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Abstract

Salmonids are poikilotherms which means that their internal temperature varies with that of water.
Water temperature thus controls many of their lifecycle processes and physiological functions, which
could influence the mechanisms of absorption, distribution, metabolism and excretion (ADME) of many
substances, including perfluorinated alkyl substances (PFAAs). However, the processes governing the
fate of PFAAs are still poorly understood in fish. Here we developed a physiologically based
toxicokinetic (PBTK) model for rainbow trout (Oncorhynchus mykiss) to study changes in physiological
functions and PFAA ADME at different temperatures. The model was calibrated using experimental
data from dietary exposure to perfluorooctane sulfonate at 7°C and 19°C. Predictions of PFOS
concentrations were globally satisfactory at both temperatures, when accounting for the influence of
temperature on growth, ventilation rate, cardiac output, clearances, and absorption rates. Accounting for
the influence of temperature on tissue—plasma partition coefficients significantly improved predicted in-

organ PFOS concentrations.
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1. Introduction

Salmonids are poikilotherms, which means their body temperature varies with that of water. Most
poikilotherms are ectotherms, i.e. their body temperature is strictly the same as the surrounding water
temperature. This makes temperature a key variable for these organisms, as it governs a number of
critical processes in the fish life cycle, such as reproduction, growth and feeding rate (Grech et al. 2019;
Hilton and Slinger, 1981). Rainbow trout, for example, only lay eggs once a year, when temperature and
food conditions are right (Estay et al. 2012). It is well known that the amount of food consumed by fish
depends directly on temperature (Wootton, 1990). A decrease in water temperature leads to a decrease
in feeding level, as shown in rainbow trout where fish acclimated to colder temperature showed lower
body weight gain compared to fish reared at warmer temperatures (Azevedo et al. 1998). As temperature
influences feeding behaviour, it also mediates digestion efficiency. Digestive transit time decreases with
increasing temperature, due to faster faecal elimination (Hofer et al. 1982, Rajasilta, 1980, Shrable et al.
1969; Fauconneau et al. 1983). Temperature also influences other physiological functions, such as
cardiac output, which increases with temperature, or the relative blood flows to organs (Barron et al.,
1987). Changes in blood flow also have an impact on the absorption of oxygen (and other chemicals)
through gills if the relative blood flow to gills is a limiting factor (Kleinow et al., 2008). Furthermore,
the dynamics of oxygen absorption through the gills is also directly affected by temperature changes, as
in-water oxygen concentration decreases with increasing temperature, leading fish to accelerate their

ventilation rate at higher temperatures (Kleinow et al. 2008; Fry 1971; Brett and Groves, 1979).

All these physiological modifications can affect the toxicokinetics (TK) of ingested chemicals. In
fish, a decrease of temperature globally leads to a retention of organic compounds in different organs of
fish (Collier et al. 1978; Paterson et al. 2007). Jimenez et al. (1987) showed in bluegill sunfish (Lepomis
macrochirus) exposed to benzo(a)pyrene that uptake and elimination rates were lower at 13°C than at
23°C, and they went on to posit that water intake increases at warmer temperature, thereby increasing
exposure. More recently, we showed that the distribution and elimination of selected perfluorinated alkyl
substances (PFAAs) changed in rainbow trout exposed to the same concentration in food at different
temperatures (Vidal et al., 2019a). PFAAs belong to the wider per- and polyfluorinated alkyl substances
(PFAS) family, an important class of environmental contaminants with strong carbon-fluorine bonds
that make them environmentally stable (Buck et al., 2011). Many PFAAs are ubiquitous in aquatic
ecosystems, and some of them bioaccumulate in organisms (Houde et al., 2006; Ahrens and Bundschubh,
2014; Krafft and Riess, 2015). However, the mechanisms involved in PFAA absorption, distribution,
metabolism and elimination (ADME) processes in fish are still insufficiently understood. Within the
PFAA class, perfluorooctane sulfonate (PFOS), which is a strong acid, has been found in aquatic
ecosystems throughout the world (Houde et al. 2006; Houde et al. 2011). Despite regulatory efforts to

reduce PFOS emissions (Lindstrom et al., 2011; European Union, 2006), its environmental



concentrations are still high compared to other fluorinated compounds (Krafft and Riess, 2015; Shi et

al., 2012).

We previously concluded (Vidal et al. 2019b), based on experimental data and modelling, that PFOS
elimination was mainly via faeces, that elimination through gills was a relatively minor route, and that
urinary elimination was negligible. We also concluded that the enterohepatic cycle is likely to play a
minor role in PFOS toxicokinetics. However, these conclusions were drawn at a single exposure
temperature. To push our analysis further, the next step was to study the influence of temperature on
ADME processes using the same combination of experiments (Vidal et al. 2019a) and modelling.
Modifications of physiological functions (fish growth, cardiac output, ventilation rate, organ perfusion)
and PFOS kinetic processes (clearances, absorption rate, tissue-plasma partition coefficients) according
to temperature were accounted for in the appropriate PBTK model functions. The PBTK model was
developed and calibrated via a Bayesian approach using two datasets of PFOS concentrations in tissues
of rainbow trout fed a PFOS-spiked diet, at 7°C and at 19°C (Vidal et al. 2019a). Finally, model
predictions were evaluated using an independent dataset in which mean water temperature was 15°C

(Goeritz et al. 2013).

2. Materials and methods

2.1. PBTK model accounting for the influence of water temperature

The PBTK model developed by Vidal et al. (2019b) served as the basis for this development work.
Briefly, the initial model comprised ten compartments, i.e. arterial blood, venous blood, liver, kidney,
viscera, muscle, brain, skin, gills, and carcass corresponding to the rest of the body, which thus explains
residual substance concentrations in the organism (Figure A.1, in SI). For this study, we assumed that
PFOS entered the organism simultaneously through diet and through the gills. Oral doses entered the
gut (divided into lumen and tissue), and the compound then passed into the blood according to the
absorption rate (Ku). PFOS absorption and elimination by gills was dependent on ventilation rate, which
is related to oxygen consumption rate, as in Nichols et al. (1990). In the initial model, and in line with
the parsimony principle, the ionizable nature of PFOS was neglected for uptake and elimination through
gills, due to a lack of data to parametrize these transfers: parameters describing these processes are likely
unidentifiable based on the data available (i.e. two or more parametrizations give equivalent
predictions). Consequently, PFOS transfer through gills was modelled by simple diffusion, where 100%
of PFOS present in water was absorbed. Vidal et al. (2019b) showed that this assumption efficiently
models exposure to low PFOS concentrations in water. Finally, the model considered elimination by

faeces, bile and urine simultaneously.

