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Per-and poly-fluorinated substances (PFAS) are widely found in freshwater ecosystems because of their resistance to degradation. Among them, several long-chain perfluoroalkyl acids bioaccumulate in aquatic vertebrates, but our understanding of the mechanisms of absorption, distribution and elimination is still limited in fish. For this purpose, we developed a 10-compartment physiologicallybased toxicokinetic (PBTK) model to elucidate perfluorooctane sulfonate (PFOS) kinetics in adult rainbow trout. This PBTK model included various physiological characteristics: blood perfusion to each organ, plasmatic fraction, PFOS free fraction, and growth of individuals. The parameters were optimized using Bayesian inferences. First, only PFOS absorption by diet was considered in the model as well as its elimination by urine, bile and feces. Then two mechanistic hypotheses, assumed to govern PFOS toxicokinetics in fish, namely the enterohepatic cycle and the absorption and elimination though gills, were tested. Improvement of the model's fit to the data was studied in each organ by comparing predictions with observed data using relative error. The experimental data set was obtained from an exposure experiment, where adult rainbow trout were fed with a PFOS-spiked diet for 42 days, followed by a 35-day depuration period. In all cases, PFOS concentrations were accurately predicted in organs and feces by the model. The results of this PBTK model demonstrated that feces represented the major elimination route for PFOS while urine was a minor route. Also, PFOS branchial uptake can be substantial despite low concentrations of the compound in water, and elimination through gills should not be neglected. Finally, the enterohepatic cycle is likely to play a minor role in PFOS toxicokinetics. Overall, this PBTK model accurately described PFOS distribution in rainbow trout and provides information on the relative contribution of absorption and elimination pathways.

Introduction

Per-and poly-fluorinated substances (PFAS) are important environmental contaminants. They are characterized by their functional moiety (acid, alcohols, cationic or phosphorous-or nitrogencontaining groups…) and their fluorinated chain length, and the strong carbon-fluorine bonds lead to a high thermal and chemical stability in the environment [START_REF] Buck | Perfluoroalkyl and polyfluoralkyl substances in the environment: terminology, classification, and origins[END_REF]. Due to their unique properties, long-chain PFAS have been manufactured and used in many industrial and commercial applications for over half a century [START_REF] Renner | Growing concern over perfluorinated chemicals[END_REF]. Nowadays, PFAS are ubiquitous in aquatic ecosystems [START_REF] Houde | Biological monitoring of polyfluoroalkyl substances: A review[END_REF][START_REF] Ahrens | Fate and effects of poly-and perfluoroalkyl substances in the aquatic environment: A review[END_REF][START_REF] Krafft | Per-and polyfluorinated substances (PFASs): Environmental challenges[END_REF]. Among them, perfluorooctane sulfonate (PFOS), a strong acid among the most widely known group of ionogenic organic chemicals, has been carefully studied for years because of its extensive use in many applications (OECD 2002). With regulatory efforts aiming to reduce PFOS emissions (e.g., European

Directive 2006/122/EC), PFOS is now found at lower concentrations in the environment, although still high compared to other PFAS [START_REF] Krafft | Per-and polyfluorinated substances (PFASs): Environmental challenges[END_REF][START_REF] Shi | Tissue distribution of perfluorinated compounds in farmed freshwater fish and human exposure by consumption[END_REF]. Exposure experiments in fish demonstrated that PFOS mostly accumulates in liver and blood (Martin et al. 2003;[START_REF] Goeritz | Biomagnification and tissue distribution of perfluoroalkyl substances (PFASs) in market-size rainbow trout (Oncorhynchus mykiss)[END_REF][START_REF] Shi | Probing the Differential Tissue Distribution and Bioaccumulation Behavior of Per-and Polyfluoroalkyl Substances of Varying Chain-Lengths, Isomeric Structures and Functional Groups in Crucian Carp[END_REF][START_REF] Zhong | Probing mechanisms for bioaccumulation of perfluoroalkyl acids in carp (Cyprinus carpio): Impacts of protein binding affinities and elimination pathways[END_REF]. The assumption of a main elimination by the branchial route rather than by urine has been reported for rainbow trout [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF]. However, this study neglected the potential contribution of biliary and fecal excretion. Today data remain limited and absorption and elimination mechanisms are still poorly understood.

Multicompartment models are useful tools to improve the understanding of the mechanisms involved and are increasingly used in ecotoxicology [START_REF] Nichols | A physiologically based toxicokinetic model for the uptake and disposition of waterborne organic chemicals in fish[END_REF]Grech et al. 2019;Péry et al. 2014;[START_REF] Brinkmann | Physiologically-based toxicokinetic models help identifying the key factors affecting contaminant uptake during flood events[END_REF]. Indeed, they are developed, for example, to quantify the internal dose of the compound of interest, providing helpful information for environmental risk assessment. A physiologically-based toxicokinetic (PBTK) model is defined as "a model that estimates the dose to target tissue by taking into account the rate of absorption into the body, distribution and storage in tissues, metabolism and excretion on the basis of interplay among critical physiological, physicochemical and biochemical determinants" (WHO, 2010). A few multicompartment models have already been developed for PFAS in fish [START_REF] Ng | Bioconcentration of Perfluorinated Alkyl Acids: How Important Is Specific Binding?[END_REF][START_REF] Khazaee | Evaluating parameter availability for physiologically based pharmacokinetic (PBPK) modeling of perfluorooctanoic acid (PFOA) in zebrafish[END_REF]Mittal and Ng 2018). Contaminant transport between compartments was modeled by passive diffusion using only rate constants and can therefore be considered as semi-physiological, i.e., not entirely based on physiological processes [START_REF] Grech | Toxicokinetic models and related tools in environmental risk assessment of chemicals[END_REF]. The aim of this study was to develop a PBTK model based on adult rainbow trout (Oncorhynchus mykiss) blood flows and the substance-partition coefficients between plasma and tissues, while integrating fish growth, to elucidate PFOS toxicokinetics. Urinary, biliary and fecal elimination routes were considered, and the importance of each route was studied. The relative importance of excretion routes depends on species for mammals [START_REF] Lupton | Distribution and Excretion of Perfluorooctane Sulfonate (PFOS) in Beef Cattle (Bos taurus)[END_REF]Cui et al. 2010;[START_REF] Gannon | Absorption, distribution, metabolism, and excretion of [14C]-perfluorohexanoate ([14C]-PFHx) in rats and mice[END_REF], while their relative contribution remains unknown for fish. Three hypotheses were then investigated by comparing the quality of model adjustment on observations. Firstly, since it was suggested that fish exposure to PFOS is more likely from food than from water [START_REF] Martin | Perfluoroalkyl contaminants in a food web from Lake Ontario[END_REF][START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF], the absorption was only modeled via the diet. Indeed, PFAS accumulated in preys [START_REF] Martin | Perfluoroalkyl contaminants in a food web from Lake Ontario[END_REF][START_REF] Babut | Per-and poly-fluoroalkyl compounds in freshwater fish from the Rhône River: influence of fish size, diet, prey contamination and biotransformation[END_REF]) provide an enriched dietary source to the carnivorous fish species such as rainbow trout. Secondly, the role of enterohepatic reabsorption, which might partly explain the slow elimination of PFOS, was investigated (Martin et al. 2003[START_REF] Ulhaq | Tissue uptake, distribution and elimination of 14C-PFOA in zebrafish (Danio rerio)[END_REF]. Indeed, this process is thought to occur for PFOS but it is not explicitly incorporated in current models for aquatic organisms [START_REF] Armitage | Assessing the bioaccumulation potential of ionizable organic compounds: Current knowledge and research priorities[END_REF]. Thirdly, uptake and excretion of PFOS through gills were added, as some authors suggested that PFOS could be absorbed and eliminated significantly through gills [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF]. Therefore, the relative contribution of the absorption/elimination routes was calculated. Plausibility of these assumptions were assessed based on the parsimony principle, by comparing predictions of the different versions of the model with a data set obtained from an experiment in which adult rainbow trout were exposed to a PFOS-spiked diet over 42 days followed by a 35-day depuration phase [START_REF] Vidal | Does water temperature influence the distribution and elimination of perfluorinated substances in rainbow trout (Oncorhynchus mykiss)[END_REF]). This PBTK model was calibrated to fit as best as possible with experimental data to test mentioned toxicokinetic assumptions. Finally, the predictive capacity has also been evaluated using external data (Martin et al. 2003), to confirm the different mechanisms assumed by the model.

