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Sommaire

De nombreux travailleurs utilisent le captan efdgpet comme fongicides en agriculture,
mais leur exposition n'est pas toujours mesuréenamiere spécifique et précise. La
surveillance biologique est un excellent outil a effet puisqu’elle permet de quantifier
'exposition réelle. Toutefois, la majorité des naissances toxicologiques pour ces

fongicides proviennent d’études sur les animautesstionnées chez I'humain sont limitées.

Le but du présent projet est donc de développerodéls de surveillance biologique pour
évaluer I'exposition de travailleurs au captan efapet. Dans cette perspective, le projet a
été subdivisé en trois parties complémentaires;)soe développer des méthodes analytiques
spécifigues pour quantifier les biomarqueurs dfétté du captan, a savoir le
tétrahydrophtalimide (THPI), et du folpet, a saueiphtalimide (PI) et I'acide phtalique, dans
le plasma et l'urine; ii) de déterminer la toxiao&liqgue des deux fongicides en exposant des
volontaires de fagon aigle a de faibles doses piamau de folpet par voie orale et cutanée
dans des conditions semi-contrdlées et en quanrttita biomarqueurs dans chacune des deux
matrices, excepté I'acide phtalique qui a été méesaulement dans l'urine; iii) de valider les
biomarqueurs d’exposition sélectionnés et d'évaliesposition réelle des travailleurs et les
voies prédominantes d’exposition au captan et pef@n collectant des données biologiques
chez des travailleurs en arboriculture et en Miica lors d'activités de traitement et

d’effeuillage pendant sept jours consécutifs.



Selon ces travaux, le THPI et le Pl sont deux brouneurs valides et spécifiques pour
guantifier I'exposition au captan et au folpet, pesivement, chez I'humain. En effet, les
meéthodes développées pour ces deux métabolitesdmrgtes avec des limites de détection
plus sensibles que celles rapportées dans laatiliiéy, un taux de recouvrement de 90% pour
le THPI et de 75% pour le PI, une trés bonne lité#€R*>0,99) et une bonne stabilité avec
des variations intra- et inter-journaliéres faib|BSD<15%). Elles ont permis de déterminer
les profils cinétiqgues des deux métabolites chezvtdontaires et chez les travailleurs. Ces
derniers indiquent d’ailleurs une élimination ramicavec une demi-vie d’élimination dans
'urine de 11,7 h et 18,7 h pour le THPI et de 27 & 28,8 h pour le PI, respectivement aprés
une absorption par voie orale et cutanée, ainsirgufaible absorption cutanée lorsque les
valeurs sont comparées pour les deux voies d'etiposiDes profils paralleles sont aussi
observés entre le Pl et I'acide phtalique pouwvkdsntaires et les agriculteurs, mais le folpet
se retrouve davantage métabolisé sous forme d'atitdique que de Pl. Quant a I'étude des
agriculteurs, elle montre que la voie principalexgiosition de ces travailleurs est la voie
cutanée. Il est aussi souligné gu’il est importadptde favoriser les collectes d’'urines
completes sur 24 h au urines ponctuelles, 2) deiraeplusieurs métabolites, et 3) d’associer
les données de surveillance biologique a la toxm&igue. Ainsi, les connaissances acquises

par cette étude peuvent s’appliquer a d’autresidiahes, voire d’autres substances.

Mots-clés: captan, folpet, surveillance biologique, THHRI, &ide phtalique, cinétique chez

I’'hnumain, viticulteurs, arboriculteurs.



Abstract

Several workers use captan and folpet as fungigrdagriculture, but their exposure has yet
to be measured specifically and precisely. Bionwwing is an excellent tool for this purpose
since it allows to quantify internal exposure. Hoewle the majority of toxicological data on

these fungicides come from animal studies andiddtamans are limited.

The aim of this project was thus to develop biatagimonitoring tools in order to assess
exposure to captan and folpet in humans. In thrsgeetive, the project was divided into
three complementary parts: i) to develop specifid accurate analytical methods in order to
guantify captan and folpet metabolites in urine dhaod, namely tetrahydrophthalimide
(THPI) for captan and phthalimide (PI) and phthaid for folpet; ii) to determine the
toxicokinetics of the two fungicides in humans ypesing volunteers acutely to low-doses of
captan or folpet by oral and dermal routes undeni-sentrolled conditions and by
guantifying the biomarkers in plasma and urine, epxcphthalic acid which was only
measured in urine; iii) to validate the use of $k&ected biomarkers of exposure to captan and
folpet and estimate actual exposures of workersmaaith exposure routes to these fungicide
in the context of a field biomonitoring study irrf@ers during treatment and harvest activities

over seven consecutive days.

This study showed that THPI and Pl are both vatid apecific biomarkers of exposure to

captan and folpet, respectively, in humans. Ind¢led, developed methods for these two



metabolites are accurate showing more sensitivectieh limits than those reported in the
literature, good recovery rate (90% for THPI an@e7®r Pl), linearity (£>0.99) and stability
(RSD<15% for intra-and inter-day precision and aacy). They allowed determining the
kinetic profiles of the two metabolites in healthglunteers and in workers. These profiles
indicate a rapid elimination of both metabolitegce the urinary elimination half-life of
THPI was 11.7 h and 18.7 h following an oral andrde absorption, respectively, and 27.3 h
and 28.8 h for PI. They also evidence a low derababrption for both fungicides when oral
and dermal route are compared. In addition, parpiafiles were observed between Pl and
phthalic acid, but the administrated dose of folpeis mostly recovered as phthalic acid
rather than PI. As for the study of farmers, itwhd that the dermal route was the main route
of exposure. It also pointed out that it is impottd) to perform 24-h complete urine
collections rather than collect spot urines, 2jneasure several metabolites to better assess
actual exposure, and 3) to rely on the toxicokoseto help interpret biomonitoring data.
Overall, knowledge acquired from this study mayalpplied to other fungicides or even to

other substances.

Keywords : captan, folpet, biomonitoring, THPI, PI, phtleadicid, kinetics, human data, field

workers.



Table des matieres

Y00 0] 0 g F= 1T PP Ii
Y 0111 = V! PSRRI i
TaDIE AES MALIEIES ... .uiiiiiiiiiiiiiie ettt e e e e e s s e e e bbb e e e e eeeeees %
LiStE dES fIQUIES ... ettt bbbt e e e e e e e e e e Vil
Y (0 [T SR= o] €NV = L1 o] o iX
REMEICIEMENTS ...ttt e ettt ettt s e e e e e e e e e e aaaaaaeeeaaaeeeeeeeenennnnns Xiii
I 11 o T (3o 1o o USSR 1
1.1.Propriétés antifongiques du captan et fOlPet . vvvvreieiiiiiiiiiieie s 2
1.1.1. Propriétés anti-fongiques du Captan ........ccceeeeeeeeeeeeeeeeeeeiiiiiieceeeeeee
1.1.2. Propriétés anti-fongiques du folpet ........cccmemiiiiiiiiiiiiiiiie s
1.2.Les effets sur la santé du captan et du folpet............coooeiiiiiiiiiiiiiiiiiieees 4
1.2.1.  EfetS du Captan .......cooiiiii e 5
1.2.2.  EMetS du fOIPeL ... 7
1.3.La toxicocinétique du captan et du fOIPEt. . eeeeeeeieiiiiiiiiiiiiiiiieeeeeeee e 9
1.3.1.  ToXicOCINEtIqUE dU CAPLAN ........uuvrriiriiieeeeeneeeeieeeeee e e e e e e e e e e e e e ssseeeeeeeees 10
1.3.2. Toxicocinétique du fOlPet..........cceeeiiiiioccce e 13
1.4.L’exposition au captan et folpet chez les travailte................c.oeeviiiiiiiiccnnnnn. 17.
1.4.1. LeS VOIS Ad'€XPOSILIONS ......uuuuruuniiiieeeeeeeniiaaee e e e e e e e e e e e e e eeeeeeeeeennnnaes 18
1.4.1.1. L'abSOrption CULANEE ........eevviiiiiiieeeeeeeeeseecietee e e e e e 18.
1.4.1.2. L'abSOrption OFrale .........uuuuiuuiiiiiiii et eeeeeeeaeaees 19

1.4.1.3. LINNAIALION ..o e e aans 20



1.4.2. Les techniques d’'application...........cooeieeeeeer e 21

1.5.Les outils de mesure de I'exposition privilegies..........cccceeeevieieeeiiiiiiieeiiiiiiine 25
1.5.1. Surveillance biologique et surveillance environngtake........................... 26
1.5.2. Les modeles tOXICOCINELIQUES.........uuuuruemmmmmmeeiieeeeeeeeeeeeeeeeeennnnnnnnnd 82

B © ] o] 1= o1 1| £ 7S 30
G T /=3 1 o o (o] oo 1= S 31
4. RESUIALS. ....cciiiteeiie et e e e e e s e e e e e e e e 35

4.1. MEthodes analYtiQUES .......cccoeeeeeeiee i ceemm e e e e e e e e e e e e e e s 35
4.1.1.  THPIEt Pl (AITCIE 1) oot 35
4.1.2. Acide phtalique (Article 1) ..o 35

4.2.Etude chez les volontaires exposés en conditianssentrolées.......................... 36
4.2.1. Exposition orale (ArtiCle T ..........uuueimmmmeeeeeeeeeeeeiiiren e e e 36
4.2.2. Exposition cutan€e (Article 1V) ... 37

4.3.Etude chez les arboriculteurs et les viticulte@gi€le V) ..........ccovevveeverineennee, 38

Article I: Liquid chromatography - tandem mass spectrometG/APCI-MS/MS) methods

for quantification of captan and folpet phthalimisgeetabolites in human plasma and

(g1 1< TR A |

Article II: Gas-chromatography mass-spectrometry determinatibrphthalic acid in

human urine as a biomarker of folpet eXPOSUIE............covvvviiiiiiiiiiie e, 83

Article IIl: Toxicokinetics of captan and folpet biomarkers imally exposed

(V0] 011 (=T £ TR 119

Article IV Toxicokinetics of captan and folpet biomarkers ierndally exposed

(V0] 011 (=T £ TP 159



vii

Article V: A detailed urinary excretion time course study aftan and folpet biomarkers
in workers for the estimation of dose, main routeatry and most approppriate sampling
ANd ANAIYSIS SHAEGIES .. .uuuuuiii i e e e e e e e e ee et e ettt e s e e e e e e e e e e e eeeeeeeeeannan 199

5. Discussion

5.1.Le THPI, PI et acide phtalique comme biomarquetggmbsition au captan et folpet

QN 181 1 P 247
5.2. Toxicocinétiques du THPI, Pl et acide phtaliqueti@des Il et IV) ................ 248
5.3. Exposition au captan et folpet des travailleurdifdg V) ........ccccceeveeiieeeennnnn. 252

5.4.Recommandations €t PErSPECLIVES..........icccceeeererrrrrrniiiieeeeeeeeeeeereeeeeeansnnnnnns 254

6. Conclusion

2] ] [ToTe =1 o] o 1= ESPPUPPRR [



Liste des figures

Figure 1: Structure chimique du CAPLAN ......ccevuiiiiiiiiiiiii e 3
Figure 2: Structure chimique du fOIPet ........uuueeeie e 4
Figure 3: Le métabolisme du captan selon des étidesvo chez des animaux apres
administration de doses de captan marquées av€€aw du™S. ...................... 12
Figure 4: Le métabolisme du folpet d’aprés desexduahez I'animal et des études in vitro .. 15

Figure 5: Les principales techniques d’épandageedécides dans les vignes en Suisse...... 25



Liste des abréviations

ACGIH
AUC
AUMC
CL

CS
DLso

GC-MS

Gl
IARC

LC/APCI-MS/MS

MRT
NIOSH
3-OH-THPI
PBPK
PBS

Pl

ti

THPI
TTCA

V4

American Conference of Gouvernmental Industriggdjinist
Area under the concentration-time curve

Area under the first moment of concentration-tcneve
Clairance du plasma

Disulfure de carbone

Dose létale 50

Chromatographie en phase gazeuse couplée a uctospétrie de
masse

Tractus gatro-intestinal

International Agency for Research on Cancer
Chromatographie liquide couplée a la spectroméienasse en mode
ionisation chimique a pression atmosphérique

Mean residence time

National Institute of Occupational Safety and lea
3-hydroxy-4,5-cyclohexéene-1,2-dicarboximide
Physiological-Based Pharmacokinetic model

Phosphate buffer saline

Phtalimide

Temps de demi-vie

Tétrahydrophtalimide

Acide thiazolidine-2-thione-4-carboxylique

Volume de distribution apparent



US EPA United States Environmental Protection Agency



Xi

A Pierre-Olivier Droz qui a permis la

réalisation de cette cotutelle












Xiii

Remerciements

Je remercie ma directrice Michéle Bouchard poursmrtien, ses commentaires constructifs,
ses conseils et ses recommandations toujours ptagies, son partage des connaissances et
de son expérience qui m’'ont beaucoup apporté toubag de mon doctorat. Je remercie
également ma directrice de I'IST, Brigitta Danupeur son support, son encouragement et

son aide.

J'aimerais aussi remercier Michéle Berode pour soutien, son aide et le développement
analytique de la méthode de l'acide phtalique, Géhghn Huynh pour ses conseils pratiques
et son aide précieuse pour le développement agatyties méthodes, et Grégory Plateel ainsi
gue tous les techniciens du laboratoire de I'ISTr{€ine Arnoux, Christine Kohler, Patrick
Schupfer, Patricia Stephan, Ferdinand Storti, MoaiGtrebel) qui ont participé au projet et
qui m'ont aidé par leur savoir-faire au niveau @emlyses et du terrain. Au niveau de
I'Université de Montréal, je remercie Ross Thuotipses conseils et son aide au laboratoire
ainsi que Isabelle Rheault de I'Université du Québdontréal (UQAM) pour son temps, ses

conseils et son aide dans le développement deodexlanalytiques.

Je souhaite remercier également Gérald Chouinard’ldstitut de Recherche et de
Développement en Agroenvironnement (IRDA) pour reglexions et son influence vers ce

sujet de thése ainsi que Olivier Viret, non seulenp®ur son partage des connaissances sur



I'exposition des arboriculteurs et des viticulteers Suisse, mais aussi pour avoir accepter

d’étre expert externe sur ce projet et pour togeementaires constructifs et son aide.

Je remercie aussi tous les volontaires, étudidragréeculteurs, sans qui le projet n'aurait pas
pu étre réalisé et qui ont vraiment été trés cemstéux, attentifs aux protocoles des collectes

et soucieux du bon déroulement du projet.

Enfin, je remercie mes collegues de I'IST pour Isautien, particulierement Nancy Hopf et
David Vernez pour leurs conseils scientifiques eriBtCécile Monin pour sa relecture, ainsi
gue mes collegues de I'Université de Montréal, naaissi ma famille et mes amis qui m’ont

beaucoup supporté moralement.

Ce projet a été financé par I’Agence francaise @riisté sanitaire de I'environnement et du
travail (AFSSET), et I'Institut de recherche Rob®8duvé en santé et sécurité du travail du
Québec (IRSST) ainsi que la Faculté des étudesrisupgs de Montréal et l'Institut de

recherche en santé publique de I'Université de Mah{IRSPUM) m’ont attribué des bourses

pour ce projet de recherche.



1. Introduction

Les fongicides constituent une classe de substanb#msiques largement répandue en
agriculture, notamment en production fruitiere. €'l premiére classe de pesticides utilisée
dans plusieurs pays, dont la Suisse (1), et ellégadement largement utilisée au Québec (2).
De nombreux travailleurs agricoles sont par consBgexposés a ces produits. Cependant, il
n'est pas toujours facile de mesurer leur expasitle maniére spécifique et représentative.
La surveillance biologique peut alors s’avérer éimeexcellent outil lorsque la cinétique des

agents étudiés est connue.

Cette approche consiste notamment a mesurer dargdieles biologiques (ex.: sang, urine)
des indicateurs biologiques d’exposition, soitudstance elle-méme soit un ou plusieurs de
ses meétabolites, et permet d’identifier et de dtiantl'exposition avant I'apparition de
maladies professionnelles (3). Elle est de plugles employée pour mesurer I'exposition des
travailleurs aux pesticides. En effet, comme ceedyits peuvent s’introduire dans
'organisme par plusieurs voies simultanément et dgur exposition peut provenir de
différentes sources et varier selon leur usagélisation de biomarqueurs permet d'inclure
toutes les voies d’exposition en déterminant lantjitéade substance qui a été absorbée dans
'organisme (4). La mesure de I'exposition est miplsis précise qu’avec la surveillance

environnementale.



Le captan et le folpet comptent parmi les fongisitks plus communément utilisés dans le
monde et sur de larges variétés de culture (5R®)tefois, il n'existe que quelques études
qui évaluent les risques chez les travailleursdeuacon plus large chez I'humain, pour le

captan (11-13;15;16;19;20;22;24,27,28;30-37) eleseant trois pour le folpet (12;30;31).

Afin d’expliquer une recherche sur I'évaluation desques de travailleurs exposés aux
fongicides, et plus spécifiguement au captan etfapet, a lI'aide de la surveillance

biologique, les principales caractéristigues duaa@t du folpet seront brievement décrites,
puis les effets sur la santé et la toxicocinétiqunanus pour chacun des fongicides seront
présentés avant de définir I'exposition des tréemait et d’expliquer les outils de mesure

privilégiés pour quantifier I'exposition aux dewnficides.

1.1. Propriétés antifongiques du captan et folpet

Les fongicides peuvent étre divisés en trois catégo protecteurs (ou de contact), curatifs
(ou pénétrants) ou inhibiteurs (ou systémiques} fomgicides protecteurs préviennent les
infections fongiques en agissant comme des spedcml en modifiant I'environnement
physiologique de la surface de la feuille; ils salnc appliqués avant I'apparition de
champignons phytopathogeéenes. Les curatifs somségilorsque I'infection a déja affecté une
partie de la plante. lls préviennent le développ#rde I'hyphe, ou jeune mycélium fongique,
qui croit dans I'épiderme de la plante en pénétlant la cuticule de celle-ci pour le détruire.
Quant aux fongicides inhibiteurs, ils controlentdéveloppement des infections fongiques

apres 'apparition des symptémes, qui ont lieu g@leénent apres la sporulation, en tuant les



nouveaux spores et le mycélium, et en pénétrarg tacuticule de la plante a un nive

sous-cutané (38).

Le captan et le folpet appartiennent au groupeptiéisalimides. Ils sont considérés com

des fongicides protecteurs et non systéemiques-a-dire qu’ils agissent par conte(39).

1.1.1.Propriétés anti-fongiques du captan

Le captan (CAS n°133-08}, ou Mtrichloromethylthio-4-cyclohexeng;2-dicarboximide, est
caractérisé par un anneau cyclohexane (voir Fitjyre'est ce qui le différencie du folpet ¢
lui posséde un anneau aromatique. C’est un f non spécifique au groupement thiol
peut inhiber la respiration de plusieurs espéceshdenpignons et bactéri(40;41). Plus
spécifiquement, il induit une dépression de I'atdivde 'enzyme glutamine deshydrogen
et une stimulation de la diphchopyridine nucleotide oxydase chez les champigi(42;43).

Il est considéré comme étant un fongicide proteateauratif pour les plante

NSCCI,
0

Figure 1: Structure chimique du captan



1.1.2.Propriétés anti-fongiques du folpet

Le folpet (CAS n°133-0B), ou NM(trichloromethylthio)phtalimide, est quant a lui

fongicide protecteur de contact a large spectrestl utilisé pour contrbler le mildiou «
d’autres dommages occasionnés par des champigaptesplantes en interagissant ales
groupes thiols présents dans les protéines despitpaoms afin de les dénatur(44). Sa

structure chimique est présentée a la FigL

NSCCI,
O

Figure 2: Structure chimique du folpet

1.2. Les effets sur la sant du captan et du folpe

Les effets sur la santé produits par le captamr éblpet ne sont pas trés bien connus ¢
’humain et il existe encore des incertitudes conast les études chez les animaux. Auc
toxicité directe n’a été reportée chez ’humainamméoins, ces del produits sont considér

comme des sensibilisants et des irritants sévénasles yeux et la pe¢10;40;4+51).



1.2.1.Effets du captan

Le captan a une toxicité aigué orale faible etylan pas d’autres signes de toxicité directe
rapportés que des dermatites allergiques et dgeragives chez I'humain. En effet, la dose

létale 50 (Dlsg) orale est élevée chez le rat. Elle est de I'od#rd0 000 mg/kg (38;45;51).

Néanmoins, il est reconnu pour étre sensibilisaite &1 un contact cutané ou une exposition
par inhalation (R43), pour provoquer des dommagesres aux yeux (R41) ou encore étre
toxiqgue par inhalation (R23), plus particulieremdatsqu’il est inhalé sous forme de

poussiére (48;52).

Il a été classé B2 par I'Agence environnementaleéramaine (USEPA), c’est-a-dire

cancérogene probable pour 'humain avec preuvded’eincérigéne chez les animaux mais
pas d’étude ou de résultat exploitable chez I'hmnaiuite aux résultats d'études chez des
souris exposés chroniguement au captan a des fiotes, constatant une augmentation de
'incidence de tumeurs du duodénum. Toutefois, @842 sa classification a été révisée et
modifiée pour « not likely » considérant que lesetofavorisant la prolifération des tumeurs
et des hyperplasies cellulaires par cytotoxicitéie#tt beaucoup plus élevées que celles
auxquelles les travailleurs étaient exposés (51;83¢st eégalement classé groupe 3 par
'Agence Internationale de Recherche sur le CafiégdRC), a savoir non cancérogene pour
’humain (54) et A3 ou cancérogene pour les animgax I’American Conference of

Gouvernmental Industrial Hygienist (ACGIH) (52).



Toutes ces agences se basent sur une étude goiomtd€ une augmentation de I'incidence
de tumeurs (adénomes et adénocarcinomes) au ndesda partie proximal du duodénum
pour les deux sexes chez la souris suite a unengtration chronique de grande quantité de
captan dans leur alimentation, a savoir 120 mgskg/chez les femelles et 900 mg/kg/jour
chez les males, ce qui excéde la dose maximaleéo(d1;51;55). D’'autres études montrent
cependant que le captan n’est pas génotoxiguevo du fait qu'il existe pour toutes les
études sur la cancérogénicité chez la souris urse deuil sous laquelle il n’y a pas
d’apparition de tumeurs. Ces études suggerent alomnécanisme plutdt épigénétique qui

induit la production de tumeurs (56-58).

Selon quelques études (51;59;60), le groupe tniohiéthylthio pourrait étre a 'origine de la
toxicité du captan puisqu’il réagit tres rapidemavc les groupes thiols. Toutefois, il semble
gue ce ne soit qu'avec les thiols insolubles qu’'tgaction toxique apparaisse alors qu’une

interaction avec des thiols solubles conduiraiés jgrocessus de détoxification (61).

Quant aux études sur la tératogénicité et lessefat la reproduction, elles ont relaté des
résultats contradictoires. Ainsi, aucun effet i@gane n’a pu étre identifié chez la souris, le
rat, le chien ou les primates. Cependant, quelgfiets tératogénes ont été remarqués chez le
lapin (déficience au niveau du squelette du foetumsinution du poids du fcetus et altération
de la croissance) et le hamster (déficience dwesystnerveux central) lorsque les femelles
étaient exposés durant une certaine période deskatgpn seulement (41;51;62). Sur la base
de ces données, il est difficile de conclure quedptan est tératogene ou peut induire des
effets néfastes sur la reproduction, d’autant glugucune donnée n’est disponible pour

I'numain.



Sur la base de ces derniéres données, une dosaljere acceptable (DJA) chez 'humain de
0,1 mg/kg de poids corporel a été établie pouralgtan (valeur estimée sur un NOAEL de
12,5 mg/kg de poids corporel / jour avec un facteirsécurité de 100 selon une étude de

reproduction chez les rats) (41).

Finalement, d’autres effets sur les enzymes s@uorés par quelques études (55;63). Par
exemple, le captan pourrait inhiber l'utilisatio® @dlucose ainsi que la phosphorylation
oxydative des mitochondries hépatiques chez letréiactivité de la Ca-transport-ATPase
des érythrocytes humains. Cependant, ces résstintdssus d’études vitro ou animales et

n’'ont pas été clairement confirmeés.

En résumé, tres peu de données sont disponibled’pomain et elles sont encore précaires
ou controversées en ce qui concerne les étudeleswanimaux. De plus, il n'y a pas de

preuves évidentes que le captan est cancérigenageme ou tératogene.

1.2.2.Effets du folpet

Les données concernant les effets du folpet somrenplus limitées que pour le captan.
Néanmoins, il est aussi reconnu pour entrainersensibilité par contact avec la peau (R43)
et considéré comme moyennement toxique pour setseffir les voies respiratoires (toxique
de catégorie Il ou R23, a savoir une irritationgdlole de la gorge et des voies respiratoires),

ainsi que pour ses effets néfastes possibles aux (&36) (44). Par ailleurs, comme pour le



captan, la dose létale 50 (R)-orale est élevée chez le rat. Elle est aussoddré de 10 000

mg/kg (38;45;51).

Le folpet n’est pas inscrit dans la liste des saists de 'ACGIH ni de I'lARC, mais il est
classé B2 par 'US EPA. Cette classification s’dpmur une étude mettant en évidence une
augmentation de l'incidence d’adénomes et de camoas dans le duodénum de souris des
deux sexes (44;64). Des études chez le rat onemdgak montré des effets cancérogenes
puisqu’'une augmentation de lincidence d’adénomntedeecarcinomes des cellules C de la
thyroide ainsi que des tumeurs des cellules intiefis des testicules ont été observeées.
Toutefois, aucune augmentation d’incidence de tusgdestinales n'a été constatée chez le
rat méme si il peut y avoir un accroissement deélgrité d’hyperkératose de I'cesophage et
de I'estomac (44;64). Ceci est eégalement mit edehge dans I'étude de Cohenhal. (64)

pour démontrer que le folpet n’est pas un cancé®gbez I’humain, tout comme le captan.

Quant aux effets mutagenes, le folpet peut se cdepoomme un composé génotoxiqoe
vitro et induire des mutations géniques et des dommadj@N de certaines bactériek.(
coli, S. typhimuriurn (44;58). Ces résultats ne sont toutefois pas reotesin vivo, et il

devient difficile de conclure sur I'effet mutagede folpet.

Par ailleurs, une application cutanée répétée dwidamle chez le rat a induit de
I'hyperkératose, un épaississement anormal dedégpie et des ulcéres au niveau local alors

gue les seuls effets systémiques observés onhétéduction du gain de poids corporel chez



les méales et les femelles (44). Ces résultats monégalement que le folpet est difficilement

absorbé par la peau.

Au niveau des effets tératogenes, il a été proungle folpet pouvait produire des effets sur
le développement lors d’études chez des lapindhez des rats (44). De méme, certaines
études chez les animaux, notamment chez le rabulas, le lapin et le hamster, constatent un
effet sur la reproduction aprés une expositionoagitide, mais les résultats restent incertains

(44).

Sur la base de ces données, la dose journaliceptabte a été établiecdl6 mg/kg de poids

corporel (valeur estimée sur un NOEL de 10 mg/kg/@vec un facteur de sécurité de 100
pour une étude de un an sur la toxicité chez lenshune étude de deux ans sur la toxicité et
la cancérogeénicité chez des rats et des étudesxibgtéd sur la reproduction chez des rats et

des lapins) (44).

Comme pour le captan, il est difficile de conclgre les effets confirmés et vérifiés d’'une

exposition au folpet chez I'humain, les informasatisponibles étant encore plus restreintes.

1.3. La toxicocinétique du captan et du folpet

Le métabolisme du captan et du folpet chez lestggamest presque pas connu, mais certains
auteurs (65;66) suggerent que la dégradation decamgposés se fait principalement par

hydrolyse. Chez I'animal, plusieurs voies de méiabw existent et pourraient induire une



toxicité cellulaire (38). D’ailleurs, malgré leussructures chimiques similaires, il existe des

différences confirmées entre le métabolisme duaceet du folpet (10).

1.3.1. Toxicocinétique du captan

La majorité des connaissances toxicologiques scapean provient d’études sur les animaux,
et en particulier sur les rats et les souris. Ebasant sur ces études animales, il semble que le
captan soit dégradé en plusieurs métabolites, denk métabolites urinaires connus chez
’humain, a savoir le tetrahydrophtalimide (THPI dib-cyclohexene-1,2-dicarboximide) et
I'acide thiazolidine-2-thione-4-carboxylique (TTCAginsi qu’'un métabolite tres réactif avec
les groupements thiols et d’autres groupementstifimeels, le thiophosgéne (15;25). Ce
dernier est commun au folpet et s’avere avoir uge tourte demi-vie et un métabolite
instable qui peut réagir avec les enzymes compteleamadical sulfhydryl-, amino- et
hydroxyl- (10;38;67;68). Ces résidus peuvent dotre difficilement mesurables dans les

matrices biologiques.

La premiére étape du métabolisme du captan esbi#ion du captan avec des thiols, ce qui
conduit au clivage de la liaison N-S du captan pfarmer le THPI et le chlorure de
thiocarbonyle, un dérivé du groupe trichlorométhigt (10;67;69). Ce clivage a lieu
généralement au niveau des régions alcalines dtusrayastro-intestinal aprées absorption
orale ou dans le sang lors d'une exposition cutabhéechlorure de thiocarbonyle peut lui
aussi reéagir avec des thiols pour former le thiggeoe en perdant son acide chlorhydrique
(HCI). Puis, a partir du thiophosgéne, trois mélisdm peuvent étre formés (40;50;67;68).