2.2. Model equations



A glossary of abbreviations, definitions, units and values for the model parameters can be found in
SI, Table A.1. Parameter values are the a posteriori values obtained by Bayesian calibration of the PBTK
model proposed by Vidal et al. (2019b) at 19°C. We thus considered 19°C as the reference temperature

here. Equations used in the initial model are reported in SI, section A.1.
2.2.1. Integration of temperature effects on physiological processes

The initial model (Vidal et al. 2019b) already accounted for the temperature response of cardiac
output (Qc) and the oxygen consumption rate involved in absorption and elimination by gills (VO.),

which was done using the Arrhenius function (Equation 1).

KT = exp <(%) - (;’:p)) (Equation 1)

where KT is the Arrhenius correction factor, 7' is water temperature of the experiment (in Kelvin),
TA is Arrhenius temperature, which governs the curve of the temperature-response relationship (in
Kelvin), and 7}.ris the reference temperature (in Kelvin). K7 was then integrated into both the cardiac

output (Qc, Equation 2) and oxygen consumption rate (VO,, Equation 3) processes.
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where BW, y is the reference body weight (kg) at which Qc,f, the reference value of the process,

was recorded, BW is fish mass, and Fjusma 1S plasma fraction of the blood (Table A.1. in SI).
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where BWyorr is the reference body weight (kg) at which VO, (mgo2 h'), the reference value of
the process, was recorded, and BW is body weight (kg) (Table A.1., in SI).

Barron et al. (1987) showed that the relative blood flow fraction of white muscle significantly
increased according to the temperature at which rainbow trout were acclimated. This change was
modelled as shown by Equation 4. As we had no information on the blood flow distribution to other
organs to balance changes in muscle, we posited that the fraction of blood flow lost by each organ was
proportional to their initial relative blood flow. This physiological variation was thus modelled as shown

in Equations 5, 6 and 7.

fracmuscle = fracmuscleref X KT (Equation 4)

where fracmusce 1S the relative blood flow fraction of muscle, and fracmuscie reris the reference relative

blood flow fraction of muscle (Table A.1., in SI).

Delta,scie = fracmuscleref X (1 —KT) (Equation 5)



where Deltamsce 18 the relative change of muscle blood flow fraction according to temperature.

frac;

F; = (frac; + X Delta,yscie) X Q¢ (Equation 6)

1-fracmuscle ref

where F; is the blood (plasma) flow of organ i and frac; is relative fraction of blood (plasma) arriving

at organ i (Table A.1., in SI).

Fish growth, based on the von Bertalanffy equation (Equations 7 and 8), was controlled by the
growth rate (k, cm h'!) and maximum length (Lm, cm). A further parameter (y) takes into account the
effect of food availability and temperature on growth rate, so as to minimize the number of parameters
to calibrate. This parameter (y) was calibrated on mass and length data measured at 7°C and 19°C.
Indeed, for each experiment, fish were fed a temperature-dependent dose. y was independent in each
experiment, with y = 0.55 (ICos¢,[0.32 — 0.84]), y = 1.51 (ICos% [1.08 — 1.97]) and y = 0.69 (ICos¢,[0.44
—1.01]), for the 7°C, 15°C (i.e. external Goeritz et al. 2013 dataset) and 19°C experiments, respectively.

dL L .
== KYX (1 - E) (Equation 7)
BW=oaLP (Equation 8)

where L is the total fish length at caudal fork (cm), BW is fish body weight (kg), and a and f are

allometric constants (Table A.1., in SI).
2.3.2. Integration of temperature effects on ADME processes

Equations for the absorption rate constant, for biliary, faecal and urinary clearances were corrected

by the Arrhenius function as shown in Equations 9, 10, 11 and 12.
Ku = Kuyer X KT (Equation 9)

where Ku is absorption rate constant (h™'). Ku,.is the value of the parameter in the model proposed
by Vidal et al. (2019b) at 19°C taken as reference (h™'). Other parameters referred to hereafter with a

“ref” subscript are taken from the same source and point to parameter values at 19°C.
Clyite = Clbileref X KT (Equation 10)
where Clyie is biliary clearance (L h"), and Clyie er is reference biliary clearance (L h).

leaeces = leaecesref X KT (Equation 11)
where Clpeces is faecal clearance (L h™'), and Clyeces rf is reference faecal clearance (L h').
Clyrine = Clurineref X KT (Equation 12)

where Cline 18 urinary clearance (L h™), and Clyyine rer is reference urinary clearance (L h).

Data on the influence of temperature on tissue-blood or tissue-plasma PCs remains rare for fish, but

there have been somewhat more studies in mammals (Hagerdal et al. 1975; Chen et al. 1980). Hagerdal
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et al (1975) demonstrated that the brain-blood PC for xenon is directly related to temperature in rats,
which can be explained by differences in the plasma solubility of the compound. We therefore integrated
a temperature effect on the tissue-plasma PCs included in our model, and we tested two alternatives, i.e.
an increase with increasing water temperature (Equation 13), or a decrease with increasing water

temperature (14).

PC; =PC X KT (Equation 13)

iref

1
muscleyef X KT

PC; =PC (Equation 14)

where PC; is the organ-plasma partition coefficient, and PC; s is the reference organ-plasma

partition coefficient (see SI, Table A.1.).
2.3. Model calibration

The PBTK model proposed here was calibrated using data from two dietary PFOS exposure
experiments in rainbow trout conducted at different temperatures, i.e. 7°C and 19°C (methods and results
are detailed in Vidal et al. 2019a). Briefly, during 42d, adult rainbow trout were exposed to a diet spiked
with a mixture of three PFAAs, including PFOS, at a nominal concentration of 500 ng g™ (dry weight,
dw). The exposure period was then followed by a 35d-depuration period. During both experiments, five
fish were collected at 7, 14, 28, 42, 49, 56, 63 and 77 days, then sized, weighed and dissected. Blood,
muscle, liver, kidney, brain, viscera, and faeces were analysed by ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS). PFOS concentrations in water were also

measured at each sampling time, and water temperature was monitored (see SI, Section A.2.).

The calibration step only concerns supplementary parameters added here to the model already
published (Vidal et al., 2019b), i.e. the Arrhenius temperatures (74) of the different processes integrating
a temperature effect. 74 values describing cardiac output and ventilation rate, were already calibrated
by Grech et al. (2019). We thus fixed our model values at 6930 K. 74 describing other processes were

calibrated by Bayesian inference. The a priori distributions are reported in Table 1.