Materials and methods

2.1.

Toxicokinetic data: dietary exposure on adult rainbow trout A dietary experiment was conducted at the Irstea experimental platform (St-Seurin-sur-l'Isle, France). Adult rainbow trout (n=100) were fed daily with a PFOS-spiked diet, at a concentration measured at 462.5 ng g -1 (contamination protocol detailed in Section A.1, in SI) over 42 days, and allowed to depurate for 35 days in the same conditions. Complete details on the protocol and the experimental design could be found in [START_REF] Vidal | Does water temperature influence the distribution and elimination of perfluorinated substances in rainbow trout (Oncorhynchus mykiss)[END_REF]. Briefly, experimental conditions were adapted from the OECD 305 guideline (OECD, 2012) and accepted by the ad hoc ethics committee in charge. Fish were kept in two 2×2.7-m 3 gelcoat tanks (control and exposure tanks) with a flow-through rate of 0.5 L s -1 , under a natural dark:light cycle. The experiment took place in spring, with mean temperature 18.6°C ± 0.41°C during the entire experimental period, which is slightly below the maximum of the optimum temperature range for rainbow trout [START_REF] Raleigh | Habitat Suitability Index Models: Rainbow trout[END_REF]. Temperature, pH and dissolved oxygen were recorded daily. Taking into account water temperature and mean initial body weight of the organisms (0.32 kg ± 0.05 kg), trout were fed once a day at 12:00 to 1% of the mean total biomass. Food quantity was adapted to the biomass present during the experiments and was assumed to be the percentage ad libitum feeding. No mortality was observed and fish were in good condition, as demonstrated by the calculated Fulton index and hepatosomatic index (Table A .2,in SI).

Five fish were sampled, anesthetized (3 mL of an eugenol oil:ethanol 10% solution in 10 L of water), measured, weighed and euthanized giving a blow on the spine just behind the head at days 0, 7, 14, 28, 42, 49, 56, 63 and 77 to collect feces (by pressing the intestine to the anus to extract excrements), blood, liver, kidney, brain, muscle and viscera (pool of stomach, intestine, pyloric cecum and spleen)

for PFOS analysis using UHPLC-MS/MS. Simultaneously, water samples were also taken in the exposure tank. Measured concentrations of PFOS in water were 1.013, 0.808, 0.739, 0.651, 0.517, 0.408, 0.426 and 2.148 ng L -1 at 7, 14, 28, 42, 49, 56, 70 and 77 days. These PFOS concentrations were linearly interpolated in the exposure scenario (input of the model). In this experiment, no PFOS was added in water in exposure tanks, therefore, it is thought to come from the river.

General PBTK model structure

The reference PBTK model (Model 0) corresponds to the simplest PFOS toxicokinetics, in which only diet uptake was considered, so as to investigate the relative importance of feces and urinary excretion (Figure 1). Model 0 structure was inspired from generic PBTK models developed for organic compounds by [START_REF] Nichols | A physiologically based toxicokinetic model for the uptake and disposition of waterborne organic chemicals in fish[END_REF], [START_REF] Nichols | A physiologically based toxicokinetic model for dermal absorption of organic chemicals by fish[END_REF] and Grech et al. (2019) for adult rainbow trout. These models were primarily designed for neutral organic chemical, but they provide a well described trout physiology, which is also valid for non-neutral chemicals.

Model 0 was constituted of ten compartments: arterial and venous blood, liver, kidney, viscera, muscle, brain, skin, gill and carcass (corresponding to the rest of the body, explaining PFOS residual concentration into the organism). Since PFOS quantities in muscle are a concern for health, PFOS concentrations are not negligible in skin [START_REF] Goeritz | Biomagnification and tissue distribution of perfluoroalkyl substances (PFASs) in market-size rainbow trout (Oncorhynchus mykiss)[END_REF] and brain content may lead to damage to fish neuronal functions (Du et al. 2013;[START_REF] Wang | Chronic zebrafish PFOS exposure alters sex ratio and maternal related effects in F1 offspring[END_REF], we included these compartments. Since PFOS presents a high affinity to plasma proteins in fish [START_REF] Zhong | Probing mechanisms for bioaccumulation of perfluoroalkyl acids in carp (Cyprinus carpio): Impacts of protein binding affinities and elimination pathways[END_REF][START_REF] Jones | Binding of perfluorinated fatty acids to serum proteins[END_REF], this PBTK model was built on the plasma fraction rather than total blood, similar to the PFOS PBTK model for Sprague-Dawley rats by [START_REF] Loccisano | Comparison and evaluation of pharmacokinetics of PFOA and PFOS in the adult rat using a physiologically based pharmacokinetic model[END_REF]. Plasma is thus considered as the main PFOS vehicle in the organism; by considering the plasma fraction, PFOS distribution in organs changes since arterial volume entering each compartment is reduced. Exchanges between compartments were accordingly described by physiological flows and partition coefficients between plasma and organs. In addition, only the free fraction of PFOS in plasma is assumed to be available for partitioning into tissues [START_REF] Loccisano | Comparison and evaluation of pharmacokinetics of PFOA and PFOS in the adult rat using a physiologically based pharmacokinetic model[END_REF]. In this way, PFOS binding to plasma proteins is considered by introducing an unbound fraction of the chemical in plasma.