Ainsi, il peut interagir avec la cystéine ou letgihion pour former I TCA, se lier avec un
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sulfite (d’origine endogéne) pour conduire a lanfation du dithiobis (ou acide
meéthanesulfonique), ou étre oxydé ou hydrolyséretiypre dudioxyde de carbone (G
Quant au THPI, c’est un métabolite relativemenblstaqui peut étre métabolisé en sept
composeés distincts selon qu’il subit une hydroxglat une époxidation, une scission ou
encore un réarrangemerie: 3-hydroxy-4,5-cyclohexene-1,2-dicarboximide (BFOHPI), le
5-hydroxy-3,4-cyclohexéne-1,2-dicarboximide (5-OHHI), le 6-hydroxy-1-amido-2-
carboxy-4,5-cyclohexene (acide 3-OH-THPI-amique)l{amido-2-carboxy-4,5-cyclohexene
(THPAM), le 4,5-dihydroxy-1,2-dicarboximide (4,5@H-THPI), et le 4,5-époxy-1,2-
dicarboximide (THPI-époxyddB9;70;71). La figure 4 résume le métabolisme ajptan chez

le rat, et qui pourrait étre vraisemblablement g&le® a I'humain (15).

Concernant I'absorption, la distribution et I'élimaition du captan, des études chez le rat ont
montré que suite & une administration oralé&8ecaptan, plus de 90% du produit radioactif a
été éliminé dans les urines et les féces sousrfaefale métabolites dans les 24 h suivant
'administration alors que tres peu (entre 0.00.86 %) est resté incorporé aux protéines et
aux acides nucléiques dans le corps (67). Ceciesaggn métabolisme rapide dans l'intestin
(61;72). Quant a I'étude avec une application detazaradioactif (&) sur la peau de rats,
elle a établi que le captan pénetre rapidemenlapaeau, malgré un faible taux d’absorption,

et est aussi éliminé en peu de temps et principaiépar les urines (73-75).
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Figure 3: Le métabolisme du captan selon des étutiesivo chez des animaux apres

administration de doses de captan marquées avet'@wu du®S (15;70).

Chez I'humain, les seules données disponibles gnmentde quelques étudgmonctuelles
utilisant la surveillance biologique chez des tidmars (13;16;19;25-28;32-34¢t d’'une
étude deKrieger et Thongsinthusak (15) sur deux volontagrposés par voie orale et par
voie cutanée. Cette derniére étude a montré qusapré administration orale, le TTCA était
présent en un peu plus grande quantité dans I'guireele THPI, méme si I'ordre de grandeur
était relativement similaire. De plus, les deux abétites urinaires ont été détectés dans les
urines aprés une période de 12 h suivant une dase de 0.1 mg/kg de poids corporel et

apres une période de 12 a 24 h suivant une dokedea mg/kg de poids corporel. De 1 a
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3% de la dose administrée a été retrouvée sousefdamlHPI et de 4 a 9% sous forme de
TTCA. Suite a I'application cutanée, Krieger et gsinthusak (15) n’ont pas pu détecter les
métabolites urinaires. La dose appliquée, soitametion de captan de 40 pgfcappliquée

sur les mains et 'avant bras, était peut-étre tagile pour obtenir des résultats.

Ces résultats suggerent que la cinétique du castadépendante de la voie d’exposition. Ils
indiquent également que d’autres métabolites sarpeut-étre a considérer en plus du TTCA
et du THPI pour obtenir une meilleure évaluation l@xposition. Toutefois, beaucoup

d’auteurs s’accordent a favoriser le THPI commemaimueur du captan en raison de sa
stabilité bien établie et démontrée tant chez ffetique chez les travailleurs (16;19;25;32).
Par ailleurs, il est important de préciser que TEA est considéré comme un métabolite non
spécifique au captan du fait qu’il est égalemeninétabolite urinaire reconnu du disulfure de

carbone (Cg (25;76-78).

Finalement, il est important de noter qu’il n'egispresque pas de données sur la voie

respiratoire chez les animaux ni chez ’humain.

1.3.2.Toxicocinétique du folpet

Tout comme pour le captan, la majorité des conaacess toxicocinétiques sur le folpet
provient d’études sur les animaux, et en particudig les rats et les souris. Néanmoins, les
informations concernant la biotransformation aimgie I'absorption, la distribution et

I'élimination de ce produit sont tres limitées chiemimal et presque inexistantes pour



’humain. La littérature mentionne toutefois quedgumétabolites pour le folpet, notamment le
thiophosgéne, le phtalimide, lacide phtalamique dés dérives de la chaine
trichlorométhylthioside (6;10;44;69;79-81). La Figlb résume le métabolisme connu pour ce

produit.

Ainsi, comme le met en évidence la Figure 5, lpdblest d’abord hydrolysé en phtalimide et
en chlorure de thiocarbonylen dérivé du groupe trichlorométhylthiBuis, le phtalimide est
aussi rapidement hydrolysé pour former premierenfawmide phtalamique, puis l'acide
phtalique et de 'ammoniac (NH(6;10;44;69;79-81). Quant a la formation du tpiosgene,
certains auteurs (10;44;80-82) suggerent que callte se forme en présence de composeés
sulfhydryles, tels que la cystéine ou le glutathi&n conséquence, il est possible d’envisager
gue le groupe réactif trichlorométhylthio se cliwn ions chlorures pour former le
thiophosgéne en présence d’'un groupe sulfhydrifiel$t sanguins ou tissulaires) en milieu
alcalin ou neutre (44). Ces mémes auteurs (10;48280mentionnent que les métabolites
formés a partir du groupement trichlorométhylthimup le captan sont semblables pour le

folpet puisque la chaine trichlorométhylthiosidesemilaire pour les deux produits.
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Figure 4: Le métabolisme du folpet d’aprés des éadhez I'animal et des études in

vitro (6;10;44,69;79-81).

D’autre part, il semble que ni le folpet ni ses abélites ne s’accumulent dans les tissus et
gu’ils sont rapidement excrétés dans l'urine ppat@ment, selon les données animales

disponibles (75). En effet, il a été montré qu'eadsence de thiols sanguins ou tissulaires, le



folpet est métabolisé trés rapidement et que leseaémétabolites que ceux produits par
hydrolyse sont formés (69). De méme, il semble lgudemi-vie du folpet dans le sang soit
d’approximativement une minute du fait que sa dinisulphénimide soit rapidement clivée
pour former le phtalimide (6;10;69;79). D’ailleur§ordon et al. (69), dans leur étude

effectuée a partir de sang humain, ont réveélé @tait dégradé en phtalimide avec une demi-
vie calculée de 4.9 secondes. Cependant, il ne leepds exister d’études chez des

volontaires ou des travailleurs pour corroborerréssitats.

En ce qui attrait a I'absorption, la distributionl’élimination du folpet, des études chez des
rats démontrent qu’apres administration orale, dipet est facilement absorbé et tres
rapidement éliminé par les urines, méme si ded&aghtalimique a été retrouvé dans les
feces (10;80). De méme, une étude sur des soutesatits chez lesquels le produit radioactif
(C* a été administré oralement rapporte que toutadmactivité a été éliminée au cours des
24 h suivant 'administration (81). Quant a I'admstration par voie cutanée, une étude chez
des rats dénote que le folpet est trés peu abgmbécette voie, soit 2.7% de la dose
administrée se retrouve dans l'urine et les feoesise période de 72 h (75). En ce qui a trait

a la voie respiratoire, il n’existe pas de données.

En somme, étant donné qu’il n’existe que trés pétudes sur le folpet et le captan chez
’lhumain, les données a disposition pour dévelogiesrindicateurs biologiques sont donc tres
limitées pour ces deux fongicides. Il manque notamindles connaissances détaillées sur leur

comportement cinétique chez ’homme.
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1.4. L’exposition au captan et folpet chez les travaillers

En Suisse, les traitements utilisant des fongicitag assez fréquents en viticulture puisque
I'épandage des fongicides, surtout le folpet aetdptan, commence en avril et se termine mi-
aolt, a raison d'une application tous les 10 a dirsj Ceci fait une moyenne de 8

applications par année (83). En arboriculture,dptan est aussi un des fongicides les plus
utilisés et le folpet est surtout épandu en fin sééson pour prévenir les maladies de
conservation (communication de la station de rextteefédérale Agroscope Changins, Suisse;
2006). Au Québec, le captan est également traséugh arboriculture et est appliqué entre 4
a 6 fois par saison (communication de I'Institut Becherche et de Développement en

Agroenvironnement (IRDA), Canada; 2006).

Cependant, les travailleurs exposés aux fongiaidegsrocedent pas toujours qu’a I'épandage
et a la préparation de la bouillie. De nombreuxesutravaux dans les cultures peuvent aussi
conduire a des expositions par contact direct tve€gétation traitée, tels que le ramassage
des fruits ou I'entretien des plants (i.e. ébourgeme, élagage, éclaircissage). De plus, les
travailleurs sont plus ou moins bien protégés sdém techniques d'application gu'ils
emploient et ont tendance a ne porter que trésypiee aucune protection lorsqu’ils font des

travaux d’entretien de la végétation entre deuxiéages (84).

Par ailleurs, le rapport du Comité fédéral-provahterritorial de I'hygiene du milieu et du
travail (85) mentionne que la concentration atméspglue des fongicides est plus élevée
durant la pulvérisation par air comprimé mais aurtgu’ils sont encore décelés en

concentrations appréciables dans 'air au cour6ded?2 h suivant 'épandage dans un verger



de citronniers, soit de I'ordre de 0,04§/m® & 0,5ug/m® pour le captan (aucune donnée n’est
disponible pour le folpet). Quant a la distancesal; des résidus de fongicides ont été
mesureés jusqu’a une distance de 30 metres de k& dépandage, toutefois il n'a pas été
précisé s’il y avait présence de vent. Il faut dgrendre en compte ces possibilités

d’exposition dans I'estimation de I'exposition cHeg travailleurs.

1.4.1.Les voies d’expositions

La plupart des études sur les pesticides s’entenmem considérer la voie cutanée comme la
voie d’absorption majeure pour les expositions ggsionnelles (7-9;21;22;32;86-91). Plus
précisément, selon Fenske al. (9), Ngoet al. (88), Vermeuleret al. (92), la contribution

relative serait environ de 10% pour les voies respires et de 90% pour la voie cutanée.

1.4.1.1. L’absorption cutanée

L’estimation de I'absorption cutanée a partir deltse externe d’exposition s’avére souvent
complexe et difficile (91). En effet, la relationtee I'exposition et I'étendue de I'absorption
est parfois non linéaire et par conséquent diffieilmesurer. De plus, I'étendue a laquelle les
résidus de pesticides sont absorbés au point deaatode la peau n'est pas tres bien
caractérisée étant donné que plusieurs facteursepeunfluencer la pénétration des
composes, tels que les propriétés chimiques dicpkstles conditions environnementales, le
véhicule dans lequel la substance est mélangée smwurapplication, les parties du corps
exposees, la nature et I'hydratation de la peaocclusion de la peau, la variabilité

interindividuelle, 'age, I'hygiene personnelle&fuence de lavage des mains), les habitudes
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de travail, la nature du travail, la dose ainsi daedurée de contact avec la peau

(3;7;8;32;88;91;93-112).

Il faut également considérer que la peau peut Absalirectement la substance lorsqu’elle est
présente sous forme de particule dans l'air, mlés peut aussi étre transférée seulement
guand la peau est en contact avec des surfacemnuioges ainsi que lorsque qu’une partie du
corps est submergée dans la substance (89). Lancmaint peut également étre en contact
avec la peau sans pour autant étre absorbé dagarieme, soit en raison de I'évaporation

soit par d’autres processus tels que le lavage fottement (9;86).

Le port de vétements ou de matériels de proteqieut aussi modifier le taux d’absorption
des contaminants par la peau, d’autant plus quancg®ns de protection ne réduisent pas
toujours totalement I'exposition de maniére effeaelon Baldet al. (5), Benfordet al. (113)

et Lebaillyet al. (114). En effet, ces vétements peuvent étre dgnizats a porter (surtout en
période de chaleur), leur perméabilité n’est pagotos assurée, une partie des contaminants
peut quand méme se déposer sur les parties noégpest du corps (notamment lorsque ces
protections sont enlevées) et une certaine contimimde la couche intérieure des vétements

de protection peut avoir lieu (5;89;113;114).

1.4.1.2. L’absorption orale

L’absorption orale chez les travailleurs proviesgentiellement d’'un manque d’hygiene apres
avoir manipulé les produits. Notamment lorsquepessonnes mangent ou fument avec des

mains contaminées (90;113).



Toutefois, I'absorption pourrait aussi résulter riéuingestion d’aliments contaminés car
comme le montre certaines études, des résidus ptancat de folpet sont présents sur les
fruits et les légumes préts a étre consommes (19%-Dans ce cas, I'absorption ne provient

pas du milieu professionnel mais elle contribua &iveau de base d’exposition.

1.4.1.3. L’inhalation

L’absorption par inhalation est une voie d’expasitiqui semble tres mineure chez les
travailleurs exposés aux pesticides par rappaat\eie cutanée. Selon une étude de Betldi
al. (5) chez des travailleurs en viticulture, I'expimsi par les voies respiratoires représentait
environ 2,9% de la contamination totale alors geseplosition cutanée journaliére contribuait
en moyenne pour 51,7% de la contamination totale des activités de préparation et de
22,5% lors de [l'application. De méme, Dowling etib®e (120) rapportent que les
contaminants peu volatils comme les pesticidesoné gas absorbés de maniere significative

par les voies respiratoires chez les applicateurs.

Néanmoins, le risque d’'inhaler des pesticides pénat plus grand chez les travailleurs dans
certaines conditions particulieres. Ainsi, lorstmeréparation de la bouillie s’effectue sur des
lieux mal ventilés ou si la technique d’applicatemgendre des nuages de fines particules ou
gouttelettes dispersées dans l'air, comme lors'udgidation de l'atomiseur a dos ou d’'un
tracteur sans cabine, I'exposition par les voiespiratoires peut étre plus importante
(120;121). De méme, l'étude de de Caatkal. (8) montre que I'exposition par inhalation

s’avere semblable pour tous les applicateurs, gj@iént acces a un tracteur avec ou sans
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cabine. Toutefois, certains facteurs ou comportésn@ourraient avoir une influence sur
I'estimation de I'exposition par cette voie d’algstoon, notamment la facon de travailler, les

attitudes face a I'hygiéne ou encore I'équipemeitisa (8;114).

D’autre part, bien que I'absorption des contamiggrdr les voies respiratoires varie selon
leur taille, il reste que la loi de Henry est urrgmaetre tres important pour les pesticides,
comme le captan et le folpet, qui sont appliquésdme solution aqueuse (5;120). Cette loi
permet de calculer pour un contaminant donné,tie emtre sa pression a I'état de vapeur et
sa fraction molaire soluble dans I'eau afin de @iger la concentration maximale de ce
composeé en solution en équilibre avec I'atmosphéareontient ce composé (120). La valeur
estimée pour le captan est donc de 6 &dn nm/mol pour une solubilité dans I'eau de 0,5 g/

m® et une pression & I'état de vapeur de 1 &4difn & 20°C (120).

1.4.2.Les techniques d’application

Les traitements au captan et folpet en arboricailatrviticulture sont effectués soit par lance
(gun), soit par atomiseur a dos, soit a l'aide djuvérisateur tracté (tracteur)ou perlé
(chenillard), soit encore par hélicoptére. Cependi@s moyens de traitement utilisés sont
essentiellement choisis en fonction de la morphelaty terrain, en particulier pour les

vignes.

La lance, ou gun (Figure 3a), est un systéme @tdelement pour traiter les vignes en pente

tres escarpeée. Il s'agit d’'un tuyau a haute presg@ bar) reli€ a un réservoir. La bouillie



contenue dans le réservoir est alors amenée pauyan fixe jusqu’a la zone a traiter grace a
une pompe. Il est possible de connecter le tuyawddiérents robinets placés tout au long des
vignes (Communication de I'Ecole d’Agriculture dédaZeauneuf, Suisse; 2006). C’est un
systeme qui tend a disparaitre en raison de sonumeate facilité a utiliser et des importantes

manipulations a effectuer avec les produits.

Le chenillard (Figure 3b) est lui aussi essentmediat utilisé dans les vignes situées dans des
endroits plus ou moins escarpés, ou en pente madédnsiste en un réservoir fixé sur des
chenillettes afin de faciliter le transport de @ulllie et par conséquent de réduire I'effort des
travailleurs. Cet appareil offre également une titébrelativement bonne, mais demande
beaucoup de dextérité. Afin d’éviter de parcouertbp grandes distances avec le chenillard,
le remplissage du réservoir s’effectue par trarmvesit de la préparation a partir du réservoir
d’'un tracteur. Le produit est par la suite progié les plantes par injection du liquide dans un
courant d'air produit par une hélice (Communicatiole I'Ecole d’Agriculture de
Chateauneuf, Suisse; 2006). Le travailleur utiliszet appareil doit porter une combinaison

de protection ainsi que des gants et un casque.

Le tracteur (Figure 3c) est utilisé tant dans ligmnes que dans les vergers. C’est d’allleurs la
principale technique d’application employée en dduiture en Suisse et au Queébec. La
plupart des tracteurs en Suisse comprennent uneecabais au Québec, il reste environ 30
% des tracteurs utilisés pour épandre des pesticile ne sont pas munis de cabine

(Communication de Gérald Chouinard, IRDA, Canad®6).
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Les tracteurs sont équipés d’'un réservoir de voluan@ble (300 — 500 L). Une turbine, aussi
appelée buse, est connectée au réservoir et péépandage du produit liquide sous forme
d’aérosol, tout comme le chenillard. En Suissajdbit des buses est ajusté selon la surface
foliaire a traiter et adapté a la culture afin datcdler et d’optimiser la quantité de produit
pulvérisée et de limiter la propagation du prodiaihs I'environnement (122). Cette technique
n’est pas encore appliquée au Québec. Toutefoisiayen d’application des pesticides n’est
utilisé que pour des terrains relativement platsisrpas pour les terrains pentus en raison des
dimensions de I'engin, du manque d’espace mancdevedlie l'instabilité du sol apres de

fortes pluies (Communication de I'Ecole d’Agricuude Chateauneuf, Suisse; 2006).

Par ailleurs, un tracteur a cabine fermée protegéravailleurs de I'exposition aux pesticides
durant 'épandage, méme si cela n'a pas été clamewbservé dans I'étude de de Cetlal.
(120), puisqu’un filtre & charbon actif est sitwé Bouverture d’aération. Ce filtre est changé
approximativement chaque année (CommunicationEtmle d’Agriculture de Chateauneuf,
Suisse; 2006). En conséquence, les travailleurdosmant cette technique ne porte presque
pas de protection a I'exception de gants et d’'usque lors de la préparation de la bouillie et

du versement du meélange dans le réservoir.

Quant a l'atomiseur a dos (Figure 3d), il permetti@itement plus localisé et est parfois
utilisé en complément d’un traitement aérien dassvignes afin d’augmenter son efficacité.
Il s’agit d’'un réservoir d’une dizaine de litresicge porte sur le dos auquel est relié a un
canon qui projette la bouillie sous forme d’aérosolnme pour les autres moyens de
traitement (Communication de I'Ecole d’Agricultude Chateauneuf, Suisse; 2006). C'est
certainement la technique d’application qui présdatplus de risque d’exposition au produit

pour le travailleur. Il faut donc que celui-ci ppan équipement de protection complet.



Finalement, lorsque les terrains sont trop escarpa@sive qu’il faille recourir a I’hélicoptere.

C’est alors une entreprise privée qui procede gahéage a la demande de l'agriculteur. Le
pilote est relativement bien protégé puisqu’il smuve dans une cabine fermée, par contre
'exposition est beaucoup plus importante pourgdessonnes demeurant a proximité de la

zone traitée. Ce moyen de traitement est désointaislit au Québec.
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a) Epandage a l'aide de la lance

c) Epandage par tracteur avec cabine d) Epandbgjdéide I'atomiseur a dos

Figure 5: Les principales technigues d’épandagepiesticides dans les vignes en Suisse

1.5. Les outils de mesure de I'exposition privilégiés

Cette section a pour but d’expliquer les méthodesl¢giées dans ce projet et reconnues par
la communauté scientifique pour évaluer précisériierposition des travailleurs au captan

ou au folpet. Ainsi, la surveillance biologique pstférée a la surveillance environnementale
du fait qu’elle mesure plus spécifiquement I'exgiosi & une substance. De plus, a partir des
données biologiques obtenues, des modéles matlggrestipeuvent étre élaborés pour
reconstituer I'exposition et la dose absorbée,uieest plus difficile a effectuer avec certaines

méthodes traditionnelles.



1.5.1.Surveillance biologique et surveillance environnenrdgale

Traditionnellement la surveillance de I'expositides travailleurs aux substances chimiques
se fait par mesure de celles-ci dans l'air a laelde travail. Cependant, ces mesures ne
permettent pas toujours de déterminer de fagomefiabdose absorbée et souvent I'exposition
est surestimée. L'approche la plus appropriée poualuer la dose réellement absorbée

s’avere souvent étre la surveillance biologiqueX23;124).

La surveillance biologique a été définie par Waol(@1) et le National Research Council

(125) comme étant une méthode permettant d’évéiigrosition humaine ou I'absorption de

produits chimiques en mesurant le produit mereesunsétabolites dans les tissus humains ou
des matrices biologiques (i.e. le sang, l'urinairlexpiré, la salive, les cheveux ou les poils,
le lait maternel et le méconium). Le choix de latnca dépend de la substance étudiée, et
plus précisément de sa persistance, de son aféindé sa demi-vie dans ce milieu biologique
(126). L'urine et le sang sont toutefois les deuatnoes les plus frequemment utilisées

comme elles ne sont pas spécifiques a certaingipsochimiques ou a certaines populations,
a la différence du lait maternel ou du méconiunbestucoup de méthodes analytiques valides
et de valeurs de référence pour ces contaminantsté@méveloppées pour ces deux matrices

biologiques (124; 125).

En pratique, la surveillance biologique est utdiggour la prévention ou I'évaluation d’'une
contamination passée dans une population partreulille peut également aider a déterminer
la contribution de plusieurs sources de contanonabu de voies d’exposition afin d’estimer

limportance de I'absorption, de la distributiore & biotransformation, de 'accumulation et
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de I'élimination des contaminants dans I'organig®)e Cette approche a I'avantage d’offrir
une estimation réelle de I'exposition pour toutss\toies d’exposition, qu’elles soient orales,
cutanées ou respiratoires. Dans un contexte d’atratu des risques sur la santé, c’est la
relation entre les biomarqueurs d’exposition etbiesnarqueurs d’effet qui est utilisée pour

prédire la probabilité d’apparition les effets kusanté (3;91;123;127).

En ce qui concerne les fongicides, les donnéesexqnosition des travailleurs sont limitées.

Il est difficile de prédire la quantité de substabsorbée par la peau a partir des données de
I'exposition externe a cause de certains facteamsnee I'hygiéne (fréquence de lavage des
mains), la nature du travail et les difféerencesgmiggiques individuelles qui existent au
niveau du métabolisme et de I'élimination du prod8j 91; 100; 128). Un moyen de contrer
ce probleme est d’'une part de concevoir un protediapté a I'étude en sélectionnant une
population appropriée et un biomarqueur pertingnir ggvaluer I'exposition, et d’autre part,
de procéder a une étude chez des volontaires afioodnaitre la cinétique corporelle du

biomarqueur d’intérét et I'étendue de la variaéilitterindividuelle (91; 100; 125).

La surveillance biologique a été utilisée dansateess études pour évaluer I'exposition réelle
des travailleurs exposés aux fongicides. Certdimates sont néanmoins a considérer en plus
de celles déja mentionnées, comme notamment |leqfedt certaines méthodes de collecte
d’échantillonnage sont invasives, ou qu'’il est smiwcomplexe d’obtenir de I'information sur

les expositions passées a I'aide des biomarquexrslémi-vie trop courte) (127; 129).



Dans le cas du captan et du folpet, le manque dmédbs toxicocinétiques est notoire.
Toutefois, les grandes différences interespécesivaau du métabolisme et les plus hautes
doses utilisés dans les études animales comparBespasition humaine rendent difficile
I'extrapolation de la cinétique humaine a partis ééudes animales (88; 91; 130; 131). Ainsi,
selon Woollen (91), une étude correctement conbee des volontaires humains et effectuée
de maniere sécuritaire, donne une indication deeridue de la variabilité individuelle au

niveau du métabolisme et de I'élimination du congpclsimique.

1.5.2. Les modéles toxicocinétiques

Pour déterminer la relation entre la quantité demairqueurs mesurée dans les matrices
étudiées et la dose absorbée, les modéles toxétapies sont une approche de plus en plus
utilisées pour I'estimation de I'exposition chezs lgavailleurs (132). Trois catégories de

modeles peuvent étres distinguées, mais pour siraderoies physiologiques des substances
étudiées et de leurs métabolites dans l'organisimsj que caractériser une représentation
réelle de I'exposition, les modéles toxicocinétgue base physiologique (« Physiological

Based Pharmacokinetic » ou PBPK) sont la meilleg@roche selon plusieurs auteurs (132-

134).

Cependant, méme si ces modeéles permettent d’edfed®l nombreuses extrapolations, pour
les développer, il est important de connaitre f#@tgue des substances étudiées pour les
différentes voies d’exposition chez I'humain. Urasfconcu, le modéle doit ensuite étre
validé avant de pouvoir étre appliqué et estimxgdosition des travailleurs, c’est-a-dire qu'il

doit prédire adéquatement les données mesuréed'lors étude chez des travailleurs a partir
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des parametres définis par les données obtenues dd®e volontaires exposés de facon
contrblée (91;132). Cette approche demande égateteeqguantifier plusieurs biomarqueurs
pour différents temps donnés et sur une assez éopguiode de temps car les mesures
répétées de plusieurs biomarqueurs permettent wendder plus précisément le scénario

d’exposition ainsi que les doses absorbées (911B32-

Pour étre les plus représentatifs de la réalitg, meodeles PBPK requiérent donc des
informations détaillées sur la cinétique des suluets étudiées. Ces données sont presque
inexistantes chez I'humain pour le captan et lpdblL'utilité des modeles pour estimer les
doses absorbées chez des travailleurs a partirederes de biomarqueurs doit ensuite étre

vérifiée.

Il ressort donc des éléments de la littératurdesgaptan et le folpet qu’il existe des données
fragmentaires difficilement utilisables directememaur une application quantitative des

techniques de surveillance biologique, mais quiguent un bon potentiel de développement.
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2. Objectifs

L’objectif principal de ce projet de recherche €tié développer des outils de surveillance
biologique pour évaluer I'exposition aux fongicideggptan et folpet dans une population de
travailleurs en milieu arboricole et viticole. Plsigécifiguement, les objectifs des différentes

étapes du projet étaient de :

1. Développer des méthodes analytiques robustes sibfespour quantifier les métabolites

d’intérét du captan et du folpet, a savoir le THBIPI et I'acide phtalique (Articles | et

).

2. Documenter la cinétique sanguine et urinaire desimoéites du captan et du folpet chez
des volontaires exposés de facon aigué a de failuess de ces fongicides dans des

conditions semi-contr6lées (sous surveillance nadeldArticles Il et V).

3. Etudier I'exposition au captan et au folpet ches tlavailleurs en arboriculture et en
viticulture a partir de mesures répétées biologiqaie cours d’une semaine suivant deux
périodes d’exposition distinctes (Article V) et eéhiner I'importance de la voie
d’exposition chez les travailleurs exposés aux ifdgs, selon le type de travail effectué,
a partir des modeéles toxicocinétiques développédasiase des données biologiques

recueillies chez les volontaires (Article V).
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3. Méthodologie

Dans un premier temps, deux méthodes analytiqueétérdéveloppées pour caractériser et
guantifier les biomarqueurs d’'intérét, a savoiftdPl pour I'exposition au captan et le PI,
'acide phtalamique acide et I'acide phtalique pterposition au folpet. Une revue de la
littérature a permis de répertorier quelques asicdur des méthodes d’analyses du THPI
urinaire (13;15;16;25;135) ainsi que du THPI et Bu dans le plasma (6;136) par
chromatographie en phase gazeuse couplée a undérospélitie de masse (GC-MS).
Toutefois, en raison de la faible sensibilité et ddficultés a détecter le THPI et le PI par
GC-MS, c’est une méthode par chromatographie esephiguide couplée a la spectrométrie
de masse en mode ionisation chimique a pressioosatmérique (LC/APCI-MS/MS) qui a été
développée. Les détails de la méthode sont détaits I'Article 1. De nombreuses méthodes
étaient également disponibles pour I'acide phtaliqu fait qu’il est surtout considéré comme
un meétabolite des phtalates (137-145). Quant adkaphtalamique, seule une étude chez le
rat quantifie ce métabolite dans le plasma (6).sMan raison de son instabilité, I'acide
phtalamique n’a finalement pas été mesuré dangagetpmais la quantification de I'acide
phtaligue comme la totalité des métabolites dérdeéta moitié phtalimide, soit le PI, I'acide

phtalamique et I'acide phtalique, a été préféreeméthode est détaillée dans I'Article 1.

