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Abstract

Human biomarkers of exposure to pyrethroid inse#iE are usually urinary concentrations of
metabolites that can be specific to a pyrethroicammon to several compounds. We developed a
global toxicokinetic model that links the extermadposure to four widely-used pyrethroids and their
isomers (deltamethrin ands andtrans isomers of permethrin, cypermethrin, and cyfluthrio the
urinary concentrations of metabolitess{ andtransDCCA, 3-PBA, F-PBA and DBCA). This global
model includes physiologically based pharmacokmetiodels for each parent compound and one-
compartment models for the metabolites. Existingivo, in vitro andin silico data were used for model
calibration, and human toxicokinetic data for modealuation. Overall, the global model reproduced
the data accurately as about 90% of predictions vieside the 3-fold error interval. A sensitivity
analysis showed that the most influent parametereéh urinary metabolite concentration was the
fraction of parent compound that is transformed thiat metabolite. The global model was then tested
with realistic exposures for the French populatithre predictions were consistent with biomonitoring
data. The global model is a tool that will improtkee interpretation of biomonitoring data for

pyrethroids.

Keywords: PBPK model, pyrethroids, metabolites, cumulativeposure, aggregate exposure,

biomonitoring



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

1 Introduction

Pyrethroids are a family of organic compounds tieate numerous usages as pesticides and biocides.
They were introduced on the market in the mid-193@d are increasingly used since the 1990s due to
their broad spectrum (Corbel and N'Guessan, 20&8; ¢t al., 2010; Williams et al., 2008). Many
biomonitoring studies have shown the wide exposifréhe general population in several countries
(Barr et al., 2010; Heudorf et al., 2006; Morga@l12, Ueyama et al., 2010). In France, biomonitoring
studies showed that the adult population is exptséigher levels than the German or North American
populations (Dereumeaux et al., 2018; Fréry et2411). Biomarkers of exposure that are used to
estimate the population exposure are the urinangemirations of five metabolites: 3-phenoxybenzoic
acid (3-PBA), cis- and trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane-asboxylic acid €is-
DCCA andtransDCCA), 4-fluoro-3-phenoxybenzoic acid (F-PBA), 3Z-dibromovinyl)-2,2-dimethyl
cyclopropane carboxylic acid (DBCA). These biomaskean be specific to a pyrethroid parent
compound or common to several pyrethroids (Ueyanad. €2010). For example, DBCA is specific to
deltamethrin ancisDCCA and transDCCA are common to several pyrethroidss{ and trans
permethrincis- andtrans-cyfluthrin andcis- andtrans-cypermethrin). Common metabolites therefore

reflect a cumulative exposure to several pyrethcoisipounds.

Toxicokinetic models for specific pyrethroids habeen developed in humans to relate external
exposure to internal metabolite or parent compoundcentrations by describing the process of
absorption, distribution, metabolism and excrel@BME). These models can be multi-compartmental
(Cote et al., 2014; Xue et al., 2014) or physiataly based pharmacokinetic models (PBPK) (Darney
et al.,, 2018; Godin et al., 2010; Tornero-Velezakt 2012; Wei et al., 2013) that can facilitate th
extrapolation between individuals and between exfgscenarios (Andersen et al., 1995). Human
PBPK models for deltamethrin (Godin et al., 20110) aermethrin (Darney et al., 2018; Tornero-Velez
et al., 2012; Wei et al., 2013) are currently aalgld. These models were developed baseh mivo
experiments in rats and then extrapolated to hurnaimgyin vitro data (Godin et al., 2006; Hedges et
al., 2018; Scollon et al., 2009; Willemin et al018). The PBPK models for permethrin were appled t
predict the levels of urinary metabolites usingasyre scenarios including several sources of exposu

3
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For instance, Tornero-Velez et al. (2012) and Daree al. (2018) applied their PBPK model for
permethrin to predict the urinary concentrationstioé DCCA metabolite in the US and French
populations and compared the predictions to biotodng data. Similarly, Wei et al. (2013) assessed
the permethrin exposure of flight attendants. Thesmleling works studied the link between the
exposure to one pyrethroid (or a combination of @mers of one pyrethroid) and the urinary

concentration of only one metabolite.

The interpretation of the urinary levels of commmatabolites measured in populations requires ta go
step further in order to account for the cumulagxposure to several pyrethroids compounds together
with the aggregate exposure from the differentesuindeed it is particularly important to deterenin
which part of the common metabolite is attributabl@ pyrethroid, as the toxicity levels differ \ween
pyrethroids (ATSDR, 2003). Recently Aylwaret al. (2018) first attempted to integrate such
information in the derivation of biomonitoring reémce values for the urinary 3-PBA metabolite for
risk assessment. They developed a 2-tier approddsevsecond tier accounts for the weight of the

relative exposures to several pyrethroid compoamdisfor the differences in toxicity magnitude.

In this paper, we develop a global toxicokineticdmboto predict the urinary levels in humans of four
pyrethroid metabolitesj.e. ciss and transDCCA, F-PBA and DBCA, following exposures to
permethrin, cypermethrin, cyfluthrin and deltam&thThe 3-PBA metabolite was also included in the
global model but not all its parent compounds wefken into account. A generic PBPK model was
adapted to the toxicokinetics of these pyrethroisngounds (Beaudouin et al., 2010), and one-
compartment models were developed for the metalsolithe models for the parent compounds and the
metabolites were linked together. A total of seymarent compoundsci§ and trans isomers of
permethrin, cypermethrin, cyfluthrin, plus deltahret), and a total of 5 metabolites were included i
the global model. This latter was evaluated belf@iag applied to the estimation of the exposurief
French adult population. The cumulative and aggesbexposure to the four pyrethroids was calculated
using national data, including exposure from foaid,and dust. The model predictions of the urinary
levels were compared to the biomonitoring datahef National Health Nutrition Study (Fréry et al.,

2011) for men and women. Finally, a sensitivity lgsia was performed to identify the model
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parameters that influence the internal concentataf parent compounds and the urinary concentratio

of metabolites in this context of multi-routes andltiple compounds.

2 Materials and Methods

2.1 Chemicals

Permethrin, cypermethrin and cyfluthrin are combores of cis and trans isomers whereas
deltamethrin is a pureis-isomer. A total of 7 parent compounds was thedistlin our work. All these
pyrethroids undergo extensive metabolic transfaonatto form several chemical species. Table 1
presents the parent compounds with their respectivery metabolites that are usually measured in
biomonitoring studies. Among the five metabolitesly DBCA is specific to one pyrethroid, namely
deltamethrin (DLT). F-PBA is specific to cyfluthrisut can be formed from the two isomeEss- and
transDCCA can be formed respectively from this andtrans isomers of permethrincissPM and
transPM), cypermethrin {issCYP andtransCYP) and cyfluthrin ¢issCYF andtransCYF). The
metabolite 3-PBA is common to the four pyrethraiasl their isomers, and can also be generated from

other pyrethroids (Starr et al., 2008).

2.2 Model structure for the parent compounds

A generic PBPK model, previously developed by Beaumd et al. (2010), was used to describe the
toxicokinetics of the pyrethroids in humans. Thisdal is based on a detailed description of the
anatomy of the human body and comprises 23 tissogartments. The model structure is similar for
men and women. Several changes were made to adoouhe specificities of pyrethroids (Figure 1).
In the following, the quantities are in mg, the centrations in mg/L, the volumes in L, and the bloo

flows in L/h.

Ingestion and inhalation were the exposure routelsided in the initial model. Dermal contact waarth
added. Dermal absorption was modeled as a onetidimat diffusive process across the stratum
corneum and the viable epidermis. The skin compartrof the initial model was subdivided into two

compartments representing the stratum corneumishat contact with the skin’'s surface, and the
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vascularized tissue (hamekinin the following). The transfer of chemicals beéndhe different layers

is modelled by diffusion processes (Tornero-Veleal g 2012):

m H#S o

whereQsur is the amount on the skin’s surfa€®., Qsc andQsk are respectively the amounts applied on
the skin, in the strateum corneum, and in the Vaseed tissue (skinkskis the entering blood flow in
skin, Cat andCsk are respectively the concentrations in arteriabland skinPCsi.gi is the skin:blood
partition coefficient, antss andKqy (n?) are the uptake rates between the skin’s surfaddree stratum

corneum and between the stratum corneum and theskipartment respectively.