In this model version, we considered that PFOS was only absorbed by diet, provided once a day at 12:00 pm (as did in the experiment). Fish were fed with food quantities adapted to their growth (growth rate: 8.14 10 -3 ± 0.88 10 -3 g day -1 ). Oral doses entered the gut, which was divided into two subcompartments (lumen and tissue). PFOS passed into the blood according to the constant of absorption (Ku). All of the venous blood flowing out of the gut entered the liver and a fraction of venous blood flowing out of muscle and skin entered kidney (fraction "a" and "b", respectively), whereas the remaining flow of both tissues returned to systemic circulation [START_REF] Nichols | A physiologically based toxicokinetic model for dermal absorption of organic chemicals by fish[END_REF][START_REF] Nichols | A physiologically based toxicokinetic model for dietary uptake of hydrophobic organic compounds by fish: I. Feeding studies with 2,2',5,5'-tetrachlorobiphenyl[END_REF]). Furthermore, we assumed that there was no PFOS metabolism. Finally, elimination by feces, bile and urine were considered. A glossary of model parameter abbreviations, their units and their definitions are provided in Table 1.

2.3.

Model equations

Biometric equations

Growth of rainbow trout was based on the von Bertalanffy equation (Equation 1) integrating the feeding effect on growth rate and assuming a negligible impact of the maximum length variation due to the feeding level (fish were far from their maximum length). The body weight was determined by a mass-length relationship (Equation 2).

(Equation 1)

BW = α L β (Equation 2)
where L is the total fish length at fork (cm), Lm the maximum total fork length (cm), f corresponds to ad libitum feeding, is the growth rate (cm h -1 ), BW is the fish body weight (kg), α and β are constants.

Physiological equations

Cardiac output (F_card), depending on both water temperature and fish mass [START_REF] Barron | Temperature-dependence of cardiac output and regional blood flow in rainbow trout, Salmo gairdneri Richardson[END_REF][START_REF] Wood | Cardiovascular dynamics and adrenergic responses of the rainbow trout in vivo[END_REF], was corrected by the Arrhenius function (Equation 3) and then calculated as shown by Equation 4 (Grech et al. 2019).

(Equation 3)

T is the water temperature of the experiment (in Kelvin), TA is the Arrhenius temperature (in Kelvin)

and Tref is the reference temperature (in Kelvin) (Table 2).

, L.h -1 (Equation 4)

Where BWF_card_ref is the body weight reference at which F_cardref was recorded, KT is the Arrhenius function, BW the fish mass, and plasma is the plasmatic fraction.

PFOS distribution in rainbow trout tissues

The general equation to describe PFOS amount change rate, without considering either elimination or absorption is given by Equation 5. All tissue compartments are assumed to be homogeneous and the distribution is limited by flow. Flows to tissues were calculated taking into account the free fraction of PFOS in plasma. Detailed equations for each organ are reported in Section A.2, in SI.

) 5)

(Equation
where Qi is the amount of chemical in the compartment i, Fi is the arterial plasma blood flow to the compartment i, Free is the free fraction of PFOS, Cart is the chemical concentration in arterial blood, Ci is the chemical concentration in venous blood, leaving the compartment i, and t is time. Fi was calculated by multiplying the relative fraction of each organ (Fraci) by the cardiac output and volume of each organ, making it possible to calculate Ci, which was obtained by multiplying the fraction of organ (Sc_i) by the body weight, and PCi is the partition coefficient between tissue and plasma.

PFOS elimination

Dynamic equations for PFOS elimination by bile, feces and urine depended on PFOS concentrations in liver, lumen of gut and kidney, respectively, and were described by Equations 6, 7 and 8.

(Equation 6)

where Qexcretbile corresponds to the PFOS quantity excreted into the bile (ng), Clbile is the biliary clearance (L h -1 ) and Cliver is the PFOS concentration in liver (ng g -1 ).

In gut lumen, we distinguished two forms of PFOS. The first corresponded to the free PFOS, which was absorbed (gut lumen 1), and the second was the PFOS conjugated in bile (gut lumen 2).

(Equation 7)

where Qlumen1 corresponds to PFOS quantity which transfers into gut lumen 1, Qadminfood is the PFOS quantity ingested by food (ng), Ku is the absorption rate constant (h -1 ), Clfeces is the fecal clearance (L h - 1 ) and Clumen1 is the PFOS concentration in gut lumen 1 compartment (ng g -1 ).

(Equation 8)

where Qlumen2 corresponds to PFOS quantity which transfers into gut lumen 2, Clumen2 is the PFOS concentration in gut lumen 2 compartment (ng g -1 ).

In model 0, the totality of PFOS in bile was assumed to enter the gut lumen 2, and then be eliminated by feces. This route represents the fraction of PFOS eliminated by bile and the fraction unabsorbed.

(Equation 9)

where Qexcretfeces corresponds to the PFOS quantity eliminated in the feces (ng).

(Equation 10)

where Qexcreturine corresponds to the PFOS quantity excreted into urine (ng), Clurine is the urinary clearance (L h -1 ), Ckidney is the PFOS concentration in kidney (ng g -1 ) and PCkidney is the partition coefficient between the plasma and the kidney. In this model, we did not consider a potential PFOS reabsorption by urine.

Description of model 1

Model 1 was implemented to explore the hypothesis of an enterohepatic circulation for PFOS.

Then, Model 1 equations were the same as model 0 equations and only a parameter driving the PFOS fraction reabsorbed by bile (freab) was added, and equations 7 and 8 became equations 11 and 12.

(Equation 11) (Equation 12)

Since there are no data available on this process, we tested four different PFOS reabsorbed fractions: 25%, 50%, 75% and 100% (freab = 0.25, 0.50, 0.75 and 1, respectively).