Ces méthodes analytiques ont ensuite permis dendétr la cinétigue sanguine et urinaire
des biomarqueurs sélectionnés suite a une expositjué a une faible dose orale et cutanée
de captan ou de folpet chez des volontaires sainssi, dix étudiants volontaires de

I'Université de Lausanne ont été sélectionnés apnesvisite médicale d’inclusion. Tous les



étudiants étaient de sexes masculins et agés 20itet 30 ans. lls ont été séparés en deux
groupes de cing individus, soit un groupe pour aeggroduit étudié. Un méme volontaire a
participé a I'exposition par voie orale et par vaietanée du méme fongicide. Chaque
exposition a été espacée par une semaine de repmosum afin de s’assurer de I'élimination
du produit dans I'organisme entre chaque administral.’exposition a d’ailleurs débuté par
I'administration par la voie orale du fait que l&vption est en générale plus rapide que par la
voie cutanée. Chaque volontaire a absorbé uneatake (ingrédient actif pur) de 1 mg/kg de
poids corporel dissoute dans du jus d’orange et veg dose de 10 mg/kg de poids corporel
dissoute dans de I'acétone et appliquée sur uriecsude 80 cfde I'avant bras pendant 24 h
sans occlusion. Les sessions d’exposition étaitiiques a un produit; il N’y a jamais eu
d’utilisation de captan le jour d’exposition audet et inversement. Pour les deux scénarios
d’exposition, 15 mL de sang, la premiere urine avarraitement (pour établir le niveau de
base) et les urines complétes de 24 h ont étéctddle a des moments prédéterminés suivant
le traitement pendant une période de 96 h. Le d¢Emment de I'étude et le protocole de

collectes sont précisés dans les Articles Il et@kst a partir de ces données que les deux

modéles cinétiques ont pu étre développés.

Enfin, le profil d’excrétion urinaire détaillé demétabolites du captan et du folpet a été
déterminé sur sept jours consécutifs chez desillawa selon deux scénarios d’exposition
distincts, soit pendant des activités de préparatiod’application d’un des deux pesticides
ainsi que durant des activités de suivi des cudturelusieurs moyens d’application
(chenillettes, tracteurs avec ou sans cabine) ténséectionnés, en favorisant les techniques
ainsi que les moments de la saison qui engendrblentires scénarios d’exposition. Cette
partie du projet visait donc a valider la spédéales biomarqueurs sélectionnés pour estimer

I'exposition au captan et au folpet chez les tiauais ainsi qu’évaluer I'influence des unités
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d’expression (i.e. créatinine, urines ponctuelleses cumulatives sur plusieurs périodes de
temps) des mesures biologiques sur l'interprétatienl’exposition et déterminer la voie
d’exposition prédominante a l'aide des modelescmoinétiques développées pour chacun

des fongicides. Elle est expliquée dans I'Article V

Considérations éthiques

Le protocole expérimental pour I'étude chez leortdires sains et les agriculteurs ainsi que
les formulaires de consentement pour les deux st été approuvés par le Comité

d’Ethique Permanent pour la Recherche CliniqueadEdculté de Biologie et Médecine de

I'Université de Lausanne et le Comité d’Ethiquel@lé®echerche de la Faculté de Médecine
de I'Université de Montréal. Tous les participanisg donné leur consentement par écrit et ont
été informés des risques en participant a I'étudsi ajue leur droit de se désister en tout
temps. Du fait de I'aspect tres contraignant déutlé, les volontaires sains ont regu une
compensation financiere pour leur temps et tousiresnvénients engendrés, comme le
suggérait le Comité d’Ethique. En revanche, lescaljeurs n’ont recu aucune compensation

financiere.
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4. Résultats

4.1. Méthodes analytiques

4.1.1.THPI et PI (Article I)

Les méthodes LC/APCI-MS/MS développées pour analgs@HPI et le Pl dans le sang et
les urines se sont avérées simples d'utilisatiensibles, spécifiqgues et adaptées aux deux
métabolites. Elles ont été validées a l'aide d’@tilans de plasma et d’urine des volontaires
exposés par voie orale et par voie cutanée aurcaptau folpet dans des conditions semi-
contrdlées et des agriculteurs. La limite de dé&actiéterminée pour le THPI est de 1,47
/L (9,76 nmol/L) pour le plasma et de 0,58 u@182 nmol/L) pour l'urine. Pour le PI, elle
est de 2,17 pug/L (14,8 nmol/L) pour le plasma et dd ug/L (7,72 nmol/L) pour l'urine. Les
méthodes ont montré une bonne linéarité avec ufficieat de détermination 3 supérieur a
0,99, un bon taux de recouvrement pour les deuxiceatavec une moyenne de 90% pour le
THPI et de 75% pour le PI, une précision intraing¢r-journaliere acceptable (écart type
relatif (RSD) entre 15 et 20%) et une grande stabiElles ont permis de déterminer
précisément la cinétigues des deux métabolites l@arang et I'urine des volontaires ainsi
gue d’estimer la dose interne de ces métaboliteg l#s agriculteurs pour les deux scénarios

d’exposition.

4.1.2.Acide phtalique (Article II)

La méthode GC-MS décrite pour quantifier 'acidegliqjue comme métabolite final des
métabolites phtalimides du folpet s’est aussi ®wéiable et robuste pour déterminer la

cinétigue de l'acide phtalique dans l'urine desowbhires ainsi que pour évaluer I'exposition



au folpet des viticulteurs. La préparation des atihans a été adaptée de la méthode de
Mettanget al. (146) a partir des observations de I'étude de Rtagl. (147). Cette méthode
est sensible avec une limite de détection défini ang/mL (60,2 nmol/L), mais elle est
€également précise avec un écart type relatif ieféra 13% pour les variations intra- et inter-
journaliéres, a une bonne linéarité®¥R,98) et un excellent taux de recouvrement d’en
moyenne 97%. De plus, elle permet de transformat tacide phtalamique en acide
phtalique (taux de recouvrement de 100%), maisesgemt 50% du Pl. Toutefois, en raison
des faibles quantités de PI retrouvées dans leesides personnes exposées, il peut étre

assumé que la méthode permet de quantifier toundégbolites dérivés du phtalimide.

4.2. Etude chez les volontaires exposés en conditiongrse

contrblées

4.2.1.Exposition orale (Article IIl)

Les résultats documentent la cinétique du THPIetPtle I'acide phtalique chez I'humain
exposé par voie orale a 1 mg/kg de poids corparetaptan ou au folpet. Une différence
cinétique entre le captan et le folpet a été oldmer8ur la période d’étude (96 h), le THPI est
compléetement éliminé avec une demi-\ig\ de 15,7 h dans le plasma et 11,7 h dans l'urine,
alors gu'il faut plus de temps pour que le Pl atide phtalique soit éliminé, aveg de 31,5

h dans le plasma et 27,3 h dans l'urine pour leetPde 27,6 h dans l'urine pour I'acide
phtaliqgue. Malgré une cinétique plus rapide poufH#l comparé au Pl et I'acide phtalique,
la cinétique de ces biomarqueurs peut étre cordedésmme rapide chez 'homme. D’autre
part, 3,5% de la dose de captan administrée saurvetrsous forme de THPI dans les urines,

mais 0,03% seulement de la dose de folpet se x&treaus forme de Pl et 25,2% sous forme
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d’acide phtalique dans les urines. Les résultatsr p@ THPI correspondent aux valeurs
reportées par Krieger et Thongsinthusak (15) danstude chez deux volontaires masculins
exposés oralement & une dose équivalente a cetieiattée dans notre étude (1 mg/kg).
Quant au PI, la trés faible quantité récupérée demsurines montrent qu'il doit étre

rapidement transformé en un autre métabolite, Hacile phtalique, dans le tractus gastro-
intestinal (GI) ou dans le sang. Finalement, ménhe EHPI et le Pl ne semblent pas étre les
principaux métabolites du captan et du folpet respement, d'un point de vue de

surveillance biologique, ces métabolites sont ealidt stables. Quant a I'acide phtalique, il

vient renforcer et appuyer les résultats obtenus |[goP]I.

4.2.2.Exposition cutanée (Article 1V)

La cinétique des principaux biomarqueurs d’expositiu captan et au folpet a été déterminée
aprés une exposition de 24 h & une dose de 10 rsgfkgne surface de 80 tme I'avant-
bras. Des différences cinétiques entre les deugidaes sont également apparentes. Les
demi-vies {1,) d’élimination du Pl et de I'acide phtalique ddhsine sont tres semblables a
celles calculées pour I'exposition orale ; ellestsde 28,8 h et 29,6 h respectivement. En
revanche, lai, délimination du THPI dans l'urine est plus longgee pour I'exposition
orale, soit 18,7 h alors qu’elle était de 11,7 hrp&exposition orale. Le$;, dans le plasma
pour le THPI et le Pl sont du méme ordre de grandee pour 'urine, avec des valeurs de
24,7 h et de 29,7 h pour les deux métabolites es@ement. Par ailleurs, seulement 0,02%
de la dose de captan appliquée est retrouvée sous tle THPI dans les urines et 0,002% de
la dose de folpet sous forme de PIl. Quant a I'apta@lique, seulement 1,8% de la dose de
folpet appliquée se retrouve sous la forme de cealoéte dans l'urine. Ces fractions

pourraient expliquer, outre une faible fractionkdarption cutanée, une transformation et



donc une élimination de ces produits en d’autreabodites comme le suggére Ackermetn
al. et Krieger et Thongsinthusak (15;79). D’autre pant comparant les pentes d’élimination
du THPI du plasma pour les voies orales et cuta(@&Esode 24 h — 72 h), il apparait que
celle de la voie cutanée est plus lente. Ceci mogligue le taux d’élimination est influencé
par le taux d’absorption cutanée dans ce cas. QuaRt, les pentes d’élimination du plasma
pour la voie orale et la voie cutanée sont singkailce qui indique que le taux d’absorption
cutané a un effet négligeable sur le taux d’élimamadu Pl dans le plasma. D’un point de
vue surveillance biologiqgue, méme si la dose alEodemble trés faible, le THPI et le Pl
restent des biomarqueurs substantiels et intérsspanr I'exposition cutanée au captan et au
folpet. De plus, comme pour I'exposition par voiale, les résultats obtenus avec l'acide

phtalique viennent soutenir et valider les réssiltht PI.

4.3. Etude chez les arboriculteurs et les viticulteursArticle V)

Les profils d’excrétion urinaire des biomarqueyréafiques et non spécifiques a I'exposition
au captan et au folpet ont été définis a partirdbesiées des travailleurs exposés au captan ou
au folpet pour deux périodes d’activités distinctese période d’application et une période
d’effeuillage. Ces profils indiquent un niveau desition plus élevé lors des périodes de
traitement que pendant les travaux d'effeuillagar. &lleurs, a partir des collectes de toutes
les urines ponctuelles sur sept jours consécutifluence des unités de mesure urinaire
telles que I'ajustement a la créatinine ou le ragement des urines ponctuelles par période
de temps (8, 12 ou 24 h) a pu étre évaluée. Celespnirines cumulatives sur 24 h et sans
ajustement par la créatinine qui présentent la leued@ estimation de I'exposition des
travailleurs aux fongicides pour cette étude, esparticulierement pour estimer les doses

absorbées et les principales voies d’expositioraidd des modeles cinétiques. Ainsi, les
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simulations des modeéles suggérent une absorptioitéé des fongicides et une exposition
principalement par voie cutanée, ce qui confirmeriesultats de plusieurs études chez les
travailleurs exposés aux pesticides (9;21;22;3337;88;91;148-152). Enfin, les résultats
soulignent I'importance de mesurer plusieurs biaguaurs d’exposition pour un méme

produit afin de caractériser I'exposition avec pliexactitude et de précision.
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Abstract

Captan and folpet are fungicides largely used incafjure. They have similar chemical
structures, except that folpet has an aromatic wimicke captan. Their half-lives in blood are
very short, given that they are readily broken dawntetrahydrophthalimide (THPI) and
phthalimide (PI), respectively. Few authors meastinese biomarkers in plasma or urine and
analysis was conducted either by gas chromatographpled to mass-spectrometry (GC-
MS) or liquid chromatography with UV detection (LB¥). The objective of this study was
thus to develop simple, sensitive and specificitiqthromatography - atmospheric pressure
chemical ionization-tandem mass spectrometry (L@QAMS/MS) methods to quantify both
THPI and PI in human plasma and urine. Briefly, tdeated THPI was added as an internal
standard and purification was performed by solidgghextraction followed by LC/APCI-
MS/MS analysis in negative ion mode for both compmtsu Validation of the methods was
conducted using spiked blank plasma and urine sssgil concentrations ranging from 1 to
250 pug/L and 1 to 50 ug/L, respectively, along with séespof volunteers exposed to captan
or folpet. The methods showed a good linearity~R.99), recovery (on average 90% for
THPI and 75% for PI), intra- and inter-day preams(®SD < 15%) and accuracy (< 20%), and
stability. The limit of detection was 0.3&)/L in urine and 1.47g/L in plasma for THPI, and
1.14 and 2.17g/L, respectively, for Pl. The described methodsvpd to be accurate and

suitable to determine the toxicokinetics of bothabelites in human plasma and urine.

Keywords Tetrahydrophthalimide - Phthalimide - LC/APCI-MS/MBlasma - Urine
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Introduction

Many winegrowers and tree farmers apply captan3BzetrahydradN-(trichloromethyl thio)
phthalimide)or folpet (N-(trichloromethyl thio) phthalimidedo treat fungal diseases. These
two common fungicides belong to the family of thtpalimide pesticides. They have a very
similar chemical structure, except that folpet laas aromatic ring while captan has a
cyclohexene ring. Both compounds have very sholtlivas in biological matrices, as
assessed by Gordat al.[1;2]. Captan was found to degrade with a half-tifé.97 seconds
in blood and folpet with a half-life of 4.9 secondken*‘C-captan was directly added at 33.2
nmol/L and**C-folpet at 33.7 nmol/L to 1 mL of human blood [Therefore, they are almost
instantaneously metabolized to tetrahydrophtalin{ifidPI) for captan and to phthalimide
(P1) for folpet (Fig. 1). Unlike the two parent cpounds, THPI and Pl metabolites can be
guantified in human plasma and urine [3-12]. Othetabolites of captan and folpet have also
been identified in animal metabolism studies, ngn2ithiothiazolidine-4-carboxyl acid
(TTCA) as a trichloromethyl thio derivative metait®lof captan, THPI derivatives, and
phthalamic and phthalic acids as derivatives of[B13-16]; nonetheless, THPI is the
metabolite of captan most measured in the publishedan biomonitoring studies [5-12]

while human biomonitoring data on the metabolitefolpet are limited [3;17].

The published analytical methods for the measurémemHPI and Pl in human plasma or
urine used either gas chromatography with masstrgmeetry detection (GC-MS) [3;6;7;10]
or liquid chromatography with UV detection (LC-UV4]. Liquid chromatography — mass
spectrometry (LC-MS) methods with atmospheric presghemical ionization (APCI) have
yet to be developed for these biomarkers. LC-AP@&-dhalysis is known to be very specific

to one analyte and to improve sensitivity, espbcialr the detection of more polar or low-



concentration compounds [18]. The objective of thsk was thus to develop such analytical
methods for the quantification of THPI and PI imdan plasma and urine to determine the
toxicokinetics of these biomarkers in volunteersva$l as assess worker exposure to captan

and folpet through biomonitoring.
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Materials and methods

Chemicals and reagents

Reference standards of cis-1,2,3,6-tetrahydropintidé (THPI) and phthalimide (PI) (>99%
purity) were obtained from Sigma-Aldrich (Buchs,&llen, Switzerland), while deuterated
cis-1,2,3,6-tetrahydrophthalimide (THPI-d) (99% ipYr was purchased from Cambridge
Isotope Laboratories Inc. (Andover, MA, USA). HPlgfade acetonitrile, methanol and
dichloromethane were also obtained from Sigma-A&hdriBuchs, St Gallen, Switzerland).
Ammonium sulphate was purchased from Merck (ZugjtZnand). Water was purified
using a TKA GenPure water treatment system obtaindtbm TKA

Wasseraufbereitungsszsteme GmbH (Niederelbert, &g

Standard preparation

Stock standard solutions

Individual stock standard solutions were prepangdibsolving 100 mg of THPI or Pl in 100
mL of methanol and 20 mg of THPI-d in 100 mL of tretol. They were stored at -20° C in

a glass container until used.

Calibration curves

To prepare the calibration curves, stock standafldtiens were diluted to obtain working

solutions of THPI and PI standards at 10, 100, &r@D0 mg/L. These working standard
solutions were kept at 4°C and were used dailyrepgre calibration curves in urine and
plasma, hence to spike blank urine from nonexp@sedons at six concentration levels and

blank plasma from nonexposed persons at six coratemt levels. The concentration levels



were the same for both THPI and PI, thus 0.5, b, 20 and 5@g/L in urine and 1, 5, 10, 50,

100 and 25@g/L in plasma.

Similarly, the stock internal standard solution wilsted to obtain a working solution at 250
ug/L. A constant volume of 125 pL of this solutiorasvadded to the calibration curve
samples, which translates into a concentratior2dd gg/L in the 500 pL urinary and plasma

extracts after sample processing.

Simultaneously, calibration points were also pregan methanol from the same working
solutions of THPI, Pl and THPI-d standards. Thecgircentration levels were 1, 2, 5, 10, 15
and 20ug/L for THPI and PI. Since final volume of eachdéwas 1 ml, 250 pL of THPI-d
working solution at 250ug/L were thus added in this case, which correspaiods

concentration of 62.4g/L.

Sample treatment

Analysis of THPI and PI in urine

THPI and PI in urine were analyzed using liquidochatography - atmospheric pressure
chemical ionization-tandem mass spectrometry (L@AMS/MS) methods, after solid phase
extraction (SPE). More specifically, 3-mL aliquatsurine of exposed individuals (workers
or volunteers) along with that of non-occupatiopakposed subjects were transferred into
glass tubes and spiked with 125 uL of THPI-d indérstandard (25Qug/L). Extraction of
THPI and Pl was then performed using Oasis® SPHridges (Waters, Montreux,
Switzerland). The cartridges were first conditioweith 8 mL of dichloromethane, followed
by 8 mL of methanol and 12 mL of water. The urimese passed through the column and

discarded. The cartridges were washed with 1.5 %@ methanol: 95% water (v/v) and left
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to dry for 15 min under vacuum (10 inHg). The atedywere then eluted from the column
with 4 mL of dichloromethane into 5 mL glass tubEke solvent was evaporated to dryness
under a gentle nitrogen flow at 40°C. The residuese resuspended in 500 pL of methanol

and transferred to vials for LC/APCI-MS/MS analysis

Analysis of THPI and PI in plasma

Analysis of THPI and PI in blood of exposed indivads was performed as described for
urine, except that a 2-mL aliquot of plasma wasduaed a step for the denaturation of
proteins was added, prior to SPE extraction. Ttap sonsisted of adding 4 mL of saturated
ammonium sulphate to the plasma sample, which has tentrifuged at 3400 rpm for 20

min at 15°C.

Instrumental analysis

Apparatus

Analysis of THPI and Pl was performed using a faféodel 212-LC Binary Gradient LC
system (Les Ulis, France) connected to a Prostateh#10 autosampler (Varian, Les Ulis,
France) and coupled to a Model 1200 L quadrupole(Wegian, Les Ulis, France) operating
in APCI mode. The APCI interface was operated m ilegative ion mode and its specific

APCI-MS parameters were manually optimized andtidahfor both analytes.

Analytical conditions

The compounds were separated usingaZ6rbax Eclipse Plus column (4.6 x 150 mm, 3.5
pm) from Agilent (Morges, Switzerland). The tempara of the column was maintained at
30°C. The mobile phase consisted of: eluent A compa$&% water and 10% acetonitrile

(9:1), and eluent B of 10% water and 90% acetdaiffi:9). For THPI analysis, elution was



performed in 14 min using a solvent gradient, #ioa rate of 0.8 mL/min. The following
solvent program was used: 90% eluent A for 3 nalipived by a linear gradient to 5% eluent
A from 3 to 10 min, maintained at 5% eluent A frd®-13 min before returning to initial
conditions of 90% eluent A in 1 min. For Pl anatystlution was performed in 21 min at a
flow rate of 0.8 mL/min using the following sequen®0% eluent A for 15 min and then
ramping to 5% eluent A in 30 sec for a 4 min cle@nat 5% eluent A prior to returning to
initial conditions in 1 min. Several gradients wéested to obtain a chromatographic run as
short as possible while allowing separation frorterfering peaks and aiming at the best
sensitivity for both compounds. In addition, we aptfor 12-min re-equilibration period

between runs. The samples were kept at 8°C omjbetion tray and 10 pL were injected.

Once analytes and mobile phase reached the iamizaburce, they were subjected to a
needle voltage of -10 YA, a spray shield voltage60D V and a spray chamber temperature
of 60°C. Then, air as nebulizer gas was set teeaspire of 60 psi followed by vaporizing gas
of 12 psi with a temperature of 500°C. Lastly, &y gas (N) was set to 35 psi with a
temperature of 350°C in the hexapole before prooung were transmitted in quadrupoles. In
the collision cell, ions were fragmented with argana pressure of 1.45 mTorr on average.
Collision energy (CE) was 19.5 V for THPI, 22.5 & fTHPI-d and 5V for PI. The precursor
and product ion analyzed wem@'z 149.4/95.6 for THPImM/z156.1/95.6 for THPI-d anch/z
145.8/145.8 for Pl (Pl not fragmented). Fragmemisiovere then detected by the electron
multiplier voltage at 1455 V. Identification and aquification were performed in multiple

reaction monitoring (MRM) mode.
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Quantification of THPI and Pl

The quantification of THPI and PI was obtained fretandard calibration curves in urine or
in plasma. These latter curves were establishegplditing the response factors as a function
of the concentrations levels, over a maximum raofjd to 250 pg/L for both analytes
depending on the matrix. The response factors sporedled to the peak-area ratios of each

compound ion to the internal standard ion.

Methods validation
Since no commercial quality control samples waslabie for THPI and PI, the criteria used
to validate the four methods were specificity, #@nty, linearity, intra- and inter-day

precision, accuracy, recovery and stability.

Specificity
Specificity was determined by analyzing ten urimel golasma samples from unexposed
individuals and by verifying the absence of endagsninterferences on the chromatograms

for these blank matrices.

Sensitivity

Sensitivity of the analytical methods was estimdigdhe limit of detection (LOD) and the
limit of quantification (LOQ). LOD was calculatedom calibration curves (6 for urines and
10 for plasma) using the definition:

y-¥®=3%

where y was the response factyy was the blank response or the intercept of regmesise,

and g the standard deviation of the blank [19]. The L&fCeach compound was determined



for each calibration curve, and then means wereutzed and considered as LODs. As for

the LOQ, it was defined as equivalent to 3.3 titesLOD.

Linearity

Linearity of the methods was evaluated by calcatptiegression parameters of calibration
curves in urine or in plasma for both compoundgheyleast square fit method. Results were
expressed using the average coefficient of detextioin () of eight calibration curves in

urine and ten calibration curves in plasma oversthdied ranges.

Intra- and inter-day precision and accuracy

Intra-day and inter-day variations were assessedhiy precision and the accuracy of
replicates of three different levels of spiking léank urine with THPI and PI and of five
levels of spiking of blank plasma. The intra-dayiaon was measured by the repeatability
of each level prepared in two replicates and amayduring the same dag € 6), and the
inter-day variation was assessed by the repedtabilieach level (daily prepared) on eight
consecutive days for urina € 8) and twenty consecutive days for plasma @0). Precision
was expressed as a percentage of relative staddaraion (% RSD) and defined as the ratio
of standard deviation to mean of the response ifdotoeach level of spiking multiplied by

100. Accuracy (expressed in percentage) was estthiat the following equation:

(average measured amount - known spiking an)ountl
— X
known spiking amount
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Recovery
To determine the recovery of each compound in Istilkdied matrices after extraction, the
ratio of measured amount of THPI and PI in extrézthe theoretical spiked amount in blank

urine or plasma was calculated for each level.rEBaevery was expressed as a percentage.

Stability

To establish stability of compounds in urine andoiasma, pools of blank urine or plasma
were spiked at different concentration levels dadirmbove for calibration curves, and then
separated in aliquots and stored at -20°C. Eveyy @&r an 8-day period for urine and a 20-

day period for plasma, an aliquot of each concéintrdevel was thawed and analyzed.

The stability of urinary samples from volunteerpesed to captan or folpet was also tested.
Two samples thawed and analyzed for THPI or PI igiven run were kept at 4°C and

processed and reanalyzed during the following run.

Application of the methods

The use of the analytical methods for the quaratiicsn of THPI and Pl in human plasma and
urine samples of exposed individuals was then destélPl and Pl concentrations were

measured in the urine and plasma collected repgatedr a 96- and 72-h period respectively
following an oral and dermal exposure to captateim volunteers. These metabolites were
also measured in urine samples repeatedly collemted a typical workweek in applicators

exposed to captan and folpet.

The Permanent Ethical Committee of Clinical Redeant the Faculty of Biology and

Medicine of the University of Lausanne and of thes&arch Ethical Committee of the Faculty



of Medicine of the University of Montreal approvéte protocol, and all participants gave
written informed consent, and were acquainted Wighrisks of participating and their right to

withdraw from the study at all time.
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Results and discussion

The analytical methods developed allowed to acelyaspecifically and sensitively quantify

THPI and PI in both human urine and plasma by LE&ARIS/MS.

Methods development

In developing the methods, several tests were pedd to determine the best sample
treatment and analysis conditions for a preciskahie, easy and quick procedure. First,
liquid-liquid extraction of THPI and Pl analytes ptasma and urine using acetonitrile or
dichloromethane solvents were tested, but solig@lextraction (SPE) was shown to provide
noticeably improved processing recoveries and crpnbility, less interfering peaks on Pl
chromatograms and simpler and faster processingaafples (data not shown). Once
chromatographic conditions were properly set, itswaso evaluated whether acid or
enzymatic hydrolyses were needed to deconjugataboktes in human plasma and urine
since interactions between thiol- and non-thiolteoring proteins and captan or folpet were
reported [20-22]. This procedure was found unnecgsand even lead to some degradation
of THPI and PI, as assessed on urine samples fadonteers orally exposed to captan or
folpet after incubation at 8 with B-glucuronidase/arylsulfatase or heating at°@b the
presence of HCI 12 N during different time perigq@s 4, 6 and 16 h) (data not shown).

Analysis was thus performed without any hydrolydep.

For LC-MS separation and quantification of THPI &Md different polar solvents and mixed
solutions were also tested as mobile phases. Ate®rwas finally selected instead of
methanol because sensitivity was significantly éased and peak separation was better

defined for PI, which fragmentation was not achéev8everal analytical columns were



further testedi(e., Lund Cis Lun& NH, columns from Phenomenex, Spherisorb ODS2
from Waters and (g Zorbax Eclipse Plus from Agilent), but since TH®h weak base (pKa

= 9.65), Pl a weak acid (pKa = 6.96) and both ararpmolecules, the {g Zorbax Eclipse
Plus column was found to be the most appropriateetain these two metabolites and the
internal standard. Thus, short retention times vadtained with a very good repeatability for
all analytes: 5.8 minutes for THPI, 8.7 minutesPbdrand 5.6 minutes for THPI-d. In addition,
electrospray ionization (ESI) was initially selettprior to APCI mode, but no peak was

observed for Pl and the sensitivity for THPI wa®spo

Chromatography

Figures 2-5 show chromatograms of plasma and sangles of non-occupationally exposed
individuals along with blank plasma and urine saspiked with different concentrations of
THPI or PI following treatment of samples by soptase extraction (see Materials and
Methods). Typical chromatograms of plasma and usamples of volunteers treated with
captan and folpet are also represented. For THRI &HPI-d quantification, clean
chromatograms were observed with limited backgroumberference, implying that clean up
treatment of samples was efficient and analytioalditions were suitable for the methods to
be specific. Moreover, the formation of fragmenndo(Fig. 2 and Fig. 4) facilitated
identification of both analytes, which were alsedi$or quantification. On the other hand, for
P1 quantification, chromatograms contained seveeaks other than those of Pl and THPI-d
used as an internal standard (Fig. 4 and 5) amggnkeatation of Pl was not achieved such that
only the parent ion was quantified. To separaterfatence peaks from that of PI, an
optimization of LC separation was performed andgh Ipercentage of water in the eluent

phase was needed. Different analytical conditioagevthus required to analyze Pl and THPI.
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However, both conditions were accurate for anatyzifHPI-d, although THPI elution

conditions provided narrower peaks and better teitgi

Analysis of chromatograms of plasma and urine sesgf individuals of the general

population non-occupationally exposed to captarfotpet also shows the presence of a
baseline level of exposure in some cases. Asiidltesd in Fig. 2b, Fig. 4a and Fig. 5a, THPI
and Pl was detectable in some urine samples oferposed individuals and also in plasma
for PI, but in very small concentrations (aboutritfiol/L for THPI in urine, and on average
5.5 nmol/L in plasma and 4 nmol/L in urine for ABarret al.[3] detected also THPI in 43%

of plasma samples from 70 non-exposed women liirgn urban environment, and 51% of

samples contained PI.

Chromatograms of plasma and urine samples of vedustorally exposed to captan and
folpet, with and without spiking with reference rstiards, were further compared (Fig. 2c,
Fig. 3c, Fig. 4c and Fig. 5b). For both THPI and i3 chromatographic differences were
noted between spiked and non-spiked matrices; tretetimes were exactly the same, peaks
had the same shape and no interference peaks agp@&aese methods thus appeared specific

for the biomonitoring of exposure in individuals.