Experimental studies in rodents showed that thegilsiigion of pyrethroids is blood flow-limited in ost

of the compartments except the ones with a phygicdd barrier or slowly perfusedé., brain, fat and
muscle) (Mirfazaelian et al., 2006; Tornero-Velez a., 2012; Willemin et al., 2016). These
compartments were then subdivided into a vasceldrzompartment and an intracellular space. The
exchanges between the two sub-compartments arerrgaledoy a permeability coefficient. In a

compartmen®, the quantities in the vascul®y(r) and the intracellular space3qj are respectively:

— / 0$% $ 12/ 3 45 / #$ 12/ & g + 6
& 7

—— 45 / #$ 12/ - + 8
& o

whereFr is the entering blood flow in the tissu@s the concentration in the arterial blodghr the
concentration in the vascular space of the compantyGr the concentration in the tissu@ir (L/h) the

permeability coefficient, anBCr.g the tissue:blood partition coefficient.

Absorbed pyrethroids are eliminated from the bogyretabolism. Metabolism in humans is rapid with

a half-life in blood of few hours; it occurs in theer and the intestines (Crow et al., 2007; Gosliral.,
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2007; Gotoh et al., 1998). Metabolism was describgda first order process. The total rate of

metabolism Reyr mg/h) is therefore:
9':; 9 2<="; 9 >?="; @
ABCD9; $E )= $ = F

whereRr pyr(Mg/h)is the metabolic rate of pyrethroids in the tis$u@ere liver and Gl tractCLr_pyr

(L/h) the clearance in the tisslieandCr pvr(mg/L)the concentration in the tisstie

2.3 Model structure for metabolites

Simple one-compartment models were used to destirdbéoxicokinetics of the metabolitas. their
formation and urinary elimination. The formation thfe metaboliteMET from the pyrethroidPYR
(RoFeyriome) Was expressed as a fractidmaCeyriomey) Of the global metabolic rate BfYR(Revr EQ. 6)

(Willemin et al., 2016):

IN
9G " HIJ/ KLM " HII/ 9 b ﬁ T

whereMW is the molecular weight of the chemic¢@l The total formation rate of the metaboMET
was obtained by summing the formation rates franitslparent compounds. The resulting amount of

the metabolitdET (Aver) was then obtained by subtracting the urinary ieltion:

U op.

Vwx:: 9G wHiy <=l O Y

with Kui mer () the urinary excretion rate constant. The conegiomm in urine was obtained by

dividing the amount of metabolite formed with thenary flow (Furine, L/h).

2.4 Model parameterization for parent compounds

The values of the PBPK model's parameters are regpon Table 2. The physiological parameters of
the PBPK models,e. bodyweight, and organ volumes and perfusion, \waptemented as proposed by

Beaudouin et al. (2010) for men and women. Thetmaail parameters (the blood volume fractions,

BV) were obtained from Brown et al. (1997) (BV: 0.02; B\brain = 0.03; BMnuscie= 0.04).
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The compound-specific parameters were set usindishebl experimental or computational studies.
Because of the variety of the study desigag.(organisms (humans or rodents) and cells), a pyiori
order was defined to select the study that wouldidel for setting a parameter’s valirevivo human

data, in vitro human datain vivo animaldata, and QSAR predictionsStudies with separate isomers

experiments were also preferred to experiments ddtea combination of isomers.

Oral absorption and excretion parameters weresset) animal data for deltamethrin arig- andtrans
permethrin (Godin et al., 2010; Willemin et al.,18). The parameter estimates were obtained by
calibrating a PBPK model with animal toxicokinetiata. As no data were available for cypermethrin
and cyfluthrin, the values of permethrin (isomeedfic) were used for these compounds. For dermal
absorption, the empirical values estimated by Tarivelez et al. (2012) for permethrin were used for

all the compounds.

Distribution in the tissues is governed by theugsblood partition coefficients and the permeapilit
coefficients for diffusion-limited compartments. n@iarly to absorption, estimates obtained from
toxicokinetic experiments in rats were used fortatakthrin and permethrin (Godin et al., 2010;
Willemin et al., 2016). Since nia vivo data for cypermethrin and cyfluthrin were avaialihe isomer

specific estimates of permethrin were used for peemeability coefficients, and a QSAR model

developed by Knaak et al. (2012) or the tissuetbjoartition coefficients.

Metabolic clearancesC{r pvrin Eq. 7) were defined with human vitro studies using hepatocytes
(Willemin et al., 2015) or hepatic microsomes (Goét al., 2006; Scollon et al., 2009). Because no
isomer-specific data were available for cypermetlamd cyfluthrin, the same value was used for both
isomers. Experiments with-cyfluthrin were used, as no data were availabtecidluthrin and as -
cyfluthrin is an enriched isomeric form of the tWimlogically active diastereoisomeric pairs of isos

of cyfluthrin.

2.5 Model parameterization for metabolites
The parameters of the one-compartment model fomisgabolites are the fractions formed from parent

compoundsHracreyriomerin Eg. 8), the urinary elimination ratdsuf ver in Eqg. 9), and the urinary flow
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(Furine). Toxicokinetic studies with controlled exposuifehaman volunteers were used to set values to
the compound-specific parameters (Leng et al., h9R&atelle et al., 2015a, b; Sams and Jones, 2012;
Woollen et al., 1992). The metabolite fractiofsaCevriome) Were computed using the percentage of
the administered parent compound recovered as abolée corrected by the bioavailability (see
Supplementary Data for details). The urinary elimtiion ratesKui x) were computed with the apparent
half-life (ti2) in urine obtained by the analysis of the elimimatdata provided in the experimental

studies:

Z[\B:] C; a

When several values fortwere available, the average was used (see thelédogmtary Data). The
parameters values for the metabolites’ models gerted in Table 3. The urine flow raté.{.) was

set to 0.07 L/h for men and 0.05 L/h for women (RCR002).

2.6 Model evaluation

The global model was evaluated using all the humexicokinetic studies. At least one study was
available for each parent compound: permethrin ¢&at al., 1998; Ratelle et al., 2015b; Tomalik-
Scharte et al., 2005), cypermethrin (Ratelle et28l15a; Woollen et al., 1992), cyfluthrin (Lengadt
1997a; Leng et al., 1997b), and deltamethrin (SantsJones, 2012). The characteristics ofithgvo
studies are presented in Table 4. The global medslapplied and used to predict the measured mlata i
each of these studies. Monte Carlo simulationsO(X@), were performed to simulate inter-individual
variability and uncertainty in parameters’ valu€suncated normal distributions were assigned to the
compound-specific parameters (absorption, metabolisrtition coefficients, permeability coefficiaht
with a variation of 30% of the mean value of theapaeter and lower and upper bounds of 0.01% and
100% of the mean value of the parameter (exceprdctions of metabolites that were truncated at 1)
Bodyweight was set to the values of study volusted&or each simulation, a vector of random
parameter values was drawn from the probabilityrifistions and was used as input of the global

toxicokinetic model.
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2.7 Sensitivity analyses

Sensitivity analyses (SA) were conducted on théalonodel to identify the parameters with the most
impact on the blood concentrations of the paremypmunds, and the urinary concentrations of the
metabolites. SA were also performed for the braimcentrations regarding the neurotoxicity of
pyrethroids under acute exposures. Continuous exesssimilar for all parent compounds were
assumed: 1 ng/kg/day for oral intakes, 1%h@/L for air concentration, and 1 ng/day for derma

contact. The sensitivity analyses were performedamtentrations at steady state.