For each experiment, inputs to the model were the recorded water temperature and oxygen
concentration, the mean initial fish length, the food amount provided and the PFOS amount administered
(based on food amount) (see SI, Section A.2.). The predicted organ concentrations were fitted to the
geometric mean of observed data (n=5) for the experiments conducted by Vidal et al. (2019a).
Experimental data for concentrations in organs and faeces were assumed to follow a log-normal
distribution, and the error was estimated to equal 15%, corresponding to measurement errors and inter-
individual variability. Error was set at 30% for viscera due to the heterogeneity of the samples (mixed

stomach, intestine, spleen and pyloric caeca).

The PBTK model was calibrated using MCSim software (version 6.0.1), which is designed for
Bayesian inference through the Markov Chain Monte Carlo method (Bois, 2009). Three independent
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Markov chains of 10000 iterations were run for each calibration. To ensure chain convergence, we
calculated the Gelman-Rubin convergence criterion (Gelman and Rubin, 1992), and analysed the
correlation between all parameters and the density and distribution of prior and posterior values. The
convergence diagnosis was carried out using R software (R-Core-team, 2016) in the RStudio

environment (version 0.97.903).
2.4. Model evaluation

We used experimental data from Goeritz et al. (2013) to evaluate the model predictions of tissue
PFOS distributions at a different temperature, as Goeritz et al. provided another dataset with mean water
temperature set at 15°C. The authors reported that PFAS contamination in water analysed from the test
basin was below 15 ng L' during the accumulation phase, and thus ruled out water as a significant route
of uptake. As the measured concentration in water was not available, we simulated two exposure
scenarios. First, exposure to PFOS was only modelled by diet (172.0 +£13 ug kg dw), with PFOS
concentration in water set to 0 ng L. Second, in addition to being exposed by diet, fish were assumed
to uptake PFOS from water through the gills, with PFOS concentration set to the upper limit
concentration reported in Goeritz et al. (2013), i.e. 15 ng L. Predictions of PFOS concentrations based

on these two exposure scenarios were compared to the observed concentrations in all organs.
2.5. Relative importance of the temperature effect on the different ADME processes

To identify the processes affecting TK variations that are due to temperature and responsible for the
PFOS TK changes, we proceeded by backward selection of the variables, removing variables stepwise
from the model: starting from the model in which temperature was integrated in all processes, the
variable with the lowest weight was removed from the model and BIC (Bayesian Information Criterion)
values were compared with and without this variable. As the number of calibrated parameters depends
on the processes integrated into the model, we compared the accuracy of the different models using the
BIC to weight the quality of model fit with the model complexity (Spiegelhalter et al. 2014). To assess
the quality of prediction, we calculated the ratio of each BIC for the different simplified versions of the
model to the BIC of the reference model (temperature correction integrated on physiological parameters

and substance-specific parameters).

To study the effect of the temperature on the fate of PFOS through the organism, we also explored
variations in physiological functions and variations in kinetic processes at different theoretical
temperatures chosen according to Raleigh et al. (1984), i.e. 4, 8, 12 16 and 20°C. For each temperature,
the dissolved oxygen concentration was calculated according to the empirical relationship provided by
Truesdale et al. (1955), i.e. 12.7, 11.2, 9.4, 7.2, 4.2 mg L', respectively. The parameter (y), which
accounts for the effect of temperature on growth rate, was linearly interpolated from the values adjusted
at 7°C and 19°C, i.e. 0.51, 0.56, 0.61, 0.66, 0.71, respectively. The food and water exposure scenarios

were those of the experiment conducted at 19°C.



3. Results

3.1. Modelled impact of temperature on physiological processes

Fish growth was successfully calibrated, and thus provided simulations in good agreement with
observed data, for both temperatures (Figure 1). Growth rate did not monotonously increase with
temperature, as the daily feeding rates were different between the different experiments (0.5%, 2.6%,

and 1.0% of fish average live weight for experiments at 7 °C, 15°C and 19 °C, respectively).

To assess the integration of temperature into physiological processes, the value of the parameter TA
fitted for cardiac output was generalised to all the physiological processes and the predictions were
compared against observed data referenced in the literature (Barron et al. 1987; Myrick and Cech, 2000;
Elliott, 1969; Figure 2). Arrhenius law allowed to acceptably explain changes in the ventilation rate
(Figure 2.A). The model fitted the Elliott (1969) data well, but it was not in good agreement with the
data from Myrick and Cech (2000) who surprisingly reported that ventilation rate was practically
independent of water temperature. Arrhenius law also allowed to correctly explain cardiac output
(Figure 2.B) and muscle perfusion (Figure 2.C), as the predictions were in good agreement with

experimental data.
3.2. Calibration results: a posteriori distributions of Arrhenius temperatures

The chains converged successfully for all calibrated parameters, i.e. Arrhenius temperatures for each
kinetic process, with posterior distributions that were narrower compared to prior distributions (see SI,
Figure A.5a). The Gelman and Rubin criterion was always between 0.9 and 1.03 for all parameters (data
not shown). Means (+ standard deviation) and 95% credibility intervals (95% CI) of the a posteriori

distributions are given in Table 1.

Simulated PFOS concentrations given by the model are presented in Figure 3. The daily measured
temperatures and mean oxygen concentration were used as input to predict the concentrations at 7°C
and explained the concentration fluctuation. Conversely, at 19°C, the model used mean measured
temperature and oxygen concentration (both parameters were nearly constant). As expected, at our
reference temperature 19°C, model predictions showed good fit with experimental data. At 7°C, the
model gave substantially better predictions of PFOS concentrations in blood, liver and muscle when
temperature effects on ADME processes were integrated (see SI, Figure A.4 and A. 6). However, the
model still underestimated muscle concentration at the end of the exposure and it slightly underestimated
blood concentration during the exposure period but overestimated blood concentration during the
depuration phase. This pattern in the blood could explain the kidney and viscera profiles in which PFOS
concentration was also slightly underestimated during the exposure period. PFOS concentrations in

faeces were not well predicted and were clearly under-estimated for the depuration phase. Nevertheless,
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as all predicted concentrations other than faeces were globally within a range of two times the actual

concentrations, the model predictions showed good fit with experimental data.
3.3. Model evaluation

To evaluate the capacity of the PBTK model to predict PFOS concentrations to at temperatures other
than 7°C and 19°C, a PFOS exposure scenario was purpose-devised based on the experimental design
given by Goeritz et al. (2013). Figure 4 reports the predictions given by the current PBTK model. In
cases where PFOS absorption was exclusively by diet, the model accurately predicted the experimental
data (Figure 4). Indeed, most predictions were within a range of two times the measured concentrations
(SI, Figure A.7). However, in the case where we considered PFOS absorption by gills using the worst-
case scenario (constant exposure to the maximal value reported), all predictions were over-estimated

(Figure 4) by over two times the measured concentrations (SI, Figure A.7).
3.4. Relative importance of the temperature effect on the different ADME processes

Table 2 reports the BIC values of simplified versions of the model provided by backward selection
of the variables. Results showed that the best model was the most complex model integrating
temperature effects on all physiological and kinetic processes. Table 2 also shows that integrating the

temperature effect on partition coefficients significantly improved the model.

