partially correlated) to the weight of adherence to the mixture of interest. In particular, we added "cheese, butter and cream" (linear term, g/day) for mixture 2, "bread and salty cereal products" (linear term, g/day) for mixture 3, "vegetables except roots"

(linear term, g/day) for mixture 4, "fruits" (linear term, g/day) for mixture 5, and "sea products"

(including fish and seafood, spline with 3 knots, g/day) for mixture 6. Since mixture 1 was equally correlated with many food groups, we decided to adjust model d on the adherence to a healthy dietary pattern (spline with 3 knots). Finally, we ran model e, equivalent to model c with further adjustments on the weights of adherence to all other mixtures, the dietary antioxidant capacity (linear term, mmol/day), and the adapted dietary inflammatory index (spline with 5 knots).

We used a reference model to determine how to model the quantitative variables (linear term vs restricted cubic splines). This model corresponded to model c described above, with an additional adjustment on the consumption of the food group which contributed the most to the weight of adherence to each mixture. The decision was based on the results of the non-linearity test [START_REF] Desquilbet | Dose-response analyses using restricted cubic spline functions in public health research[END_REF]: if the p-value was <0.1, the variable was considered non-linear and it was then modelled in splines. The number of knots (3 set at the 10 th , 50 th and 90 th percentiles, 4 set at the 5 th , 35 th , 65 th and 95 th percentiles or 5 set at the 5 th , 27.5 th , 50 th , 72.5 th and 95 th percentiles) was established according to the model with the smallest Akaike information criterion (AIC) for the main exposure variables, while we kept 4 knots by default for the other continuous covariates, as suggested by Harrell [START_REF] Harrell | Regression Modeling Strategies: With Applications to Linear Models, Logistic Regression, and Survival Analysis[END_REF]. For all-cause mortality analyses, weights of adherence to the mixtures 1, 3, 4 and 5

were included in the models with restricted cubic splines (with 4, 5, 3 and 3 knots, respectively). For these cubic spline regression models, the minimum value of the main exposure variable was taken as a reference to present the results. We also ran the models using the 6 main exposure variables as categorical variables divided into quartile groups (with the first quartile group as reference) to facilitate the comparison of the results between mixtures.

Following the same protocol, we also fitted models c, d and e separately for cancer mortality and for CVD mortality, by censoring all other causes of death at the age at death.

For covariates with less than 5% of missing values, we imputed them with the median for continuous variables and with the modal category for categorical variables. When missing values were more than 5% (i.e. menopausal status and recent MHT use), we created an "unknown value" category.

A p-value <0.05 was considered statistically significant. We employed R version 4.1.2 to perform statistical analyses and the Statistical Analysis Systems software package version 9.4 to build the database (SAS Institute, Cary, North California).

Sensitivity analyses

We performed three types of sensitivity analyses both on models d and e. First, we applied the energy adjustment residual method [START_REF] Willett | Adjustment for total energy intake in epidemiologic studies[END_REF]) by using as main exposure variables the residuals of the regression between total energy intake and weights of adherence to the mixtures. Second, we excluded cases that occurred during the first five years of follow-up to evaluate the potential influence of reverse causation bias, i.e. participants would have changed their diet due to the health condition that resulted in mortality. Finally, we performed multiple imputations to deal with missing data on menopausal status and recent MHT use (premenopausal, menopausal and recent MHT use, menopausal and no recent MHT use, menopausal and no information on whether and when MHT was used): women in the 4 th group were imputed in the 2 nd or 3 rd group. We generated 5 independent data sets and calculated pooled estimates. We imputed the variable with multinomial logistic regression models.

Results

Descriptive analyses

Around 81% of the variance was explained by the 6 mixtures described in Table 1, which lists the 25 substances contributing the most to each mixture. Mixture 1 was mainly composed of minerals, inorganic contaminants, and furans; mixture 2 of BFRs (brominated flame retardants), dioxins, PCBs (polychlorinated biphenyls), and furan; mixture 3 of mycotoxins, pesticide, and PAHs (polycyclic aromatic hydrocarbons); mixtures 4 and 5 of pesticides; mixture 6 of PFAS (per-and polyfluoroalkyl substances), BFRs, PCBs, Se (selenium), Hg (mercury), and furan.

Mixtures were not correlated or only moderately correlated except mixtures 1 and 2 (correlation=0.77), mixtures 2 and 6 (0.65) and mixtures 1 and 3 (0.53) (Supplementary table 1). Partial Spearman rank correlation coefficients between weights of adherence to the mixtures and dietary variables are listed in Supplementary table 2.