Description of model 2

In fish, excretion from gills is also a general elimination route [START_REF] Erickson | Bioavailability of Chemical Contaminants in Aquatic Systems[END_REF] and branchial uptake might be high for PFOS [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF], explaining why we added gills to the model. Therefore, PFOS absorption and elimination by gills were added in model 2 as proposed by [START_REF] Nichols | A physiologically based toxicokinetic model for the uptake and disposition of waterborne organic chemicals in fish[END_REF], and these processes were independent of the concentration in the branchial tissue since PFOS absorption was modeled to directly enter into the systemic circulation. Some models integrated the ionizable nature in the gill transfer processes, from water to blood, and from blood to water [START_REF] Erickson | Uptake and elimination of ionizable organic chemicals at fish gills: i. Model formulation, parameterization, and behavior[END_REF][START_REF] Armitage | Development and evaluation of a mechanistic bioconcentration model for ionogenic organic chemicals in fish[END_REF]). In our model, based on parsimony principle, this complex model of gills absorption was not integrated due to a lack of data to parametrize it (parameters of the complex model are likely unidentifiable with the available data). Consequently, PFOS transfer through gills was simply modelled by a simple diffusion, with 100% of PFOS present in water was available to be absorbed. Therefore, both absorption and elimination processes were only dependent on the ventilation rate (Qw) (Equation 14, from [START_REF] Stadnicka | Predicting Concentrations of Organic Chemicals in Fish by Using Toxicokinetic Models[END_REF], which was related to the oxygen consumption rate (VO2; Equation 13). As for cardiac output, VO2 depends on water temperature and fish mass [START_REF] Barron | Temperature-dependence of cardiac output and regional blood flow in rainbow trout, Salmo gairdneri Richardson[END_REF][START_REF] Wood | Cardiovascular dynamics and adrenergic responses of the rainbow trout in vivo[END_REF]. Therefore, we also corrected this parameter using the Arrhenius function (Grech et al. 2019).

, mgO2.h -1 (Equation 13)

where KT is the Arrhenius function, BWVO2ref the body weight reference (kg) at which VO2ref (mgO2 h -1 ), the reference value of the process, was recorded, and BW the body weight (kg).

, L.h -1 (Equation 14)

where Cox is the dissolved oxygen concentration in water (mgO2 L -1 ), VO2 is the oxygen consumption rate (mgO2 h -1 ) and OEE is the oxygen extraction efficiency set to 0.8, as proposed by [START_REF] Erickson | A model for exchange of organic chemicals at fish gills: flow and diffusion limitations[END_REF].

In this model, absorption and elimination by the gills were described as shown by Equations 15 and 16, respectively.

(Equation 15)

with corresponding to the quantity of PFOS absorbed into blood (ng) and Cwater to PFOS concentrations in water (ng L -1 ).

(Equation 16)

with, corresponding to the quantity of PFOS eliminated by gills (ng), Cvenous to the PFOS concentration in venous blood (ng L -1 ) and PCblood:water corresponding to the partition coefficient between blood and water.

Statistical inference

Bayesian inference was used to fit the model to the toxicokinetic data obtained from exposure and depuration experiments. Prior distributions for each parameter estimated were defined according to information from the literature. Depending on the literature data available, either a normal or uniform prior distribution was used (Table 2). Some parameters were not calibrated by the Bayesian inference and were fixed. The choice of fixed parameter values and prior values is explained in Section A.3, in SI. The models were fitted on the geometric mean of observed data (n=5) for kinetic data and on the arithmetic mean (n=5) for biometric data. Accordingly, the biometric data distribution was assumed to be Gaussian and the error was set at 20% for fish mass and length. Experimental data for concentrations in organs and feces were assumed to follow a log-normal distribution, and the error was estimated to be 15%, corresponding to measurement errors and inter-individual variability. Error was set at 30% for viscera because of the sample heterogeneity (mixed stomach, intestine, spleen and pyloric cecum).

The PBTK model was calibrated using the MCSim software (version 6.0.1), which is designed for Bayesian inference through Monte Carlo Markov Chain [START_REF] Bois | GNU MCSim[END_REF]. Three independent Markov chains of 50,000 iterations were run for each calibration. To ensure chain convergence, we calculated the Gelman and Rubin convergence criterion [START_REF] Gelman | Inference from iterative simulation using multiple sequences[END_REF], and analyzed the correlation between all parameters, the density and the distribution of prior and posterior values. The convergence diagnosis was carried out using R software (R-Core-team, 2016) within the RStudio environment (version 0.97.903).

From the joint posterior distribution, we can obtain the median and the standard deviation for each parameter. The accuracy of model parameter estimation can be visualized by comparing prior and posterior distributions: a narrow posterior distribution indicates that experimental data provided sufficient information to precisely estimate parameters. The plausibility of posterior values was also checked for all parameters.

2.7.

Model comparison

The ability of the PBTK models to predict PFOS kinetics was verified by comparing simulations with the observed data geometric mean (n=5) for kinetic data and the arithmetic mean (n=5) for biometric data. Then we calculated the relative error to the mean (RE) in each organ and in feces (Equation 17). REs were used to compare the models. The model predictions associated with the lowest RE indicate the model that best fits the data.

(Equation 17)

with Pi the geometric mean predicted concentrations, Oi the geometric mean observed concentrations and n the total number of observations. As number of estimated parameters changed according to different models, BIC (Bayesian Information Criterion) was also calculated to compare sub-models [START_REF] Spiegelhalter | The deviance information criterion: 12 years on[END_REF].

Model assessment

Experimental data provided by Martin et al. (2003) were compared to PFOS distribution in trout organs predicted by our basic model (i.e. model 0) for the same experimental conditions. Because authors did not report PFOS concentrations in water, we applied the model 0, which accounts for uptake through diet only. To this purpose, the exposure scenario of Martin et al. (2003) was simulated, and predictions were compared to the observations. Hence, water temperature, PFOS concentration in food, food quantity and initial fish weight (2g-fish) were adjusted to simulate the experience performed by Martin et al. (2003). As concentrations were measured in eviscerated fish, we predicted the global internalized PFOS concentration without viscera.

Results

Model 0 simulations accurately fit the data

Convergence of chains was successful for all calibrated parameters, with narrower posterior distributions compared to prior distributions (Figure A.1,in SI). The Gelman and Rubin criterion was always between 0.9 and 1.03 for all parameters (not shown). Some parameters such as the partition coefficient between gills and blood, or the partition coefficient between skin and blood, as well as urinary clearance, could not be updated due to a lack of data. agreement with observed data, and predicted concentrations in skin, in gills and in carcass were on the same order of magnitude as concentrations measured in these three organs by [START_REF] Goeritz | Biomagnification and tissue distribution of perfluoroalkyl substances (PFASs) in market-size rainbow trout (Oncorhynchus mykiss)[END_REF].

In model 0, the only source of PFOS contamination was food. In 24 h, the PFOS in food was either absorbed in systemic circulation or excreted by fish: approximately 30% of the daily dose was not absorbed (Figures 3.A, B, E and F). Feces predicted concentrations fitted well with the observed data (Figure 3.C) and the quantity of PFOS in bile contributed significantly (55%) to the feces concentration (Figure 3.B and D). The relative contribution of each excretion pathway is shown in Figure 3.B and these results suggest that fecal elimination was the most important route for PFOS (85%), while elimination by urine was negligible (0.25%).

Our model predicted accurately the dataset obtained with juvenile rainbow trout by Martin et al. (2003): all predictions were within a 2-fold factor (Figure 6).