We also explored the effects of temperature on fate of PFOS in the organism for physiological
functions (Figure 5) and for kinetic processes (Figure 6). In Figure 5, as expected, values of
physiological processes steadily increased over time due to fish growth (Equations 2 and 3). Higher
temperatures led to faster cardiac output, ventilation rate and-blood flow to muscle (Figure 5.A, 5.B and

5.F). Conversely, blood flow to other organs decreased at 20°C (Figure 5.C, 5.D and 5.E).

In the exposure scenario used in this section, rainbow trout were exposed to PFOS via diet for 42d,
while exposure via water was held constant through the whole period (0.8 ng L). The relative amounts
of PFOS excreted via the different pathways were calculated as the ratio between quantity of PFOS
excreted by each route and quantity of PFOS administered via diet and water. The quantity of PFOS
excreted via urine, bile and faeces increased with temperature (Figure 6.A and 6.C). The difference
between the amount absorbed via diet and water and the fraction excreted by bile and faeces represents
the unabsorbed fraction of PFOS (Figure 6.E and 6.F). Gill excretion showed a non-monotonic profile
with a minimal contribution to overall excretion at 8°C (Figure 6.B). Moreover, the efficiency of PFOS
assimilation (Figure 6.E) varies mainly according to PFOS fraction absorbed from food (assimilation
from water is 100% efficient). The relative contribution of food to PFOS absorption thus decreases with
temperature (Figure 6.F). PFOS assimilation showed small variations and was also non-monotonic with
a minimal value at 12°C. Finally, the relative weight of food and water in PFOS absorption was clearly
affected by temperature: at low temperature, nearly all absorption was due to food contamination,

whereas the relative contribution of water increased to more than 30% at 20°C.



4. Discussion

The model presented here accurately fits the PFOS concentration kinetics recorded in organs at two
different temperatures by Vidal et al. (2019a), meaning that the PBTK model calibration step was
successful. Furthermore, the current model also showed accurate prediction on the independent dataset
obtained from Goeritz et al. (2013), even in gills and skin which are tissues for which partition
coefficients have not yet been calibrated. Moreover, even though the nominal PFOS concentration in
food was the same as in the experiments by Vidal et al. (2019a), the amounts of food were adjusted
according to fish weight and temperature, and these changes were successfully accounted for in the
simulations. These results suggest that the model can be used to describe PFOS fate in fish, under
different water temperatures and conditions, and to confidently describe temperature effects on each
ADME process. The lowest BIC (Table 2) was provided by the model in which temperature was
integrated in all physiological and kinetic processes. This was supported by the results of a posteriori
distribution calibration, showing similar Arrhenius temperature values for all processes (Table 1), which
means that all processes co-participated in the variation of PFOS TK. The BIC ratios also demonstrated
that integrating temperature in the tissue-plasma partition coefficients affected PFOS TK (Table 2) more

than other TK processes.

To our knowledge, the temperature effect on blood-organ PCs has never been studied in teleost fish.
In mammals, Hégerdal et al (1975) demonstrated that the brain-blood PC for xenon is directly related to
temperature in rats, which can be explained by differences in the plasma solubility of the compound.
Fisher et al. (2018) integrated the effect of temperature on the air-water PCs of chemical substances
using equations similar to the Arrhenius function. Our results also clearly show that temperature effects
on PCs played an important role in PFOS bioaccumulation in liver and in muscle. Here, the Arrhenius
law was integrated in the PC between liver and plasma, whereas the inversed Arrhenius law was used
to characterize the change in PC between muscle and plasma. This empirical modelling approach
substantially improved predictions of PFOS concentrations in muscle in the 7°C experiment.
Observations in mammals suggest that plasma solubility (bound to serum albumin or to fatty-acid-
binding proteins) could be responsible for the variation of PCs with temperature (Salvalaglio et al. 2010;
Luo et al. 2012). In addition, interactions with the phospholipid bilayer (Nouhi et al. 2018), i.e.
temperature effect on membrane fluidity, could also be partially responsible for these phenomena. These
processes are likely the same in poikilotherm species. However, further work is needed to confirm these
assumptions and to understand the inverse variation of PCs between the different tissues. This correction
of the PC balanced out the effect of temperature on accelerated muscle blood flow at 19°C, which means
that higher temperatures promote bioaccumulation in this tissue. However, PFOS concentrations in

muscle were still under-estimated at 7°C.
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In other organs, predicted PFOS concentrations at both temperatures showed good fit with observed
data (Vidal et al. 2019a), except in the brain. The model overestimated PFOS concentrations at 7°C,
suggesting that simulated PFOS absorption was too fast. In humans, the blood-brain barrier is relatively
non-permeable to ions and polar molecules (Macdonald et al., 2010; Ge et al., 2005). The blood—brain
barrier was not modelled here, and it might have limited PFOS penetration into the brain. A recent study
of the accumulation of different chain-length PFAAs (and some of their polyfluorinated precursors) in
Globicephala melas (Dassuncao et al. 2019) suggested that compounds with <10 perfluorinated carbons
(thus including PFOS) are unbale to efficiently cross the blood—brain barrier, and that compound > 10
perfluorinated carbons accumulate in the brain. Their results were consistent with elevated levels of
long-chain PFAAs that have been observed in the brain of other mammals (Greaves et al. 2012; Ahrens
et al. 2009), whereas the only shorter chain compounds detected (< 7 perfluorinated carbons) was
perfluorohexane sulfonate (Ahrens et al. 2009). Therefore, predictions of PFOS concentrations at 7°C
might be improved by accounting for affinity to phospholipids, which are involved in PFOS blood-brain

barrier crossing.

Accordingly, to gain further insight into the mechanisms involved in PFOS bioaccumulation in fish,
it would be usefully informative to consider binding between PFAAs and proteins of interest, such as
fatty-acid-binding proteins and albumin (Ng and Hungerbiihler, 2013; Zhong et al. 2019; Martin et al.
2003; Consoer et al. 2016; Jones et al. 2003; Manera et al. 2006). Indeed, protein-chemical binding
affinities are temperature-sensitive, since the equilibrium association constant is directly dependent on
this parameter (Ng and Hungerbiihler, 2015). Note too that we did not integrate into the model the
ionizable nature of PFOS for uptake and elimination through gills, whereas water temperature might
affect ionization equilibrium and, in turn, impact the absorption efficiency of PFOS in water. However,

we were unable to find any literature to support this hypothesis.