Among the 6 441 deaths reported during an average of 19 years of follow-up, a large number were due to cancer (N=3 473, 53.9%) and CVD (N=896, 13.9%). The detailed causes of death are listed in

Supplementary table 3.

We present the baseline characteristics of the study population among deaths and non-deaths in Table 2, and among quartile groups of the weights of adherence to each mixture in Supplementary tables 4 to 9. In short, compared to non-cases, cases are older (57.7 vs 52.5 years) and they have a higher average BMI (23.4 vs 22.7 kg/m 2 ). Cases were also more frequently menopausal (74.66 of menopausal women among cases vs 46.06% among non-cases) and had a lower school education level (14.42 vs 10.98% <12 years).

Weights of adherence to chemical mixtures and all-cause mortality

We observed a general tendency towards an inverse association between the weights of adherence to the mixtures and all-cause mortality although only some of these associations reached statistical significance. The results for linear terms (with HR (95% CI) and p-value), restricted cubic splines (pvalue of the overall association and of the non-linearity test), and quartile groups (HR (95% CI)) of the weights of adherence to the mixtures in relation to all-cause mortality in models c, d and e are shown in Table 3, and the related restricted cubic splines' graphs appear in Figure 2. The results of models a to e and of the reference model are presented by weight of adherence to each mixture in Supplementary tables 10 to 15, and the graphs of all the associated restricted cubic splines appear in Supplementary figure 2.

Mixture 1 (minerals, inorganic contaminants, and furans) was inversely associated with mortality in a non-monotonic manner (p-value of the overall association ≤ 0.003 for models c, d and e). From the analysis using quartile groups, we observed that relatively to the 1 st quartile group, mortality was lower for 3 rd and 4 th quartile groups but not for 2 nd in model c (HRQ2vsQ1 0.96, 95% CI 0.89-1.04; HRQ3vsQ1 0.83, 95% CI 0.75-0.91; HRQ4vsQ1 0.86, 95% CI 0.76-0.97). The general pattern of association between quartile groups of the mixture 1 distribution and mortality was consistent across the models but it appears weaker for models d and e than for model c, with statistical significance only for the 3 rd relative to the 1 st quartile group.

Mixture 2 (BFRs, dioxins, PCBs, and furan) was not associated with mortality in models c, d and e, both when considering it with a linear term or in quartile groups.

Mixture 3 (mycotoxins, pesticide, and PAHs) as a non-linear continuous variable was not associated with mortality in models c and d, while we observed a non-monotonic inverse and statistically significant association in model e (p-value of the overall association 0.017). In quartile groups, the association was not statistically significant in models c, d and e.

Mixture 4 (pesticides) was inversely associated with mortality in a non-monotonic manner in models c, d and e (p-values of the overall association <0.0001). We also observed a statistically significant inverse association when running models c, d and e using quartile groups. Indeed, we observed HRs Finally, mixture 6 (PFAS, BFRs, PCBs, Se, Hg, and furan) as a linear continuous variable was not associated with mortality in model c, while we observed a statistically significant inverse association in models d and e (HR 0.90, 95% CI 0.82-0.98 and HR 0.93, 95% CI 0.88-0.99, respectively). We did not observe a statistically significant association in quartile groups.

Weights of adherence to chemical mixtures and cause-specific mortality

For cancer and CVD mortality analyses, we present the results for models c, d and e.

When analysing the associations between the weights of adherence to the mixtures and cancer mortality risk, we observed similar results to those obtained for all-cause mortality (Supplementary table 16 and Supplementary figure 3).

We found differences between the associations with CVD mortality and those of all-cause mortality (Supplementary table 17 and Supplementary figure 4).

Indeed, for mixture 1 (minerals, inorganic contaminants, and furans), all the results (as a linear continuous variable or in quartile groups) were not statistically significant.

Mixture 2 (BFRs, dioxins, PCBs, and furan) was not associated with CVD mortality when considering it with a linear term for all models. In quartile groups, the associations were not statistically significant in model c, while we observed an inverse association for the 4 th quartile group relative to the 1 st 16 quartile group in model d (HRQ4vsQ1 0.63, 95% CI 0.43-0.94) and in model e (HRQ4vsQ1 0.58, 95% CI 0.39-0.87).

The results were not statistically significant in all models for mixture 3 (mycotoxins, pesticide, and PAHs), in spline and in quartile groups.