We used two types of sensitivity analyses: firg Morris method to identify a subset of the most
influential parameters among the 199 parametetbeofjlobal model, then the Sobol's method on this
subset of parameters to quantify their impact an ¢bncentrations of interest. The Morris method
(Morris, 1991) is a one-factor-at-a-time (OAT) madhwhere the impact of changing the values of input
parameter is evaluated one by one in each rus.dtqualitative method providing a ranking of input
parameters in order of importance. The method igicodarly well-suited when the number of
parameters is high. Each input factor may assuniscaete number of values, called leveds (vhich

are chosen within the parameter range of variafldmee sensitivity measures are proposed for each
parameter: (the mean) ang* (the mean of the absolute values) that estima&ewerall effect of the
factor on the output, and (the standard deviation) that estimates the enleewfbthe second- and
higher-order effects in which the parameter is imed. Thus, a high value gi* means that the
parameter contributes to the dispersion of thewdugnd measures the linearity of the effects or the
interaction with the other parameters. The samigkeis defined by a numbar, Uniform distributions
were assigned to the parameters of the global maidela coefficient of variation of 10% around thei

mean values. The number of realizatiosias set to 1,000 and number of levelsté 6.

Model parameters with the highest impact on theceptrations of interest were selected to run aaijlob
sensitivity analysis with the Sobol's method (Saltt al., 2008; Sobol et al., 2007). This is @l

variance-based method, using the decompositiomefiodel output’'s variance into a sum of terms
depending on single factors (model parameters)oanishteraction terms of higher order. It can handle

nonlinear and non-monotonic functions and modelsed® output variances were estimated using

10
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Monte Carlo integrals. Two independent input sample p; matrices (the “sample” matrix M1 and the
“resample” matrix M2), where; (100,000) is the sample size agmdthe number of parameters, were
used to compute the Monte Carlo integrals. Evew iro M1 and M2 represents a possible parameter
combination. Two indices were computed: the firskeo index (FOI) that is the variance contributain
one parameter to the total model variance, andatad order index (TOI) that is the result of thaim

effect of the parameter and of its interactiondlie other parameters.

2.8 Application of the global model to the exposure ahe French population

The global model was used to link the external syp® of the four pyrethroids to the urinary
metabolite concentrations of the French populaffdne following exposure routes were considered: the
ingestion of contaminated food, the inhalation mddor and outdoor environments, and the dermal

contact via suspended particles in air and sedieckethtst.

2.8.1 Calculation of the aggregated exposure

Food ingestion was estimated using the pyrethraidcentrations measured different food groups
collected on the French market (ANSES, 2011) ardatrerage consumption of food and liquids of the
French population (ANSES, 2009). The following dtprawas used to calculate the daily intake{

in mg/kg BW/day):

bH%2Cd effg hi effg

with Ciod the pyrethroids’ concentration in a food group fkagof food) andRiwod the intake rates for

adults (kg of food/kg BW/day) of the food group.

The method proposed by Hermant et al. (2017) fomesing the exposure from inhalation and dust of
permethrin was applied for all the pyrethroidsmitrest. Exposure from inhalationi{Qn ng/n¥) was

estimated by combining exposure from indoor andl@ut contaminated air:
$<jk $<] I <j $H I H
whereCin andCou (Ng/n?) are the indoor and outdoor concentrations resygt andTi, (0.85) andlout

(0.15) the fractions of the time spent indoors auntdoors respectively (Klepeis et al., 2001). The
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indoor air concentrations were taken from Blanchatdal. (2014) and from The French Central

Laboratory of Air Quality Monitoring for outdoorraLCSQA, 2009).

Dermal exposure is also possible by contact wigpsended particles and sedimented dust (Weschler
and Nazaroff, 2008). The dermal contact with thebaine particles Dgermal_paricles IN NG/d) was

calculated as follows (Shi and Zhao, 2014):

bmn%2=o% <2m Opq $<j r KLM mso I<j3 Opq $H r KLM mso IH 3

whereCi, andCout (Ng/n?) are the indoor and outdoor concentrations resdyt Tin (h/d) andToy (h/d)
are the length of time indoors and outdoors resggt vp the deposition velocity of airborne particles
onto the skin’s surface (m/H¥racex the fraction of body exposed (-), aBdhe body surface area Im

The dermal contact with dudDdermal_ausin Ng/d) was given by (Beko et al., 2013):
b m n%2= $ KLM mso | tq 6

where Cyust (Ng/Q) is the concentration in dusitacey, the fraction of body exposed (<, the body
surface area (fy Mp the is the amount of dust adhering to skin gy/amdt the daily exposure duration

(h/d). The aggregate dermal doBre(maiin Ng/d) is obtained by summing these two expopatbways:

b m n%?2 b m n%2= b m n%2=0% <2m 8

When a compound was not detected in food, outdoordwor air, or dust, the concentration was set to
the limit of detection divided by two when it wasdwn (food and outdoor air), otherwise to the liofit
guantification divided by two (indoor air and dugBPA, 2000). None of the data used for the
calculation of the exposure scenarios makes andiiin between the isomers of a pyrethroid. Thiesat
of cis- andtrans-stereoisomers observed in the commercial formarlatiof the pyrethroids were then
used to compute the dose of each isomer. dig&ans ratios usually observed in the commercial

formulations and used here are 40:60 for permetmiéhcyfluthrin, and 42:58 for cypermethrin.

12
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2.8.2 Study population and biomonitoring data

The French Nutrition & Health Survey (ENNS studg) a cross-sectional study carried out in the
general French population. It was performed betwEebruary 2006 and July 2007. The study
population included adults aged 18-74 years livimgontinental France in 2006—2007. About 400
adults (257 women and 139 men) participated inpyrethroid pesticides study (Fréry et al., 2011).
Questionnaires were used to collect individual abgaristics. For instance, the bodyweight of each
participant was recorded (65.49 + 15.0ff&agwomen and 77.93 + 12.69 k@ men). The Dubois and
Dubois (1989) equation was used to compute the Isomface area with the weight and height of
participants (1.69 + 0.18%for women and 1.92 + 0.16dor men) that is used for the computation of
the exposure via dermal contact. One spot sampfisbfmorning urines was also collected for each
participant in order to measure the major urinagtaholites of pyrethroids. The detection rates were
98.5% for 3-PBA, 83.1% for DBCA, 56.1% fais-DCCA, 86.1% fortransDCCA and 29.8% for F-
PBA (LOD = 0.03 pg/L and LOQ = 0.1 pg/L). The gedritemean of the quantified urinary metabolite
concentrations (pg/L) and the 95% interval of coefice were: 0.74 [3.41; 6.15] for 3-PBA, 0.37 [0.48
4.20] for DBCA, 0.17 [0.67; 2.17] focisDCCA, 0.39 [2.44; 5.27] fotransDCCA and 0.68 [0.64;

1.24] for F-PBA.

2.8.3 Exposure scenario and simulations

Monte Carlo simulations were performed to accowuntifiter-individual variability and uncertainty.
Truncated normal distributions were assigned to tleenpound-specific parameters (absorption,
metabolism, partition coefficients, permeabilityeffccients, urinary excretion) with the mean vaared

a coefficient of variation of 30%. The lower andoap bounds were defined as 0.01% and 100% of the
mean value (except for fractions of metabolites #ra truncated at 1). The intakes were also aftkect
by uncertainty and variability. Normal distribut®mvere assigned to all intakes (diet intakes, sdhal
concentration and applied dermal dose) with therm@due computed and a coefficient of variation of
500%. Normal distributions were also set to the ylaght according to the actual distributions
observed in the ENNS study. For each Monte Canlsition (10,000), a vector of random parameter

values was drawn from the probability distributfonctions and was used as input of the PBPK model.
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A continuous scenario of exposure by inhalatioa] and dermal contact was considered, and the model
was run until steady-state in blood was achievedn@hth). The urinary concentrations of the five

metabolites were recorded after 1 month of exposure

2.9 Software
GNU MC Sim v5.6.6 simulation software was usednplement the PBPK model (Bois, 2009). The R
package “sensitivity” was used (version 1.15.2pglet al., 2018): the “morris” method for the M®rr

sensitivity analysis, and the “soboljansen” metfadhe Sobol sensitivity analysis.
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3 Results