Quantification

To quantify THPI or PI, peak area ratio of the stelto the internal standard was calculated
for the various concentration levels of the calilora curves; this adjustment by internal
standard peak area allowed to account for anabge ih extraction and analysis, as well as
eliminate potential variations due to the apparaamsl reduce errors associated with

measurements. The use of a deuterated form of BERN internal standard also provided a



molecule structurally related to captan and folpetarkers, but distinguishable by its mass.
This increased the precision and specificity of thethods, even for PI, which had several

similarities with THPI despite its aromatic core.

Methods validation
The methods developed were evaluated using theafoly criteria described in Materials and
Methods section: sensitivity, linearity, intra- amder-day precision and accuracy, recovery

and stability.

Table 1 presents the estimated LODs and LOQs ofl Bd& Pl in urine and plasma. They
were established within the concentration rang®.6fto 50ug/L for THPI and PI in urine
and 1 to 10Qug/L for THPI and PI in plasma. LOD was 0.58 and7lud/Lfor THPI in urine
and plasma respectively, and corresponding LOQ 88 and 4.87ug/L. In comparison,
LOD was 1.14 and 2.14g/L for PI in urine and in plasma respectively, ardQ was 3.75
and 7.19ug/L. The sensitivity was however better for THParthPI given that the latter
molecule could not be fragmented in MS and elutionditions had to be adjusted to provide
a better separation of Pl from interfering peakstbe chromatograms. The developed
methods for both THPI and Pl were at least as seasas those published in the literature
(Table 2). For instance, our values were comparabilee method of Baret al.[3] and Hines

et al.[6].

As for the linearity of standard calibration curdesmethanol, plasma and urine, they are
displayed in Fig. 6 for THPI and in Fig. 7 for RAll curves were linear over the studied
concentration range for THPI and PI, and resultea icoefficient of determination greater

than 0.99. Furthermore, matrix effects were notetéper sesince APCI mode is less
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susceptible than ESI mode [18; 20; 21]. However, THPI, calibration curves prepared in
methanol had similar slopes to those prepared imeuindicating the absence of urinary
matrix effect for this analyte. On the other hamdtrix effects were obvious for calibration
curves of THPI and PI prepared in plasma as wetase of Pl in urine. Calibration was thus
performed using standard curves in plasma and danéoth analytes (with more spiking
levels for plasma given the observed wider conegintn range of THPI and PI in volunteers

and more calibration curves for validation giveagsha matrix effects).

Precision and accuracy of the methods of analylsiBH| and PI in plasma and urine are
further presented in Table 3. Intra-day and inty-drecision and accuracy were satisfactory
with % relative standard deviation (RSD) less th&#fbo (except for the first urinary level of

THPI and PI) and % relative error (RE) of less tBafo.

Table 3 gives also an overview of recoveries of THRd Pl in spiked plasma and urine
samples, after solid-phase extraction and proogssiiey were quite good for both
compounds in these matrices, except for Pl at lomcentrations given matrix effects. The
mean (£ SD) recoveries of THPI (i.e. all spiked pmesults combined) were 90.4 + 9.9%
(n = 20) in urine and 90.9 £ 6.7% € 100) in plasma; corresponding values for Pl wi®

+ 18.6% (= 20) in urine and 79.6 £ 11.3% € 100) in plasma (as plasma was not collected
for workers, more runs with urine samples wereqrared than with plasma samples). These
results were similar to those reported in the ditiere. Indeed, several authors found a
recovery rate of THPI in human urine varying betwe®2 to 90% over the same
concentration range [6-10]; Baat al.[3] obtained a recovery rate of 91% for THPI imfan

plasma, and of 89% for Pl in human plasma like CRadfin et al.[4] in rat plasma (Table



2). To our knowledge, no published methods arelaai for the analysis of Pl in human

urine.

Furthermore, stability of THPI and Pl standardgiasma and urine samples kept at°€0
was tested over an 8-day period for urine and a\&b-day period for plasma. Since intra-day
precision and accuracy values were similar to tlodsater-day precision and accuracy, both
analytes were thus considered stable in plasmaudand over the studied period (Table 3).
The same observations were made by Canal-Ratffial. [4] for the stability of PI in rat
plasma, and Baret al. [3] reported that THPI and PI in human plasma wstedble over a

period of four months.

THPI and PI in urine samples of volunteers treatétl captan or folpet were also relatively
stable, when kept at 4°C and re-analyzed in thievimhg analytical run. A coefficient of
variation ranging between 2.98 and 6.57% were nbthfor THPI (1 = 12) and between 1.51
and 7.56% for Pl = 12). The same tests could not be performed plitéisma samples

because of the limited amount of matrix available.

Application

With the developed analytical methods, it was vwedifthat THPI and PI could easily be
guantified in urine and plasma of volunteers exddsecaptan or folpet at 1 mg/kg of body
weight by oral route and at 10 mg/kg of body weigkitdermal route; Fig. 8 presents the
mean concentration-time profiles of THPI and Purme and plasma following both an oral
and dermal exposure. The methods were found toebsitsve enough to document the
toxicokinetics of THPI in human plasma and urineegtiivalently realistic daily absorbed

doses in workers.
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On the other hand, Pl concentrations in plasmawaime were much lower than those of
THPI for the same exposure dose. When Pl was adtared to rats, Chasseaetal. [23]
observed that about 80% of the dose was metabotinddexcreted in urine as phthalamic
acid and 7% as phthalic acid, showing that PI isiiaor metabolite of folpet in urine.
Moreover, Chasseauet al.[24] established that when labelE€-folpet was administered to
rats, 80% was recovered in the urine as phthalacid; and Canal-Raffiet al. [4] observed
that Pl was rapidly hydrolyzed to phthalamic aam glasma following an intratracheal
administration of folpet in rats. Pl is however mapecific to folpet exposure than the

phthalic acid, which is also a phthalate metab¢fite 26].

Table 4 presents pre-and post-shift levels of THRd Pl in urine during the course of a
workweek in applicators exposed to captan and fphespectively. This table shows that the
metabolites were easily measured in the urine ofkars following a one-day exposure
episode, as compared to pre-seasonal measuremmemsime case of folpet, baseline values
observed a few days after application. Accordin@uo results, THPI appears as a sensitive
and specific biomarker of captan exposure in expaseividuals; Pl can also be considered

as a specific biomarker of folpet exposure buéssIsensitive than THPI.



Conclusion

The LC/APCI-MS/MS methods proved to be simple aglihble to quantify THPI and PI in
human plasma and urine. Their good sensitivityciijogy, linearity, accuracy and precision
were also validated and found at least equivalembéthods reported in the literature. These
methods thus appear suitable for the biomonitonhgexposure to captan and folpet in

exposed individuals.
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Table 1

Performance parameters of the methods

a b
Analyte Matrix LOD LOQ Working range
(mean + SD) (mean + SD)
(Hg/L) (Hg/L) (Hg/L)

THPI Urine = 6) 0.58 £0.28 1.9+0.92 0.5-50
Plasmarg = 10) 1.47 £ 0.69 4.87+2.28 1-100

Pl Urine = 6) 1.14 +0.22 3.75+0.72 0.5-50
Plasmarg = 10) 2.17 +£0.39 7.19+1.29 1-100

& Limit of detection (LOD) was calculated from cakition curves (6 for urine and 10 for plasma) usheydefinition: y — y = 3s, where y was
the response factorgywas the blank response or the intercept of regnedme, and g the standard deviation of the blank [19]. The LOD
each compound was determined for each calibratiore¢ and then means were calculated and considsre@Ds.

® Limit of quantification (LOQ) was defined as 3ifes the detection limit.



Table 2

Comparison of performance parameters of availatéddytical methods for THPI and PI analysis in hurplasma and urine.

Recovery
Detection
Methods LOD? Spiking (%) Extraction type
technique
(mean £ SD)
THPI in urine
Shoeret al.[9] GC/NPD/MS 165 nmol/L 198 nmol/L 82+10.50=9) Solvent extraction
331 nmol/L 87+5.2 (1=5)
3307 nmol/L 86+5.80=5)
van Welieet al.[10] GCI/CIIMS 17.9 nmol/L 17.9 — 360 nmol/L 54 05n = 4) Solvent extraction
Krieger and Thongsinthusak [7] GC/NPD/MS 33.1 -168mol/L 66.1 nmol added 90 Solvent extraction
661 nmol added 95
Krieger and Dinoff [8] GC/ECD/MS 33.1 nmol/L 33.11:3230 nmol/L 78+5.0 Solvent extraction
Hineset al.[6] GCI/IMS 11.2 nmol/L 33.1 - 265 nmol/L 86 £ 9ri£179) Solvent extraction
Our study LC/APCI-MS/MS 3.82 nmol/L 3.31 - 33.1 dradded 94.3 £ 7.2n(= 24) Solid phase extraction
THPI in plasma
Barret al.[3] GC/HR/MS 1 pg/g 1.58 — 2646 nmol/L 91 + 8rDH 6) Solid phase extraction
Our study LC/APCI-MS/MS 9.76 nmol/L 16.5 — 827 pmaolded 90.9 = 6. /(= 100) Solid phase extraction
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Recovery
Detection
Methods LOD? Spiking (%) Extraction type
technique
(mean £ SD)

Pl in Plasma
Barret al.[3] GC/HR/MS 20 pa/g 1.58 — 2646 nmol/L 89 + 6« 6) Solid phase extraction
Canal-Raffinet al.[4] HPLC-UV/DAD 33.1 nmol/L 67.9 — 679.7 nmol/L 6.9 h=12) Solid phase extraction
Our study LC/APCI-MS/MS 7.72 nmol/L 17.0 — 850 pradlded 79.6 £ 11.31(= 100) Solid phase extraction

n: Number of samples.

GC/CI/IMS: gas chromatograph equipped with a chemmaization and a mass spectrometer; GC/ECD/MS& daromatograph with an

electrolytic conductivity detector and a mass saceter; GC/HR/MS: gas chromatography-high resotuthass spectrometry; GC/NPD\MS:

gas chromatograph equipped with nitrogen-phosphatetector and a mass spectrometer; HPLC-UV/DAD:hipgrformance liquid

chromatography with ultraviolet diode array; LC/ARGS/MS: liquid chromatography with a mass specteten and atmospheric pressure

chemical ionization.

& Limit of detection (LOD) was defined as the cortcation with a signal-to-noise ratio of at leasteXcept for Baret al.[3] and our study,

where the LOD was calculated a @/heresy was estimated as thyeintercept of a linear regression analysis of d pfahe absolute standard

deviation versus the concentration.



Table 3

Recovery, intra- and inter-day precision and acouad THPI and Pl at three different spiking levgtenol added) of blank human urine and at

five different spiking levels (pmol added) of blatkiman plasma.

Intra-day variatidh

Inter-day variatioh

Amount found

Amount found

Precision Accuracy

Amount
Recovery RSP Precision Accuracy
Analytes  Matrix added (pmol) (pmol)
(%) (%) (% RSD) (%) (% RSD) (%)
(pmol)*° (mean + SD) (mean £ SDB)
THPI Urine 0 =8) h=16) f=8)
3.31 103.6 15.06 3.58 £0.42 11.74 8.13 3.6664 16.69 10.55
13.2 87.35 13.35 11.50 £0.38 3.28 -13.07 11.564 13.35 -12.65
33.1 93.47 9.68 31.58 + 1.46 4.62 -4.52 30.2209 9.67 -6.53
Plasma i = 20) 0 =10) 6=20)
16.5 83.02 13.67 13.78 £ 0.97 7.03 -16.71 13.7388 13.67 -16.98
33.1 82.92 13.28 27.46 £2.75 10.00 -16.98 28.2.44 15.70 -14.51
165 93.44 10.81 155.05 + 9.07 5.85 -6.25 154.58.70 10.81 —6.56
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Intra-day variatich

Inter-day variatioh

Amount Amount found Amount found
Recover§  RSDF Precision Accuracy Precision Accuracy
Analytes  Matrix added (pmol) (pmol)
(%) (%) (% RSD) (%) (% RSD) (%)
(pmol)*° (mean + SDB) (mean * SDB)
331 95.32 7.99 316.14 £ 19.23 6.08 —-4.42 315.26.18 7.99 -4.67
827 99.49 7.77 818.61 + 38.07 4.65 -1.01 822.82.95 7.77 -0.51
Pl Urine 0=28) h=06) 0 =28)
3.40 42.65 6.54 1.42 +0.38 21.92 1.24 +0.36 28.92
13.6 82.32 154 12.06 £ 0.36 3.03 -11.26 121906 8.19 —-4.51
34.0 88.73 14.29 31.01+7.09 14.4 -8.73 32.8918 8.18 -0.26
Plasma i = 20) 0 =10) 6=20)
17.0 67.3 15.2 11.42 + 0.84 7.35 9.80+0.85 8.67
34.0 73.4 14.3 25.24+2.01 9.41 - 25.82 £2.23 8.65 S
170 87.3 13.5 151.84 + 14.30 11.41 -10.64 B18.87.16 11.56 -12.68
340 85.1 10.1 277.48 £12.96 4.67 -18.35 27%.69.67 5.64 -18.31



Intra-day variatich Inter-day variatioh

Amount Amount found Amount found
Recover§  RSDF Precision Accuracy Precision Accuracy
Analytes  Matrix added (pmol) (pmol)
(%) (%) (% RSD) (%) (% RSD) (%)
(pmol)*° (mean + SDB) (mean * SDB)
850 90.4 12.8 800.23 + 74.62 9.32 -5.81 748.96.99 12.95 -11.86

n: Number of samples for each spiking level.

@ Average variation betweeM replicates of the same level of spiking preparatianalyzed the same day.

P Average variation betwee replicates of the same level of spiking preparmedi analyzed on different days over an 8-day peidodirine and

a 20-day period for plasma.

¢ Amount of THPI or PI (expressed in pmol) addedlamk urine or plasma at the different concentratavels.

4 percent recovery of THPI or PI amounts (differentls) added to blank urine or plasma samplespancessed as described in Materials and
Methods.

® Precision or RSD: relative standard deviationNoeplicates calculated as (SD/mean) x 100.

"Recovered amount of THPI or PI after sample prsingsand calculated from calibration curves.

9 SD: standard deviation df replicates.

" Accuracy, or percent relative error, calculateitgishe following equation: (amount found — amoadtied)/amount added x 100.
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' These accuracy values are not reported since meffexts were apparent for Pl at these low spikewgls contrary to THPI-d used as an

internal standard.



Table 4

Concentrations of THPI and Pl in applicators exgdsecaptan and folpet, respectively, during therse of a typical workweek along with pre-

seasonal concentrations

Metabolite

analyzed

Applicator

Pre-seasonal

Concentration (nmol/L)

Workday 2

Pre-shift Post-shift

Workday 5

Posftshi

THPI

Pl

Applicator 1

Applicator 2

Applicator 1

Applicator 2

Applicator 3

<LoD"

<LOD

<LOD®
=LOD

<LOD

Workday £
Pre-shift  Post-shift Pre-shift
4.24 14.17 23.61
<LOD 21.53 54.17
16.95 11.41 8.42
21.71 42.43 42.61
<LOD 13.71 15.06

5.83

710.1

17.74

21.70

~LOD

2Captan and folpet were sprayed on workday 1 only.

® LOD of THPI in urine = 3.82 nmol/L.

€ LOD of Pl in urine = 7.72 nmol/L.
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Figure captions

Fig. 1 Chemical structures ofa captan and its metabolite THPI ano) folpet and its

metabolite PI.

Fig. 2 Representative chromatograms of THPI and THPI-duman urine: &) blank urine

spiked with 10 pg/L of THPI (1) and 75 pg /L of THiP(2); (b) urine from an unexposed
subject (3) and blank urine spiked with 1 pug /LTéfP1 (4); €) blank urine spiked with 10
png/L of THPI (1) and 75 pg /L of THPI-d (2) alongtlwv a urine sample of a volunteer
exposed orally to captan (5) spiked with 75 pg fLT8IPI-d (6). Chemical structures of

THPI, THPI-d and their measured ion fragment ase akpresented.

Fig. 3 Representative chromatograms of Pl and THPI-d umdn urine: §) blank urine

spiked with 1 pg /L of PI (1) and 26.5 ug /L of THP(2); (b) urine from an unexposed
subject (3) and blank urine spiked with 10 pg /lPof(4), 50 ug /L of Pl (5) and 100 ug /L
(6); (c) blank urine spiked with 1 pg /L of PI (1) and 2¢.g /L of THPI-d (2) along with a
urine sample of a volunteer exposed orally to fo(@e spiked with 26.5 pg /L of THPI-d (8).

Chemical structures of PI, THPI-d and its measuwadragment are also represented.

Fig. 4 Representative chromatograms of THPI and THPI-chuman plasma:aj blank
plasma spiked with 50 pg /L of THPI (1) and 79.5/ugf THPI-d (2); ) plasma sample
from an unexposed subject (3) and blank plasmaedpith 1 pug /L of THPI (4);d) blank
plasma spiked with 50 pg /L of THPI (1) and 79.5/u@f THPI-d (2) along with a plasma

sample of a volunteer exposed orally to captarsed with 79.5 ug /L of THPI-d (6).



Fig. 5 Representative chromatograms of Pl and THPI-dumdnm plasma:a) plasma sample
from an unexposed subject (1) spiked with 79.5lugf/THPI-d (2) and blank plasma spiked
with 1 pug /L of PI (3) and 79.5 pg /L of THPI-d {4b) plasma from an unexposed subject
(5) and blank plasma spiked with 10 pg /L of Pt (6) blank plasma spiked with 1 pg /L of
Pl (3) and 79.5 pg /L of THPI-d (4) along with agma sample of a volunteer exposed orally

to folpet (7) spiked with 79.5 pg /L of THPI-d (8).

Fig. 6 Calibration curves of THPI over the concentratiange of 0.003 to 0.66 umol/L (0.5
to 100 pg/L) prepared in methan® J, blank urine ¢) and blank plasmas]. The linearity of

curves is described by the coefficient of determiima(R?) and equations are presented.

Fig. 7 Calibration curves of Pl over the concentrationge of 0.5 to 50 pg/L prepared in
methanol ¥), blank urine ¢) and blank plasmasej. The linearity of curves is described by

the coefficient of determinatiofRf) and equations are presented.

Fig. 8 (a) Concentration-time profiles of THPI (mean + SB)volunteers exposed to captan
orally (1 mg/kg) or dermally (10 mg/kg) and)(concentration-time profiles of Pl (mean *
SD) in volunteers exposed orally and dermally tpdo(1 and 10 mg/kg, respectively).e{}
Urinary excretion profile following oral exposurgp-) urinary excretion profile following
dermal exposure; ¥-) plasma profile following oral exposure;AQ plasma profile

following dermal exposure.
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Abstract

Agricultural workers are exposed to folpet but bamtoring data are limited. Phthalimide
(P1), phthalamic acid (PAA) and phthalic acid (Pé#g the ring metabolites of this fungicide
according to animal studies but they have not yegnbmeasured in human urine as
metabolites of folpet, only PA as a metabolite bthalates. The objective of this study was
thus to develop a reliable gas chromatography deeinmass spectrometry (GC-MS) method
to quantify the sum of PI, PAA and PA metabolitegjfmetabolites of folpet in human urine.
Briefly, the method consisted of addipgmethylhippuric acid as an internal standard (IS),
performing an acid hydrolysis at 100°C to convergsmetabolites into PA, purifying
samples by ethyl acetate extraction and derivigaaith N,O-bis(trimethylsilyl)trifluoro
acetamide (BSTFA) prior to GC-MS analysis. The rodtlinad a detection limit of 60.2
nmol/L (10 ng/mL); it was found to be accurate (meeacovery of 97%), precise (inter- and
intra-day percentage relative standard deviation$3%) and with a good linearity
(R*> 0.98). Validation was conducted using unexposdgn urines spiked at concentrations
ranging from 4.0 to 16.1 pmol/L, along with urinengples of volunteers dosed with folpet
and of exposed workers. The method proved to Iseitable and accurate to determine the
kinetic profile of PA equivalents in the urine ablunteers orally and dermally administered

folpet and ii) relevant for the biomonitoring ofgosure in workers.

Keywords Phthalic acid - Phthalamic acid - Folpet - Humaneur Biological monitoring
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Introduction

Folpet, or N-trichloromethyl-thio-phthalimide (CA%umber 133-07-3), has extensive
application as a contact fungicide in a varietyfroit and vegetable crops or vineyards.
Although a large number of workers use or are mact with folpet, there is a paucity of data
on the extent of occupational exposure to this aumg. Some environmental measurements
have been conducted [1] but only one study perfdreneiomonitoring of exposure to folpet

in pregnant women through phthalimide (PI) measerasi[2].

Folpet metabolism is however well characterizedammals andin vitro studies [3-7].
According to these studies, folpet is rapidly meteded to Pl and thiosphogene, an unstable
metabolite which reacts with cysteine or gluthatieioto form thiazolidine-2-thione-4-
carboxylic acid (TTCA). Phthalimide is also rapidiydrolyzed to phthalamic acid (PAA),
and in turn to phthalic acid (PA). The chemicalistures of folpet and of its ring metabolites

are displayed in Fig. 1.

According to Chasseawat al. [4;5;8] and Canal-Raffiet al. [3], the main ring-metabolite of
folpet is PAA in rats following an oral, intratraedl or intraperitoneal administration. More
specifically, Chasseauet al. [5;8] observed that 80% of a label&tC-folpet dose orally
administered to rats was recovered as PAA in ui@anal-Raffinet al. [3] reported that PI
was rapidly metabolized to PAA in plasma when folpgas intraperitoneally and

intratracheally administered to rats.

To quantify PAA, Canal-Raffiret al. [3] analyzed rat plasma by high-performance liquid

chromatography with UV detection (HPLC-UV) afteesgic solid-phase extraction, but they



did not measure the metabolite in urine. Neverslas determined by Bray al. [9], PAA

is a very unstable compound in urine, which habdrecisely extracted at pH 8.3 and is
transformed to PA in acidic conditions (pH 2-3).nm\gy, under electron impact ionization

(El) for GC-MS analysis, water loss is induced #mel neutral compound PAA can rearrange
to PI, phthalic anhydride or phthalic acid [10;1lt]is thus more convenient to transform Pl
and PAA metabolites of folpet to PA in acid conaliis, and to measure total PA equivalents

in urine as a biomarker of exposure.

Analytical methods have already been developedutmify PA as a urinary metabolite of
phthalates, because it is also the final hydrolgsxgluct of phthalates [12-16], but no method
has been published for the quantification of t&®& equivalents as a biomarker of folpet
exposure to our knowledge. Therefore, the objestivethis study were 1) to measure total
PA equivalents in urine as a biomarker of folpefppasure by adapting existing gas
chromatography - mass spectrometry [GC-MS] metladtds oxidation of Pl and PAA and
trimethylsylation of PA molecule, and 2) to usestmethod to quantify the urinary excretion
of total PA equivalents in volunteers exposed tpdbas well as 3) to assess worker exposure

to this fungicide through biomonitoring.
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Materials and methods

Chemicals and reagents

Phthalic acid (1,2-Benzenedicarboxylic acid), pkihac acid (benzoic acid,2-
aminocarbonyl), phthalimide an@methylhippuric acid used as reference standar89%>
purity) were obtained from Sigma-Aldrich (Buchs,&llen, Switzerland). Other chemicals
and reagents such as HPLC-grade acetonitrile, Hylietmamide, ethyl acetate, N,O-
bis(trimethylsilyl)trifluoro acetamide (BSTFA), hyachloric acid and sodium chloride
(NaCl) were also purchased from Sigma-Aldrich (ByjcBt Gallen, Switzerland). Purified tap

water by a TKA GenPure (Niederelbert, Germany) used.

Standard preparation

Stock standard solutions

A stock standard solution of 130 mg/L (0.8 mmoldf)PA was prepared by dissolving 13 mg
of PA in 100 mL of 1% (v/v) dimethylformamide inetonitrile. Similarly, a stock standard
solution of the internal standard (I8)methylhippuric acid of 100 mg/L (0.5 mmol/L) was
prepared by dissolving 10 mg gbf-methylhippuric acid in 100 ml of 1% (v/v)

dimethylformamide in acetonitrile. In addition, toeasure the fraction of Pl and PAA
converted to PA with this analytical method, twaliindual stock standard solutions of 112
mg/L (0.8 mmol/L) of Pl and 114 mg/L (0.7 mmol/L) BAA were prepared by dissolving
11.2 mg of Pl and 11.4 mg of PAA, respectivelyl00 mL of 1% (v/v) dimethylformamide

in acetonitrile. The stock solutions were storeeR8FC in glass containers until used.



Calibration curves

Calibration curves were prepared by spiking aliguadtpooled urine from unexposed persons
at different concentrations of PA and a constanteatration of IS. Working solutions of PA
at 26 mg/L (0.16 mmol/L) and IS at 20 mg/L (0.1 nitbpwere thus prepared daily from
stock solutions diluted 5-fold in water. Calibrati@urves of PA consisted of urine from
unexposed persons spiked at six concentrationdgrelpared in duplicates: 0, 0.67, 1.3, 2.0,
2.3 and 2.7 ug/mL (0, 4.0, 8.1, 12.1, 14.1 and 16rbl/L). For each level, 2 mL of urine
were spiked with a constant volume of 100 puL ofwé&rking solution as well as defined
volumes of PA working solution and completed withter to obtain a final volume of 2.3

mL.

Sample treatment

The analytical approach used to quantify total angnPA equivalents consisted of an acid
hydrolysis, solvent extraction and derivatizationithw BSTFA followed by gas
chromatography — mass sprectrometry (GC-MS) amalygample preparation was adapted
from method of Mettangt al.[14]. Two-mL aliquots of urine were transferredoiscrew-cap
reaction vials and spiked with 100 pL of intern@nslard working solution (20 mg/L or 0.1
mmol/L) and 200 puL of water. An acid hydrolysis when performed by adding HCI (300
pnL at 12 N) and heating at 100°C for 12 h. Afteolowy, samples were extracted twice with 2
mL of ethyl acetate by agitating for 15 min andtaénging for 10 min at 2500 rpm. Upper
organic layers were transferred into glass tub&gaEts were evaporated to dryness under a
gentle nitrogen flow at 40°C to concentrate sampResidues were resuspended in 300 pL of
ethyl acetate; 30 pL of BSTFA were added and sasnpkre heated at 60°C for 60 min to
convert total PA equivalents armEmethylhippuric acid IS into trimethylsilyl phthaliacid

(TMS-PA) and trimethylsilylp-methylhippuric acid (TMS-IS), respectively, by lagement
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of the labile hydrogen of the hydroxy groups. Beftniansferring derivatized extracts to vials

for GC-MS analysis, extracts were cooled for afihod.

Instrumental analysis

Analyses were carried out on a HP 5973 gas chraregtb equipped with a mass selective
detector Agilent MSD-G1098A and a CP-SIL 8 CB fusglica capillary column (60 m
length, 1 um film thickness, 250 um 1.D.). Heliunasvused as a carrier gas at a 27 cm/s
linear velocity. The injector was set to a tempaatof 260°C and a constant column flow
rate was held at 1.0 mL He/min. The transfer liresvget at 250°C and the ion source at
230°C. The GC oven temperature program was sedlipiat 200°C for 3 min; it was then
increased to 260°C at 30°C/min, held for 11 mirg &nally increased to 280°C at 35°C/min
and held for 4 min. The mass detector was operatesingle ion monitoring mode for
guantification and fragment ions were generate@lbgtron impact ionization at 70 eV. The
fragments analyzed wera/z 295 for TMS-PA (qualitative ions wera/z221 and 147) and
m/z 220 (qualitative ions wemn/z177 and 119) for TMS-IS. Two pL were injected otite
GC with an Agilent auto-sampler using a 5 mL/mititspynder these conditions, retention

times were 10.6 min for TMS-PA and 16.0 min for TNES

Quantification of PA

Quantification of PA was carried out using standeadibration curves in urine. This was
achieved by plotting the response factors as aifumof the six standard concentration levels
of PA (0, 0.67, 1.3, 2.0, 2.3 and 2.7 pg/mL or @, 8.1, 12.1, 14.1 and 16.1 pmol/L). The

response factors were the peak-height ratios of-AAS0 TMS-IS.



Estimation of the fraction of Pl and PAA converted®A
The fraction of Pl and PAA converted to PA with taealytical processing used was also
determined. Aliquots of urine from an unexposedsperwere independently spiked with
standard solutions of 22.5 mg/L of Pl or 22.8 mgflPAA (stock standard solutions diluted
5-fold) at six concentration levels prepared in lahgpes: 0, 0.56, 1.12, 1.69, 1.97 and 2.25
g/L (0, 3.8, 7.6, 11.5, 13.4 and 15.3 mmol/L) féraRd 0, 0.57, 1.14, 1.71, 1.99 and 2.28 g/L
(0, 3.4, 6.9, 10.3, 12.1 and 13.8 mmol/L) for PAAese samples were then treated using the
method described previously for the quantificatedniTMS-PA. The fraction of Pl and PAA
converted to total PA equivalents (expressed asraeptage) was calculated using the
following equation:

Fraction of PI and PAA converted to PA (%)

Amounts of PA in extracts of spiked samples (mol)

= 100
Added amounts of PI or PAA in urine samples (mol) *

Method validation

In order to validate the method, the following eri& were verified: limit of detection (LOD),
limit of quantification (LOQ), linearity, intra- @hinter-day precision, accuracy, recovery and
stability. In addition, internal quality control (£) urinary samples were prepared from a pool
of urine from unexposed individuals spiked at twedls of concentrations (1 and 2.5 pg/mL
or 6 and 15 pmol/L). From this pool, 6-mL aliquatere prepared and stored at -20°C.