Mixture 4 (pesticides) was inversely associated with CVD mortality in a non-monotonic manner in models c, d and e (p-values of the overall association of 0.032, 0.025 and 0.044, respectively). In quartile groups, mixture 4 was also inversely associated with CVD mortality, with a statistically significant association only for the 3 rd quartile group in relation to the 1 st quartile group in model c (HRQ3vsQ1 0.82, 95% CI 0.68-0.98) and in model d (HRQ3vsQ1 0.81, 95% CI 0.67-0.98).

Mixture 5 (pesticides) was not associated with CVD mortality in all models, in quartile groups and as a linear continuous variable.

Finally, when considering mixture 6 (PFAS, BFRs, PCBs, Se, Hg, and furan) as a linear continuous variable or in quartile groups, all the results were not statistically significant.

Sensitivity analyses

Generally, in sensitivity analyses, the results remained unchanged regarding HR values, statistical significance, and curves' shapes compared to the results of the main analyses.

In the analyses based on the energy adjustment residual method, the results didn't change, except for the weight of adherence to mixture 3 for which the association became not statistically significant (Supplementary table 18 and Supplementary figure 5). When running the sensitivity analyses based on the exclusion of the cases that occurred during the first five years of follow-up or on the multiple imputations, the results remained unchanged (results not shown).

Discussion

In this study, we observed either no association or an inverse association between the weights of adherence to the mixtures and all-cause or cause-specific mortality risk. These results may not be surprising for certain mixtures such as mixture 1 which is inversely associated with mortality risk.

Indeed, mixture 1 is composed of many substances (n=28) including several minerals which are beneficial for health, as shown in a previous scoping review [START_REF] Thomsen | Human health risk-benefit assessment of fish and other seafood: A scoping review[END_REF]: chromium (Cr), potassium (K), iron (Fe) and zinc (Zn) (Table 1). On the other hand, we also found some unexpected results, such as the non-linear inverse associations between mixtures 4 or 5 and the risk of mortality.

As mixtures 4 and 5 are composed of pesticides and for which the main contributing food groups are "vegetables except roots" and "fruits", respectively, the known beneficial effects of consuming such foods may have overtaken the potentially detrimental effect of dietary exposure to the pesticide mixtures. A recent study investigating the health effects related to the consumption of fruits and vegetables containing pesticide residues concluded that the benefits of fruits and vegetables consumption outweigh the long-term health effects linked to exposure to pesticides [START_REF] Valcke | Human health risk assessment on the consumption of fruits and vegetables containing residual pesticides: A cancer and non-cancer risk/benefit perspective[END_REF]. In addition, a prospective cohort study found that the association between fruits and vegetables intake and lower mortality risk was limited to the consumption of fruits and vegetables with a low level of contamination with pesticides while no association with mortality was observed for the consumption of fruits and vegetables highly contaminated with pesticides [START_REF] Sandoval-Insausti | Intake of fruits and vegetables according to pesticide residue status in relation to all-cause and disease-specific mortality: Results from three prospective cohort studies[END_REF]. It is thus likely that, despite our adjustment strategies, we did not succeed in separating the beneficial effect of certain foods and nutrients from the potentially detrimental effect of exposure to chemical mixtures. On the basis of the causal model represented in Figure 1, we attempted to account for the nutritional contribution of diet by using two adjustment strategies. In the first strategy (corresponding to model d), we chose to adjust on the consumption of the food group which was most strongly correlated with the weight of adherence to each mixture, and that we interpreted as the food group which contributed the most to the exposure to the mixture. Such an adjustment should remove the confounding coming from the total quantity consumed of a given food group potentially linked to both the exposure and the outcome. In the second strategy, we attempted to consider diet at a more global scale, using indexes based on nutrient intakes (corresponding to model e). Since it was not feasible to choose specific nutrients to include in the model for each specific mixture, we adjusted the model on two nutritional scores reflecting the antioxidant or inflammatory capacity of the diet (FRAP and ADII, respectively) as oxidative stress and chronic systemic inflammation are often linked to noncommunicable diseases (such as cancer or CVD). Nevertheless, despite the different adjustment strategies tested, it seems that we did not succeed in fully separating the effect of the exposure to chemical mixtures from the overall effect of the diet in relation to mortality risk, especially for mixtures 4 and 5, but probably also for other mixtures. This can be partly explained by the fact that the intake of contaminants is directly estimated from dietary consumption, which makes it particularly difficult to control for dietary confounding in our study. Moreover, despite the adjustment on lifestyle variables in the models, confounding may derive also from unmeasured lifestyle factors associated with both diet and mortality.