3.1 Model evaluation

We compared the experimental data observed indhmh toxicokinetic studies with the corresponding
model predictions (10,000 Monte Carlo simulatior(§igure 2). The data correspond to 189
measurements (concentrations or urinary excretes) related to five metabolites (3-PBA, F-PBA,
cissDCCA, transDCCA and DBCA) and one parent compound (permethfito human data were
available to evaluate the toxicokinetics of theeotthree parent compounds predicted by the model.
Figure 3 presents the comparison between the datdhe model predictions.e. the average of the
Monte Carlo simulations. Overall, the global modsproduced well the data: 98% of the predictions
fall into the 10-fold interval with about 65% ofdlpredictions in the 2-fold error interval, and 89%
the 3-fold one (Table S2 in Supplementary Datag [Elwel of predictability is similar (about 60%time
2-fold error interval) for the metabolites commaonseveral pyrethroids (3-PBAis- andtransDCCA)
and is higher for the metabolites specific to ogeetiroid (DBCA and F-PBA)i.e. up to 90%. This
could be explained by the fact that several studier® available for the common metabolites for nhode
calibration and evaluation whereas only one studg awvailable for DBCA and two studies, that were
performed in the same laboratory, for F-PBA. Thiedénce in predictability may then partly be a
result of variability between studies. For permigilfthe only parent compound with data), only 9adat
points were available for both isomers from onegt{iGotoh et al., 1998). Most of the predictiongave
within the 3-fold error interval. It should be ndt¢hat, in this study, the exposure resulting from
poisoning and was unknown. Moreover, only one persas involved whereas other studies involved

several volunteers (except one study with cyflutadministered by ingestion).

Oral ingestion is the exposure route used in mb#testudies (130 out of 189 data points). Thigeo
presents levels of predictability similar to the olMh dataset, like the dermal contact route. For
inhalation, predictability is better with almost #ie predictions within the 2-fold interval (96%ut
only one study for one parent compound (cyfluthviids available. The dermal route is the only route
with predictions falling beyond the 10-fold errarterval (about 11%), and they were all during the
compound’s absorption phase. We also compared thdicpability between the absorption and
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344 elimination phases (54 vs. 135 data points). Simpeedictability levels were observed but all

345 predictions falling beyond the 10-fold interval weall during absorption.

346 In general, the toxicokinetic profiles are well reguced by the model. For each profile, a confidenc

347 interval calculated with the Monte-Carlo simulasowas obtained. About 88% of the datapoints (165
348 over 189) are within the confidence intervals. Ténerage profile is encompassed in the 95%
349 confidence interval with an upper bound correspogdo a 2-fold factor and a lower bound to a 0.2-
350 fold factor compared to the mean, but the widthth&f confidence interval tends to increase as time
351 since administration increases. The graphs ofdkiedkinetic profiles with the 95% confidence intaf

352 together and the experimental data are given iarEi§1 in the Supplementary Data for all studies.

353 Toxicokinetic parameters (maximum peak concentngtior excretion rates, time-to-peak levels and
354 elimination half-lives) were computed from the poteld toxicokinetic profiles (Table 5). The
355 ~maximum peak concentration or excretion rate amdimhtion half-live were well predicted by the
356 model, and in general the time to peak was sligbtigr-estimated. Our analysis of different dat® set
357 also highlighted that the toxicokinetics of 3-PBAurine observed in the study by Woollen et al9g)9
358 differ from other studies (Ratelle et al., 2015aSbms and Jones, 2012). The measured excret®n rat
359 was very high and the elimination half-life quiteM unlike the observations in the other studiesthrd
360 model predictions. Overall, all our results shoattthe global model is able to reproduce adequétely

361 urinary toxicokinetics of the metabolites with glnilevel of predictability.

362 3.2 Sensitivity analyses

363 The Morris method was used to select a subseteof ¥ parameters that had the most influence on the
364 parent compounds concentrations in blood and basid,on the urinary metabolite concentrations. The
365 Morris plots for all the model outputs of interese provided in Figure S2 in the Supplementary Data
366 We observed that each model output is sensitive smnall number of parameters, and that the low
367 standard deviation values indicate probably noraaton between parameters. We selected the 8 most
368 influential parameters towards urinary metabolid@aentrations and the 4 most influential parameters
369 towards internal concentrations to run the varidmeeed Sobol's method. In the end, this selection

370 includes a total of 46 parameters (list given ibl€53 in the Supplementary Data). For all compsund
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these parameters are related to partitioning imoliver and brain, to metabolism and to absorptibn

the parent compounds.

The first-order (FOI) and total order indices o thhodel parameters obtained by the Sobol analyses a
presented in Figure 3 for metabolites and Figureirts3he Supplementary Data for the parent
compounds. For all outputs, the Sobol results cowfil the Morris analyses on the absence of
interaction between the model parameters meaniag thie effects of the parameter on the model
outputs are independent. A relatively high uncetyabf the prediction of the FOI was observed that
may be a result of a high number of non-sensitmaimeters integrated into the analysis and/or ®f th
correlations between the parameters. The parametiths a high influence on blood and brain
concentrations were absorption and excretion paeasepartition coefficient between liver and blpod
liver clearance and diffusion in brain. These rssate in agreement with previous published setisiti
analyses on the toxicokinetics of permethrin anthdesthrin (Darney et al., 2018; Godin et al., 2010

Mirfazaelian et al., 2006; Wei et al., 2013).

For the urinary metabolites’ concentrations, th&ultls showed that urinary metabolite concentrations
are mostly influenced by the fractions of the metigbrates of parent compound that lead to each
metabolite Fraceyriove). SOme parameters related to absorptian dbsorption from stomach, gut and
stomach-gut transfer) also influenced urinary metitd concentrations to a lesser extent. Furtheemor
the sensitivity analyses allowed to classify theepficompounds in terms of influence on the urinary
concentrations of the common metabolites. Eigr and transDCCA, the ranking is: permethrin,
cypermethrin and cyfluthrin. For 3-PBA, we obtaingtans-permethrin, transcypermethrin,cis-
permethrin and, to a lesser extatis-cypermethrin and deltamethrin. Finally, regardia@BA which

is specific to cyfluthrin, thé&ransisomer appears to have a higher influence thanigisomer.

3.3 Simulation of urinary levels in the French populatbn

The exposure doses calculated for the French piopuléor the three exposure routes are presented in
Table 6. A large part of the calculated oral daitakes comes from the fact that in samples where n

pyrethroids were detected, the LOQ or LOD dividgd2bwas used. That tends to smooth the daily

intakes between the pyrethroids. Indeed the detecttes in food were very low (<1%) for pyrethsoid
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in all the food items and none of the investigapydethroids were detected in tap water (ANSES,
2011). That could be due to the rather high linatsdetection (LOD) (5 pg/kg for cyfluthrin and
cypermethrin and 3 pug/kg for permethrin and delténi®). Regarding the other routes, the frequency
of quantification in dust was 84% for permethrir26, LOQ = 0.09 pg/g) and 52% for cypermethrin
(n=23, LOQ = 0.06 pg/g) (Blanchard et al., 2014pr Rirborne particles, the frequencies of
guantification were 40% for permethrin (n = 30, L&®.002 ng/rf) and 3% for cypermethrin (n=30,
LOQ = 0.2 ng/r) (Blanchard et al., 2014). For outdoor air, thengles came from 12 French regions
and were taken between 2001 and 2007. The sanzgge singed from 42 for permethrin to 2,428 for
cypermethrin, and the frequencies of quantificatamged from 0% (permethrin and cyfluthrin) to 0.3%
(deltamethrin) (LOQ = 0.071 ngAn (LCSQA, 2009). According to our exposure estirmatthe
population is exposed mainly to permethrin and oygehrin and to a lesser extent to cyfluthrin and
deltamethrin for all the routes. Due to the useahmercial isomer formulations, the population is

more exposed to theansisomer than to theis one.