During each daily run, QC samples were analyzeddpficates, as unknown samples.

Specificity of the method was confirmed by verifyithe absence of interferences on the
chromatograms obtained from urine samples of ungegbondividuals (n = 22). The LOD
was established as three times the signal-to-maise for the specific ionen/z295 andm/z

220 and the LOQ as ten times the signal-to-noig®.r&inearity was calculated from
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regression parameters of 22 calibration curvesthbyleast square fit method. Results were

expressed using the mean of coefficient of deteatitn (F).

To assess intra- and inter-day variations, theigitet and accuracy were calculated from
replicate analysis of previously prepared QC samatel of daily prepared aliquots of a pool
of urine from unexposed individuals spiked with BAfive different levels. The intra-day

variation was estimated by the repeatability gflicates of QC samples and of duplicates of
each spiking level prepared daily and analyzedstmae day. The inter-day variation was

estimated by the reproducibility of these previesamples on 22 consecutive days.

Precision, expressed as percentage of relativelatdmeviation (% RSD), was determined as
the ratio of standard deviation to mean of the wasp factor for each spiking level (QC

samples and prepared daily spiked samples) meitipby 100. Accuracy, expressed in

percentage, was calculated as follows:

(average measured amounts of PA — known spiking amounts of PA)

x 100
known spiking amounts of PA

Recovery of PA in urine after extraction and derzation was calculated for each spiking
level by the ratio of measured amounts of PA inmats to the theoretical spiked amounts in

urine of unexposed individuals and expressed a&s@eptage.

The stability of PA in urine was ascertained bylgriag every day over a 22-day period an
aliquot of QC samples kept at ) and thawed daily and processed. The stabilit Af
equivalents in urinary samples of workers exposedotpet was also determined. More

specifically, the effect of preservation of urireples at %C over a 24-h-period was tested.



Two urine samples of workers thawed, processedaaatyzed for PA equivalents in a given

run were thus kept at 4°C, processed and reanatyaeayg the following run.

Application of the method

The method was used to determine total urinary atsoof ring-metabolites of folpet in
exposed individuals. First, concentrations of td®# equivalents were determined in all
urines collected repeatedly and at predetermimadgiover a 96-h period following an oral
and dermal administration of 1 and 10 mg/kg of éblpespectively, in five volunteers (the

same five volunteers were used for the oral anthdedosing).

Secondly, concentrations of PA equivalents were sonea in all complete urine voids
collected over a 7-day period following a folpeddiment and sequences of harvesting in
grapegrowers (n = 3). Each worker collected i) eg@asonal complete first-morning void,
hence a urine sample prior to folpet spraying aaodsting season, ii) all complete urine
voids prior to and during a typical workweek folliog a folpet spraying, and iii) all complete
urine voids prior to and during a typical workwegk/olving harvest activities. During
spraying period, the three workers applied folpelly mn the first workday; during harvest
activities period, workers 1 and 3 were in thetedaarea only on workday 1 while worker 2

harvested from workdays 1 to 3.

The Permanent Ethical Committee of Clinical Redeant the Faculty of Biology and
Medicine of the University of Lausanne and of thes&arch Ethical Committee of the Faculty
of Medicine of the University of Montreal approvéte protocol, and all participants gave
their written informed consent, and were acquainté@ll the risks of participating and their

right to withdraw from the study at all time. Thelunteers administered folpet received a
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small monetary compensation for their time and imepnvenience caused, as suggested by
the Ethics Committee who considered the study stsicBve. Conversely, workers were not

compensated.



Results and discussion

Method development

To optimize the method of Mettareg al.[17] for the specific analysis of total PA equimals

as a biomarker of exposure to folpet, several mpiahry tests were performed: 1) the
verification of potential contamination of laboratanaterials by phthalates, 2) the selection
of a proper IS, 4) the effect of NaCl addition prio extraction and 4) the establishment of
the most efficient type of hydrolysis. Firstly, verify if that laboratory materials (i.e. vials,
caps, pipettes) were a contamination source of BAndg sample processing, triplicate
controls with water and ethyl acetate were subgetiehe processing procedure; no PA peak
was observed after analysis. Secondly, potenti@rmial standards were also tested. Four
deuterium phthalic acids (PA-d) were initially catesed, but the separation of PA and PA-d
on the GC column was insufficient to differentidieth peaks on chromatogranf3ara
methylhippuric acid was then assayed because tiecaole comprised a carboxylic acid and
an amine group, and finally selected. Thirdly,rtgorove extraction, the effect of adding NaCl
to urine samples prior to extraction and analysés wompared with results obtained after
analysis of the same urine samples without NaCitiadd The results are presented in Table

1 and show that extraction efficiency was bettehaut NaCl addition.

Lastly, efficiency of acid hydrolysis as comparedenzymatic hydrolysis was tested. This
latter step was described by several authors ®gthantification of phthalates [14;17-23]. To
perform enzymatic hydrolysis, 20 pL pfglucuronidase-arylsulfatase were added to 2 mL of
four urine samples from one person administergaetohnd samples were heated at 37°C for
12 h; for acid hydrolysis, 500 pL of HCI 2N weredad and samples were heated either at

37°C or 100°C for 12 h. As shown in Table 2, higbencentrations of total PA equivalents
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were observed after acid hydrolysis at 100°C thar8372C, while enzymatic hydrolysis
appeared inadequate and insufficiently strongdadiorm Pl and PAA into PA. Pféffli [24]
previously reported that enzymatic hydrolysis wasiacessary because PA appears to be
mainly excreted as free acid and not partly cortedy@and excreted as glucuronide. Table 3
also shows that when spiking urine samples with RAA Pl, PAA is virtually all converted

to TMS-PA (100%) and half of Pl was converted to SIAA &50%) following an acid
hydrolysis at 100°C. Thus, acid hydrolysis was delé for the quantification of total PA
equivalents. Even if Pl was not completely conwetie TMS-PA by acid hydrolysis, it is a
very minor metabolite of folpet as compared to PAécording toin vivo studies in rats

exposed to folpet [3-8].

Representative chromatograms of TMS-PA and TMSHSurine from an unexposed
individual spiked with 12.1 pmol/L of PA and 6.7&pl/L of IS, as well as the mass spectra
and the molecule structure of both derivatives @resented in Figure 2. These
chromatograms were obtained with the optimized ockthfter acid hydrolysis, solvent
extraction and derivatization. Chromatograms sha&my Mimited background interference.
Clean chromatograms were observed not only foresbiknd non-spiked urines from
unexposed individuals, but also for samples fronumeers dosed with folpet and from
workers, as displayed in Fig. 3. Therefore, anedyticonditions were specific to quantify

TMS-PA as the sum of total ring-metabolites folpet.

It is to be noted that TMS-PA was detectable imersamples of unexposed persons, as
illustrated in Fig. 3b. Hence, an average PA cotraéon (x SD) of 285 + 150 nmol/mmol
creatinine (492 = 275 ng/mL) was obtained in thieeinf unexposed individuals (n = 10) and

186 + 79.7 nmol/mmol creatinine (507 = 280 ng/mh) pre-seasonal urines of workers



exposed to folpet (n = 3). These values are eqgmab PA concentrations determined by
Pfaffli [24] in pre-shift urines of workers exposéa phthalic anhydride (490 nmol/mmol
creatinine) and in urines of occupationally unexgabpeople (0.34 pmol/mmol creatinine).
Similarly, in biomonitoring studies of phthalateE)nssoret al. [25], Kato et al. [19] and
Vermeulenet al. [26] reported also relatively high PA baselinedisvin unexposed people or
in workers during a non-exposure period. Theseldewere on average lower than those
found in our study; however, large interindividwaliability was found. Namely, Jénsseh

al. [25] reported a mean PA concentration of 94 nmeitihcreatinine (98 percentile) in
urine samples from 234 Swedish men, with a maxinwomcentration of 2100 nmol/mmol
creatinine; Katoet al. [19] measured a median PA concentration of 6.18nhgin 43
unexposed and anonymous adults with a range of th.53¥.4 ng/mL (creatinine was not
measured in this study); Vermeulen al. [26] obtained a median PA concentration of 77
ng/mL (47 nmol/mmol creatinine) in Sunday urine pém of rubber workers with a range of
4 to 2449 ng/mL (2.44 to 1495 nmol/mmol creatinind)is baseline is unavoidable because
phthalates are ubiquitous in the environment amqbgxre can occur from various sources
[12;14-31]; exposure to folpet in the general pagoh can also occur through the diet, thus
also contributing to baseline levels. Biomonitoriresults should thus be interpreted with
caution in non-occupationnally exposed invididu&lswever, these studies observed higher

PA concentrations when people were occupationalipsed to phthalates.

Method validation
To validate the robustness of the current metha&dewvaluated its linearity, LOD, LOQ, intra-
and inter-day precision and accuracy, recovery siatbility using a pool of urine from

unexposed individuals spiked at five different levaend two QC samples.
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All calibration curves 1f = 22) were linear within the spiking range in eriaf 0.67 to 2.7
pg/mL (4.0 to 16.1 umol/L) with a mean equatiorycef 0.95% + 0.088 and a coefficient of
determination of 0.98. The LOD and LOQ of PA inngriwere 10 ng/mL (60.2 nmol/L) and
33 ng/mL (199 nmol/L), respectively. In compariseith methods developed for the analysis
of PA as a biomarker of phthalate exposure, ourhotkethad a better LOD than the one
obtained with the liquid chromatography — tandenssnspectrometry (LC/MS/MS) method
described by Jonssat al. [25] (LOD = 15 ng/mL or 90.3 nmol/L) or the GC-M8Bethod of
Pfaffli [24] (LOD = 100 ng/mL or 602 nmol/L) andL@D similar to the one reported by Lim
et al.[13] with a HPLC/UV method (LOQ = 100 ng/mL or 6athol/L). However, Katet al.
[19], Silva et al. [22] and Vermeuleret al. [26] reported LC/MS/MS methods for the
guantification of PA metabolites of phthalates watslightly better LOD (LOD of 0.42, 1.59
and 5 ng/mL or 2.53, 9.57 and 30.1 nmol/L, respebtf). Nonetheless, to determine
phthalate exposure to date, specific metabolites ifnonoesters and oxidation products) are
preferably measured instead of PA, which is a comifirtal metabolite of many phthalates

[13; 17-18; 28-29].

Results for precision and accuracy of the methedsammarized in Table 4 for each of the
five daily prepared spiking levels of aliquots gb@ol of urine from unexposed individuals as
well as for two pre-prepared QC samples. Resuliscate that urinary PA was reliably
measured in urine because the intra- and intempdagision expressed by the percent relative
standard deviation (% RSD) was less than 13% dv@esls than 10% for spiking amounts
higher than 2 nmol), and accuracy established byp#rcent relative error (% RE) was less

than 10%.



Table 4 also reveals an excellent recovery of PAxtracts after acid hydrolysis, solvent
extraction and derivatization of urine samples e@ikvith PA. Hence, the mean (x SD)
recovery of PA (all spiked levels combined) was59%.8.8%, indicating that very little PA

was lost during processing.

QC samples kept at -2D and thawed daily and processed over a 22-daggaltso appeared

stable; this is evident when comparing mean ingg-dariation in recovered PA amounts to
mean inter-day variation (Table 4). Likewise, PAswstable in urine samples of workers
exposed to folpet. A coefficient of variation ramgifrom 6.9 to 13.3% was obtained when
two aliquots of the same urine collection of tworkers kept at ZC for 24 h were processed

and analyzed during the following run.

Application of the method to biomonitoring

To further validate the method and verify that totag-metabolites of folpeti.g. total PA
equivalents) could be efficiently quantified in tieine of individuals exposed to folpet,
urines of volunteers orally and dermally dosed Vviidpet as well as urines of grapegrowers

during a typical work week were analyzed.

The mean concentration-time profiles of total PAuieglents in the urine of volunteers
following an oral and dermal administration aresgrged in Fig. 4. Although there was a
background PA level, it was easy to document thadrutoxicokinetics of this biomarker of
exposure [32-33]. Briefly, PA had a relatively shelimination half-life in urine and it was
similar for both exposure routes, hence 27.6 h a8d h for oral and dermal routes,
respectively. Similarly, Table 5 displays pre- apdst-shift urinary levels of total PA

equivalents in workers exposed to folpet during Balldwing spraying or harvest activities.
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PA was measurable in all urine samples of worketsam increase in excretion was observed
for most workers following spraying or harvest aitiges. According to these results, workers
were more exposed during spraying activities thamngd harvest activities. Consequently, the

method proved to be suitable to quantify actudlydaiposures to folpet in workers.



Conclusion

In summary, the method was found to have a LOD®® éimol/L, an excellent recovery
(mean of 97%), a good linearity with & Buperior to 0.98. It is also precise with an interd
intra-day percentage relative standard deviatiorierior to 13%. In addition, with this
method, only a small urine volume is needed (2 arld sample treatment is straightforward.
Moreover, our results evidenced that the curremiNE&Cmethod was reliable and accurate to
guantify total PA equivalents the in urine of indivals dosed with folpet as well as relevant

to assess worker exposure using biomonitoring.
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Table 1
Comparison of PA concentration (nmol/mL) measunedaur urine samples collected at
different time points in a same individual expenmtaly administered folpet by the oral

route, with or without the addition of sodium chéte prior to extraction.

PA concentrations (nmol/mt)
Urine sampl®

Extraction
without NaCl with NaCl
Urine 1 4.60 3.91
Urine 2 33.6 27.2
Urine 3 122 103
Urine 4 36.8 354

& Urinary concentrations observed following sampiecpssing as described in Materials and
Methods but with or without addition of sodium chdte prior to extraction.

b Urine samples collected at four different timeipes in one volunteer orally administered
folpet (1 mg/kg dose).

¢ 250 mg of sodium chloride (NaCl) were added tol2afwrine prior to first extraction.



Table 2
Comparison of PA concentration (nmol/mL) measunmedaur urine samples collected at
different time points in a same individual expennaly administered folpet by the oral route

following an enzymatic hydrolysis at %7 or an acid hydrolysis at 37°C or 100°C.

PA concentrations (nmol/m{.)

Enzymatic Acid hydrolysis Acid hydrolysis
Urine sampl@

Hydrolysi$ at 37°C at 100°C
Urine 1 2.15 2.26 4.03
Urine 2 2.62 12.5 13.7
Urine 3 2.62 16.5 17.2
Urine 4 2.82 24.2 24.3

& Urinary concentrations observed following sampiecpssing as described in Materials and
Methods but with either enzymatic hydrolysis al@or acid hydrolysis at 37°C or 100°C.

b Urine samples collected at four different timeipes in one volunteer orally administered
folpet (1 mg/kg dose). Urines were different fromoage used to test the effect of addition of
NaCl on extraction efficiency (Table 1).

¢ 20 pL of glucuronidase-arylsulfatase were adde?l moL of urine and samples were heated
at 37°C for 12 h.

9500 pL of HCI 2N were added to 2 mL of urine aachples were heated at 37°C for 12 h.

®500 puL of HCI 2N were added to 2 mL of urine aathples were heated at 100°C for 12 h.
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Table 3
Conversion of PAA and Pl as TMS-PA (expressed psraentage) after sample processing
(acid hydrolysis, extraction and derivatization)atifjuots of a same urine from an unexposed

subject spiked at five different levels (nmol added

Spiked Amount addell Amount of TMS-PA founfl Conversioh
metabolite (nmol) (nmol) (%)
PAA 6.90 6.42 93.1
13.8 14.3 104
20.7 20.7 99.8
24.1 24.6 102
27.6 27.9 101
Pl 7.65 4.79 62.6
15. 3 7.99 52.3
22.9 10.3 44.9
26.8 13.2 49.5
30.6 16.4 53.5

PAA : phthalamic acid ; Pl : phthalimide ; TMS-P&imethylsilyl-phthalic acid.

& Amount of PAA or PI (expressed in nmol) addedhe tirine of an unexposed subject and
processed as described in Materials and Methodglidates were prepared for each spiking
level.

® Amount of total PA equivalents recovered (as TMS-Bfter sample processing of a urine

spiked with PAA or Pl and after subtracting baselamounts of PA found in urine of the



unexposed subject, which was 0.6025 nmol (calcdilfxtan the ratio of the intercept to slope

of the calibration curve).

¢ Percent of PAA or PI converted to TMS-PA after plamprocessing, as described in

Materials and Methods, of a urine spiked with defg amounts of PAA and PlI.



Table 4
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Recovery of PA, intra- and inter-day precision and accuracy fepficate analysis of daily prepared aliquots of a pool of drora unexposed

individuals spiked with PA at five different levels and previouslyppred QC samples spiked at two levels (n = 20 replicates forspadang

level).
Intra-day variatioh Inter-day variatioh
Overall Amount Overall
Amount Amount found Precision Accuracy Precision _
Recover§ RSDf RSD' , found RSD'  Accuracy
added (nmol) (% ' (%
(%) (%) (%) (nmol) (%) (%)
(nmol) (mean+SB) RSO (%) RSD)
(mean + SB)
Spiked urine from unexposed
persons
1.33 95.8 11.3 1.28+0.14 11.3 8.65 -4.22 1.28+£0.11 8.33 6.09 -4.00
2.66 99.5 9.04 2.65+0.24 9.04 -0.48 2.66 £0.18 6.65 —-0.08
3.99 97.6 7.08 3.90+£0.28 7.08 -2.41 3.90+0.21 5.39 -2.27
4.66 96.3 8.28 4.49 +0.37 8.28 -3.73 4.49 +0.28 6.31 -3.65
5.33 98.6 9.29 5.25+0.49 9.29 -1.41 5.24 +0.31 5.99 -1.64




Intra-day variatioh Inter-day variatioh

Overall Amount Overall
Amount Amount found Precision Accuracy Precision _
Recover§ RSD’ RSD' , found RSD'  Accuracy
added (nmol) (% ' (%
(%) (%) (%) (nmol) (%) (%)
(nmol) (mean+SB) RSO (%) RSD)
(mean + SB)

QC spiked samples

1.98 91.9 12.5 1.83+£0.23 12.5 10.14 -8.06 1.83+0.16 8.64 6.87 —7.94

4.96 98.2 9.26 491 +0.45 9.26 -1.18 491 +0.32 6.51 -1.16

@ Average variation betweei replicates of the same level of spiking prepared and analyzed the same day.

b Average variation betwee¥ireplicates of the same level of spiking prepared and analyzed on different dag<2@veay period.

¢ Amount of PA (expressed in nmol) added at the different concentration levels tosatifjagiool of urine from an unexposed individual.

4 percent recovery of total PA amounts as TMS-PA (different levels)aaftition of PA to urine from an unexposed individual and processed as
described in Materials and Methods.

® Precision or RSD: relative standard deviation for 20 replicates.
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" Recovered amount of total PA (as TMS-PA) after sample psimzpand calculated from calibration curves by subtracting basetioents of

PA found in urine of the unexposed subject (calculated from the ratio of the interdepetofsthe calibration curve).

9 SD: standard deviation of replicates.

" Overall RSD: mean relative standard deviation with all spiketedrom unexposed persons combined (n = 100) and all QC samples combined
(n = 40).

' Accuracy, or percent relative error.



Table 5

Creatinine adjusted urinary concentrations of total PA equivalentgorkers during the course of a typical workweek followingpeaging

episode of folpet or harvest activities in a previously treated area, aittngrarseasonal concentrations.

Urinary PA concentration (nmol/mmol creatinine)

Workerg Activities” Shift Pre-seasonal Workday 1 Workday 2 Workday 3 Workday 4 Workday 5

Pre-shift Post-shift Pre-shift Post-shift Pre-shiffost-shift Pre-shift Post-shift Pre-shift Posftshi

Lengttf
Worker 1 Spraying 4h 268 655 2448 1152 2790 1557 5083 1252 1528 1120 1779
Harvest 6h 268 846 1244 1293 1486 913 2496 1604 s n ns ns
Worker 2 Spraying 6 h 108 152 312 588 561 636 435 951 162 135 246
Harvest 36 h 108 237 230 197 256 345 234 311 259 98 5 214
Worker 3  Spraying 3h 181 334 845 406 334 357 174 12 3 242 227 292
Harvest 38h 181 126 216 219 155 130 409 275 771 10 3 124

ns: no sample collected.

& Each worker collected their urine void during a typical workweek involving sprayifodpet and harvest activities in a previously treated area.
P Each worker performed both spraying and harvest activities, which weness by a minimum of two weeks.

¢ Total duration of spraying and harvest activities for each worker.

9 Folpet were sprayed and harvest activities were performed only on workdaefit ®r worker 2, who harvested from workdays 1 to 3.
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Figure captions

Fig. 1 Chemical structure ofaj folpet and its main ring-metabolited)(phthalimide, €)

phthalamic acid andlj phthalic acid.

Fig. 2 Representative chromatograms of TMS-PA and TM&tIBlank human urine spiked
with 12.1 pmol/L of PA and 6.72 pmol/L ptmethylhippuric acid (1S), along with the mass

spectra and structure of both TMS derivatives.

Fig. 3 Representative chromatograms of TMS-PA and TM#l&uman urine: & blank
urine spiked with 12.1 pmol/L of PA and 6.72 pmabLmethylhippuric acid (1S);k) urine
from a non-occupationally exposed person spiket @i72 pmol/L of IS; ) urine sample of
a volunteer orally dosed with folpet (9 h followia@ysorption) spiked with 6.72 pmol/L of IS;
(d) urine sample of a volunteer dermally dosed walpédt (24 h following application) spiked
with 6.72 pmol/L of IS; €) urine sample of a farmer spraying folpet (13 Hofeing the

beginning of spraying).

Fig. 4 Concentration-time profiles of total PA equivakrimean + SD) in the urine of

volunteers administered folpet by the oral (1 my{ke-) or dermal (10 mg/kg) ¢-) route.
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ABSTRACT

The time courses of key biomarkers of exposure dptan and folpet was assessed in
accessible biological matrices of orally exposehlinteers. Ten volunteers ingested 1 mg kg
body weight of captan or folpet. Blood samples weitedrawn at fixed time periods over the
72 h following ingestion and complete urine voidsrevcollected over 96 h post-dosing. The
tetrahydrophthalimide (THPI) metabolite of captdong with the phthalimide (PI) and
phthalic acid metabolites of folpet were then qieea in these samples. Plasma levels of
THPI and PI increased progressively after ingestieaching peak valueslO and 6 h post-
dosing, respectively; subsequent elimination phappeared monophasic with a mean
elimination half-life () of 15.7 and 31.5 h, respectively. In urine, efiation rate time
courses of Pl and phthalic acid evolved in paraligth respective.t of 27.3 and 27.6 h;
relatively faster elimination was found for THPIjttvmean 4, of 11.7 h. However, phthalic
acid was present in urine in 1 000-fold higher amsuhan PI. In the 96-h period post-
treatment, on average 25% of folpet dose was eedtiieturine as phthalic acid as compared
to only 0.02% as PI. Corresponding value for THEE8.5%. Overall, THPI and Pl appear as
interesting biomarkers of recent exposure, witlatregly short half-lives; their sensitivity to
assess exposure in field studies should be furdgfied. Although not a metabolite specific
to folpet, the concomitant use of phthalic acidaasajor biomarker of exposure to folpet

should also be considered.

Keywords: : toxicokinetics; captan; folpet; tetrahydrophthatier phthalimide; phthalic acid;

oral exposure; human; biomarker
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Table of Contents — Short abstract

To determine the kinetics of ring metabolites optea and folpet in human matrices
following an oral exposure, volunteers ingested fj ky® of these two largely used

fungicides. Blood samples and complete urine vaeidse collected at fixed time periods
respectively over 72 h and 96 h following ingestidhe results show a relatively short half-
life for the three studied metabolites as welltasrtsensitivity as biomarkers of exposure to

captan and folpet.



INTRODUCTION

Captan and folpet are widely used in different srop treat fungal diseases. Health effects
were documented mostly from animal toxicity stud{esS EPA, 1975, 1999). No direct
toxicity was reported in humans, except allergiow#itis, severe eye irritations and irritation
of the nose and throat (Hayes, 1982; lesal, 1987; ACGIH, 1991; Edwardst al, 1991,
Trochimowiczet al, 1991; Guoet al, 1996; Tomlin, 1997; Costa, 2008; Gordon, 2010).
Nonetheless, folpet was classified B2, or probableman carcinogen, by the U.S.
Environmental Protection Agency (US EPA, 1975, 1988sed on an increased incidence of
duodenum tumors in mice chronically exposed to tdgkes by gavage. Captan was also
found to induce the same type of tumors in miceugh the same mode of action and was
thus initially categorized B2. However, in 2004¢tlS EPA revised the classification of
captan and changed it to “not likely” (US EPA, 20Gbrdon, 2007), given that cancers were
observed at doses several orders of magnitude righe those encountered in occupational
settings, which promoted proliferation of nasceainors through cytotoxicity and cell

hyperplasia.

The US EPA (1975, 1999) has also derived a refereose (RfD) to prevent chronic effects
of ingested captan and folpet in the general pajomalt was respectively established at 0.1
mg kg* of body weight (body wt) for captan (value estietabn the basis of a no-observed
adverse effect level (NOAEL) of 12.5 mg k@f body wt per day in a three-generation
reproduction study in rats to which a safety factbt00 was applied), and 0.16 mg kgody

wt per day for folpet (value assessed on the ldsasno-observed effect level (NOEL) of 10
mg kg* of body wt per day from a one-year toxicity stusty dogs and a two-years toxicity

and carcinogenicity study in rats to which a safattor of 100 was applied) (Larsen, 1996).
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With regard to captan and folpet metabolism (Fig@antl 2, respectively), it has been fairly
well documented iim vivo studies in animals usually exposed to the radelled compounds
as well asin vitro studies, but human data are limited (Gordon, 20A@¢ording to these
studies, captan is broken down to 1,2,3,6-tetrabptothalimide (THPI) and thiophosgene
(Wolfe et al, 1976). Thiophosgene is an unstable metabolite wivery short half-life that
reactsin vivo with thiol groups or several functional groupsfeom thiazolidine-2-thione-4-
carboxylic acid (TTCA) (Wolfeet al, 1976). THPI and TTCA have been proposed as
biomarkers of captan exposure (DeBatnal, 1974; Krieger and Thongsinthusak, 1993).
Both these metabolites can be quantified in hunrareas evidenced by the only published
urinary excretion time course study in two volumseexposed to captan by the oral route
(Krieger and Thongsinthusak, 1993). However, onMPT was repeatedly used as a
biomarker in the few cross-sectional biomonitorstgdies reported among workers exposed
to captan (Winterliret al, 1984; Winterlinet al, 1986; van Welieet al, 1991; de Coclet

al., 1998; Krieger and Dinoff, 2000; Hines al, 2008). TTCA may also appear as a potential
biomarker of captan exposure, but it is not spec¢dithis fungicide and only van Weli al.

(1991) quantified it in the urine of exposed wokker

On the other hand, im vivo experiments in animals amal vitro studies, folpet was shown to
be first hydrolyzed to phthalimide (PI) and thiopgene (Gordost al, 2001; Zainal and Que
Hee, 2003; Canal-Raffiat al, 2008; Gordon, 2010). Thiophosgene forms TTCAhm same
way as captan, and Pl is rapidly hydrolyzed in aténto unstable phthalamic acid, but also to
phthalic acid (Gordon, 2010). However, to our knedge, there are no reported kinetic

studies in humans for folpet to date.



Overall, there is a lack of detailed knowledge fué toxicokinetics of captan and folpet in
humans necessary to interpret biomarker data Id $eidies and to relate biomarker data to
health effects. Since interspecies differencesiénkinetics of chemical substances are likely
to occur (Krieger and Thongsinthusak, 1993; PodtMoDougal, 2002; Nget al, 2010) and
given the high doses administered in the animalistuon captan and folpet compared to
occupational and environmental exposure levels, difficult to extrapolatea priori animal
time course data to humans. As mentioned by Fialey Paustenbach (1997) and Woollen
(1993), information obtained directly in humansl|vaoid some factors of uncertainty that
are present in animal studies, and may give inidicaton the individual variability in
metabolism and elimination of the studied substandde aim to this study was thus to
determine kinetics of captan and folpet metabolitesccessible biological matrices of orally

exposed volunteers to help better assess biommgtdata.
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MATERIALS AND METHODS

Study design

A controlled kinetic time course study in accessiblological matrices of healthy subjects
was conducted following an acute oral exposuredptan and folpet. Captan and folpet
metabolites were measured in urine and blood saqgakected prior to treatment to obtain
pre-test values, and then at predetermined timetp@ost-dosing (amounting to a total of 9

samples for plasma and 11 samples for urine).

The experimental protocol and consent forms werpraed by the Permanent Ethics
Committee for Clinical Research of the Faculty adlBgy and Medicine of the University of
Lausanne and the Research Ethics Committee ofabeltly of Medicine of the University of
Montreal. All the participants gave their writteansent, and were informed of the risks of
participating and their right to withdraw from tis¢udy at anytime. As suggested by the
Ethics Committee who considered the study as vesyrictive, the participants received a

monetary compensation for their time and any ineoience caused.

Subjects studied

Participants were recruited on a voluntary basisragthe medical students of the University
of Lausanne, Switzerland. The volunteers were tafestudents aged from 20 to 30 years
old, weighing 60 to 85 kg and measuring 169 to @¢84in height. They were healthy, non-

smokers and did not take medication or drugs. Turelerwent a medical examination by an

occupational physician prior to enrolment. They hader been exposed to captan or folpet,



except perhaps through their diet. During the stpeod and the two-days prior to dosing,
they were asked not to eat fruits and vegetablesder to limit ingestion of contaminated
food. They were also requested to avoid consummtiaicohol during this period, since it is

known to affect the metabolism of some chemical pounmds.