It has been demonstrated that a temperature decrease enhances the accumulation of organic
compounds both in whole fish (Paterson et al. 2007) and in specific fish organs (brain, liver, kidney and
blood; Collier et al. 1978). This indicates that the elimination rate changed directly with temperature.
Several studies supported this hypothesis: for example, Haywood and Clapp (1942) showed that urinary
flow in Catostomus commersonii is lower in winter compared to spring, and this same observation has
also been reported for some cyprinid fish, such as Carassius auratus L (Mackay, 1974). The PFOS
kinetics found here (Figure 3 and 6) converge with this hypothesis, despite the fact that urine is a
secondary excretion pathway for PFOS (Vidal et al, 2019b). Other studies have demonstrated an increase
of biliary excretion with temperature in rainbow trout (Curtis, 1983; Curtis et al. 1986; Kemp et Curtis,
1987), which was thought to be linked to the modification of blood flow to liver, as it controls biliary
excretion (Kleinow et al. 2008). A temperature change might also influence gut transit rate in fish. When
acclimation temperature increased, gastro-intestinal transit time became shorter and faecal elimination

became faster (Hofer et al. 1982; Rajasilta, 1980; Shrable et al. 1969; Fauconneau et al. 1983).
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Our model showed fairly correct predictions of the daily fluctuations of PFOS concentration in
faeces (i.e. the fraction eliminated by bile and the non-absorbed fraction) during the exposure phase, as
the observed data were within the range of predicted min—max values for the daily fluctuations (caused
by the daily feeding intake). However, during the depuration phase, PFOS concentration in facces was
underestimated at 7°C when faecal concentration only represented bile excretion. As our model
integrated a decreasing effect of the temperature on gut transit rate and bile excretion, these results are
unexpected (about 30% of the maximal rate at 7°C; see SI, Figure A.5b). One explanation might be that
the Arrhenius law and/or this parameterization do not sufficiently capture the temperature-induced

variation in gut transit rate and bile excretion.

Concerning the dynamics of absorption and excretion by gills, it is well known that oxygen
absorption is temperature-sensitive. This is explained by the fact that oxygen concentration in water
decreases with temperature, thus forcing the fish to accelerate its ventilation rate (Kleinow et al. 2008;
Fry 1971; Brett et Groves, 1979). This increased water flow may promote exposure to waterborne
contaminants at higher temperatures (Jimenez et al. 1987). In addition, temperature might alter the
molecular structure of the branchial epithelium, modifying its permeability to compounds (Crockett and
Hazel, 1995). Some recent PBTK models have described the effect of temperature on ventilation in fish
(Péry et al. 2014; Brinkmann et al. 2014; Brinkmann et al. 2015; Grech et al. 2019). Results of the PBTK
model developed by Vidal et al. (2019b) showed the importance of the branchial pathway to plot PFOS
TK. Here, we integrated temperature effects on the ventilation process and on the blood-water PC. This
modelling showed that elimination through gills had a non-monotonic profile, with a minimum at §°C.
This non-monotonic profile probably results from the combination of decreased oxygen concentration
in water, increased cardiac output and increased ventilation rate with the increase in water temperature
(Figure 6). In addition, the fraction of PFOS absorbed from water clearly increased with temperature to
about 30% at 20°C. In the current model, we modelled absorption and elimination through gills as simply
as possible, by considering that all PFOS present in water could enter through the gills. Since PFOS is
a strong acid, present at > 99.99% in its ionic form at gills, Erickson et al. (2006) integrated in their
model three additional processes purpose-developed for absorption and elimination of ionizable
compounds. However, new experimental data have to be produced before we can integrate these
processes and the effects of temperature on them in order to quantify their relative weight on the certainty

of predicted PFOS concentrations in fish.

Global warming and associated shifts in the distribution of ectothermic organisms has prompted a
surge in research into the physiological mechanisms governing cold and heat tolerance. Salmonids are
ectotherms, and so water temperature controls many of their lifecycle processes, including growth
(Azevedo et al. 1998; Hilton et Slinger, 1981), cardiac output (Barron et al. 1987), ventilation rate
(Elliott, 1969, Myrick and Cech, 2000), and more. To be closer to physiological reality, which is
important in risk assessment, Vidal et al. (2019b) integrated the effect of temperature in their PBTK
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model developed to describe PFOS fate. In fish, PFOS and temperature are both known to influence
spontaneous swimming behaviour, social interactions, routine metabolic rate, net energy cost of
transport, and critical swimming speed for example (Xia et al., 2015). Here, we first integrated the effect
of temperature on fish growth to explain the dilution of PFOS concentration, and then like Grech et al.
(2019), we used the Arrhenius law to describe the influence of temperature on other processes. To date,
few published models have factored this environmental variable to explain the TK of compounds. Our
findings showed that accounting for the effect of temperature on both physiological functions and
ADME processes significantly improves mechanistic TK modelling. Moreover, prompted by ongoing
climate change, a number of scientists have turned to investigate temperature effects on the
bioaccumulation of xenobiotics (Xu et al., 2010; Houde et al., 2011). In fish, it has been shown that
water temperature can influence the bioaccumulation of organic compounds (Paterson et al. 2007;
Jimenez et al. 1987), especially PFAAs (Vidal et al. 2019a). Vidal et al. (2019a) demonstrated that a
change in temperature led to a change in PFAA distribution in adult rainbow trout. These observations
are further supported by the results obtained in the present study, which provides new insights on the
influence of temperature, suggesting that temperature is an important factor for explaining variations in
PFOS kinetic processes. Moreover, the current PBTK model, based on the digressive approach, was

able to identify processes sensitive to temperature changes, which might explain the variations in PFOS
TK.