Model 1: importance of the enterohepatic cycle

For model 1, biliary clearance was adapted in each case depending on the reabsorbed fraction of PFOS, but Bayesian inference did not significantly update the partition coefficients between blood and tissues, absorption rate or fecal clearance (Table A.3,in SI). Since biliary clearance was updated for each fraction tested, the PFOS quantity excreted by bile varied according to the reabsorbed fraction (Figure 4.A). However, kinetics did not significantly change compared to model 0 for any organs for either the uptake or the depuration phase, whatever fraction of reabsorbed PFOS by the enterohepatic cycle was tested (Figures 4.B and 4.C).

REs were calculated in each organ to compare results from each model and to assess the potential improvement provided by the four reabsorbed fraction hypotheses (Table 3). The sum of the REs was also calculated to qualify the best model as a whole. Predictions from model 1 with 100% of PFOS reabsorbed presented overall a slightly lower REs, in particular in feces, compared to other reabsorption fractions tested and to model 0. However, BIC calculated for all hypotheses of model 1 were higher than BIC calculated for model 0, which supported that improvement brought by model 1

was not significant (Table 3).

Model 2: consideration of gill absorption and elimination

Model 2 calibration provided narrow posterior distributions for all parameters (Table 2). The mean value of the partition coefficient between blood and water was high, therefore limiting the PFOS quantity eliminated by gills. Moreover, the partition coefficients did not change significantly compared to model 0, while the kinetic parameters, namely the absorption rate constant and the biliary and the fecal clearances were lowered (Table 2). Contrary to model 0 where PFOS entered the organism only from diet, PFOS was absorbed from both food and water in model 2. Addition of uptake and elimination of PFOS from gills changed the kinetic shapes slightly (Figure 5.A). Since kinetic curves from model 2 were slightly different from model 0 (with prediction credibility intervals and 95% confidence intervals of the observed mean concentrations all overlapped), we calculated RE separately for both uptake and depuration phases (Table 4). For the uptake phase, predictions in almost all organs were better for model 2 than model 0, but this was not the case for the depuration phase.

However, the overall RE was better in model 2 than model 0 because of the better model predictions in feces. BIC calculated for model 2 was better than the one calculated for model 0 (Table 4). This supports that model performed better when absorption and elimination through gills are considered.

Concentrations measured in water during the experiment revealed presence of PFOS, although it was low. Since water uptake was constant from the beginning to the end of the experiment, PFOS was still administrated in the organism during the depuration phase, which may contribute to the slow PFOS elimination. At 42 days, water contributed 20.4% to the total PFOS administrated and 29.8% at the end of the experiment (Figure 5.B). Gill elimination accounted for 28.9% at the end of the experiment, nearly as much as feces (39.4%) (Figure 5.C). Again, urine was found to be a minor PFOS elimination route (0.10% at 42 days).

Discussion

PBTK models developed specially for PFAS are still scarce, particularly in fish. This study proposed a PBTK model to describe PFOS distribution in adult rainbow trout tissues. This species is a good model since physiological parameters are well documented in the literature [START_REF] Barron | Temperature-dependence of cardiac output and regional blood flow in rainbow trout, Salmo gairdneri Richardson[END_REF][START_REF] Gingerich | Whole body and tissue blood volumes of two strains of rainbow trout (Oncorhynchus mykiss)[END_REF][START_REF] Buschnell | Tissue and whole-body extracellular, red blood cell and albumin spaces in the rainbow trout as a function of time: a reappraisal of the volume of the secondary circulation[END_REF] and PBTK models already existed [START_REF] Nichols | A physiologically based toxicokinetic model for the uptake and disposition of waterborne organic chemicals in fish[END_REF][START_REF] Lien | Predicting branchial and cutaneous uptake of 2,2′,5,5′tetrachlorobiphenyl in fathead minnows (Pimephales promelas) and Japanese medaka (Oryzias latipes): Rate limiting factors[END_REF]Grech et al. 2019). In this study, several hypotheses were tested to improve the understanding of PFOS absorption and elimination using a mechanistic model based on the trout physiology. This model was based on the plausibility of assumptions, under the parsimony principle.

First of all, the absorption was only modeled via the diet. Then, the role of enterohepatic reabsorption was studied. Uptake and excretion of PFOS through gills were also studied, and the relative contribution of the absorption/elimination routes was calculated. Moreover, the predictive capacity of the model has been evaluated on an external dataset.

Calibration and parametrization of the PBTK model

Bayesian inference was used to simultaneously estimate all model parameters together and thus enable a more accurate assessment of uncertainty around model predictions. Convergence diagnostics demonstrated that this approach made it possible to find a posteriori distributions for almost all parameters: narrow distributions were obtained, meaning that data provided enough information to estimate the parameters precisely (Figure A.1,in SI). Parameter calibration was therefore successful, as model predictions were in accordance with experimental data. A few parameters however, such as urinary clearance and partition coefficients between skin or gill and blood, could not be estimated: prior distribution is similar to posterior distribution due to the lack of measured PFOS concentrations in urine, skin and gill in this experiment. These parameters were then set at the value measured by other fish experimental studies [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF][START_REF] Goeritz | Biomagnification and tissue distribution of perfluoroalkyl substances (PFASs) in market-size rainbow trout (Oncorhynchus mykiss)[END_REF]. However, in the Consoer et al. study, urinary clearance for PFOS was determined from fish maintained in a respiratory chamber; this stressful design could have impacted the physiological responses. Gill and skin partition coefficients were the apparent partition coefficients calculated as the ratio of the PFOS concentration in tissue relative to that in the total blood and not in plasma.

Therefore, we remain cautious in interpreting the results on PFOS accumulation in gills and skin and on urinary elimination of the compound.