The notion of the number of substances considered in our analyses also raises questions. Firstly, although in the present study we derived the mixtures from the estimated dietary exposure to almost 200 different chemical substances, leading to mixtures including between 21 and 52 contaminants (the rationale is explained elsewhere [START_REF] Mancini | Identification of chemical mixtures to which women are exposed through the diet: Results from the French E3N cohort[END_REF])), we are aware that in real life many more food contaminants exist that may contribute differently to the mixtures and thus to the association with mortality. However, while, from an exposome perspective, it could be interesting to identify chemical mixtures from the intake of more substances, a higher number of substances is likely to lead to greater difficulties with the interpretation of the mixtures and their associations with health outcomes. Thus it may also be advisable to reduce the number of studied substances by a priori grouping substances, according to their structures, modes or mechanisms of action, toxicological effects associated with the outcome of interest, and/or common target organ/system [START_REF] De Jong | Roadmap for action on Risk Assessment of Combined Exposure to Multiple Chemicals (RACEMiC)[END_REF]. For example, starting from more than 400 pesticides, Crépet et al. included only those related to steatosis in the SNMU and thus fell to 144 pesticides [START_REF] Crépet | Selecting mixtures on the basis of dietary exposure and hazard data: Application to pesticide exposure in the European population in relation to steatosis[END_REF]. The approach just described may be effective for outcomes related to well-defined pathogenic processes while it is likely to be more difficult to apply it for outcomes such as mortality.

To the best of our knowledge, the SNMU (used in [START_REF] Traoré | To which mixtures are French pregnant women mainly exposed? A combination of the second French total diet study with the EDEN and ELFE cohort studies[END_REF][START_REF] Mancini | Identification of chemical mixtures to which women are exposed through the diet: Results from the French E3N cohort[END_REF] and other statistical methods of reduction of dimension like NMF or PCA were previously applied mainly to identify chemical mixtures [START_REF] Béchaux | Identification of pesticide mixtures and connection between combined exposure and diet[END_REF][START_REF] Traoré | To which chemical mixtures is the French population exposed? Mixture identification from the second French Total Diet Study[END_REF][START_REF] Lee | Identification of chemical mixtures to which Canadian pregnant women are exposed: The MIREC Study[END_REF]Rebouillat, Vidal, Cravedi, Taupier-Letage, Debrauwer, Gamet-Payrastre, Touvier, Hercberg, et al., 2021), and generally not to test the association between the identified mixtures and a health outcome. Only two studies applying NMF have investigated the associations between dietary exposure to pesticide mixtures and the risk of breast cancer and type 2 diabetes. They found positive associations between a component of the NMF (correlated with dietary exposure to synthetic pesticides) and the risk of developing breast cancer and type-2 diabetes [START_REF] Rebouillat | Prospective association between dietary pesticide exposure profiles and postmenopausal breast-cancer risk in the NutriNet-Santé cohort[END_REF][START_REF] Rebouillat | Prospective association between dietary pesticide exposure profiles and type 2 diabetes risk in the NutriNet-Santé cohort[END_REF]. However, it must be noted that in these studies the authors included only 25 substances which are all classified as pesticides, while in the present study we included 197 chemical substances among which 58 were pesticides. This main methodological difference could explain the better interpretability of the results obtained by Rebouillat et al. To summarise, as suggested previously by others [START_REF] Gibson | Complex Mixtures, Complex Analyses: An Emphasis on Interpretable Results[END_REF], the SNMU is a method adapted to identify mixtures of correlated substances, so with a descriptive purpose, while it may have some limitations when used in analytical epidemiology. Indeed, the SNMU, being a non-supervised method, identifies the mixtures exclusively on the basis of the correlations between the exposure variables, not directly taking into account the links between the exposure variables and the outcome of interest. As a result, substances are not necessarily grouped according to the direction of their associations with the outcome, which means that a given mixture may include substances that have opposite effects on the studied outcome. It is thus possible to observe a null association between a mixture and the outcome which is in reality the result of a combination of opposite effects of the individual substances on this outcome. Supervised methods could therefore be particularly suitable in this context of analytical epidemiology, by selecting and grouping substances taking into account their relation with the outcome. Nevertheless, these approaches would answer to a different research question than ours: "Which are the chemical mixtures mostly associated with mortality risk?". While this research question is very interesting per se, it cannot be excluded that the identified mixtures could correspond to mixtures to which women are more rarely exposed to in real life.