5. Conclusion

The findings of this study argue that our model makes a useful tool for risk assessment. Only a few
PBTK models are applicable to PFAAs, whereas these chemicals are still in widespread production.
Several exposure scenarios spanning a wide range of water-stream temperatures can now be tested
thanks to this PBTK model, which simultaneously considers several absorption and excretion pathways.
This PBTK model makes a relevant and timely update of the model developed by Vidal et al (2019b),

since it accounts for an influential variable for compound bioaccumulation in fish.
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Figure 1. Model predictions of fish length (A) and fish mass (B) at 7°C, 15°C and 19°C (blue, purple
and red lines, respectively) and their 95% credibility intervals (coloured areas). Coloured crosses are the
arithmetic mean of observed data (n=5) and empty circles are the individual observed data values. The
data at 15°C [A—15°C] came from an external dataset (i.e. Goeritz et al., 2013) that did not have recorded
size data, so only predictions are represented. y = 0.55 (IC95% [0.32 — 0.84]), y = 1.51 (IC95% [1.08 —
1.97]) and y = 0.69 (IC95% [0.44 — 1.01]), for the 7°C, 15°C and 19°C experiments, respectively
(Equation 7 and 8). Daily feeding rates were 0.5%, 2.6% and 1.0% of the fish average live weight for
7°C, 15°C and 19 °C experiments, respectively.
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Figure 2. Effects of water temperature on physiological processes. (A) Model predictions of ventilation
rate (Equation 3) according to water temperature compared against data recorded by Myrick and Cech
(2000) and Elliott (1969). (B) Model predictions of cardiac output (Equation 2) according to water
temperature compared against data directly measured by Barron et al. (1987) (predictions were
performed using overall mean fish mass of the three groups) or reported by Barron et al. (1987)
(Cameron and Davis (1970), Davis and Cameron (1971), Wood and Shelton (1980), Neumann et al.
(1983) and Kiceniuk and Jones (1977)). (C) Model predictions of relative blood flow of muscle
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Figure 3. Mean predicted concentrations of PFOS in trout tissues and in faeces at 7°C (blue lines and
crosses) and 19°C (red lines and crosses). Lines correspond to model predictions, coloured crosses
correspond to observed geometric means (n=5), and empty circles correspond to individual data. Daily
oscillations predicted by the model for faeces concentrations (i.e. the fraction eliminated by bile and the

non-absorbed fraction) were caused by daily feeding intake.
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Figure 4. Comparison of predicted PFOS concentrations in fish organs (lines) and measured PFOS

concentrations in adult rainbow trout reported by Goeritz et al. 2013 (crosses correspond to observed

geometric means and empty circles correspond to individual data). Solid lines correspond to a diet-only

exposure (concentration of PFOS in water = 0 ng L™!) and dotted lines correspond to an exposure that

was set to the maximum concentration of PFOS in water = 15 ng L™!. Crosses represent means and empty

circles correspond to individual data.
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Table 1. Symbols, definitions, prior distributions or values, estimations of mean and standard deviation

(SD) and 95% CI for all Arrhenius temperatures.

Symbol Arrhenius  temperature  of Prior distribution” Posterior distribution
processes
Mean + SD 95% CI
TA qc Cardiac output process 6930 K 6930 K -
TA voz Dynamic dissolved oxygen 6930 K 6930 K -
process
TA frac muscle Blood flow to muscle 6930 K 6930 K -
TA pc Tissue-blood partition  N(6930,30%) 5664+251 K [5180;6149]
coefficient
TA Absorption process rate N(6930,30%) 5423+£597 K [4273;6615]
TA clearance Clearance process N(6930,30%) 8267+779 K [6799;9822]

*N stands for normal distribution (prior, coefficient variation)
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Table 2. BIC values of the different simplified versions of the model.

Sub-model BIC BIC ratio
Temperature integrated on all physiological and kinetic processes 2130.5 -
without temperature effects on absorption rate (ku) 2291.2 1.08
without temperature effects on ku and clearances (Clyie, Clizeces, Clurine) 2447.1 1.15
without temperature effects on absorption rate, clearances and tissue-plasma

partition coefficients (PC), i.e. temperature integrated on physiological

processes only. 2671.0 1.25

26



SUPPLEMENTARY INFORMATION

Temperature effect on perfluorooctane sulfonate toxicokinetics in
rainbow trout (Oncorhynchus mykiss): exploration via a physiologically

based toxicokinetic model

Alice Vidal?, Marc Babut?, Jeanne Garric?, Rémy Beaudouin®*
@ Irstea, UR RIVERLY, 5 Avenue de la Doua, CS20244, 69625 Villeurbanne Cedex, France.

5 UMR-I 02 SEBIO, Models for Ecotoxicology and Toxicology (METO), INERIS, 60550 Verneuil en Halatte,

France.

*Corresponding author: remy.beaudouin@ineris.fr

Summary

NY=Totd o) o 1AW BV oo 1= I [Ty ol fT'o 14 o Yo HOR PSPPI 28
A.1.1. Schematic description of the PBTK model developed for rainbow trout. .......c.cccceecveerueennee. 28
A.1.2. Table A.1. Glossary of parameter symbols, definitions, units and values, and the sources
USEA iN The PBTK MOGEL. .. .eiiiiiiiiiiieieee ettt ettt sttt be e sae e st e eaeeeneeas 30
N I TR 1V o Yo L= I =T o T =Y o [ PP 32

Y= Yot o o 1AW Y/ oo L= T o o 11 PPN 34
A.2.1. PFOS concentrations in fOOd.......cocuiriiiiieiienienie et 34
A.2.2. Table A.2. PFOS concentrations in Water........ccoceiieeieeneenienie ettt 34
A.2.3. Table A.3. OXYZEN CONCENTIAtION ..ciiii i e e e e e e e e e e e anrrae e e e e e e eeaas 34
JAN AR S ViV 1 (<] o =T gY o 1=T = L AU =TSSP 34
A.2.5. Initial fish length and WeIght.........coooiiiiiii e e e 36

Section A.3. AddItioNal FESUIES. ....ccuei i s e s 37
A.3.1. Predictions of the model without the temperature effects ..........ccccoveieeiiiieciie e, 37
A.3.2. Chain conVergence diagNOStiC. . .. iiieiie et e e ecrree e e e e e e e s crrere e e e e e e e s nnrreeeeeeeeennas 39
A.3.3. Observations vs. PrediCtions. ..........cciiii it e e 41

27


mailto:remy.beaudouin@ineris.fr

6. Section A.1. Ddescription of the model

A.1.1. Schematic description of the PBTK model developed for rainbow trout.

Branchial uptake Branchial excretion
Gills (lumen) =
—_— Gills (tissue) ==
~ Brain -
1-
(i Muscle -<
(a)l
Urine
~ Kidney -
A
(b)
(1-b)
B S Skin <=

Bile 1-frean

Gut lumen 2
Food A m

Gut lumen 1

Faeces

l
Gut (tissue) lKu

B E— Liver -

A

e S—
Carcass

Figure A.1. Schematic description of the PBTK model developed for rainbow trout.