Furthermore, to be closer to physiological reality, in this model we considered fish growth and the plasma fraction rather than the whole blood and estimated a free PFOS fraction. Indeed, fish growth is important in compound toxicokinetics [START_REF] Paterson | PCB elimination by yellow perch (Perca flavescens) during an annual temperature cycle[END_REF][START_REF] Grech | Toxicokinetic models and related tools in environmental risk assessment of chemicals[END_REF]. When fish mass increased over time, growth dilution occurs and concentrations of compounds might be underestimated in organs. Growth is rarely considered in PBTK models however [START_REF] Grech | Toxicokinetic models and related tools in environmental risk assessment of chemicals[END_REF]. Since fish studied in this exposure experiment were fed ad libitum, their mass increased more rapidly than those in natural streams (FAO, 2019). Indeed, fish weight gain over the entire experiment was 45.6% in only 77 days. It was therefore a step forward to consider growth, accurately predicted, in the present model to correct PFOS flows in each organ. Moreover, it was indicated that PFOS bind to serum albumin, one of the main components of plasma [START_REF] Bischel | Strong associations of shortchain perfluoroalkyl acids with serum albumin and investigation of binding mechanisms[END_REF][START_REF] Guo | Fluorescence study on site-specific binding of perfluoroalkyl acids to human serum albumin[END_REF][START_REF] Ng | Bioconcentration of Perfluorinated Alkyl Acids: How Important Is Specific Binding?[END_REF], the remaining fraction (Free) being that eliminated or reabsorbed in enterohepatic circulation in model 1. In their study, [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF] reported that plasma binding exceeded 99% for PFOS. To parametrize this free fraction, we used the estimated value in monkey as the prior [START_REF] Loccisano | Evaluation and prediction of pharmacokinetics of PFOA and PFOS in the monkey and human using a PBPK model[END_REF]) since the only two existing studies that have examined the PFAS binding to fish blood proteins did not report this parameter [START_REF] Jones | Binding of perfluorinated fatty acids to serum proteins[END_REF][START_REF] Zhong | Probing mechanisms for bioaccumulation of perfluoroalkyl acids in carp (Cyprinus carpio): Impacts of protein binding affinities and elimination pathways[END_REF]. The free PFOS fraction estimated value was close to that for monkey, suggesting that a similar mechanism may explain the fate of PFOS in blood [START_REF] Ng | Bioconcentration of Perfluorinated Alkyl Acids: How Important Is Specific Binding?[END_REF]. Nevertheless, we were aware that parametrization of chemical binding to plasma protein is uncertain in our model, but it allowed us to take into account the bioavailability of chemicals and the effect on chemical distribution [START_REF] Kleinow | Toxicokinetics in Fishes[END_REF]) and excretion across the gills [START_REF] Erickson | A model for exchange of organic chemicals at fish gills: flow and diffusion limitations[END_REF] or by the kidney [START_REF] Pritchard | Interactions of xenobiotics with teleost renal function[END_REF].

PFOS toxicokinetics described by the simplest model

Some studies have demonstrated that PFOS can be absorbed by food (Martin et al. 2003;[START_REF] Goeritz | Biomagnification and tissue distribution of perfluoroalkyl substances (PFASs) in market-size rainbow trout (Oncorhynchus mykiss)[END_REF]. For fish living in natural streams, this pathway could be the principal route for PFOS administration. Indeed, for carnivorous species such as rainbow trout, PFOS, which is an amphiphilic chemical, might be taken up mainly through prey [START_REF] Martin | Perfluoroalkyl contaminants in a food web from Lake Ontario[END_REF][START_REF] Babut | Per-and poly-fluoroalkyl compounds in freshwater fish from the Rhône River: influence of fish size, diet, prey contamination and biotransformation[END_REF].

Therefore, we first modeled PFOS absorption only by food. The results showed that about 70% of the compound was assimilated within a few hours after the first oral uptake, suggesting that PFOS absorption is very rapid in rainbow trout. In rats, PFOS is at least 95% absorbed following oral exposure [START_REF] Chang | Comparative pharmacokinetics of perfluorooctanesulfonate (PFOS) in rats, mice and monkey[END_REF], and some studies on rainbow trout have suggested that PFOS assimilation efficiency is close to 100% (Martin et al. 2003;[START_REF] Goeritz | Biomagnification and tissue distribution of perfluoroalkyl substances (PFASs) in market-size rainbow trout (Oncorhynchus mykiss)[END_REF].

Concerning PFOS distribution, concentrations predicted by our PBTK models were generally in agreement with observed PFOS concentrations in all organs, in both the uptake and depuration phases, despite considerable interindividual variability (Figures 3). were not measured in this organ during the toxicokinetic experiment, no data were available to evaluate accurately the profile in the gills. However, the concentrations simulated in gills in the present study were close to those found by [START_REF] Falk | Tissue specific uptake and elimination of perfluoroalkyl acids (PFAAs) in adult rainbow trout (Oncorhynchus mykiss) after dietary exposure[END_REF], in experimental conditions were similar to ours. This profile can be explained by the low flow rate reported by [START_REF] Barron | Temperature-dependence of cardiac output and regional blood flow in rainbow trout, Salmo gairdneri Richardson[END_REF] used in this

study. Yet, their measured blood flow relative to the gill could be underestimated as noted by the authors and this perfusion rate in our model could be improved in the future using external data or new data. As is the case in other dietary exposure studies, liver, blood and kidney were the main organs contaminated [START_REF] Falk | Tissue specific uptake and elimination of perfluoroalkyl acids (PFAAs) in adult rainbow trout (Oncorhynchus mykiss) after dietary exposure[END_REF]Martin et al. 2003;[START_REF] Shi | Probing the Differential Tissue Distribution and Bioaccumulation Behavior of Per-and Polyfluoroalkyl Substances of Varying Chain-Lengths, Isomeric Structures and Functional Groups in Crucian Carp[END_REF][START_REF] Gaillard | Tissue Uptake, Distribution, and Elimination of Perfluoroalkyl Substances in Juvenile Perch through Perfluorooctane Sulfonamidoethanol Based Phosphate Diester Dietary Exposure[END_REF], while muscle and brain were the least contaminated organs. PFOS concentrations in viscera were also relatively high; this might be the consequence of food residuals in the gut of fish.

Finally, the relative contribution of several elimination pathways was studied for the PFOS.

Excretion of the compound was modeled via urine, bile and feces. Calibration of fecal and biliary clearances was successful given the availability of PFOS data in feces from the experimental work.

Nevertheless, it was difficult to calibrate urinary clearance. Indeed, scarcity of available data did not help to estimate this parameter. Also, based on the assumption that PFOS does not present much affinity for the transporters involved in urinary reabsorption in rainbow trout [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF], this mechanism was not modeled. In mammals, PFOS is mainly excreted by feces in cattle [START_REF] Lupton | Distribution and Excretion of Perfluorooctane Sulfonate (PFOS) in Beef Cattle (Bos taurus)[END_REF] while it is eliminated more through urine by rodents (Cui et al. 2010;[START_REF] Gannon | Absorption, distribution, metabolism, and excretion of [14C]-perfluorohexanoate ([14C]-PFHx) in rats and mice[END_REF].

Predictions of our model demonstrated that the main elimination route for PFOS in trout was via feces.

These findings are consistent with [START_REF] Zhong | Probing mechanisms for bioaccumulation of perfluoroalkyl acids in carp (Cyprinus carpio): Impacts of protein binding affinities and elimination pathways[END_REF], who investigated the elimination mechanisms of several PFOS isomers in carp exposed to perfluoroalkyl acids in water. They demonstrated that linear isomers, i.e., the one used in the present study, were found in higher concentrations in feces than in water, containing PFOS from urine, PFOS excreted by gills and PFOS in feces dissolution. PFOS elimination by urine was on the contrary considered as minor, consistent with the finding reported by [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF].