The predictions of the urinary metabolite conceitrs by the global PBPK model using the calculated
exposures are consistent with the biomonitoring aditthe ENNS study (Figure 4). The results were
similar between men and women. Because of the leantification rates ofissDCCA and F-PBA in
the study population (56.1% and 29.8% respectiyehg predicted and measured distributions were
represented either without accounting for the noantified samples, or by assigning the LOQ value
(0.1 pug/L) to these samples and setting the modadigtions below the LOQ to the LOQ. For all
compounds, the predicted median is always higheer the measured one (except for F-PBA when the
non-quantified samples are not considered). For, tlenover-prediction factor is 3.5 foansDCCA,

3.3 forcis-DCCA, 1.4 for DBCA, 1.9 for 3-PBA, and 1.3 for BR when the non-quantified samples
are considered. When they are not, these facterseapectively 2.8, 1.4, 1.2, 1.8, and 0.4. Ouwiltgs
showed that the predictions are close to the measnts for metabolites specific to one compoued,
DBCA (deltamethrin) and F-PBA (cyfluthrin). For BR, the difference is less than two-fold but not
all the pyrethroids parents forming that metabadite taken into account in our analysis. Indeed, we

considered three parent compounds (permethrinrmgiarin and deltamethrin) among the eight parent
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compounds that can form 3-PBA. Fais andtransDCCA, all the parent compounds are considered
and the difference between predictions and measmsnare slightly higher than the 3-factor (median)
The predicted distributions cover a large rangeadidies that is a result of the inter-individualighility

and the uncertainty in the exposure doses andeiPBPK parameters related to the physiology and
biochemistry. However, we observed that the maxiwales were always under-predicted by the
model by a factor ranging from 0.7 for 3-PBA (pré&® pg/L; obs: 7.8 ug/L) to 0.1 for F-PBA (pred:
1.0 pg/L; obs: 12.3 pg/L) in men. In women, the emprediction factor ranged from 0.4 for F-PBA
(pred: 1.8 pg/L; obs: 4.5 ug/L) to 0.1 foransDCCA (pred: 5.5 pg/L; obs: 60.7 ug/L). We also
observed that, unlike the predicted maximal valhe, measured maximal value is highly variable

between men and women.

According to our assumptions on the exposure dosesassessed the contributions of the three
exposure routes to the metabolite concentrationgiime. The oral exposure is the major route as the
inhalation and dermal exposures account for legs % of urinary concentrations. The contributions
of the different pyrethroids to the urinary concatibns are presented in Figure 5 for men (similar
results for women, not shown). These results aseatrerage of the contributions calculated with the
10,000 Monte Carlo simulations. The cumulative emiations oftis- andtransDCCA were formed

by 45% of permethrin, 33% of cypermethrin, and 28f4cyfluthrin. These contributions are quite
similar to the contributions to the global intake parent compounds that could forecrs- or trans
DCCA. Indeed, permethrin represents 42% of theallottake, cypermethrin 33%, and cyfluthrin 25%.
The situation is different for 3-PBA, a metabolitommon to permethrin, cypermethrin and
deltamethrin. The contributions to the urinary camications were 61% for permethrin, 26% for
cypermethrin and 13% for deltamethrin whereas tloatributions to the global intake were,
respectively, 40%, 30% and 30%. Deltamethrin cbotas more to the global intake than to the 3-PBA
concentrations, whereas it is the opposite for péinm. F-PBA is generated from the two isomers of
cyfluthrin whose contributions were 72% for ttrans isomer and 28% for theis isomer. Thetrans
isomer has an increased contribution to the urirtamycentrations compared to the intake (60% vs.

40%).
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4 Discussion

The aim of our work was to propose a global toxicelic human model for four widely used
pyrethroids (deltamethrin, permethrin, cypermethrdmd cyfluthrin including theircis and trans
isomers) and their major urinary metabolites. Tdlisbal model accounts for multi-route exposures
(ingestion, inhalation and dermal contact) and damulative exposure to pyrethroids that share

common metabolites.

4.1 Construction and evaluation of the global PBPK mode

The PBPK models for the parent compounds were pateiped with numerous studies employing
various methodsirf vitro, in vivo andin silico). Previous studies in rats (Tornero-Velez et 2012;
Willemin et al., 2016) showed that the permethsoniers ¢is andtransg) exhibit slightly different
toxicokinetic profiles, with a rapid absorption aadlonger residence time for tles-permethrin
compared to th&ransisomer. We therefore chose to build specific PBR&dels for thecis andtrans
isomers of permethrin, cypermethrin and cyfluthdmong the four pyrethroids parent compounds
studied, the toxicokinetics of permethrin and dak#hrin were well characterized as they have been
studied in animals and then extrapolated to hum@werney et al., 2018; Godin et al., 2010;
Mirfazaelian et al., 2006; Tornero-Velez et al. 120 Willemin et al., 2016). On the contrary, the
toxicokinetics of cyfluthrin and cypermethrin hawet been studiedn vivo. Their PBPK model
parameters were therefore informed usimgitro orin silico studies or set to the values of the other two
pyrethroids, notably for the absorption or permighin organs. Because there were no availabla dat
for cyfluthrin and cypermethrin, we assumed thairttsomers behave similarly in terms of partitiogi
into the tissues (predicted by QSAR) (Knaak et2012) and hepatic clearancas \itro experiments)
(Scollon et al., 2009). The performance of the QSA&Jel was checked by comparing its predictions
to thein vivo data for permethrin and deltamethrin. A factorabbut 3 was observed between the
experimental and calculated values (except fombi@ which the difference was much higher), tisat i
an acceptable error for QSAR predictions. Sinceetieere no data for absorption and permeability of
cyfluthrin and cypermethrin, data related to thecsiic isomer<cis- andtrans-permethrin were used for
these processes. Globally, the values of the magalfameters are of the same order for all thenpare
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compounds. For instance, the hepatic clearancesetatively close, between 1.56 L/h/kg fois-
permethrin and 9.72 L/h/kg for deltamethrin, ashaslthe partitioning into the tissues. As a reshi
toxicokinetics of the parent compounds exhibit #mprofiles. Even if the pyrethroids of interese a
metabolized by the same enzymes (cytochromes PdAB80carboxylesterases), we did not model
metabolic interactions in the global model as wedui for environmental low doses. Moreover, as
observedn vitro in human hepatocytes for permethrin (Willemin let 2015), the interaction between

thecis andtransisomers was assumed negligible.

Unlike the parent compounds, the one-compartmentetso for metabolites were exclusively
parametrized within vivo data, most of them being observed in controllechdru volunteer exposures
(Leng et al., 1997a; Leng et al., 1997b; Ratellalgt2015a, b; Sams and Jones, 2012; Woollen, et al
1992). In most of these studies, the parent comgewas administered as a mixture of isomers and the
production of metabolites was reported as the p¢age of the administered dose. For common
metabolites of isomers (3-PBA, and F-PBA), it wlasréfore not possible to distinguish the proportion
of the metabolite produced by each of the isomara.way similar to what Tornero-Velez et al. (2p12
did, we used the study of Gaughan et al. (197@pstonate these proportions. From that study, thes pa
of 3-PBA produced by theis andtrans isomers of permethrin were calculated, as the alsiwere
exposed to each isomer separately. The same (atgggang were then applied to the other parent
compounds after correcting by the administered eanratio. This method was applied to permethrin
(3-PBA), cypermethrin (3-PBA) and cyfluthrin (F-PRAGlobally, the parameters’ values of the one-
compartment models for metabolites are in the samge. It can be noticed that the metabolite foacti
of the trans isomers are always higher than ttie ones. Regarding the results of the sensitivity
analyses, the fraction of the parent compound ithttansformed into a metabolite greatly affecis th
model predictions of urinary metabolites’ concettras. The uncertainties lying in the extrapolatain
the isomer ratios to common metabolites from omapmund to another could be reduced by collecting

new experimental data, and this will therefore iavwarthe quality of the model predictions.

We chose to use most of all the human data availahl the toxicokinetics of the pyrethroids and

metabolites of interest. This enables to derivaipater’'s values, especially for the metabolic fomn,
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accounting for the variability between the diffarstudies. Only one incoherence between studies was
revealed, which was the toxicokinetic of 3-PBA ine observed in the study by Woollen et al. (1992)
that differs from the other studies following thaetabolite (Ratelle et al., 2015a, b; Sams ands]one
2012). Nevertheless, some information is still mgsand assumptions had to be made. The model
could be easily updated to include any new data dbald refine quantitatively some processes or
isomer-specific data, especially for cyfluthrin amd/permethrin. Our methodology for the
parameterization of the compound-specific pararsetas provided good predictability of the global
model. Most of the toxicokinetic data (studies othigan the one used for parameterization) were
reasonably simulated given uncertainties of mo@ehmetrization data and data used to evaluate the
model, i.e. 65% and 89% of the model predictions ifao the 2-fold and 3-fold error interval
respectively. The development of our model fulfillse key principles and best practices for
characterizing and applying PBPK models in risleassient defined by the World Health Organization

(IPCS, 2010), in terms of model documentation, eatabn, and statistical analyses performed.