Uptake (food and branchial uptake) and excretion (faeces, urine, bile and branchial excretion) sites
are represented in orange and green, respectively. In gut lumen, we distinguished two forms of PFOS.
The first was free PFOS, which was absorbed (gut lumen 1), and the second was the PFOS conjugated
in bile (gut lumen 2). In this model, PFOS was not reabsorbed (f;.v=0) and the totality of PFOS in bile
was assumed to first enter the gut lumen 2, and then get eliminated by faeces. 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
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entered the kidney (fractions “a” and “b”, respectively), whereas the remaining flows of both tissues
returned to systemic circulation (Nichols ef al. 1996; Nichols et al. 2004). Furthermore, we assumed

that there was no PFOS metabolism.
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A.1.2. Table A.1. Glossary of parameter symbols, definitions, units and values, and the sources used in

the PBTK model.

Symbol Definition Units Value Sources

Physiological parameters

Oxygen consumption rate mgO2

VO2ref reference h-1 ke -1 135.8 Elliott, 1969

BWVO2 et Vmiﬁfﬁf&gﬁﬁ weight at which Ke 1.0 Elliott, 1969

TVO2 wer recor’g:énperature at which VO2ref was K 2837 Elliott, 1969

OEE Oxygen extraction efficiency Lh-1 0.8 (199£rickson and McKim

F cardref Cardiac output reference kng 1h -1 1.19 Baron et al. 1987

e Lomberature at which F_cardref K 2792 Baron et al. 1987

BWE card ret Ficaziiefrve;cserebc‘ﬁezveight at which Ke 0.27 Baron et al. 1987

TA K 6930 Grech et al. 2017

Texp K 191.8 Vidal et al. 2019

Frac i . Relgtive fraction of arterial blood )

- to tissue i

Liver 0.004 Baron et al. 1987

Muscle 0.655 Baron et al. 1987

Kidney 0.071 Baron et al. 1987

Viscera 0.069 Baron et al. 1987

Brain 0.055 Péry et al. 2014

Skin 0.073 Nichols et al. 1996

Gill 0.0002 Baron et al. 1987

Sc_i** Fraction of body weight -

Blood 0.045 Gingerich et al. 1990

Liver 0.012 This study

Muscle 0.566 This study

Kidney 0.016 This study

Viscera 0.051 This study

Brain 0.001 This study

Skin 0.064 Goeritz et al. 2013

Gill 0.020 Goeritz et al. 2013

Lumen 0.001 Nichols et al. 1996

a Fraction of muscle going to kidney 0.6 Nichols et al. 1990

b Fraction of skin going to kidney 0.9 Nichols et al. 1990
Stevens, 1968; Brill et

Plasma Fraction of plasma in trout % 0.7 ?]9 871;(9}9i§;gerli302111rr§1r11 d Ie’i tyg,.

1989
Free Free PFOS in plasma % 3'21 ()1_(2)-2i0'6 Vidal et al. 2019b
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freab Reabsorbed PFOS fraction - 0.0 Vidal et al. 2019b
Biometric parameters
Lm Maximum length cm 73.91+14.85 Fishbase*
7°C:0.55 +
v Effect of food availability and ) 0.13 This study
temperature on growth rate 19°C : 0.69 +
0.15
K Growth rate cm h-1 0.0096 + 0.0020
o Constants in the allometric growth - I'O?J-Q-Si&% Grech et al. 2017
B cquation - 3.03+0.10 Grech et al. 2017
Substance-specific parameters
PC i Tissue i blood partition coefficient
Liver - 2.05+0.13 Vidal et al. 2019b
Muscle - 0.15+0.01 Vidal et al. 2019b
Kidney - 0.58+0.04 Vidal et al. 2019b
Viscera - 0.87+0.09 Vidal et al. 2019b
Brain - 0.63+0.04 Vidal et al. 2019b
Skin - 0.25 Goeritz et al. 2013
Gills - 0.40 Goeritz et al. 2013
PCbloodwater Blood-water partition coefficient - Vidal et al. 2019b
Clurine Urinary clearance Lh-1 0.07+0.01 Consoer et al. 2016
Clbile Biliary clearance Lh-1 2'1?01_(3)_3i0'37 Vidal et al. 2019b
Clfaeces Faecal clearance Lh-1 2'6? 01_9_‘&0'14 Vidal et al. 2019b
Ku Absorption rate constant h-1 0.13+0.013 Vidal et al. 2019b

*http://fishbase.org/search.php
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A.1.3. Model equations
PFOS absorption

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

(Equation A.1)

where Qumen: 1s the amount of PFOS that transfers into gut lumen 1, Qadminy.q is the amount of
PFOS ingested by food (ng), Ku is the absorption rate constant (h™'), Clieces is faecal clearance (L h')
and Clumen; is the PFOS concentration in gut lumen 1 compartment (ng g™).

d d t_bil .
Ql:z;;lenz _ Qexc‘:: _bile Clraeces X Crumenz (Equation A.2)

where Qumenz 1S the amount of PFOS that transfers into gut lumen 2, and Cpmen> is the PFOS
concentration in the gut lumen 2 compartment (ng g™').

dQadmingy

dt = QW X Cwater (qulation A.3)

where Qadming;, is the quantity of PFOS absorbed into blood (ng) and Ciue- corresponds to PFOS
concentrations in water (ng L™).

0, = Vo,
W ™ OEEx C,,

, L.h! (Equation A.4)

where Cox is dissolved oxygen concentration in water (mgO> L"), VO.is oxygen consumption rate
(mgOs, h'') and OEE is oxygen extraction efficiency set to 0.8, as proposed by Erickson and McKim
(1990).

Dissolved oxygen concentrations in water were measured during the experiments, and the
experimental values were used for the different simulations. This data is reported in SI Table A.3.

PFOS distribution through the organism

We assume that all tissue compartments are homogeneous and distribution is limited by flow. Flows
to tissues were calculated considering the free fraction of PFOS in plasma.

—Ld(th') = F; X Free x (Cart(t) — EP"é—t)) (Equation A.5)
i

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

PFOS elimination
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Dynamic equations for PFOS elimination by bile, faeces and urine were dependent on PFOS
concentrations in the liver, gut lumen and kidney, respectively.

dQexcretpje

o = Clpie X Free X Ciiper (Equation A.6)

where Qexcretyi. is the amount of PFOS excreted into the bile (ng), Cly is biliary clearance (L h')
and Cyer is PFOS concentration in liver (ng g™).