Overall, our conclusion on the different assumptions seem validated by the attempt to use the model with experimental external dataset (Martin et al. 2003), as predictions of our model were in the same order of magnitude as the measured concentrations, despite existing physiological differences between juveniles and adults.

Additional hypotheses tested by other PBTK models

Altogether, this study provided evidence that the simplest PBTK model (model 0) accurately describes PFOS toxicokinetics. To go further, the main hypotheses on the PFOS kinetics were tested:

the enterohepatic cycle, gill absorption (with 100% of PFOS present in water was available to be absorbed) and elimination.

Enterohepatic circulation of some PFAS has been suggested and it might be an important excretory pathway (Martin et al. 2003;[START_REF] Honda | High concentrations of perfluorooctane sulfonate in mucus of tiger puffer fish Takifugu rubripes: a laboratory exposure study[END_REF][START_REF] Ulhaq | Tissue uptake, distribution and elimination of 14C-PFOA in zebrafish (Danio rerio)[END_REF]. Indeed, because the oral bioavailability of PFOS is relatively high, it is also likely that the fraction eliminated to feces would be reabsorbed by the animal. Also, [START_REF] Ulhaq | Tissue uptake, distribution and elimination of 14C-PFOA in zebrafish (Danio rerio)[END_REF] reported the highest labeling of 14 Cperfluorooctanoic acid (PFOA), another predominant PFAS in the environment, in the bile and intestines of zebrafish. However, to the best of our knowledge, there are no published studies that measure the transport of PFAS via enterohepatic circulation in fish. Also, this process is not explicitly incorporated in current models for aquatic organisms [START_REF] Armitage | Assessing the bioaccumulation potential of ionizable organic compounds: Current knowledge and research priorities[END_REF]. Therefore, we modeled this physiological process in our PBTK model by testing several arbitrary percentages of PFOS reabsorbed. Overall, the more PFOS reabsorbed, the better the RE sum was. In greater detail, REs were better for the feces compartment when the fraction of PFOS reabsorbed increased but the concentration predictions in viscera decreased. However, the differences between the REs of model 1 with 100% PFOS reabsorbed was only slightly lower compared to these differences with model 0.

These results indicated that improvement of predictions when the enterohepatic cycle is considered is not significant, suggesting that this process plays a minor role in PFOS toxicokinetics. The multicompartment model developed by [START_REF] Khazaee | Evaluating parameter availability for physiologically based pharmacokinetic (PBPK) modeling of perfluorooctanoic acid (PFOA) in zebrafish[END_REF] for PFOA in zebrafish, integrated the enterobiliary circulation as facilitated by membrane transporters. This process was parametered with rat data, which is probably responsible for the low predicted PFOA levels in bile relative to the values measured in fish used for evaluation. Furthermore, in their study, [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF] found very low bile-to-plasma concentration ratios, suggesting that PFOS was not actively secreted into bile. In the study reported by [START_REF] Honda | High concentrations of perfluorooctane sulfonate in mucus of tiger puffer fish Takifugu rubripes: a laboratory exposure study[END_REF], PFOS concentrations in bile over time were not detected because the values were under the analytical limit of detection. Yet, our results showed that bile contributed to the PFOS elimination process. In these water exposure studies [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF][START_REF] Honda | High concentrations of perfluorooctane sulfonate in mucus of tiger puffer fish Takifugu rubripes: a laboratory exposure study[END_REF], fish were not fed, so the biliary elimination of PFOS might be less active than in fed animals, because of lower bile flow rates. Indeed, the gallbladder does not stock bile when fish are fed ad libitum. Bile is spilled into the gastrointestinal tract while the gallbladder progressively fills as the fasting period lengthens [START_REF] Talbot | Observations on the gall bladder of juvenile Atlantic salmon Salmo salar L., in relation to feeding[END_REF]. However, to our knowledge, PFAS concentrations have never been dosed in fish bile during a dietary exposure. Experimental tracking of labeled PFOS in organisms should therefore be carried out to contribute further knowledge on the importance of the enterohepatic cycle for this compound. Since results showed that the entero-hepatic circulation did not improve model predictions, and because the current model was based on the parsimony principle, version 2 of model did not consider this process.

Furthermore, the branchial pathway is known to be a significant uptake and elimination route in fish for many chemicals [START_REF] Erickson | A model for exchange of organic chemicals at fish gills: flow and diffusion limitations[END_REF]. Some authors reported that PFOS present in water is taken up (Martin et al. 2003b;[START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF][START_REF] Zhong | Probing mechanisms for bioaccumulation of perfluoroalkyl acids in carp (Cyprinus carpio): Impacts of protein binding affinities and elimination pathways[END_REF]. It is important to note that PFOS is a strong acid, present at > 99.99% in its ionic form at gills. In their model developed specially for absorption and elimination of ionizable compounds, [START_REF] Erickson | Uptake and elimination of ionizable organic chemicals at fish gills: i. Model formulation, parameterization, and behavior[END_REF] integrated three additional processes compared to models developed for neutral organic compounds. In the current model, we did not take these processes into account, and chose to model absorption as simply as possible by considering that all PFOS present in water could enter through the gills. Despite the simple description of the processes, predictions of model 2 were improved compared to those of model 0. Completing our model for absorption and elimination through the gills using equations from [START_REF] Erickson | Uptake and elimination of ionizable organic chemicals at fish gills: i. Model formulation, parameterization, and behavior[END_REF] would ideally require beforehand appropriate data, from an experiment involving a water-only exposure route. In addition, it is difficult to distinguish experimentally whether PFOS in fish came from water flowing through gills or through the gut, after swallowing water. Some authors have used cannula in fish to provide information on these different absorption pathways and to collect urine [START_REF] Nichols | A physiologically based toxicokinetic model for the uptake and disposition of waterborne organic chemicals in fish[END_REF][START_REF] Consoer | Toxicokinetics of perfluorooctanoate (PFOA) in rainbow trout (Oncorhynchus mykiss)[END_REF][START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF]. According to [START_REF] Mckim | A direct measure of the uptake efficiency of a xenobiotic chemical across the gills of brook trout (Salvelinus fontinalis) under normoxic and hypoxic conditions[END_REF], this experimental design should not influence fish physiological characteristics.

However, in these studies, fish were not fed and kinetic results might be different if fish had been fed.