4.2 Prediction of the urinary concentrations in the French adult population

We tested the global model to predict the urinaygoentrations of the five pyrethroids’ metabolites
based on the estimation of the cumulative and ggdgeeexposure of the French adult population to the
four pyrethroids of interest. This application adreg demonstrating that the global model togethidr w
an adequate scenario of exposure was able to regrdiomarkers of exposure commonly measured in
biomonitoring studies, here the ENNS study (Frérgle 2011). To derive realistic exposure doses, w
followed the methodology developed for permethinHermant et al. (2017) for inhalation, dermal
contact and dust, and by Darney et al. (2018) dodf but selected different datasets for the faudi a
outdoor air contamination that are more represeetadf the French national exposure to be in
concordance with the ENNS biomonitoring data. Wentlselected the outdoor air measured in 12
French regions between 2001 to 2007 (LCSQA, 20B8).food contamination, Darney et al. (2018)
used data obtained by the French Ministry in chajeonsumption (DGCCRF, 2008), the French
Ministry in charge of agriculture (DGAL) and theefich Ministry in charge of Health (DGS). These

analyzes have been carried out within the framewbitargeted controls for nonconformities observed
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previously or during reinforced controls on impolts this work, we chose to use Total Diet Studles
that aimed to measure numerous chemicals in diffeiccod samples taken from the French market
(ANSES, 2011). Besides the sampling scheme, the wmiiffierence between the two studies was the
levels of detection of pyrethroids in the food séesphat was a bit higher for the first studies $filt
quite low (not superior to 3% in all media). Thevldetection rate of the Total Diet Studies 2, that
used, was a consequence of the choice of the a@dlybethod that had to be suitable for a large
number of chemicals and was therefore not veryiemndo pyrethroids, with LOD between 3 pg/kg
and 100 pg/kg. As a comparison, Melnyk et al. (3@ibtained LOD between 0.05 pug/kg and 0.8 pg/kg
in a similar study on pesticides only. This lowet#ion had an impact on our diet intake estimases a
we chose to replace the non-detected concentrabtiptise LOD divided by 2. This also explains why
the computed diet intakes are rather similar betwtbe pyrethroids of interest, with a maximum of
0.020 pg/kg/d for permethrin and minimum of 0.04Zkg/d for cyfluthrin. In the end, the choice of the
studies on food and air contamination has a littigact on the calculated exposure doses as thenmes
obtained for permethrin are quite similar to théeimediate exposures in France calculated in the
previous works (Darney et al., 2018; Hermant et24117). Despites the uncertainties in the Freook f
contamination data, our exposure estimates aree dlmexposures calculated in other countries, the
United States (Melnyk et al., 2014), Hong Kong (Wat al., 2014) and Spain (Quijano et al., 2016).
For instance, Melnyk et al. (2014) estimated diédikes slightly lower than our estimaties, 0.018 vs.
0.02 pg/kg/d for permethrin, 0.0095 vs. 0.015 pgikgr cypermethrin, and 0.003 vs. 0.012 pg/kgfd fo
cyfluthrin. All our diet estimates are also welllde the admissible daily intakes from World Health
Organization are between 3 and 250 pg/kg/day (otiseedy cyfluthrin and permethrin) for most

common used pyrethroids (IPCS, 2009).

The aim of this part of the work was to provides@zable exposure estimates to test the behavmurof
global model. The calculated exposures were thed @as inputs of the global model to predict the
urinary concentrations of the five metabolites. @sults show that the model’s predictions arecody
agreement with the measured concentrations in NSEstudy (Fréry et al., 2011). At maximum, a

factor of 3 was observed between the medians gbrba@icted and observed distributions. The maximal
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observed concentrations are not well reproduced. driedictions could be improved by refining and
individualizing the exposure scenarios. Indeedeftyoids are non-persistent compounds whose urinary
concentrations are expected to greatly vary overddy according to the contact with the chemicdl an
the time of sampling (Aylward et al., 2017). Beaaus such data was available, we assumed a constant
exposure throughout the day, which probably doet neflect real-life (diet) exposure. Other
information such as diet, presence of animals ahejoproximity to growing fields or the use of

insecticides at home could be useful (Dereumeaak,62018).

4.3 Application in biomonitoring studies

One of the utilities of our global model will be facilitate the interpretation of the biomarkers of
exposure collected in biomonitoring studies forgtlgroids. Such a model will be an adequate tool to
study the toxicokinetic of several pyrethroids ametabolites at the same time. That is an improvémen
of the current practices that consist in dealintdhwiach compound separately (Cote et al., 201sdyar

et al., 2018; Tornero-Velez et al., 2012; Wei ef 2013). We performed several analyses to test the
model behavior in that specific context. For insirnwe identified the model parameters that infteen
the most the urinary concentrations under a cohstgposure. It turned out that the toxicokinetitshe
parent compounds have a little impact for this expe scenario, and that the urinary concentrations
were mainly driven by the metabolic fractions, thetresent the fraction of the parent metabolisat th
is transformed in a specific metabolite. These ltesiepend not only on the toxicokinetics but also

the chosen exposure scenario (steady-state atacorestposure). Under a real-life exposure scenario
(several short exposures over the day), some ptrameters, like the urinary excretion, will prolyab
impact the urinary metabolites’ concentrations. #heo interesting result of the sensitivity analyaas
with the global model was the ranking of the commsu in terms of impact on the urinary
concentrations. For instance, the ranking order. wagmethrin > cypermethrin > cyfluthrin for DCCA
and permethrin > cypermethrin > deltamethrin fdPEBA. As we assumed that the proportion of the
transisomer was always higher of this one in the administered doses, that ranking @ falsnd in the
sensitivity analyses results. Similarly, the ragkiof the exposure routes was possible. As already

observed with the ENNS study, our results highlighthat the oral exposure was the major route of

24



587

588

589

590

501

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

exposure and inhalation and dermal exposure seents tminor pathways. Overall, these results
highlight the most important parameters of the rhdde the analysis of the metabolite urinary
concentrations. The refinement of the input datatlie most sensitive parameters (through additional

experimental data) can support an improvementefribdel prediction capabilities.

4.4 Conclusions

In conclusion, we developed a global model for gy@ds in humans usinm vivo, in vitro and in
silico data. This model will be a useful tool to intetpbdomonitoring data for pyrethroids that are
urinary concentrations of their metabolites that ba common to several pyrethroidsg, 3-PBA and
DCCA). The global model combined with realistic alative and aggregated exposures to permethrin,
cypermethrin, cyfluthrin and deltamethrin was tdster the French population. The results and the
possible related analyses are promising for théiGggiimn of this model in the context of biomonituy
studies and more generally in risk assessment.ewhi$ study focused on adults, the model could be
easily adapted to children that are a more seesgopulation in terms of exposure (Barr et al.,®01
Egeghy et al., 2011; Schulz et al., 2009) and &fféeskenazi et al., 2018; Farag et al., 2007; Shetf

al., 2005). The PBPK model already integrates tgsiplogical and anatomical changes due to age.
Recently, several works studied timevitro metabolism and the toxicokinetics of few pyretisoin
immature animals (Amaraneni et al., 2017; Kim et 2010; Mortuza et al., 2018; Nallani et al., 2018

Song et al., 2019).
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Figure 1. The global PBPK model for a pyrethroid &me urinary metabolites F-PBA, DBCA, 3-PBA

andcis- andtrans-DCCA.