Dosing and sampling

The experimental dosing and sampling was condwttéige Institute for Work and Health of
Lausanne, Switzerland. The morning of study oresth participant was asked to collect his
complete first morning urine void, to obtain prettealues; they then spent the first day of the
study in a room at the Institute for dosing andftfet 12-h sampling. On the following 3-day
sampling period, participants visited the Instittde their daily morning blood sampling and

handing-in urine collections.

The volunteers ingested a dose of captan or fageivalent to 1 mg kbody wt (n = 5 per
group). Fungicides used to prepare the exposures dufs volunteers were Captan
PESTANAL® (assay (HPLC) area 99.1 to 99.4%) and Folpet PBSVA’ (assay (HPLC)
area 99.5 to 99.9%). Both were purchased from Flul&igma-Aldrich (Buchs, St Gallen,
Switzerland). The single dose was weighted in &llab plastic cup and adjusted to the
weight of each volunteer. The fungicide dose wagenhiwith 25 ml of orange juice and
administered to the participants. The cup usediésing was then rinsed with another 25 ml

of orange juice and also administered to the pperds.

Complete micturitions were then collected at preedrined times over the 96—h period post-

dosing, that is at around 0, 3, 6, 9, 12, 24, 8660, 72, 84 and 96 h post-dosing. Each timed-
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void was collected in separate polypropylene Nadottles of 1 |. To assist participants,
they received a schedule specifying the date aaddquired time of urine collection. They
then only had to complete the sheet with the adtored of collection and to indicate whether
or not there were any urine losses. They also tiadentify their plastic bottles with distinct

pre-printed labels indicating the code, and markhem the date and time of urine collection.

Once collected, urine samples were kept in thegesfator prior to measurement of total urine
volume per void. To allow repeated analysis whi®iding possible degradation due to
freezing and defreezing of samples, each urineecidin then was aliquoted in 4 labelled
tubes of 15 ml and one bottle of 120 ml beforeagerat -20°C until analysis of captan or

folpet metabolites.

Blood samples of 15 ml were also collected at d$petimes, thatis att =0, 2, 4, 6, 8, 10, 24,
48 and 72 h post-dosing. To facilitate collectiancatheter was installed by a nurse prior to
dosing along with a drip system of physiologicdlreathe first day of sampling. Blood was

withdrawn by the nurse into vacutainers pre-laleNgth a code, the date and time of
sampling. Immediately after collection, blood saesplere centrifuged to precipitate red
blood cells and isolate the plasma. The plasma kesmyere then split into 3 labelled aliquots

and stored at -20°C until analysis of captan atgktanetabolites.

During the study period, volunteers were also askedill a questionnaire to document
personal information (weight, height), life habi(&e. physical activities, smoking),

medication intake (including ibuprofen), alcoholnsamption during the 3 days prior to
treatment, consumption of fruits, vegetables anéals during the 4 days prior to treatment

and possible dosing-related symptoms.



Chemicals and reagents

Reference standards (>99% purity) were obtainech fRigma-Aldrich (Buchs, St Gallen,
Switzerland), except for deuterated cis-1,2,3,tetdrophthalimide (THPI-d) (99% purity),
which was purchased from Cambridge Isotope Laboestdnc. (Andover, MA, USA). HPLC
grade acetonitrile, methanol, ethyl acetate andhloiomethane were also obtained from
Sigma-Aldrich (Buchs, St Gallen, Switzerland), gon with N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA), theagent used to derivatize the phthalic acid
molecule. HCI and ammonium sulphate were purchdsmd Merck (Zug, Switzerland).
Water was purified using a TKA GenPure water treatinsystem obtained from TKA

Wasseraufbereitungssysteme GmbH (Niederelbert, &grm

Analysis of THPI and PI in plasma and urine

A liquid chromatography - atmospheric pressure abalmionization-tandem mass
spectrometry (LC/APCI-MS/MS) method was developedrnalyze THPI and Pl in urine and
plasma and is described elsewhere (Berthed, 2011a). Briefly, THPI and PI were isolated
by adding 125 pl of THPI-d internal standard (1j5®ol I') in 3 ml of urine or 2 ml of

plasma, conditioning the Oasis® solid phase extactcartridge (Waters, Montreux,
Switzerland) with 8 ml of dichloromethane followbyg 8 ml of methanol and 12 ml of water,
and lastly by loading aliquots on SPE cartridges tie case of plasma, following a
denaturation of proteins). The analytes were thieme@ from the column with 4 ml of

dichloromethane. The solvent was evaporated toesdg/runder a gentle nitrogen flow at
40°C. The residues were resuspended in 500 ul ¢fianel and analyzed using a Varian

Model 212-LC Binary Gradient LC system (Les Ulisakce) connected to a Prostar model
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410 autosampler (Varian, Les Ulis, France) and mlp a Model 1200 L quadrupole MS
(Varian, Les Ulis, France) operating in APCI modé&e APCI interface was operated in
negative ion mode. The compounds were separated asGs Zorbax Eclipse Plus column
(4.6 x 150 mm, 3.5 um) from Agilent (Morges, Switaad). The mobile phase consisted of:
eluent A composed of 90 % water and 10% acetamivilv), and eluent B of 10% water and
90% acetonitrile (v/v). For THPI analysis, 10 pltbé sample were injected and elution was
performed in 26 min at a flow rate of 0.8 ml Minsing a solvent gradient starting at 90%
eluent A for 3 min, followed by a linear gradieat3% eluent A from 3 to 10 min, maintained
at 5% eluent A from 10 to 13 min before runningridial conditions of 90% eluent A in 1
min for a 12-min re-equilibration of the column grito subsequent injection. As for PI
analysis, 10 pl of the sample were also injectetiedation was performed in 33 min at a flow
rate of 0.8 ml mitt using an isocratic mode at 90% eluent A for 15 amd then ramping to
5% eluent A in 30 sec for a 4 min clean up at 5#eml A prior to returning to initial
conditions in 1 min to allow 12 min re-equilibrati@f the column. The fragments analyzed
werem/z149.4/95.6 for THPI with a collision energy (CH)1®.5 V,m/z156.1/95.6 for the
internal standard THPI-d (CE of 22.5 V) andz 145.8 for Pl (no fragmentation). The
analytical limit of detection for THPI was 3.82 nhd of urine and 9.76 nmol*lof plasma
and, for PI, 7.72 nmol'i of urine and 14.8 nmot*lof plasma. The quantification of THP!I or
Pl was obtained from standard calibration curvepared in urine or plasma adjusted by the

THPI-d internal standard peak area.

Analysis of phthalic acid in urine

A gas chromatography mass spectrometry (GC-MS) odetras developed for the analysis of

phthalic acid in urine, as previously describedr{Betet al, 2011b). In short, urine samples



were subjected to an acid hydrolysis prior to ligliquid extraction with ethyl acetate and
derivatization with N,O-bis(trimethylsilyl)trifluaacetamide (BSTFA). Analysis was then
performed using an Agilent Mass Selective Dete(8D) G1098A (Agilent Technologies
Inc, Waldbronn, Germany) coupled with a HP 5973 svsectrometer (Agilent Technologies
Inc, Waldbronn, Germany). Separation of the analytas performed using a 60 m CP-SIL 8
CB column (1 pum film thickness, 250 um 1.D.) (Varides Ulis, France). The initial column
temperature was 200°C for 3 min, then it was ineedao 260°C at 30°C nifn held for 11
min, and finally increased to 280°C at 35°C thimnd held for 4 min. For the analysis, 2 pl
were injected using a 5 ml mirsplit. The ions monitored were trimethylsilyl phtic acid
(TMS phthalic acid) withm/z 295 and the internal standard TMS methylhippudid avith
m/z 220. The quantification was obtained from standaatibration curves of phthalic acid
prepared in urine and adjusted by the methylhigpadid internal standard peak area. The

analytical limit of detection was 60.2 nmdl rrine.

Calculations

The molar fraction of captan or folpet administedste recovered in urine as THPI, PI or

phthalic acid was calculated from the following atjon:

[ (Qurinary metabolite ) ]
| MWmetabolite I

(Doseparent compound )J
MWparent compound

x 100

where Qrinary metaboliteCOrresponds to total amounts of THPI, Pl or phthatid in urine over
the 96-h urine collection period (Mmg), MMént compoundS the molecular weight of captan or
folpet, MWhetanoiiteiS the molecular weight of THPI, Pl or phthaliagchand DoSgarent compound

is the orally administered dose of captan or fo(pe).
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Toxicokinetic analysis

To determine elimination rate constants of THPI Bihéh plasma and in urine, we considered
that, following peak levels, elimination was monapic and a first-order reaction. The
elimination rate constank)was thus calculated from the slope of the lineaminal phase of
the plasma or urine time profile (Hayes, 2008). &pparent elimination half-lifet;(;) was
then defined using the equatidp, = 0.693k * (Hayes, 2008). All calculations were

performed using MS ExcéR007 software.

From plasma concentration (C) - time profile, weoalcalculated the area under the
concentration-time curve (AUC), the area underfitts¢ moment of concentration-time curve
(AUMC), the mean residence time (MRT), the plasneamance (CL) and the apparent

volume of distribution (). Equations used to calculate these parameters are

AUC = = Z(t t)[C() + C(tinn)]

AUMC = - Z(t b ) [EC(E) + tiaa C(tiny)]

_ Absorbed dose
B AUC

Vd = % where k is the overall elimination rate from dudo



RESULTS

Time courses of THPI and Pl in plasma

The time courses of THPI and Pl in plasma of vadent over the 72-h period following
ingestion of captan or folpet (1 mg kdpody wt) are presented in Fig. 3. In control samspl
taken prior to captan or folpet ingestidg),(concentrations of THPI were below the analytical
limit of detection and those of Pl were very low, the order of 9.3 nmol*l Following
ingestion, plasma levels of THPI and Pl increasexy@ssively with peak levels of THPI
being observed on average at time 10 h post-dasngompared to 6 h post-dosing for PI.
Subsequently, elimination phase of THPI and Pl fpdasma appeared monophasic (6-10 h to
72-h post-dosing) with a mean apparent eliminakial-life of 15.7 and 31.5 h, respectively
(Table 1). Table 2 presents the toxicokinetic pat@ns calculated from the THPI and PI time
profiles in plasma and shows that THPI had a grdatavailability and faster clearance rate
than Pl. As also shown in Table 2, Pl metabolitplasma represented only a small fraction
of folpet dose. Nonetheless, mean residence tinkeT)\Mf both THPI and Pl was similar and
in the order of one day, which is relatively shooimpared to other chemical compounds.

THPI and PI also had similar relatively small agrdvolume of distribution ().

Time courses of THPI, Pl and phthalic acid in urine

The time courses of THPI, Pl and phthalic acid etan rate in the urine of volunteers over a
96-h period following ingestion of 1 mg Kdody wt of captan or folpet are presented in Fig.
4. Peak levels were observed on average 9 h pastgltor THPI, and between 3 and 12 h

for Pl and phthalic acid. Following peak excretiefimination rate time courses evolved in
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parallel for Pl and phthalic acid and was relagvelower than that of THPI, with mean

apparent elimination half-lives calculated for @# to 96-h period post-dosing being 27.3,
27.6 and 11.7 h, respectively. Although the timarses of Pl and phthalic acid was similar,
phthalic acid was present in urine in 1 000-folgh@r amounts than Pl as shown in Fig. 4,
and in Fig. 5 depicting the cumulative urinary etimon time courses of these metabolites.
From the cumulative urinary excretion of Pl andhgaiht acid over the 96-h collection period

post-dosing, it was calculated that 25% of the stg dose of folpet was excreted in urine as

phthalic acid as compared to only 0.02% as PI.&ponding value for THPI was 3.5%.

Figure 6 shows that the time course of THPI in @rtained in our study is similar to that
obtained by Krieger and Thongsinthusak (1993) ilneers orally exposed to the same dose
of captan. In the current study, cumulative urinexgretion of THPI over the 96-h collection
period post-treatment represented 3.5% of the adtamed dose, which is compatible with
the value of 2.2% over the 72-h collection periodhe study of Krieger and Thongsinthusak
(1993). Similar to Krieger and Thongsinthusak (19Sdimination of THPI in urine was

almost complete 96 h post-dosing.

Comparison of plasma and urinary time courses of TRl and PI

As expected for both THPI and PI, comparison ofglesma and urinary rate time courses in
the studied volunteers (Fig. 3 and 4) shows thatilps evolved in parallel in the 10- to 72-h
period post-dosing. However, for both THPI andgtdsma levels (nmol) were about 50-fold
higher than urinary excretion rates (nmd) hindicating that the transfer rate of THPI and PI

from plasma to urine was approximately 0.02 perhoorresponding to a half-life ef30 h.



DISCUSSION

This study allowed a better understanding of theetics of key biomarkers of exposure to
captan and folpet. It provided novel human dat#herkinetics of THPI in plasma, and Pl and
phthalic acid in plasma and urine, while confirmifg¢iPl urinary data of Krieger and

Thongsinthusak (1993). Interestingly, several snties were observed with available
toxicokinetics of total radioactivity measured iatg orally exposed to labelled captan or

folpet.

Results of the current study showed that the métalaf captan, THPI, and the metabolites
of folpet, Pl and phthalic acid, had a rapid kiogtin humans after a single oral dose of 1 mg
kg' body wt, since these metabolites were almost cetelyl excreted over a 96-h period
post-treatment. Peak levels in plasma were obseymeaerage 10 h post-ingestion for THPI
and 6 h post-dosing for Pl while elimination hal&lof THPI from plasma was in the order

~15 h as compared 80 h for PI.

Results of the current study also show negligibdeage in tissues. Indeed, from the plasma
time course, similar relatively small volume oftdisution (Vy) were calculated for THPI and
P1, suggesting these compounds remain mainly irciticalation and have limited distribution
in body tissues, implying a low storage of thesengounds in tissue. This is in line with
animal studies showing negligible accumulation &fPT (Piccirillo, 2001) or phthalimide
moiety (Couchet al, 1977; Ackermannet al, 1978) in tissues following oral or

intraperitoneal administration of labelled captariadpet.
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Furthermore, although the time courses of Pl anthgdic acid evolved in parallel, Pl
metabolite in plasma represented only a small ivaadf folpet dose and only 0.03% of the
folpet dose was recovered in urine as Pl while 26%e folpet dose was excreted in urine as
phthalic acid over the 96-h period post-dosing.sTii consistent with a rapid site-of-entry
biotransformation of PI into phthalimic acid andhgdlic acid once formed (Ackermaenal,
1978; Canal-Raffiret al, 2008), thus limiting the amounts of PI availafide absorption in
blood. It also shows that the acids formed in thdaBowing oral exposure are effectively

absorbed.

Results obtained in the current study on the foacof ingested dose recovered in urine as
folpet metabolites is in accordance with mass-lmaastudies conducted in animals exposed
to labelled folpet. When Pl was orally administetedrats, about 80% of the administered
dose was metabolized and excreted in urine as lpiti@ acid while 7% was found as
phthalic acid, and less than 1% of the dose wasvezed as PI in urine (Chasseatdal,
1974). Phthalamic acid also represented the maiabmubte (i.e. 80%) when labelledC-
folpet was orally administered to rats (Chassedi®®0). They however reported that this

metabolite was unstable in urine

In comparison with the folpet metabolites assessedur study, on average 3.5% of the
administered oral dose of captan was excreted &4 WHhe urine of volunteers over the 96-
h collection period. As shown in Fig. 6, these iings are similar to those obtained by Krieger
and Thongsinthusak (1993) where 2-3% of the sarakkyaadministered dose of captan was
recovered as THPI in the urine of a human volunterer the 72-h period post-dosing. These
human values are in the same range as those réporéeunique published animal study on

the excretion of specific metabolites following Aabelled administration (van Welgt al,



1991). Namely, van Weliet al. (1991) reported that on average 0.7 to 5.4% ohglesoral
dose of 400, 815 or 1250 mgkgf captan in Wistar rats were recovered in urigelBlPI
over the 0-24 h period post-dosing as compared8dd@9.1% over the 0-48 h period post-
dosing, with lowest percentages observed at thieeBigdose. When non-labelled THPI itself
was administered orally to rats, van Welteal. (1991) also observed that on average only 4%

of dose was recovered as THPI in urine over th8 O-geriod post-dosing.

It is to be noted that although a small percentafgerally administered captan in volunteers
and rats was observed as THPI in urine, followireg) administration of ring-labelled captan
in animals, the majority of the radioactivity waecovered in urine (75 to 85% of
administered dose) over a 24-h to 96-h period gosing, while only 7 to 12% of dose were
excreted in feces over the same period of time.eMmecisely, Lappin and Havell (1990)
reported that 81% of an oral dose of 10 mg kfj*“C-ring-captan were recovered in urine as
labelled equivalents as compared to 8-9% in feges @ 96-h period post-dosing, and 97% of
the dose were eliminated at this time. Similarlyiv@&di (1990) reported that, following an
oral administration of 10 mg Kgof **C-ring-labelled captan, 75% of the administerededos

were excreted in urine a&C-equivalents and 6.5% in feces over the 24-h pegast-dosing.

Similarly to captan, following oral or intraperitanadministration of ring-labelled folpet,
between 90 and 100% of the administered dose wereted in the urine of rats over a 24-h
period post-dosing. This is based on the studié¥a@bddet al. (1991) showing that 92% of an
orally administered dose of 10 mgkgf *“C-labelled folpet in rats were recovered in urige a
C equivalents as compared to 6% in feces, andeattitly of Couclet al. (1977) indicating
that virtually 100% of an intraperitoneal dose ofng kg' of **C-folpet were recovered in

urine as™*C equivalents and 1.7% in feces over the 24-h gerast-dosing.
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This confirms that, in humans as observed in arsrflappin and Havell, 1990; van Webé
al., 1991), studied Pl and THPI metabolites are netntfain metabolites of captan and folpet
following oral exposure. As shown by our resultsl aaported by van Weliet al. (1991),
other metabolites of captan might be more reprasigatthan THPI, although the analytical
method developed by our team for this metabolites wpecific, accurate and sensitive.
Following an oral administration of 10 or 500 mgkaf *C-ring-labelled captan in Sprague-
Dawley rats, Lappin and Havell (1990) identified sietabolites other than THPI in urine: 3-
hydroxy-4,5-cyclohexene-1,2-dicarboximide (3-OH-THRepresenting 42% of total urinary
metabolites), 5-hydroxy-3,4-cyclohexene-1,2-dicarbode (5-OH-THPI) (6%), 6-hydroxy-
1-amido-2-carboxy-4,5-cyclohexene (3-OH-THPI-amioda (13%), 1-amido-2-carboxy-4,5-
cyclohexene (THPAM) (7%), 4,5-dihydroxy-1,2-dicaximnide (4,5-diOH-THPI) (6%), and
4,5-epoxy-1,2-dicarboximide (THPI-epoxide) (5%), danwo unidentified metabolites

accounting for 4 and 2% of total urinary metabaglite

Overall, in a perspective of biomonitoring of expas THPI and Pl appear as interesting
biomarkers of recent exposure given that they agtabolites specific to captan and folpet,
respectively, with relatively short half-lives. Hewer, they represent only a small percentage
of the orally administered dose in our study, stitét their sensitivity as biomarkers of
exposure in workers and even more in the genegallpbon remains to be more extensively
verified. Other metabolites of captan and folpepesy quantitatively more important in
human urine than THPI or Pl. The most importanhany metabolite of captan in rats was
found to be 3-OH-THPI (Lappin and Havell, 1990)wibuld be interesting to quantify this
metabolite in human urine since the current studycates that the metabolism and excretion
of captan metabolites may be similar in rats anchdms. Furthermore, this human study in

line with the rat studies of Chasseaatdl. (1974, 1980) showed that phthalamic or phthalic



acid appear as quantitatively more important bidkea than Pl while urinary excretion time
courses are similar for phthalic acid and PI. Nbaletss, phthalic acid is not a metabolite
specific to folpet; it is also a derivative of phthtes, which are ubiquitous molecules in our
environment (Blounet al, 2000; Silvaet al, 2007). Given these considerations, perhaps the
best biomonitoring strategy, to assess occupationanvironmental exposure, would be to
measure multiple metabolites of captan or folpet tnperform repeated measurements in

time.
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Table 1. First-order apparent elimination half-lives of TH&Hd PI in human plasma and of

THPI, P1 and phthalic acid in human urine followiimgestion of 1 mg kg of captan or folpet

Mean first-order
Coefficient of
elimination half-life

Metabolites Matrices determination

(hy*

9]
(n=5)

THPI Plasma 15.7 0.99

Urine 11.7 0.98

Pl Plasma 31.5 0.84

Urine 27.3 0.86

Phthalic acid Urine 27.6 0.82

2 The elimination half-life ;) was calculated using the equatiga = 0.693k™, wherek is the
elimination rate constant obtained from the slopehe linear terminal phase of the plasma
profile (10- to 72-h period) or urine excretionadime course (24- to 96-h period) for each

metabolite



Table 2. Toxicokinetic parameters for THPI and Pl in plasofavolunteers following

ingestion of 1 mg Kg of captan or folpet

First order toxicokinetic values
Model parameters

THPI PI
Mean SD Mean SD
(n=5) (n=5)
AUC [(nmol x h ) kg'"] 1652 289 13.4 3.3
AUMC [(nmol x K 1) kg'] 40 647 13 533 397 117
MRT (h) 23.9 4.0 29.4 2.2
CL (I hY 0.18 0.03 0.09 0.02

Va () 3.4 0.6 4.3 1.1
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Captions to figures

Figure 1. Captan metabolism according ito vivo studies in animals administerétC- or

5. radiolabelled doses (Lappin and Havell, 199Ged¢fer and Thongsinthusak, 1993)

Figure 2. Folpet metabolism according in vivo studies in animals anih vitro studies
(Ackermannet al, 1978; Woockt al, 1991; US EPA, 1999; Canal-Raffet al, 2008; Gordon,

2010)

Figure 3. Time courses of THPI and PI in plasma of voluntdexpressed as nmol) over a
72-h period following ingestion of 1 mg k@f captan or folpet. Each point represents meah an

vertical bars are standard deviations (n = 5).

Figure 4. Time courses of THPI, Pl and phthalic acid excretiate in urine (expressed as
nmol/h) of volunteers over 96-h period followingy@stion of 1 mg Kg of captan or folpet. Each

point represents mean and vertical bars are stdmgsiations (n = 5).

Figure 5. Time courses of THPI, Pl and phthalic acid cumukatiexcretion in urine
(expressed as nmol) of volunteers over a 96-h gddtiowing ingestion of 1 mg kg of captan

or folpet. Each point represents mean and verbaed are standard deviations (n=5).

Figure 6. Comparison of the time course of THPI urinary ekorerate (expressed as a %

dose/h) in volunteers of the present study witht tiatained by Krieger and Thongsinthusak



(1993) following ingestion of 1 mg Kgof captan. Each point represents mean and veharal

are standard deviations (n = 5).
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.

Urinary excretion rate of THPI (% dose / h)
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Average levels of THPI, Pl and phthalic acid qui@di in plasma and in urine at different

points time in volunteers orally exposed to 1 mg kfjcaptan or folpet.

Concentrations (nmol m)°

THPF PI Phthalic acifi

Time

h)b (mean = SD) (mean = SD) (mean = SD)

( Plasma Urine Plasma Urine Urine
0 0.004+0.01 O 0.009 £ 0.004 0.005+0.003 2.966b
2 1.14 +0.29 0.021 £0.012
4 1.76 +0.19 0.029 £ 0.020
3 0.69 +0.27 0.020 £ 0.018 16.06 +5.09
6 2.21+0.38 1.41+0.24 0.027 £0.007 0.011 0.0 17.27 + 3.40
8 2.51+0.52 0.019 £ 0.006
9 1.70 £ 0.37 0.007 £0.005 21.42+11.0
10 2.77+0.34 0.016 £ 0.005

12 2.06 + 0.59 0.023 +£0.033 15.82+6.42
24 2.62 +0.47 1.89+041 0.013+£0.005 0.019098. 13.17 +£3.79
36 1.36+0.31 0.011 £+ 0.004 13.69 +6.37
48 1.07 £0.39 0.94 +0.30 0.010 £0.003 0.018048. 6.51 +3.15
60 0.54+0.24 0.007 £0.002 8.67 +8.81
72 0.31+0.17 0.34+£0.18 0.008 £0.003 0.007098. 6.18+2.41
96 0.13 +£0.07 0.005+0.003 5.74+4.62




& Urinary concentrations observed following sampiecpssing as described in Materials and
Methods.

® Fixed time periods (expressed in hour) of urind Bfood collections following fungicide
ingestion.

¢ Metabolite of captan.

4 Metabolite of folpet.

¢ Metabolite of folpet.
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ABSTRACT

To better assess biomonitoring data in workers sggdo captan and folpet, the kinetics of
ring metabolites (tetrahydrophthalimide (THPI), lddimide (PI) and phthalic acid) were
determined in urine and plasma of dermally expos#dnteers. A 10 mg kfydose of each
fungicide was applied on 80 émf the forearm and left without occlusion or washfor 24

h. Blood samples were withdrawn at fixed time pasi@ver the 72 h following application
and complete urine voids were collected over 96s$t-dosing, for metabolite analysis. In the
hours following treatment, a progressive increaseplasma levels of THPI and Pl was
observed, with peak levels being reached at 24rhirPl and 10 h for Pl. The ensuing
elimination phase appeared monophasic with a meamnation half-life (t,) of 24.7 and
29.7 h for THPI and PI, respectively. In urine, ¢itourses Pl and phthalic acid excretion rate
rapidly evolved in parallel, and a mean eliminatigrof 28.8 and 29.6 h, respectively, was
calculated from these curves. THPI was eliminateghtty faster, with a mean,tof 18.7 h.
Over the 96-h period post-application, metabohMese almost completely excreted, and on
average 0.02% of captan dose was recovered in asirieHP| while 1.8% of the folpet dose
was excreted as phthalic acid and 0.002% as Pgestigg a low dermal absorption fraction
for both fungicides. This study showed the poténtse of THPI, Pl and phthalic acid as key

biomarkers of exposure to captan and folpet.

Keywords: toxicokinetics; captan; folpet; tetrahydrophthatiel phthalimide; phthalic acid;

dermal exposure; human; biomarker
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To better assess biomonitoring data in workers sggdo captan and folpet, the kinetics of
ring metabolites were determined in urine and pasidermally exposed volunteers. Each
fungicide was applied on 80 érof the forearm for 24 h. Blood samples and conepigtne
voids were collected respectively over 72 h andh9llowing application. Overall, the
studied metabolites appeared as key biomarkergpuiseire to captan and folpet despite the

low dermal absorption fraction.



INTRODUCTION

The skin is in many instances the primary routpesiticide exposure for agricultural workers,
as demonstrated by several studies (Rittesl, 1987; Fenske, 1990; Woollen, 1993;; Ngo
al., 2010). It was estimated by a number of authoctmunt for 90% of exposure whatever
the activity performed (i.e. preparation of mixtuspraying, material washing, harvesting)
(Fenske, 1990; Vermeuleat al, 2002; Ngoet al, 2010). However, numerous factors
influence dermal penetration of compounds and &ffexposure measurements:
physicochemical properties of compounds (solubilitghemical structure, partition
coefficient), environmental conditions (humiditgnmperature, wind), vehicle used to apply
pesticides (physicochemical properties, solubiliyd, concentration), skin properties and
cutaneous metabolism (skin condition, skin hydratattype, thickness, enzyme activities,
wounds), shunt diffusion, anatomical site of expes{skin thickness, hair follicle size and
density), inter-individual variability (age, gendeace), dose, duration and occlusion (Lette
al., 1993;Kromhout and Vermeulen, 2001; Tsdial, 2001; Mangelsdorket al, 2006).
Therefore, biological monitoring becomes a reliableans of estimating dermal exposure in
humans as underlined by several authors (de Coak, d995; Ngcet al, 2010; van Weliest

al., 1991).. Nonetheless, to be accurate, biomongodeta need to be supported by adequate
kinetic studies in human volunteers (Wester andblslet, 1983; Woollen, 1993; Nga al,

2010).

Captan and folpet are considered as two commordg fisngicides in various crops of many
countries (Gucet al, 1996; Fensket al, 1998; Tielemanst al, 1999; Cardert al, 2005;
Baldi et al, 2006; Jurasket al, 2007; Greenburgt al, 2008). However, only a limited

number of studies are reported in the literaturat tinse biomonitoring to assess captan
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exposure in workers (Hansest al, 1978; Mcjilton et al, 1983; Winterlinet al, 1984;
Winterlin et al, 1986; Verberket al, 1990; Krieger and Thongsinthusak, 1993; Lat\al,
1993; de Coclet al, 1995, 1998; Krieger and Dinoff, 2000; Hinetsal, 2008). Moreover, to
our knowledge, no reports are available that deedsiomonitoring of folpet. As for kinetic
studies in human volunteers, one is describedenlitarature following an oral exposure to

captan (Krieger and Thongsinthusak, 1993) whildngiata is lacking for folpet.