In this model, the totality of PFOS in bile was assumed to enter the gut lumen 2, and then get
eliminated via faeces. This route represents the fraction of PFOS eliminated by bile and the fraction
unabsorbed.

dQexcretsgeces

dt = Clygeces X (Crumen1 + Crumen2) (Equation A.7)

where Qexcretyeces corresponds to the amount of PFOS eliminated in the faeces (ng).

dQexcrety,; Crid i
Q urine _ Clurine X Free x —dney (Equatlon A.S)
dt Pckidney

where Qexcret,ine is the amount of PFOS excreted into urine (ng), Clurine is urinary clearance (L h
Y, Cligney is PFOS concentration in the kidney (ng g') and PCliumey is the plasma-kidney partition
coefficient. In this submodel, we did not consider potential PFOS reabsorption by urine.

dQexcret ;; C .
——28 =, X Free x ——os (Equation A.9)

dt PChlood:water

where Qexcretgy, is the amount of PFOS eliminated by gills (ng), Cyenous is the PFOS concentration

in venous blood (ng L) and PClisod:narer is the blood-water partition coefficient.
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7. Section A.2. Model inputs

A.2.1. PFOS concentrations in food

Measured PFOS concentrations in the spiked food batch used for the experiments at 7°C and 19°C
were 465.1426.0 ng g! dw and 452.84+27.1 ng g dw, respectively.

A.2.2. Table A.2. PFOS concentrations in water

PFOS concentrations (ng L)

Days Tanks at 7°C Tanks at 19°C

7 1.19 1.01
14 1.00 0.81
28 1.45 0.74
42 1.15 0.65
49 2.29 0.52
56 1.51 0.41
63 0.60 -

70 - 0.43
77 3.31 2.15

A.2.3. Table A.3. Oxygen concentration

Oxygen concentration (mg O2/ L)

Tanks at 7°C Tanks at 19°C

11.44+1.02 8.05+0.33

A.2.4. Water temperatures

For the experiment conducted at 19°C, temperature variations were negligible. Therefore, the water

temperature indicated in the model is the mean of the daily measured values (18.26 & 0.73°C).

For the experiment conducted at 7°C, it was more difficult to maintain a constant water temperature
due to rapid variations during the experimental period (between January and March 2017). Daily records
for this experiment are reported in Figure A.2, below. Therefore, the water temperatures integrated into
the model were daily mean temperatures.
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Figure A.2. Daily water temperature records during the experiment conducted at 7°C (Vidal et al.

2019a).

Table A.4 Daily mean temperatures for the experiment conducted at 7°C (inputs to
the model)

Date Mean Date Mean Date Mean
temperature (°C) temperature (°C) temperature (°C)

04/01/2017 4.8 31/01/2017 5 27/02/2017 8.7
05/01/2017 5.5 01/02/2017 53 28/02/2017 83
06/01/2017 4.5 02/02/2017 6.3 01/03/2017 8.6
07/01/2017 33 03/02/2017 6 02/03/2017 8.2
08/01/2017 4.8 04/02/2017 6.8 03/03/2017 8
09/01/2017 53 05/02/2017 7.2 04/03/2017 7.1
10/01/2017 6.2 06/02/2017 7 05/03/2017 7.6
11/01/2017 5.9 07/02/2017 8.4 06/03/2017 83
12/01/2017 6.8 08/02/2017 8.2 07/03/2017 7.6
13/01/2017 6.3 09/02/2017 7.4 08/03/2017 83
14/01/2017 5.6 10/02/2017 7.3 09/03/2017 8
15/01/2017 6 11/02/2017 7.2 10/03/2017 7.1
16/01/2017 6.5 12/02/2017 7.6 11/03/2017 7.6
17/01/2017 5.9 13/02/2017 8.4 12/03/2017 9.2
18/01/2017 5.1 14/02/2017 8.8 13/03/2017 8.5
19/01/2017 4.6 15/02/2017 8.7 14/03/2017 83
20/01/2017 4.1 16/02/2017 9.1 15/03/2017 9.2
21/01/2017 5.7 17/02/2017 8.5 16/03/2017 9.1
22/01/2017 5.2 18/02/2017 6.9 17/03/2017 11.1
23/01/2017 5.1 19/02/2017 7 18/03/2017 10
24/01/2017 5.2 20/02/2017 7.3 19/03/2017 9.6
25/01/2017 53 21/02/2017 8.4 20/03/2017 9.7
26/01/2017 4.9 22/02/2017 8.7 21/03/2017 9.2
27/01/2017 5.2 23/02/2017 7.5 22/03/2017 8.1
28/01/2017 5.8 24/02/2017 8.5
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29/01/2017 6 25/02/2017
30/01/2017 6.7 26/02/2017

7.2
7.7

A.2.5. Initial fish length and weight

T(°C) Length (cm) Weight (kg)
7 301+ 1.5 0.294 +0.039
19 30.9+2.6 0.323 £0.064
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8. Section A.3. Additional results.

A.3.1. Predictions of the model without the temperature effects

We applied the 7°C experiment exposure scenario to the model calibrated on the 19°C experimental
data. Results of the predictions showed that direct application of the exposure scenario did not perform

well enough to correctly explain fish growth or PFOS concentrations in tissues. This confirms that water

temperature is a key variable to consider for describing PFOS TK.
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Figure A.3. Predictions of fish growth at 7°C and 19°C based on direct application of the PBTK

model calibrated on data observed at 19°C. Processes were not temperature-corrected. Lines correspond

to the model predictions, coloured crosses correspond to observed means, and grey crosses correspond

to individual data. Red lines and crosses correspond to the 19°C experiment, and blue lines and crosses

correspond to the 7°C experiment.
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Figure A.4. Predicted PFOS concentrations in target tissues at 7°C and 19°C without any
temperature correction of the processes. Lines correspond to the model predictions, coloured crosses
correspond to observed means, and grey crosses correspond to individual data. Red lines and crosses

correspond to the 19°C experiment, and blue lines and crosses correspond to the 7°C experiment.
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A.3.2. Chain convergence diagnostic
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Figure A.5a. Chain convergence diagnostic. For all parameters, density of the prior is represented
by the black line and density of the posterior by the coloured line, with chain 1, chain 2 and chain 3 in

blue, red and green, respectively.
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Figure A.5b. Arrhenius correction factor for the urine, faeces and bile elimination rate

(TA_clearance). Grey lines represent the values of the correction factor at 7°C and 19°C.
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A.3.3. Observations vs. predictions.

Coloured crosses represent mean PFOS concentrations in organs. The red line represents a 1-fold

factor, and dotted lines represent 1.5-fold and 2-fold factors.
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Figure A.6. Comparison between observed and predicted data after model calibration. Coloured

crosses represent mean PFOS concentrations in target organs. The red line represents a 1-fold factor,

and dotted lines represent 1.5-fold and 2-fold factors.
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Figure A.7. Comparison between observed and predicted data (Goeritz et al., 2013). The left panel
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