Figure 2. Comparison of the model predictions veiiperimental data obtained in humans after oral,
dermal or inhalation exposure to one pyrethroidt¢Baet al., 1998; Leng et al., 1997a; Leng et al.,
1997b; Ratelle et al., 2015a, b; Sams and Jond<; Zbmalik-Scharte et al., 2005; Woollen et al.,
1992). The five metabolites are represented (3-PBRBA, cissDCCA, transDCCA, DBCA) and
trans andcis-permethrin. The plain line is the perfect corresjgnce between the predictions and the
experimental data. The dashed lines represent-talel ®rror interval, and the dotted lines the b@f

error interval.

Figure 3. First-order (light grey) and Total (dagtey) Sobol sensitivity indices for urinary
concentrations ofissDCCA, transDCCA, 3-PBA, F-PBA and DBCA following exposure ¢is- and

transpermethringcis- andtrans-cypermethringis- andtrans-cyfluthrin and deltamethrin.

Figure 4. Predictions of urinary concentrationgrafiumulative exposures to pyrethroids: comparefon
simulated (white boxplot) and measured (grey ba)pd urinary concentration afissDCCA, trans
DCCA, 3-PBA, F-PBA and DBCA for men and women. Thkack plain line is the limit of
quantification (0.1 pg/L), and the dotted line tiveit of detection (0.03 pg/L). The percentage of
guantification of urinary metabolites were 98.5% ®PBA, 56.1% forcisDCCA, 86.1% fortrans
DCCA, 29.8% for F-PBA and 83.1% for DBCA. The lgfanels present the distributions of the
measured metabolite concentrations without thequamtified samples, whereas in the right panels the
predicted and measured distributions were trunctdethe LOQ, i.e. the LOQ was assigned to the

measured and predicted concentrations that weosvidbe LOQ.

Figure 5. Contributions of parent compounds touhieary metabolite concentrations predicted by the
global model following the oral, dermal and inhadatexposures calculated for the French population.
The results are the average of 10,000 Monte Carlalations. DLM stands for deltamethrin, CYF for

cyfluthrin, CYP for cypermethrin, and PM for perimen.
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Figure 2. Comparison of the model predictions withexperimental data obtained in humans after
oral, dermal or inhalation exposure to one pyrethrad (Gotoh et al., 1998; Leng et al., 1997a; Leng
et al., 1997b; Ratelle et al., 2015a, b; Sams andnks, 2012; Tomalik-Scharte et al., 2005; Woollen
et al.,, 1992). The five metabolites are represente(B-PBA, F-PBA, cisDCCA, trans-DCCA,
DBCA) and trans- and cis-permethrin. The plain line is the perfect correspodence between the
predictions and the experimental data. The dashedrles represent the 5-fold error interval, and
the dotted lines the 10-fold error interval.
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858 Figure 3. First-order (light grey) and Total (dark grey) Sobol sensitivity indices for urinary
859 concentrations of cis-DCCA, trans-DCCA, 3-PBA, F-PB and DBCA following exposure to cis-

860 and trans-permethrin, cis- and trans-cypermethrin,cis- and trans-cyfluthrin and deltamethrin.

861
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Figure 4 Predictions of urinary concentrations afte cumulative exposures to pyrethroids:
comparison of simulated (white boxplot) and measui (grey boxplot) of urinary concentration of
cissDCCA, trans-DCCA, 3-PBA, F-PBA and DBCA for men and women. Theblack plain line is
the limit of quantification (0.1 pg/L), and the doted line the limit of detection (0.03 pg/L). The
percentage of quantification of urinary metaboliteswere 98.5% for 3-PBA, 56.1% forcissDCCA,
86.1% for trans-DCCA, 29.8% for F-PBA and 83.1% for DBCA. The left panels present the
distributions of the measured metabolite concentrabns without the non-quantified samples,
whereas in the right panels the predicted and meased distributions were truncated to the LOQ,
i.e. the LOQ was assigned to the measured and preted concentrations that were below the
LOQ.
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874

875  Figure 5. Contributions of parent compounds to theurinary metabolite concentrations predicted
876 by the global model following the oral, dermal andnhalation exposures calculated for the French
877 population. The results are the average of 10,000 dwite Carlo simulations. DLM stands for
878 deltamethrin, CYF for cyfluthrin, CYP for cypermeth rin, and PM for permethrin.

879
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893  Table 1. Pyrethroid compounds and their urinary metdoolites.

Parent compounds Metabolites
cis-permethrin cis-DCCA, 3-PBA
trans-permethrin transDCCA, 3-PBA
cis-cypermethrin cisDCCA, 3-PBA
trans-cypermethrin transDCCA, 3-PBA
cis-cyfluthrin cisDCCA, F-PBA
trans-cyfluthrin transDCCA, F-PBA
deltamethrin DBCA, 3-PBA

894 DCCA: 3-(2,2-dichlorovinyl); 3-PBA: 3-phenoxybeneadcid; F-PBA: 4-fluoro-3-phenoxybenzoic acid; DBGAs-3-(2,2-dibromovinyl)-2,2-

895  dimethylcyclopropane carboxylic acid

896
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897 Table 2. Parameter values of the PBPK model for theeven pyrethroids and isomers.

Parameters cisCYF trans- cisCYP trans- cisPM trans-PM DLT
CYF CYP
Absorption and excretion rates (ht)
Absorption from stomach 0.01 0.0r 0.0r 0.0r 0.0r 0.0r 0.0r
Absorption from Gut 0.52 1.3¢ 0.52 1.3¢ 0.52 1.3¢ 158
Stomach-gut transfer 085  0.2¢° 0.3% 0.2¢¢ 0.3% 0.2¢¢ 0.42
Fecal excretion rate 089 0.8% 0.39 0.8% 0.39 0.8% 0.59
Surface-SC transfer 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025
SC-venous blood transfer 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Tissue:Blood partition coefficients
Adipose 313 31.3F 31.1F 31.1F 225.00  76.00 75.00
Adrenal 2.17 2.17 1.92 1.92 1.1¢ 0.2% 8.10
Bone 2.17 2.17 8.68 8.68 1.1¢ 0.2% 8.10
Brain 8.94 8.9%4 7.94 7.9% 1.60 0.57 0.14
Breast 2.17 2.17 1.92 1.92 1.1¢ 0.2% 8.10
Heart 2.17 2.17 1.92 1.92 1.1¢ 0.2% 8.10
Marrow 2.17 2.17 1.92 1.92 1.1¢ 0.2% 8.10
Muscle 3.42 3.42 3.03 3.03 1.2¢ 0.82 5.64
Sexual organs 2.17 2.1F 1.92 1.92 0.63 0.21 8.10¢
Pancreas 2.%77 217 1.92 1.92 1.1¢ 0.2% 8.10
Skin 4.18 4.18 3.7F 3.7F 19.00 8.4¢ 8.10
Spleen 2.19 2.17 3.04 3.04 1.1¢ 0.21 8.10
Thyroid 2.17 2.17 1.92 1.92 1.1¢ 0.21 8.10
Urinary tract 2.17 2.17 1.92 1.92 1.1¢ 0.21 8.10
Kidney 3.36 3.36 2.99 2.99 1.1¢ 0.21 8.10
Lung 2.17 2.17 0.67 0.67 1.1¢ 0.21 8.10
Gut 2.17 2.17 6.26 6.26 1.1¢ 0.21 8.10
Stomach 2.1% 2.17 1.92 1.92 1.1¢ 0.21 8.10
Liver 5.57 5.57 495 495 0.89 0.89°b 19.0
Permeability coefficients (L/h)
Adipose 0.048 0.1% 0.048 0.1% 0.048 0.1% 0.029
Brain 0.00% 0.0012  0.00F 0.0012  0.00F 0.0012 0.002
Muscle 0.32 0.4¢ 0.32 0.4¢ 0.32 0.4¢ 0.043
Metabolic clearance (L/h/kg BDW)
Intestinal - - - - 0.00 0.78 -
Liver 5.34 5.34 6.24 6.24 1.56 3.97 9.72

898 Knaaket al. (2012) ;"Willemin et al. (2016) ;°Mirfazaelianet al. (2006) ;“Willemin et al. (2015) ;
899  “Tornero-Velezet al. (2012)'Scollon et al. (2009iGodin et al. (2010)iGodin et al. (2006):equal to

900 thecisisomer (not determined vivo)

901
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902 Table 3. Parameter values for the metabolite one-cqmartment models. The references for the urinary exetion rates
903  are given in Supplementary Data.