On the other hand, the metabolism of both fungkidaevell documented im vivo studies in
animals usually exposed to the radiolabelled com@swand inn vitro studies. According to
these data, the first step in the metabolism ofarafs its breakdown at the N-S link when it
is in contact with thiol groups (e.g. glutation,stsine, proteins, etc.), and the reaction is
enhanced in alkaline medium (Wolkt al, 1976). From this nonenzymatic process a
tetrahydrophtalimide (4,5-cyclohexene-1,2-dicarbugie; THPI) anda thiocarbonyl chloride
are formed, the latter being a derivative of thehtoromethylthio group. This thiocarbonyl
chloride further reacts with thiols to form thiogyene, a transient metabolite, which readily
reacts with cysteine or gluthathione hence leatbnipe formation othiazolidine-2-thione-4-
carboxylic acid (TTCA); two other metabolites cafsoabe formed, the dithiobis (or
methanesulfonic acid) and its disulphide monoxidevative, arising from the reaction with
sulphite ions (DeBauat al, 1974). From animal studies and two occupationaliss carried
out by Winterlinet al. (1984, 1986) in strawberry pickers and in grapddfworkers, THPI
was a suggested as possible biomarker of captamsese by the Environmental Protection

Agency (US EPA) (1975).

Similar to captan initial metabolism step, folpgiso broken down at the N-S link when it is

in contact with thiol groups; this leads to theniation of a phthalimide (Pl) and



thiocarbonyl chloride but unlike for captan, the reaction is enhanaedagid conditions
(Gordonet al, 2001; Gordon, 2010). From thkiocarbonyl chloride, the same metabolic
reactions as captan occur and the same thiol métsbare formed. On the other hand, the
ring metabolite of folpet, PI, isapidly hydrolyzed to phthalamic acid mainly busalto
phthalic acid, according to animal studies (Gorébral, 2001; Zainal and Que Hee, 2003;
Canal-Raffin et al, 2008; Gordon, 2010). For the biological monitgriof exposed

individuals, no biomarker was proposed for thisgfigide since no human study was reported.

Overall, although some metabolism data are availdl@dm animal studies for these two
fungicides, there is a paucity of kinetic data umtans following dermal exposure. These
human kinetic data are especially needed givernwleé known interspecies differences in
dermal absorption (Feldmann and Maibach, 1974; ®¥eahd Maibach, 1983; Kao and
Carver, 1990; Fiserova-Bergerova, 1993; Fereskal, 1998, Poet and McDougal, 2002). In
addition, the dermal route is in many circumstartbesmain route of exposure to pesticides

in workers.

The aim to this study was thus to determine thetiés of captan and folpet ring metabolites
in accessible biological matrices of dermally exgmbsvolunteers to better assess
biomonitoring data in workers. It also aimed to game the toxicokinetics of captan and
folpet metabolites, given the related chemical citme of the parent compound and initial

breakdown metabolites.
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MATERIALS AND METHODS

Study design

The study design was similar to the one previodsiscribed for volunteers orally exposed to
the same fungicides and reported in Berttetl. (2011a). Thus, a controlled kinetic time
course study in accessible biological matricesed#lthy subjects was conducted following a
dermal exposure to captan and folpet. Captan adpétfmetabolites were measured in urine
and blood samples collected prior to treatment Iaio pre-test values, and then at
predetermined time points post-dosing (amounting total of 9 samples for plasma and 11

samples for urine).

The experimental protocol and consent forms werpraed by the Permanent Ethics
Committee for Clinical Research of the Faculty adlBgy and Medicine of the University of
Lausanne and the Research Ethics Committee ofabeltly of Medicine of the University of
Montreal. All the participants gave their writteansent, and were informed of the risks of
participating and their right to withdraw from tls¢udy at anytime. As suggested by the
Ethics Committee who considered the study as vesyrictive, the participants received a

monetary compensation for their time and any ineoience caused.

Subjects studied

Participants were recruited on a voluntary basisragrthe medical students of the University

of Lausanne, Switzerland. The volunteers were ma& students aged from 20 to 30 years

old, weighing 60 to 85 kg and measuring 169 to d®4 They were healthy, non-smokers and



did not take medication or drugs. They underwemntedical examination by an occupational
physician prior to enrolment. They had never begmosed to captan or folpet, except an
acute oral dose of 1 mg kgwo weeks before, and perhaps through their deting the
study period and the two-days prior to dosing, tweye asked not to eat fruits and vegetables
in order to limit ingestion of contaminated foodhely were also requested to avoid
consumption of alcohol during this period, sinces iknown to affect the metabolism of some

chemical compounds.

Dosing and sampling

The experimental dosing and sampling was also adrduat the Institute for Work and
Health of Lausanne, Switzerland. The morning otigtanset, each participant was asked to
collect his complete first morning urine void, tbtain pre-test values; they then spent the
first day of the study in a room at the Institute losing and the first 12-h sampling. On the
following 3-day sampling period, participants wsltthe Institute for their daily morning

blood sampling and handing-in urine collections.

A dose of captan or folpet equivalent to 10 mg kgdy wt was applied on 80 érof one of
the forearm of each volunteer (n = 5 for captan and 4 for folpet). Fungicides used to
prepare the exposure dose of volunteers were CRESTANAL® (assay (HPLC) area 99.1
to 99.4%) and Folpet PESTANAL(assay (HPLC) area 99.5 to 99.9%). Both were mset
from Fluka — Sigma-Aldrich (Buchs, St Gallen, Switand). The single dose was weighted
in a labelled glass container and adjusted to thight of each volunteer. The fungicide dose
was dissolved in 30 mL of acetone, mixed and adpbe the skin. To ensure that the dose

was applied on 80 ¢ma 20 x 4 cm cardboard frame was fixed on theaiwneof each
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volunteer to delimit the area. To avoid injuring tbarticipant, a plastic pipette was used to
apply the dose. The participants washed their anhy 84 h following application. The
exposed area was not occluded to avoid influenabgprption (Feldmann and Maibach,
1974; Wester and Maibach, 1983; Cugatyal, 2004; Carderet al, 2005), except some of the

participants wore long sleeve shirts since theyswias performed during the winter season.

Complete micturitions were then collected at preedrined times over the 96—h period post-
dosing, that is at around 0, 3, 6, 9, 12, 24, 8660, 72, 84 and 96 h post-dosing. Each timed-
void was collected in separate polypropylene Nad@bottles of 1 |. To assist participants,
they received a schedule specifying the date aadduired time of urine collection. They
then only had to complete the sheet with the adtored of collection and to indicate whether
or not there were any urine losses. They also tiadentify their plastic bottles with distinct

pre-printed labels indicating the code, and maekdate and time of urine collection.

Once collected, urine samples were kept in thegesfator prior to measurement of total urine
volume per void. To allow repeated analysis whi®iding possible degradation due to
freezing and defreezing of samples, each urineecitin then was aliquoted in 4 labelled
tubes of 15 ml and one bottle of 120 ml beforeagerat -20°C until analysis of captan or

folpet metabolites.

Blood samples of 15 ml were also collected at d$petimes, thatis att =0, 2, 4, 6, 8, 10, 24,
48 and 72 h post-dosing. To facilitate collectiancatheter was installed by a nurse prior to
dosing along with a drip system of physiologicdlreathe first day of sampling. Blood was

withdrawn by the nurse into vacutainers pre-laleNgth a code, the date and time of

sampling. Immediately after collection, blood saesplere centrifuged to precipitate red



blood cells and isolate plasma. The plasma sanvpdes then split into 3 labelled aliquots

and stored at -20°C until analysis of captan atgktanetabolites.

During the study period, volunteers were also askedill a questionnaire to document
personal information (weight, height), life habi(se. physical activities, smoking),

medication intake (including ibuprofen), alcoholnsamption during the 3 days prior to
treatment, consumption of fruits, vegetables anéals during the 4 days prior to treatment

and possible dosing-related symptoms.

Chemicals and reagents

Reference standards (>99% purity) were obtainech fRigma-Aldrich (Buchs, St Gallen,
Switzerland), except for deuterated cis-1,2,3,tstdrophthalimide (THPI-d) (99% purity),
which was purchased from Cambridge Isotope Laboestdnc. (Andover, MA, USA). HPLC
grade acetonitrile, methanol, ethyl acetate andhloiomethane were also obtained from
Sigma-Aldrich (Buchs, St Gallen, Switzerland), gon with N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA), theagent used to derivatize the phthalic acid
molecule. HClI and ammonium sulphate were purchdsmd Merck (Zug, Switzerland).
Water was purified using a TKA GenPure water treatinsystem obtained from TKA

Wasseraufbereitungssysteme GmbH (Niederelbert, &grm

Analysis of THPI and PI in plasma and urine

A liquid chromatography - atmospheric pressure abalmionization-tandem mass

spectrometry (LC/APCI-MS/MS) method was developednalyze THPI and Pl in urine and
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plasma, and is described elsewhere (Beghat, 2011b). Briefly, THPI and Pl were isolated
by solid phase extraction (SPE) (in the case dmbk following a denaturation of proteins),
eluted in dichloromethane and analyzed using aaviaMlodel 212-LC Binary Gradient LC
system (Les Ulis, France) connected to a Prostateh#10 autosampler (Varian, Les Ulis,
France) and coupled to a Model 1200 L quadrupole(Wegian, Les Ulis, France) operating
in APCI mode. The APCI interface was operated igatiee ion mode. The compounds were
separated using a;f£Zorbax Eclipse Plus column (4.6 x 150 mm, 3.5 [frain Agilent
(Morges, Switzerland). The mobile phase consisteéloent A composed of 90% water and
10% acetonitrile (9:1), and eluent B of 10% wate©6% acetonitrile (1:9). For THPI
analysis, 10 ul of the sample were injected andicgluvas performed in 26 min using a
solvent gradient at a flow rate of 0.8 ml Mjrand for PI analysis, 10 pl of the sample were
also injected and elution was performed in 33 mimsocratic mode at a flow rate of 0.8 ml
min™. The fragments analyzed wargz 149.4/95.6 for THPI with a collision energy (CH) o
19.5 V,m/z156.1/95.6 for the internal standard THPI-d (CE22f5 V) andm/z145.8 for PI
(no fragmentation). The analytical limit of detectifor THPI was 3.82 nmot*lof urine and
9.76 nmol 1 of plasma and, for PI, 7.72 nmé! bf urine and 14.8 nmot*lof plasma. The
guantification of THPI or Pl was obtained from stard calibration curves prepared in urine

or plasma adjusted by the THPI-d internal standaréace area.

Analysis of phthalic acid in urine

A gas chromatography mass spectrometry (GC-MS) odetras developed for the analysis of
phthalic acid in urine, as previously describedr{Betet al, 2011c). In short, urine samples
were subjected to an acid hydrolysis prior to ligliquid extraction with ethyl acetate and

derivatization with N,O-bis(trimethylsilyl)trifluaacetamide (BSTFA). Analysis was then



performed using an Agilent Mass Selective Dete(8D) G1098A (Agilent Technologies
Inc, Waldbronn, Germany) coupled with a HP 5973 svsectrometer (Agilent Technologies
Inc, Waldbronn, Germany). Separation of the analytas performed using a 60 m CP-SIL 8
CB column (1 pum film thickness, 250 um 1.D.) (Varides Ulis, France). The initial column
temperature was 200°C for 3 min, then it was ineedao 260°C at 30°C nifn held for 11
min, and finally increased to 280°C at 35°C thiemd held for 4 min. For the analysis, 2 pl
were injected using a 5 ml mirsplit. The ions monitored were trimethylsilyl phtic acid
(TMS phthalic acid) withm/z 295 and and the internal standard TMS methylhigpacid
with m/z 220. The quantification was obtained from standazaiibration curves of phthalic
acid prepared in urine and adjusted by the metpglimic acid internal standard surface area.

The analytical limit of detection was 0.6 umdlurine.

Calculations

The molar fraction of captan or folpet administcatiose recovered in urine as THPI, PI or

phthalic acid was calculated from the following atjon:

I[ <Qurlnary metabolite ) —!
| MWmetabollte |
l Doseparent compound J

arent compound

x 100

where Qiinary metaboliteCOrresponds to total amounts of THPI, Pl or pithatid in urine over
the 96-h urine collection period (Mmg), MMént compoundS the molecular weight of captan or
folpet, MWhetaboiteiS the molecular weight of THPI, Pl or phthaligchand DoSgarent compound

is the orally administered dose of captan or fo(peg).



171

Toxicokinetic analysis

To determine elimination rate constants of THPI Bihéh plasma and in urine, we considered
that, following peak levels, elimination was monapic and a first-order reaction. The
elimination rate constank)was thus calculated from the slope of the lineamninal phase of
the plasma or urine time profile. The apparent iglaion half-life ¢;,) was then defined

using the equatiofi, = 0.693k™* (Hayes, 2008).

From plasma concentration (C) - time profile, wesoalcalculated the area under the
concentration-time curve (AUC), the area underfitts¢ moment of concentration-time curve
(AUMC), the mean residence time (MRT), the plasneamance (CL) and the apparent

volume of distribution (). Equations used to calculate these parameters are

AUC = 2Z(t t)[C() + C(tinn)]

AUMC = - Z(t b ) [EC(E) + tiaa C(tiny)]

AUMC
AUC

MRT =

_ Absorbed dose
B AUC

Vd = % where k is the overall elimination rate from dudo



RESULTS

Time courses of THPI and Pl in plasma

The time courses of THPI and PI in plasma of vaerg over the 72-h period following an
application of captan or folpet (10 mg kdody wt) are presented in Fig. 1. In control
samples taken prior to captan or folpet ingesttgh ¢oncentrations of THPI were below the
analytical limit of detection and those of PI warery low, in the order of 3.9 nmot'l
Following application, a progressive increase amspia levels of THPI and Pl was observed,
with peak levels being reached 24 h post dosingrfélPl and 10 h post-treatement for PI.
Subsequent elimination phase of THPI and PI froasmla over the 24- to 72-h period post-
dosing appeared monophasic with an apparent elimmaalf-life of 24.7 and 29.7 h,
respectively (Table 1). From the THPI and PI tinmefies in plasma, various toxicokinetic
parameters were calculated and are presented ile 2affhese show that following dermal
application, THPI had a greater bioavailability asidjhtly faster clearance rate than PI; on

the other hand, they had similar, relatively smadlume of distribution (V).

Time courses of THPI, Pl and phthalic acid in urine

Figure 2 presents the time courses of THPI, Pl@ttalic acid excretion rate in the urine of
volunteers over a 96-h period following applicatiwfl0 mg kg' body wt of captan or folpet.

As expected, these profiles evolved in unison with blood profiles (see Figure 1 for
comparison). It is readily observed from Fig. 2Hallowing peak excretion, elimination rate
time courses of Pl and phthalic acid were parallgl) mean apparent elimination half-lives

of 28.8 and 29.6 h, respectively, calculated fa 36- to 96-h period post-dosing (Table 1).
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THPI elimination was slightly faster with an appareelimination half-life of 18.7 h

calculated for the same period (Table 1).

Figure 3 displays the corresponding cumulative argirexcretion time courses of the three
metabolites over the 96-h collection period posthig. From these data, it was calculated
that 1.8% of the applied dose of folpet was recedeén urine as phthalic acid as compared to
only 0.002% for PI. This indicates that phthalicdawas present in urine in 1 000-fold higher
amounts than Pl despite the fact that they hadlaimirinary time-profiles and thus

elimination half-lives. By comparison, the percg@aof applied captan dose recovered in
urine as THPI was 0.02%, which is 10-fold higharthhe percentage of applied folpet dose

found as Pl in urine.



DISCUSSION

Kinetics of biomarkers of exposure to captan and fipet in dermally exposed volunteers

The present study provided novel data on the téxnatics of key biomarkers of exposure to
captan and folpet following dermal exposure in homaSuch dermal kinetic data were
lacking for both fungicides, not only in humans laigo in animals. The studied biomarkers
were found to be rapidly formed and eliminated froma body, with elimination half-lives

following dermal application in the order of 20-25for THPI and 30 h for folpet ring-

metabolites. No built up in the body was apparehimination from the body was complete
96 h post-treatment. The small percentage of desevered in urine as the studied

biomarkers also suggests a low dermal absorptawtiém of both captan and folpet.

Although dermal kinetic data on these specific ladkers were not available in the literature
for comparison purpose, the dermal absorptionueisgistribution and excretion of total
radioactivity has been documented in animals ddyneadposed to labelled captan or folpet
(Grissomet al, 1985; Shahet al, 1987; Fisheret al, 1992). These animal data are in
accordance with current results, showing a rapichieation of labelled dose following
dermal exposure and a low dermal absorption fractla particular, in one of the few
published dermal kinetic studies of captan in atsm@isheret al (1992) observed that, on
average, 82% of a dermally applied dose*6tring-captan (286 nmol ch) were recovered
in the analyzed tissues and fluids (kidneys, litetal skin, carcass, urine, feces and blood) of
aging Fischer 344 female rats (33 and 82 days) thve0-120 h collection period. After 120
h, on average, 10.8 and 11.5% of the applied desepenetrated young and adult skin,

respectively, and 9% of dose in young rats and b0%ose in adults were recovered as total
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radiactivity in urine. Similar to published oral gtiments in rats exposed to ring-labelled
captan, this implied that most of the absorbed daseexcreted in urine while very little was

excreted in feces.

Similarly, in one of the only dermal penetrationdst on folpet in animals, Shadt al. (1987)
estimated a low dermal absorption fraction, assaeskfrom analysis of radioactivity in skin
and carcasses at 72 h post-application of a lowljuneand high dose dfC-trichloromethyl
labelled folpet in Fisher 344 rats as well as imaiand feces collected over the 72-h period
post-dosing. On average 12% of the low dose ofetolpere calculated to be absorbed
through the skin during that time (application of @mol cni¥ on 2.8 and 5.6 cfrof young
and adult rats, respectively) as compared to onlgnd@ 1 % for the two higher doses

(application of 0.5 and 2.7 pmol &yrespectively).

The study ofKrieger and Thongsinthusak (1993) is the only a@é published time course
study of specific THPI biomarker in the urine oflwaeers exposed under controlled
conditions. In the latter study, two volunteers everally exposed to 0.1 and 1 mg*kgpptan
and it was observed that THPI represented 1 to f3#tecadministered dose. In a preliminary
attempt, captan was also applied to the handsafim®and inguinal region of the volunteers
(15 mg on 40 pg cihregion of the skin of volunteergeighing 150 and 84 kg) but the dose
was too low to allow quantification of THPI in uanNonetheless, they estimated a captan

dermal absorption of 0.3% per day for humans.

Furthermore, from the observed kinetic data in ¢hgent study, some essential biological
determinants can be identified. In particular, dieemal kinetics of the two studied biomarkers

of exposure to folpet, Pl and phthalic acid, exiedbisimilar time profiles, indicating that they



were governed by the same essential biologicalgsses. However, phthalic acid was found
to be present in much higher amounts than PI meyin line with the substantial metabolism
of Pl into acids documented by some authors folhgworal or intraperitoneal exposure
(Ackermanret al, 1978; Chasseawat al, 1991; Canal-Raffiret al, 2008; Gordon, 2010). In
particular, Canal-Raffiret al. (2008) reported an elimination half-life of on eage 2.5 h for
Pl in plasma following a single intraperitonealgfel dose of 10 mg Kgin Wistar rats.
Ackermannet al. (1978) also estimated a PI half-life of 2 h in fetiuses following an oral
administration of 2.5 mg kgof **N-phthalimide to pregnant Wistar-strain albino rats
observed a fast metabolism of Pl into phthalami@.adhis latter metabolite is then
transformed to phthalic acid, the final ring-met#ieoof folpet (Williams and Blanchfield,

1974).

By comparison, current results suggest that THP4& isiinor metabolite of captan, since
urinary amounts were found to represent only a gengll percentage (0.02%) of the dermal
dose in volunteers. This is corroborated by oraksvizalance data in animals following
radiolabelled doses, with specific identificatiohnoetabolites in urine, showing in particular
the presence of 3-hydroxy-4,5-cyclohexene-1,2-Oimamide (3-OH-THPI) derivative as a

more important metabolite (Lappin and Havell, 1980ydon, 2010).

Comparison of the kinetics of captan and folpet rig metabolites in dermally exposed

volunteers

This study also allowed comparing the kinetics aptan and folpet ring metabolites in
dermally exposed volunteers. Although these bioerarkre rapidly eliminated from the body

following dermal exposure with apparent negligiiksue accumulation, differences in the
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dermal kinetics of THPI ring-metabolite of captamc@mpared to that of Pl and phthalic acid
ring-metabolites of folpet were observed. THPI whsinated slightly faster than folpet ring-
metabolites. Dermal absorption fraction also apgpéanore important for folpet than captan
when comparing amounts of metabolites recoveredativie urine (1.8% of dermal folpet
dose recovered as phthalic acid in urine as corddar6.02% of dermal captan dose found as

THPI in urine with reference to 25 and 3.5% resipebt after oral administration).

Comparison of the dermal and oral kinetics of ringmetabolites of captan and folpet

When compared to oral kinetics, the dermal kineticsaptan and folpet ring-metabolites in
humans exhibited marked differences. Indeed, thenph time profile of THPI observed in
the current study following dermal application imlunteers together with calculated
toxicokinetic parameters can be compared to thes al@scribed in Berthedt al. (2011a)
following an oral administration in the same vokars. The apparent elimination half-life of
THPI calculated from the terminal elimination phaseng with the plasma clearance indicate
a somewhat slower elimination of THPI from plasrakofving dermal application than after
ingestion (average,tof 24.7 and 15.7 h, respectively; mean CL of Oz 0.18 | H,
respectively). THPI was also found to have a 1d@-folwer area under the curve following
dermal application than oral exposure (average AC37.3 and 1650 (nmol x i) kg,
respectively. As compared to ingestion, dermal eyp® is thus associated with a lower
absorption fraction and slower absorption rate, lfter influencing the elimination rate of

THPI from plasma.

Similarly, the current time courses of Pl in plasofaolunteers and associated toxicokinetic

parameters can also be compared to the oral timese® in the same volunteers described in



Berthetet al. (2011a). The apparent elimination half-life aasma clearance rate of Pl were
similar for both routes of exposure, showing a rgdgle effect of the dermal absorption rate
on elimination rate of Pl from plasma (average t£2%7 and 31.5 h, respectively; mean CL
of 0.13 and 0.09 I} respectively). On the other hand, Pl was founkaee a slightly higher
area under the curve following dermal applicatibant oral exposure (average AUC of 26.1
and 13.4 (nmol x h™) kg?), respectively; this is compatible with a propomglly more

extensive site-of-entry metabolism of PI into i&sidatives following oral administration.

The urinary time course of THPI observed in thigdgt following dermal application in

volunteers can further be compared to the one tegpan Bertheet al (2011a) following an

oral administration, again in the same voluntekr@ccordance with the plasma profiles, the
apparent elimination half-life of THPI calculatebrh urinary excretion rate time courses
indicates a slightly slower elimination of THPI lfmhing dermal application than ingestion
(averaget of 18.7 and 11.7 h, respectively). The percentaigeaptan dose recovered in
urine as THPI was also 175 times lower followingrndal exposure than after oral
administration (on average 0.02 versus 3.5%), attig a very low dermal absorption

fraction.

Similarly, the dermal time courses of folpet met@bs in urine can be compared to the ones
reported in Berthetet al (2011a) following oral exposure in the same vtders. In
accordance with the plasma profiles, the apparemiretion half-lives of Pl and phthalic
acid were similar for both routes of exposure, shgwa negligible effect of the dermal
absorption rate on elimination rate of Pl and plnthacid (average.4 of 28.8 and 27.3 h,
respectively for Pl, and 29.6 and 27.6 h for phthatid, respectively). On the other hand, the

percentage of folpet dose recovered in urine aar@l phthalic acid was 10- and 14-fold
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lower, respectively, following dermal exposure thafter oral administration (on average
0.002 versus 0.02% for Pl and 1.8 versus 25% foinghic acid), indicating a low dermal

absorption fraction.

Animal studies also confirm a lower absorption fi@t of captan and folpet following dermal
exposure as compared to an oral exposure. Indsetheationed previously, Fishet al.
(1992) estimated a dermal absorption fraction ofawerage 10.8 to 11.5% in Fisher rats
based on the time course in skin and excreta ou&0ah period following a dermal dose of
286 nmol cnif. As for Grissomet al (1985), they estimated a dermal penetration 8%67in
Dublin ICR mice dermally exposed to 1 mg’kgm? of *“C-captan, as assessed from analysis
of radioactivity in skin, tissues and excreta (arifeces and exhaled air) over a 24-h period
post-dosing. Moreover, again as mentioned prewoust average 12, 3 and 1% of folpet
were absorbed through the skin over a 72-h pentdwing a dermal application of 0.1, 0.5
and 2.7 pmol cif of radiolabelled folpet in Fisher rats, respediiy@&hahet al, 1987). By
comparison, following oral exposure, Trivedi (199Bserved that about 75% of a 10 mg kg
dose of*'C-ring labelled captan in male Sprague-Dawley vagge recovered in urine 4C-
equivalents over the 24-h period post-dosing aspeved to 6.5% in feces. Similarly,
following an oral administration of 10 mg k@f *‘C-labelled folpet in rats, Chasseaeidal.
(1991) also showed that 92% of the dose were reedvin urine as“’C equivalents as

compared to 6% in feces.



Potential use of ring-metabolites of captan and fpet as biomarkers of exposure in

workers on the basis of the current dermal kineticdata

The current dermal kinetic data in volunteers canvesto establish the potential use of ring-
metabolites of captan and folpet as biomarkerscpbsure in workers. Although THPI and Pl
in urine represented only a small fraction of tippleed dose, their kinetics could easily be
established in exposed volunteers. Given these adaththe fact that THPI and Pl are
metabolites specific to captan and folpet, respelstj as well as the availability of simple and
sensitive analytical methods for their detectidmirt use as bioindicators of exposure to
captan and folpet should be further consideredarker biomonitoring studies. The measured
phthalic acid is less specific since it is also lahplate metabolite (Blourgt al, 2000;
Vermeuleret al, 2001; Katcet al, 2005; Limet al, 2007, Silveet al, 2007). However,it is a
major biomarker of folpet and its measurement caigefully serve in combination with that

of Pl to assess worker exposure.

It should be mentioned that the ring-metabolitestarbe used as bioindicators of exposure
and thus to reflect absorbed doses of captan petiolhese biomarkers are not implicated in
the pathways leading to toxicity. Eventual assessnoé metabolites derived from the
thiophosgene moiety (DeBawt al,1974) may help link biomarkers of exposure to pbé

health outcomes.

As compared to current results, some differencehendermal absorption fraction and rate
may be observed in the context of a dermal expasumdrkers, given the use of acetone as a
vehicle for dose administration in this study, whenhances permeability of the skin and thus

absorption (Tsaget al, 2001). Some differences in the absorption coldd accur in workers
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depending on the anatomical site exposed (FeldnaamthMaibach, 1974). However, the
forearm was selected in the present study as thiecapon site, since hands and arms are the
anatomical regions most exposed in workers (Mgjiled al, 1983; Zweiget al, 1985; de

Cocket al, 1998; Hughest al, 2006; Ngcet al, 2010).

Overall, the present study provided new data ofdbaemal kinetics of key biomarkers of

exposure to captan and folpet. It highlighted ddtons in the kinetics of captan and folpet
phthalimide derivatives, but also route-to-routdfedences. However, THPI and Pl appeared
as convenient biomarkers to quantify captan orefogxposure. As for phthalic acid, even if it
is not a metabolite specific to folpet, it is aidative of Pl that can be used to corroborate

results obtained for PI.



Acknowledgements

Authors wish to thank Dr. Michele Berode and thehtécians P. Stefan, M. Nobel and C.
Kohler (Institute for Work and Health) for theirlpan organizing the study. We also thank
Dr. Khanh Huynh (Institute for Work and Health) fos help with the LC/MS/APCI system.
The study was funded by the ANSES (Agence Natiordde Sécurité Sanitaire de
'alimentation, de I'environnement et du Travailhda Aurélie Berthet received a Ph.D.
scholarship from thénstitut de recherche Robert-Sauvé en santé etrisg€alu travail du

Québedor this research.



183

REFERENCES

Ackermann H, Faust H, Kagan YS, Voronina VH. 19¥&tabolic and Toxic Behaviors of
Phthalimide Derivatives in Albino-Rat .2. PlacenRdssage of Chloromethyl Phthalimide,
Oxymethyl Phthalimide, and Phthalimide - Their Féf®tabolism.Arch. Toxicol.40: 255-

261.

Baldi I, Lebailly P, Jean S, Rougetet L, Dulaure®t Marquet P. 2006. Pesticide
contamination of workers in vineyards in FrangeExpo. Sci. Environ. Epidemidl6: 115-

124. DOI: 10.1038/sj.jea.7500443.

Berthet A, Bouchard M, Vernez D. 2011a. Toxicokicebf captan and folpet biomarkers in

orally exposed volunteerk press DOI: 10.1002/jat.1653.

Berthet A, Bouchard M, Schipfer P, Vernez D, DanlBeHuynh C K. 2011b. A liquid
chromatography - tandem mass spectrometry (LC/ARSIMS) method for the
guantification of captan and folpet phthalimide afetlites in human plasma and uridaal.

Bioanal. Chem339: 2243-2255. DOI: 10.1007/s00216-010-4601-z.

Berthet A, Berode M, Bouchard M. 2011c. Developmant validation of a chemical
hydrolysis method and GC-MS determination for patat and phtalic acids in urine

samples. Application to the assessment of Folpebsxeln press



Blount BC, Milgram KE, Silva MJ, Malek NA, Reidy JANeedham LL, Brock JW. 2000.
Quantitative detection of eight phthalate metabslitn human urine using HPLC-APCI-

MS/MS. Anal. Chem72: 4127-4134.