In our model (model 2), we analyzed PFOS uptake from food and water simultaneously. To our knowledge, this PBTK model is the first reporting the bioaccumulation of PFOS from several uptake routes simultaneously and completes previous studies that examined PFAS uptake either from water exposure [START_REF] Ng | Bioconcentration of Perfluorinated Alkyl Acids: How Important Is Specific Binding?[END_REF] or by intravenous injection (Mittal and Ng, 2018). In our model, absorption through the gills was investigated by modeling PFOS exchanges with water limited by the effective respiratory volume (Equation 9), as suggested by [START_REF] Nichols | A physiologically based toxicokinetic model for the uptake and disposition of waterborne organic chemicals in fish[END_REF]. PFOS in water was continuously absorbed through gills over time. The results demonstrated the important relative contribution of this pathway (Figure 5) despite low PFOS concentrations in water (<5 ng L -1 for all sampling times) and negligible compared to those in spiked food. Kinetic curves were somewhat different for the uptake phase and associated REs were slightly better for most organs when uptake and elimination by gills was considered.

The assumption that all PFOS present in water was absorbed by the organism implies that gills are permeable enough for the compound to enter.

Like absorption routes, urinary and gill clearances cannot easily be assessed separately in fish except using a cannula. Gills may be an important elimination organ for many compounds [START_REF] Erickson | A model for exchange of organic chemicals at fish gills: flow and diffusion limitations[END_REF]. For PFOS, the possibility of branchial elimination cannot be ruled out as an additional depuration mechanism for fish (Martin et al. 2003b). The design of the [START_REF] Consoer | Toxicokinetics of Perfluorooctane Sulfonate in Rainbow Trout (Oncorhynchus Mykiss)[END_REF] experiment made it possible to study branchial and urinary elimination of PFOS in rainbow trout by collecting urine separately from water eliminated by gills. They determined that fish eliminate approximately 81% of PFOS across the gills, while renal elimination accounted for most of the remainder. Their findings were consistent with ours since the results of model 2 showed that 1) like model 0, urine was a minor route and feces the main elimination route; 2) the contribution of PFOS elimination through gills was not negligible. Simulations of model 2 for the depuration phase were not improved compared to those of model 0, but this did not prevent a good fit of the predicted concentrations on the observed data. Since the calibration of the PFOS partition coefficient between blood and water provided a high value of this parameter, we may suggest that PFOS elimination through gills is not governed by passive diffusion, and this result reflects the existence of transporters or protein fixations. Therefore, as demonstrated in [START_REF] Erickson | Uptake and elimination of ionizable organic chemicals at fish gills: i. Model formulation, parameterization, and behavior[END_REF] or in [START_REF] Armitage | Development and evaluation of a mechanistic bioconcentration model for ionogenic organic chemicals in fish[END_REF], supplementary processes should be described in our model, to be closer of the physiological reality.

Conclusion

In credibility intervals (95% CI) for all parameters used in models 0 and 2. Table 3. Calculated RE in each organ and in feces for model 0 and the four hypotheses tested in model 1; 25%, 50%, 75% and 100% correspond to the PFOS fraction reabsorbed in organisms by the enterohepatic cycle. BIC was reported for model 0 and the different versions of model 1.

Table 4. Calculated RE in each organ and feces for models 0 and 2 -Global corresponds to the entire experiment (exposure and depuration phases together) and REs were also calculated for uptake and depuration phases separately. BIC was reported for models 0 and 2.

  The quality of simulations was partly ensured by updating the partition coefficients, for which the Bayesian calibration gave a narrow a posteriori distribution. According to RE values, the best predictions were those in brain. In this organ the data observed were less dispersed than in other organs, and PFOS kinetics was modeled as a simple transfer since no elimination was considered from this compartment. The profile of PFOS toxicokinetics in gills was slightly different from other organs(Figure A.2, SI). As concentrations
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 2 Figure 2. Predicted concentrations of PFOS in the organs analyzed (model 0). In all graphs, black lines are the model predictions, black crosses are the geometric mean, grey crosses are the observed data (n=5) and the grey area is the 95% credibility interval of the model predictions, computed from the posterior distribution. These simulations were made from a sample based on every 10th iteration of the last 1000 of each of three chains.
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 4 Figure 4. (A) Quantity of PFOS excreted by bile according to the reabsorbed fraction tested in model 1 compared to that simulated by model 0. Solid lines represent the mean simulated quantities and the grey area the 95% credibility interval of the model predictions. (B) Colored crosses represent concentrations in organs (model 0) and dotted lines represent 1.5-fold and twofold factors. (C) Colored crosses represent concentrations in organs (model 1 with 100% PFOS reabsorbed) and dotted lines represent 1.5-fold and twofold factors.
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 5 Figure 5. (A) Comparison of predictions of PFOS concentrations in organs and feces from models 0 and 2. Solid black lines are the geometric mean predictions of model 2 and the grey areas are the 95% interval of model 0 predictions. (B) Quantity of PFOS administered from food (solid black line) and water (dotted line) over time.(C) Contribution of each elimination pathway calculated as the ratio of PFOS quantity eliminated by urine, gills, bile or feces relative to the PFOS administrated dose (%).
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 1 Figure 1. Schematic description of the PBTK model developed for rainbow trout. Uptake (food and branchial uptake) and excretion (feces, urine, bile and branchial excretion) sites are represented in orange and green, respectively.
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  Table 2 reports the maximum posterior values of calibrated parameters of all PBTK models. Prediction credibility intervals and 95% confidence intervals of the observed mean concentrations were all overlapped. Simulations of PFOS concentrations in organs for which there were no observed data, namely gill, skin and carcass, are provided in Figure A.2 in SI. Simulations were in good

Simulations of growth and PFOS concentrations in organs

(blood, liver, muscle, brain, kidney, viscera) 

and feces given by model 0 are presented in Figure A.1 in SI and Figure 2, respectively.

  this study, we proposed a PBTK model developed for adult rainbow trout to elucidate the fate of PFOS, by testing several mechanistic hypotheses. This model was qualified as physiologic because we considered fish growth, plasmatic fraction and relative blood flows for each organ. Predictions of PFOS kinetics from our PBTK model were in agreement with our experimental data. The dietary exposure experiment strengthens PFAS kinetic data in fish, in particular for feces and brain, for which reported PFAS concentrations are scarce. This PBTK model accurately described the PFOS absorption by diet through the gut and improves current knowledge on elimination pathways, currently contested. Indeed, by simulating both gill and dietary uptake routes, the model can predict the amount of PFOS observed in rainbow trout that has come from PFOS exposure from the diet or water. Feces are the most important excretion pathway for PFOS in fish while urine is a minor route. Enterohepatic circulation played a minor role in the PFOS toxicokinetics and PFOS elimination, although gills should not be neglected even when concentrations in water are low. Abiotic factors, such as water temperature, might be added to this model to be closer to environmental conditions as they can drastically change the compound's toxicokinetics[START_REF] Grech | Toxicokinetic models and related tools in environmental risk assessment of chemicals[END_REF]. Finally, similar calibration work might be performed for other PFASs (PFAS commercially phased out or recent alternatives) on versions 0 and 2 but not version 1, since data relative to enterohepatic cycle are not available for PFAS in fish, and compare results with those obtain for PFOS.
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