Parameters Cis-DCCA Trans-DCCA DBCA 3-PBA F-PBA

Metabolite fractionsKraceyrtome)
transPermethrin - 0.61 - 0.83 -
cis-Permethrin 0.37 - - 0.37 -
trans-Cypermethrin - 0.5 - 0.3%¢ -
cis-Cypermethrin 0.32f - - 0.165f -
trans-Cyfluthrin - 0.38 - - 0.23
cis-Cyfluthrin 0.27 - - - 0.10
Deltamethrin - - 0.78 0.1 -

Urinary excretion ratesKi_x, %) 0.107 0.107 0.192 0.093 0.137

904 “Ratelle et al. (2015bYRatelle et al. (2015afWoollen et al. (1992)iLeng et al. (1997bySams and

905 Jones (2012)

906
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909

Table 4.1n vivo studies with different exposures to pyrethroids coeducted in humans.

Study Molecule Route Dose Data collected

(Gotoh et al., 1998) Permethrin Oral 630 mg (paisgn Permethrin in blood

(Ratelle et al., 2015b)  Permethrin Oral 0.1 mg/kg cis- andtransDCCA, and 3-PBA in urine

(Woollen et al., 1992) Cypermethrin  Oral 3.3mg cis- andtransDCCA, and 3-PBA in urine

(Ratelle et al., 2015a)  Cypermethrin  Oral 0.1 mg/kg cis- andtransDCCA, and 3-PBA in urine

(Leng et al., 1997a) Cyfluthrin Oral 0.03 mg/kg ciss and transDCCA, and F-PBA in
urine

(Sams and Jones,Deltamethrin Oral 0.01 mg/kg DBCA and 3-PBA in urine

2012)

(Tomalik-Scharte et Permethrin Dermal 3 g for 12 hours Total DCCA in arin

al., 2005)

(Woollen et al., 1992) Cypermethrin  Dermal 31 mg&dours cis- andtransDCCA, and 3-PBA in urine

(Leng et al., 1997b) Cyfluthrin Inhalation 160 pdffior 30 min  cis- and transDCCA, and F-PBA in

urine
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914

Table 5. Toxicokinetic parameters calculated from thén vivo studies with different exposures to pyrethroids ceducted
in humans. The predictions correspond to the mean ahthe 95% interval of confidence of 10,000 Monte G

simulations.

Maximum peak concentration or Time-to-peak levels (h)

excretion rate

Elimination half-life (h)

Obs Predictions Obs Predictions Obs  Predictions
Permethrin oral
Study by Gotoh et al. (1998) — blood concentramog/L)
cisPM 0.61 0.64 [0.21 — 1.64] 3 2.3[1.7-3.5] 5.03.4[2.1 - 6.5]
transPM 0.25 0.32[0.10 — 0.86] 3 1.7[1.2-2.5] 3.7 6R6-9.2]
Study by Ratelle et al. (2015b) — urinary conceigrefmg/L)
cis-DCCA 0.61 0.29 [0.09 — 0.57] [3-16] 7.3[5.2-11.0] 26 7.8[4.4-16.2]
transDCCA  1.22 0.66 [0.21 — 1.26] [3-16] 8.1[5.7-13.0] 56. 8.0[4.7-16.3]
3-PBA 2.20 1.04[0.44 — 1.75] [9-12] 8.1[6.0-=0]2 6.7 8.9[5.1-18.3]
Permethrin dermal
Study by Tomalik-Scharte et al. (2005) — excretiate (mg/h)
Total DCCA 0.14 0.20 [0.06 — 0.41] [18 —24] 24.0.A9 32.0] 224 19.8[11.1-40.9]
Cypermethrin oral
Study by Woollen et al. (1992) — excretion rate/{pg
cis-DCCA 9.8 9.3[2.6 —18.8] [0-4] 6.7 [4.8 — 10.2] 7.6 8.4[4.6 —17.6]
transDCCA  16.2 14.7 [4.7 — 28.0] [0-4] 8.1[5.7-12.8] 8.8 10.3[5.7 — 18.4]
3-PBA 9.3 13.9[5.6 — 24.5] [4-8] 7.8[5.8-11.3] 9.4 11.1[6.2 - 20.9]
Study by Ratelle et al. (2015a) — urinary conceiunagmg/L)
cis-DCCA 0.43 0.25[0.07 — 0.51] [3-16] 6.7 [4.8 —10.0] 76. 7.6[4.1-16.4]
transDCCA  0.89 0.60[0.19 - 1.13] [3-16] 8.1[5.7 - 13.0] 46. 8.0[4.6-16.5]
3-PBA 0.71 0.50[0.20 — 0.91] [12-24] 7.9[5.82.(] 6.9 8.9[5.1-18.1]
Cypermethrin dermal
Study by Woollen et al. (1992) — excretion rate/(plg
cis-DCCA 0.60 0.23 [0.05 - 0.50] [24-36] 20.0[15.2-30.0 139 17.5[10.0-37.2]
transDCCA  0.63 0.32 [0.08 — 0.68] [12-24] 20.0[15.3-30.0 154 17.6[10.0-37.2]
3-PBA 3.84 0.33[0.10 - 0.68] [12 -24] 21.0[15.81.0] 7.9 18.1[10.3 - 37.6]
Cyfluthrin inhalation
Study by Leng et al. (1997b) — excretion rate (jug/h
cis-DCCA 0.25 0.16 [0.05 - 0.31] [0-1] 1.1[0.7 - 2.0] 6.9 7.5[4.1-15.9]
transDCCA  0.38 0.29 [0.08 - 0.55] [0-1] 1.1[0.7 - 2.0] 6.2 7.5[4.2-15.6]
F-PBA 0.35 0.34[0.12 - 0.61] [1-2] 0.9[0.5-1.7] 5.3 5.9[3.3-12.1]
Cyfluthrin oral
Study by Leng et al. (1997a) — excretion rate (ug/h
cis-DCCA 3.3 5.0[1.5-10.0] [0-12] 6.6[4.8—10.0] 6.7 8.3 [4.6-17.1]
transDCCA 114 7.9[2.2-15.4] [0-12] 8.0[5.5-12.8] 6.6 10.3[5.7 — 18.1]
F-PBA 211 8.9[3.5-15.9] [0-12] 6.7[5.0-9.8] 6.2 8.2 [4.6-16.5]
Deltamethrin oral (ug/L)
Study by (Sams and Jones (2012)) — urinary coraéorr(mg/L)
DBCA 0.59 0.28 [0.09 - 0.51] [0-2] 45[3.2-6.8] 4.0 4.7[2.6 -9.8]
3-PBA 0.06 0.04 [0.01 - 0.07] [2-4] 5.7 [4.0 B]9. 8.3 8.9[5.0-18.2]
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Table 6. Calculated exposures of the French adult polation to pyrethroids by the three routes of expsure, i.e.

ingestion, inhalation and dermal contact. The resu#t are represented by the average value + SD.

Compound

Oral (ug/kg/d)

Inhalation (ug/m?3)

Dermal (ug/d)

Permethrin
total
cisisomer
transisomer

Cypermethrin
total
cisisomer
transisomer

Cyfluthrin
total
cisisomer
transisomer

Deltamethrin

0.020 + 0.100
0.008 + 0.040
0.012 + 0.060

0.015 +0.075
0.006 + 0.030
0.009 + 0.045

0.012 £ 0.060
0.005 £ 0.025
0.007 £ 0.035
0.015 £ 0.075

7.3 105+ 3.7 10*
2.910%+ 15 10*
4.410%+2210*

1.9 10%+ 9.5 10°
0.810%°+ 4.0 10°
1.110%+ 5.5 10°

6.0 105+ 3.0 10°
2.0105+ 1.0 105
4.0 108+ 2.0 10°
7.0 105+ 3.5 10°

0.486 +2.430
0.194 + 0.970
0.292 +1.460

0.093 + 0.465
0.039 + 0.195
0.054 +0.270

0.029 £ 0.145
0.012 + 0.060
0.017 £ 0.085
0.029 £ 0.145
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