It also has to be considered that exposure to chemical contaminants could be associated with an increased incidence of certain non-communicable diseases without being necessarily associated with an increased risk of mortality. Further studies investigating the relationship between dietary exposure to chemical mixtures and the incidence of specific outcomes are warranted.

When interpreting our results, some limitations linked to the E3N cohort study should also be considered. The E3N cohort is composed of middle-aged French women. Indeed, as population groups can have different susceptibilities towards the adverse health effects related to the presence of contaminants in the diet, we can't exclude the possibility of finding different results in another population. Moreover, the participants of the E3N cohort are not representative of middle-aged

French women as they are on average leaner and have a higher education level, so the generalizability of our results should be done with caution [START_REF] Clavel-Chapelon | Cohort Profile: The French E3N Cohort Study[END_REF]. Nevertheless, comparisons between high and low levels of adherence to the mixtures remain possible. The lack of associations observed in the present study could be due to the reduced variability in the exposure within the E3N cohort compared to the variability expected in the French general population.

Moreover, we cannot exclude that women in our study are not sufficiently exposed to chemical mixtures to see an association with mortality which could appear at higher levels of exposure.

Furthermore, the period elapsed between the estimation of dietary consumption in 1993 and the estimation of food contamination levels in 2007-2009 has to be acknowledged. Indeed, the dietary consumption and contamination levels could have varied over time. However, concerning dietary consumption, a study highlighted the stability of the dietary pattern among middle-aged women [START_REF] Thorpe | Education and lifestyle predict change in dietary patterns and diet quality of adults 55 years and over[END_REF]. Furthermore, food contamination levels may have changed overtime, leading to an imperfect estimation of the dietary intakes. However, except for pesticides that suffer more from spatial and temporal variations, many of the contaminants considered in this study are persistent and ubiquitous in the environment. Thus we can assume that their presence in the environment does not change rapidly and that these changes are similar in all food groups, resulting in a correct ranking of the participants according to their exposure. Moreover, the potential measurement error in the estimation of the substances' intake can have induced a classification error that is non-differential with respect to the outcome, leading to an attenuation of the estimated associations [START_REF] Kipnis | Structure of Dietary Measurement Error: Results of the OPEN Biomarker Study[END_REF][START_REF] Thiébaut | Is it necessary to correct for measurement error in nutritional epidemiology[END_REF][START_REF] Freedman | Dealing with dietary measurement error in nutritional cohort studies[END_REF]. Finally, in this study, no specific information concerning organic and not organic food is available, nor for food consumption data, nor for food contamination data. This limitation can lead to a potential misclassification of the exposure, especially for pesticide intake.

This study also benefits from several strengths. The analyses on more than 70 000 women followed for an average of 19 years allow the study of possible long-term health effects based on a sufficient number of cases to achieve adequate statistical power. The numerous sensitivity analyses ensure the robustness of the results. Furthermore, mortality cases were obtained from the mortality database with causes of death validated by the Inserm-CépiDc, which permits to accurately classify the participants in relation to the outcome. In addition, the measurement error of the exposure is reduced because the dietary questionnaire was previously validated [START_REF] Van Liere | Relative validity and reproducibility of a French dietary history questionnaire[END_REF], and because the food samples were prepared "as consumed" in order to take into account potential changes in contamination levels due to the preparation method, such as pealing or washing [START_REF] Sirot | Core food of the French food supply: Second Total Diet Study[END_REF].

Finally, extensive information about the participants' individual characteristics and lifestyle was available and allowed to take into account several potential confounders through adjustments in the models.

Conclusion

To conclude, we observed either no association or an inverse association between dietary exposure to chemical mixtures and mortality risk. Despite the different adjustment strategies, it seems that we did not fully succeed in excluding the residual confounding from the overall effect of the diet, especially for mixtures composed of pesticides, which appear to be inversely associated with mortality risk.

The present study also raises the question of how to strike a balance between a higher number of contaminants and the interpretability of the identified mixtures and their association with the outcome. An approach to this problem is to integrate a priori knowledge (e.g. toxicological data) to group substances and obtain more parsimonious and interpretable mixtures.

Finally, supervised statistical methods should be tested in future studies to identify the chemical mixtures to which people are exposed through the diet directly in relation to the health outcome of interest.
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