Canal-Raffin M, Receveur M, Martinez B, Titier Kh&yon C, Baldi I, Molimard M, Moore
N, Brochard P. 2008. Quantification methods of éldegradation products in plasma with
HPLC-UV/DAD: Application to an in vivo toxicokineti study in ratsJ. Chromatogr. B-

Anal. Technol. Biomed. Life S&865:106-113. DOI: 10.1016/j.jchromb.2008.02.011.

Carden A, Yost MG, Fenske RA. 2005. Noninvasivehuoétfor the assessment of dermal
uptake of pesticides using attenuated total refles infrared spectroscopAppl. Spectrosc.

59:293-299.

Chasseaud L, Wood S G, Cheng K, Hall M, Fitzpathgkgbal S, Barlett A. Metabolic fate
of “C-folpet in Sprague-Dawley rats. Huntingdon Redea@entre Ltd.: Huntingdon.

Unpublished Report No HRC/ MBS 41-91499.

Curdy C, Naik A, Kalia YN, Alberti I, Guy RH. 200Mon-invasive assessment of the effect
of formulation excipients on stratum corneum barfienction in vivo.Int. J. Pharm.271.:

251-256.

de Cock J, Heederik D, Kromhout H, Boleij JS M, Hée Wegh H, Ny ET. 1998. Exposure

to captan in fruit growingAm. Ind. Hyg. Assoc. 39: 158-165.



185

de Cock J, Heederik D, Hoek F, Boleij J, Kromhout ¥995. Urinary excretion of
tetrahydrophtalimide in fruit growers with dermadpesure to captarAm. J. Ind. Med28:

245-256.

DeBaun JR, Miaullis JB, Knarr J, Mihailovski A, MenJJ. 1974. The fate of N-
trichloro(14C)methylthio-4-cyclohexene-1,2-dicarboide((14C)captan) in  the rat.

Xenobioticad4: 101-119. DOI: 10.3109/00498257409049350.

Feldmann RJ, Maibach HI. 1974. Percutaneous peéiwetraf some pesticides and herbicides

in man.Toxicol. Appl. PharmacoRk8: 126-132.

Fenske RA. 1990. Nonuniform dermal deposition pastaluring occupational exposure to

pesticidesArch. Environ. Contam. Toxical9: 332-337.

Fenske RA, Schulter C, Lu C, Allen EH. 1998. Incdetg removal of the pesticide captan
from skin by standard handwash exposure assesgmneceduresBull. Environ. Contam.

Toxicol.61: 194-201.

Fiserova-Bergerova V. 1993. Relevance of occupatiskin exposureAnn. Occup. Hyg37:

673-685.

Fisher HL, Hall LL, Sumler MR, Shah PV. 1992. Detmpanetration of ['C]captan in young

and adult rats]. Toxicol. Environ. Healt36: 251-271.



Gordon EB. 2010. Captan and folpet.Handbook of pesticide toxicologirieger RI (ed).

Elsevier: New York; 1915-1949.

Gordon EB, Ehrlich T, Mobley S, Williams M. 2001.edsurement of the reaction between

the fungicides captan or folpet and blood thidlsxicol. Meth11: 209-223.

Greenburg DL, Rusiecki J, Koutros S, Dosemeci MePR, Hines CJ, Hoppin JA, Alavanja
MC. 2008. Cancer incidence among pesticide applisatexposed to captan in the
Agricultural Health StudyCancer Causes Contrdl9: 1401-1407. DOI: 10.1007/s10552-

008-9187-9.

Grissom RE, Brownie C, Guthrie FE. 1985. Dermal épsion of Pesticides in Micd?est.

Biochem. PhysioR4: 119-123.

Guo YLL, Wang BJ, Lee CC, Wang JD. 1996. Prevalenfedermatoses and skin
sensitisation associated with use of pesticideBui farmers of southern Taiwai®ccup.

Environ. Med53: 427-431.

Hansen JD, Schneider BA, Olive BM, Bates JJ. 1%&sonnel safety and foliage residue in
an orchard spray program using azinphosmethyl aptho.Arch. Environ. Contam. Toxicol.

7:63-71.

Hayes AW. 2008. Toxicokinetics. Principles and Methods of Toxicology' &dition Hayes

AW (ed). Taylor and Francis Group: Boca Raton; 239-



187

Hines CJ, Deddens JA, Jaycox LB, Andrews RN, $ti@d&F, Alavanja MCR. 2008. Captan
exposure and evaluation of a pesticide exposureridign among orchard pesticide

applicators in the agricultural health studywn. Occup. Hygh2: 153-166.

Hughes EA, Zalts A, Ojeda JJ, Flores AP, GlassRR@htserrat JM. 2006. Analytical method
for assessing potential dermal exposure to captaimg whole body dosimetry, in small
vegetable production units in ArgentinePest. Manag. Sci.62: 811-818. DOI:

10.1002/ps.1232.

Juraske R, Anton A, Castells F, Huijbregts MA. 20Bliman intake fractions of pesticides
via greenhouse tomato consumption: comparing medémates with measurements for

CaptanChemospheré7: 1102-1107.

Kao J, Carver MP. 1990. Cutaneous Metabolism ofalétics.Drug Metab. Rev22: 363-

410.

Kato K, Silva MJ, Needham LL, Calafat AM. 2005. Bethination of 16 phthalate
metabolites in urine using automated sample préparand on-line preconcentration/high-

performance liquid chromatography/tandem mass gpeetry.Anal. Chem77: 2985-2991.

Krieger RI, Dinoff TM. 2000. Captan fungicide exposs of strawberry harvesters using

THPI as a urinary biomarkefrch. Environ. Contam. Toxicd8: 398-403.



Krieger RI, Thongsinthusak T. 1993. Captan Metamlin Humans Yields 2 Biomarkers,
Tetrahydrophthalimide (THPI) and Thiazolidine-2-@he-4-Carboxylic Acid (TTCA) in

Urine.Drug Chem. Toxicoll6: 207-225.

Kromhout H, Vermeulen R. 2001. Temporal, personad apatial variability in dermal

exposureAnn. Occup. Hygd5: 257-273.

Lappin GJ, Havell LM. Captan:Biotransformation stud the rat. ICl Central Toxicology

Laboratory: Macclesfield. Unpublished report.

Lavy TL, Mattice JD, Massey JH, Skulman BW. 1993ddurements of year-long exposure
to tree nursery workers using multiple pesticidash. Environ. Contam. Toxico24: 123-

144.

Lim DS, Shin BS, Yoo SD, Kim HS, Kwack SJ, Aim M¥ee BM. 2007. Toxicokinetics of
phthalic acid: The common final metabolite of plithacid esters in ratd. Toxicol. Environ.

Health-Part A70: 1344-1349. DOI 10.1080/15287390701432293.

Lotte C, Wester RC, Rougier A, Maibach HI. 1993.cidh differences in the in vivo
percutaneous absorption of some organic compoanctamparison between black, Caucasian

and Asian subject#&rch. Dermatol. Re84: 456-459.

Mangelsdorf S, Otberg N, Maibach HI, SinkgravenS&rry W, Lademann J. 2006. Ethnic
variation in vellus hair follicle size and distriiion. Skin Pharmacol. Physioll9: 159-167.

DOI: 10.1159/000093050.



189

Mcijilton CE, Berckman GE, Deer HM. 1983. Captan &qgre in Apple Orchardé&im. Ind.

Hyg. Assoc. J4: 209-210.

Ngo MA, O'Malley M, Maibach HI. 2010. Percutane@issorption and exposure assessment

of pesticidesJ. Appl. Toxicol30: 91-114. DOI: 10.1002/jat.1505.

Poet TS, McDougal JN. 2002. Skin absorption and dnumisk assessmenthem. Biol.

Interact.140: 19-34.

Ritcey G, Frank R, McEwen FL, Braun HE. 1987. Captasidues on strawberries and

estimates of exposure to pickessill. Environ. Contam. ToxicoB8: 840-846.

Shah PV, Fisher HL, Sumler MR, Monroe RJ, Cherndff 1987. Comparison of the
Penetration of 14 Pesticides Through the Skin afingpand Adult-Rats]. Toxicol. Environ.

Health21: 353-366.

Silva MJ, Samandar E, Preau JL Jr., Reidy JA, Naedh L, Calafat AM. 2007.
Quantification of 22 phthalate metabolites in hurnane.J. Chromatogr. B Analyt. Technol.

Biomed. Life Sci860: 106-112. DOI: 10.1016/j.jchromb.2007.10.023.

Tielemans E, Louwerse E, de Cock J, Brouwer D, sl G, Heederik D. 1999. Exposure to
fungicides in fruit growing: Re-entry time as a guitor for dermal exposurém. Ind. Hyg.

Assoc. J60: 789-793.



Trivedi S. Captan: Excretion mid tissue retensiba songle pral dose (10 mg/kg) in the rat.

ICI Central Toxicology Laboratory: Macclesfield. published report No CTL/P/2820.

Tsai JC, Sheu HM, Hung PL, Cheng CL. 2001. Effectbarrier disruption by acetone
treatment on the permeability of compounds withotes lipophilicities: Implications for the

permeability of compromised skid. Pharm. Sci90: 1242-1254.

United States Environmental Protection Agency (UBAE Initial scientific and mini-
economic review of captan. Office of Pesticide FPaogs, Criteria and Evaluation Division:

Washington. Report No -EPA/540-1-75-012.

van Welie RT, van Duyn P, Lamme EK, Jager P, vaarBaL, Vermeulen NP. 1991.
Determination of tetrahydrophtalimide and 2-thia#tolidine-4-carboxylic acid, urinary
metabolites of the fungicide captan, in rats anehdms.Int. Arch. Occup. Environ. Health3:

181-186.

Verberk MM, Brouwer DH, Brouwer EJ, Bruyzeel DP, EBen HH, van Hemmen JJ,
Hooisma J, Jonkman EJ, Ruijten MW, Salle HJ. 199€alth effects of pesticides in the

flower-bulb culture in HollandMed. Lav.81: 530-541.

Vermeulen R, Kromhout H, Bruynzeel DP, de Boer EBtunekreef B. 2001. Dermal
exposure, handwashing, and hand dermatitis in thigber manufacturing industry.

Epidemiologyl2: 350-354.



191

Vermeulen R, Stewart P, Kromhout H. 2002. Dermglosxire assessment in occupational

epidemiologic researclscand. J. Work Environ. Heal#8: 371-385.

Wester RC, Maibach HI. 1983. Cutaneous pharmacb&selQ steps to percutaneous

absorptionDrug Metab. Revl4: 169-205. DOI: 10.3109/03602538308991388.

Williams DT, Blanchfield BJ. 1974. Retention, extwa and metabolism of phthalic acid

administrated orally to the rdull. Environ. Contam. Toxicol2: 109-112.

Winterlin WL, Kilgore W W, Mourer C R, Schoen S R984. Worker Reentry Studies for

Captan Applied to Strawberries in California Agric. Food Chen82 664-672.

Winterlin WL, Kilgore WW, Mourer CR, Hall G, Hodapp. 1986. Worker Reentry Into

Captan-Treated Grape Fields in CaliforsAach. Environ. Contam. Toxicdl5: 301-311.

Wolfe NL, Zepp RG, Doster JC, Hollis RC. 1976. GapHydrolysisJ. Agric. Food Chem.

24:1041-1045.

Woollen BH. 1993. Biological monitoring for pestiei absorptionAnn. Occup. Hyg37:

525-540.

Zainal H, Que Hee SS. 2003. Folpet permeation tiroutrile glovesAppl. Occup. Environ.

Hyg.18: 658-668.



Zweig G, Leffingwell JT, Popendorf W. 1985. Theat@nship between dermal pesticide
exposure by fruit harvesters and dislodgeablerfodisiduesJ. Environ. Sci. Health BO: 27-

59.



193

Table 1. First-order elimination half-lives of THPI and Ri plasma and of THPI, PI
and phthalic acid in urine following application 0 mg kg of captan or folpet on the

forearm of volunteers.

Mean first-order
Coefficient of
elimination half-life

Metabolites Matrices determination
(hy*
(R?)
(n=5)
THPI Plasma 24.7 0.99
Urine 18.7 0.86
Pl Plasma 29.7 0.93
Urine 28.8 0.90
Phthalic acid Urine 29.6 0.86

2 The apparent elimination half-lifé;6) was calculated using the equatign = 0.693k™,
wherek is the elimination rate constant obtained fromdlope of the linear terminal phase of

the plasma profile (24-72 h) or urine excretiorer@ne course (36-96 h) for each metabolite.



Table 2. Toxicokinetic parameters for THPI and Pl in plasofiaolunteers following a

dermal application of 10 mg Kgpf captan or folpet on 80 émof the forearm.

First order toxicokinetic values

THPI Phthalimide
Model parametefs Mean SD Mean SD
(n=5) (n=4)
AUC [(nmol x h ") kg] 137.3 43.38 26.01 14.36
AUMC [(nmol x i 1) kg™] 4772 1929 532.2 152.5
MRT (h) 34.07 5.52 22.50 5.54
CL (1 hh 0.24 0.07 0.13 0.06

vd () 7.44 2.14 6.07 2.57
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Captions to figures

Figure 1. Time courses of THPI and Pl in plasma of voluntdexpressed as nmol) over
a 72-h period following a single application of @ kg* of captan or folpet on 80 dnof the

forearm. Each point represents mean and verticaldra standard deviations.

Figure 2. Time courses of THPI, Pl and phthalic acid excretiate in urine (expressed
as nmol/h) of volunteers over a 96-h period follegvia single application of 10 mg kof
captan or folpet on 80 ¢nof the forearm. Each point represents mean artitakbars are

standard deviations.

Figure 3. Time courses of THPI, Pl and phthalic acid cumutatexcretion in urine
(expressed as nmol) of volunteers over a 96-h gdatbowing a single application of 10 mg
kg' of captan or folpet on 80 ¢émf the forearm. Each point represents mean anitaer

bars are standard deviations.
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ABSTRACT

Captan and folpet are two fungicides largely useddriculture, but biomonitoring data are
mostly limited to punctual measurements of urineoypcentrations of captan metabolites in
workers, which restricts interpretation of resutisterms of internal dose estimation, daily
variations according to tasks performed and mastigible routes of exposure. This study
aimed at performing repeated biological measuresnehtexposure to captan and folpet in
field workers to i) better assess internal dosex@laith main routes-of-entry according to
tasks and ii) establish most appropriate sampling analysis strategies. The urinary
excretion time courses of specific and non-spedfmmarkers of exposure to captan and
folpet were established in tree farmers and wingegre over a typical work week (7
consecutive days), including spraying and harvesviges following a re-entry delay. The
effect of the units of expression of urinary measugnts (excretion rate values adjusted or
not for creatinine contents or cumulative amoumnsr @iven time periods (8, 12, 24 h)) was
evaluated. Absorbed doses and main routes-of-eméne then estimated from the 24-h
cumulative urinary amounts, through the use ofn@tic model. The time courses showed that
exposure levels were higher during spraying thaudsa activities (following the required re-
entry delay). Model simulations also suggest atéohiabsorption in the studied workers and
an exposure most plausibly mainly through the dermae. It further pointed out the use of
expressing biomarker values in terms of body-wemgjusted amounts in repeated timed-
urine collections over the longest feasible pefiaa 24 h in the current case) as compared to
concentrations or excretion rates in spot samplathout the necessity for creatinine
corrections, as well as the advantage of perfornmmgtiple biomarkers measurements to

most accurately measure worker exposure.
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INTRODUCTION

Captan  N-(trichloromethylthio)-4-cyclohexene-1,2-dicarboxtte) and folpet N-
[Trichloromethylthio]phthalimide) are two commorcdrboximide fungicides used in various
crops. Captan was patented by Kittleson (1952)fastdintroduced in 1951, while folpet was
first registered as a pesticide in 1948. Both conmgs have thus been used by workers for
almost 60 years, but their health effects are stititroversial and mostly documented from

animal toxicity studies.

The U.S. Environmental Protection Agency (1975;)9@itially classified both fungicides
as probable human carcinogens (B2) based on asased incidence of duodenum tumors in
mice chronically exposed to high doses by gavagevdver, in 2004, the Agency revised the
classification of captan and changed it to “noel§K considering that the doses administered
to the mice were much higher than those encounteredcupational settings and induced
proliferation of nascent tumors through cytotoxicind cell hyperplasia (Gordon, 2007; US
EPA, 2004). Similarly, Cohept al. (2010) demonstrated in their review that folpehat
likely to be a human carcinogen for the same remassncaptan, and Greenbuigal. (2008)
found no evidence of an increase in the inciderfceaacer among applicators exposed to
captan over a 9-year period. Captan has also blessifeed as a Group 3 carcinogen (or
limited evidence of carcinogenicity in experimeraaimals) by the International Agency for
Research on Cancer (IARC, 1987) and in Group A3c@nfirmed animal carcinogen with
unknown relevance to humans) by the American Cenfar of Governmental Industrial
Hygienists (ACGIH, 2010). As for folpet, it is aelily not listed in the index of the latter two

organizations.
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Even though no systemic toxicity of captan and dblpvas reported in humans, both
fungicides are considered as sensitizers and stratants of the eyes, skin and respiratory
airways (ACGIH, 1991; Costa, 2008; Edwarefsal, 1991; Gordon, 2010; Hayes, 1982;
NIOSH, 2007; Tomlin, 1997; Trochimowica al, 1991; US EPA, 1999; US EPA, 2004). A
few studies reported skin problems (i.e. allergactions, dermatitis) in workers exposed to
captan or folpet (Burroughs and Hora, 1982; @ual, 1996; Lisiet al, 1987). Burroughs
and Hora (1982) also mentioned that 48.4% of warlenployed in a fungicide production
plant stated having eye problems (i.e. burninghimg and tearing of eyes) and 58.1%
declared respiratory problems (i.e. dry throateshwoat, coughing, wheezing, shortness of
breath, difficulty breathing)n(= 66). As a result, occupational guidelines wea@psed for
captan, namely a TLYTWA of 5 mg/n? (ACGIH, 2010) or a Recommended Exposure
Limit (REL®) of 5 mg/n? (NIOSH, 2007), but none are available to datefdipet, except the
recommendation by the US EPA (1999) to wear glaviesn handling the product. Therefore,

risks related to occupational exposure to captaneapecially folpet are not well defined.

Worker exposure and absorption may also be affdoyedultiple factors and conditions. For
instance, in addition to frequent reported facsarsh as the dose, exposure duration, vehicle,
skin conditions and its composition, or physicoclmicharacteristics of compounds, others
factors such as the type of crop, meteorologicalditons, the delay of re-entry, or work
habits and practices may also be important detemtsnof exposure and absorption (Geer
al., 2004; Hughest al, 2006; Stewaret al, 2001; Tielemanet al, 1999; Winterlinet al,

1986; Zweiget al, 1985).

To identify factors or activities most likely to drease worker exposure to captan, some

authors have performed environmental measuremsirig personal dosimeters or skin pads,



while assessing the impact of wearing masks or heahing (Burroughs and Hora, 1982;
Mcijilton et al, 1983; Oudbieret al, 1974; Ritceyet al, 1987; Stevens and Davis, 1981;
Tielemanset al, 1999; Zweiget al, 1985). However, external exposure measurements ar
known to present limitations and to lead to ovenestions of true absorbed doses. The best
means of accurately assessing worker exposurectotgpe of compound is recognized to be
through biological monitoring, since it allows @s#ting actual rather than potential
absorption by workers and integrating exposurelbgoates (de Coclet al, 1995; He, 1993;

Woollen, 1993).

Some field studies have attempted to associate r@maental measurements with
biomonitoring data to assess captan exposure (@& €oal, 1995; Hanseret al, 1978;
Hineset al, 2008; Krieger and Dinoff, 2000; Lawt al, 1993; Maddyet al, 1989; Winterlin

et al, 1984; Winterlinet al, 1986), but poor correlations were obtained. Thetsdies, as
well as those of van Weliet al. (1991) and of Verberlet al. (1990) which used only
biomonitoring, assessed worker exposure for a maxinthree consecutive days, with
incomplete collections; typical tasks involving @otial exposure to captan (e.g. spraying and
harvest activities) were also assessed in workéwsiever, according to some authors (Ross
et al, 2001; Thongsinthusaét al, 1999; Woollen, 1993), to accurately estimate giigm,
especially though the dermal route, the optimal @arg protocol would be to collect 24-h
voids for seven days, in a worker performing défartasks during a workweek and thus

subjected to various exposure scenarios.

By comparison with captan, there is a paucity adldan occupational exposure to folpet,
although it is also widely used in agriculture. Tovdy available data comes from a health

hazard report conducted by the NIOSH (Burroughs ldadh, 1982) to evaluate captan and
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folpet exposure in about 60 employees working ifurgicide production plant through

environmental and medical evaluation.

There is thus a need to better assess occupagapabure to these two fungicides and this
can effectively be achieved through biomonitorihgpnetheless, such approach requires a
minimum knowledge of the toxicokinetics of the caupd under study, hence of major
metabolites, together with a sensitive analyticathnd for their quantification in accessible
biological matrices (Wester and Maibach, 1983;Wagll1993). For the biomonitoring of
worker exposure to captan, tetrahydrophthalimidelRl) was quantified in the published
studies as a urinary metabolite of captan due gcstidbility. This was confirmed by our
previous kinetic studies in volunteers orally arerndally exposed to captan in controlled
conditions (Bertheet al, 2010a; Berthegt al, 2010b). According to the time course data of
Berthetet al (2010a,b), phthalimide (PI) and total ring-metébe of folpet (expressed as

phthalic acid (PA)) also proved to be two suitalilemarkers of folpet exposure.

This study thus aimed at i) better assessing dturali worker exposure to captan and folpet
through repeated biological measurements follovapiaying and harvest activities (internal
dose and main route-of-exposure) and ii) estallgshmost appropriate sampling and analysis

strategies.



MATERIALS AND METHODS

Study design

The detailed time profiles of key biomarkers of esypre to captan and folpet were
characterized in the urine of agricultural worketbjected to different exposure scenarios,
preparing/mixing/loading/spraying activities andrniest activities following the required
delay of re-entry. Captan and folpet ring-metaleslitvere quantified in pre-seasonal urines
and, for each exposure scenario, in all urinesasbiover seven consecutive days. From these
data, the dose absorbed by workers and main rdwgaty were estimated using
toxicokinetic models previously developed by owante which allow to reconstruct absorbed
doses of captan and folpet from biomarker data idensg different exposure scenarios

(Herediaet al, 2011a,b).

The experimental protocol and consent forms werprayed by the Permanent Ethics
Committee for Clinical Research of the Faculty adlBgy and Medicine of the University of
Lausanne and the Research Ethics Committee ofabeltly of Medicine of the University of
Montreal. All the participants gave their writteansent, and were informed of the risks of

participating and their right to withdraw from teeidy at anytime.

Studied workers

Participants were recruited on a voluntary basisragree farmers and winegrowers living

within a 100-km area from Lausanne (Switzerlandppximately twelve workers were

contacted, but only five persons accepted to ppsie, namely two tree farmers (exposed to
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captan) and three winegrowers (exposed to folphig to the restrictive protocol. All
participants were male workers aged between 35%angkars of age, weighing 74 to 115 kg
and measuring 178 to 192 cm. They were healthynandsmokers, and underwent a medical

examination by an occupational physician priorricoément.

Urine sample collection

Urine sample collections were conducted over searsecutive days (or 168 h) following
two different types of exposure, namely sprayingvd®es (including preparing, mixing and
loading tasks) and harvest activities following trexjuired re-entry delay (i.e. pruning,
thinning), except for one winegrower performingueat activities who collected all his urine
voided over a 72-h period. During the collectiorrip@, several spraying techniques were
used by the studied workers (i.e. tractors withsetb or half-opened cabins, small airblast
sprayers and back air-sprayers) and sampling waducted during the season period thought

to be associated with worst exposure scenarios.

More specifically, to determine urinary baselingels of the studied metabolites, a pre-
seasonal complete first-morning void was colledtedeach worker; during this period, they
were not occupationally exposed to captan or folpdtthe beginning of the fungicide
treatment period, workers were then asked to peoalturine voided during the course of a
typical workweek involving a spraying episode ofptzan or folpet (in general, a 168-h
collection period with spraying the first samplidgy). Each void was collected in separate
polypropylene Nalgerfebottles of 1 |; workers were asked to indicate dage and time of

urine collection on the pre-coded bottle labels.



During the high season of thinning activities amdning of vineyards or orchards, the same
workers were again asked to provide a second rofingine collection. During this period,
the vegetation was dense and abundant, and wovkems easily in contact with treated
leaves. All urine voided during the course of aidgbworkweek involving harvest activities
were thus collected following the required delayrefentry (in general, a 168-h collection
period with harvest activities on several daysueal weeks (at least two) separated the two

exposure scenarios.

Once collected, urine samples were kept in thegexfator and daily picked up by our team.
Total urine volume per void was then measured upaival at the laboratory. To allow

repeated analysis while avoiding possible degradatue to freezing and thawing of samples,
each urine collection was then aliquoted in 4 lieldetubes of 15 ml and one bottle of 120 ml

prior to storage at -20°C until analysis.

In addition, during each urinary collection periogdprkers were invited to complete a
timesheet with the actual time of each voiding sméhdicate whether or not there were any
urine losses. They were also asked to fill a qoesfiire to document personal factors
(weight, height), information related to sprayingdaharvest activities (i.e. commercial
product name, application days, techniques, taskeyk habits (i.e. safety equipments,
decontamination tasks, hand washing), treatmemsdiher captan/folpet treatments or other
pesticides sprayed during the study period), ligbits (i.e. physical activities, smoking),
medication intake (including ibuprofen) and possiBymptoms during workdays. Distinct
guestionnaires were elaborated for the two exposuemarios and adapted to the tasks

performed.
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Sample analysis

THPI and PI.THPI and Pl were quantified in urine accordingrie method of Berthedt al.
(2010c). In short, THPI and Pl were isolated byidsqhase extraction (SPE), eluted in
dichloromethane and analyzed by liquid chromatdgyap atmospheric pressure chemical
ionization-tandem mass spectrometry (LC/APCI-MS/M$) negative ion mode. The
fragments analyzed wera/z 149.4/95.6 for THPImM/z 156.1/95.6 for the internal standard
THPI-d, andm/z 145.8 for Pl (no fragmentation). The analyticahiti of detection in urine
was 3.82 nmol't and 7.72 nmorlt for THPI and PI, respectively. The quantificatiofiTHPI

or Pl was obtained from standard calibration cupepared in urine or plasma adjusted by

the THPI-d internal standard peak area.

Phthalic acid.Total ring-metabolites of folpet, expressed asd@pivalents, were measured
according to the method of Berthadtal. (2010d). Briefly, urine samples were subjectedro
acid hydrolysis prior to liquid-liquid extractionith ethyl acetate and derivatization with
N,O-bis(trimethylsilyDtrifluoroacetamide (BSTFARnalysis was then performed using a by
gas chromatography — mass spectrometry (GC-MS).idre monitored were trimethylsilyl
phthalic acid withm/z295 and the internal standard TMS methylhippudd avith m/z 220.
The quantification was obtained from standard catibn curves of PA prepared in urine and
adjusted by the methylhippuric acid internal staddeeak height. The analytical limit of

detection was 60.2 nmot urine.

Creatinine

Creatinine was measured in urine by an alkalineiigcid method with deproteinization,



namely by the Jaffé method with deproteinizationzgnatic colorimetric test PAP from

Boehringer Mannheim, Germany).

To adjust THPI, Pl and PA urinary excretion ratgs doeatinine contents, the following

equation, described by Viaat al. (2004), was used:

[ACreatinine

Ametabolite _ [(Ametabolite A—t]mean
[( At )]Adj B [( At )] % [ACreatinine]
At i

Where[(Ameome)] | is the adjusted excretion rate of the studied bodite, [(AmeOhte)] is

At Adi At i

the excretion rate observed over a determined imesvali, is the average

[ACreatinine]
mean

ACreatinine

creatinine excretion rate for the total study ptdzriand[ "

]. is the average creatinine
2

excretion rate over a determined time interval
Toxicokinetic modeling

Multi-compartment toxicokinetic models were deveddpto describe the time courses of
captan and folpet key biomarkers in accessibleolgiohl matrices following multi-routes of
exposure (Bertheatt al, 2010a; Berthegt al, 2010b). These models were used in the current
study to reconstruct the absorbed doses of thasgicides in workers from serial urinary
biomarker measurements and obtain an indicatiothefpredominant route of exposure for

these workers.

Briefly, in the models, the body was represented@doypartments. The rates of change in the
amounts of compounds or its metabolites in theetkffit compartments were represented by a

set of linear first-order ordinary differential edions. The model was first used to reproduce
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the time courses of captan and folpet metabolitddaod and urine of volunteers orally and
dermally exposed (Berthet al, 2010a; Bertheet al, 2010b), with a minimum number of
parameters. Then, kinetics of fungicides and thgperimentally relevant metabolites were
modeled for three different exposure routes: adakmal and inhalation. To describe oral
exposure, the considered compartments were thentpazempound and its almost
instantaneously generated metabolites in the gasstinal tract, the body burden of
experimentally relevant metabolites in blood andigsues in dynamical equilibrium with
blood, the other non-monitored ring-metabolites d@hl metabolites, and the different
excretion compartments to represent the cumulaaiv®unts of each urinary and fecal
metabolite, both monitored and non-monitored. Touate dermal exposure, the epidermis
and dermis were represented by distinct compargramd a compartment for captan or folpet
in blood and tissues in equilibrium with blood wako represented. Lastly, inhalation
exposure was modeled with direct inputs to the dl@@mpartment due to the rapid
absorption of both fungicides through the respmattvact. All amounts in models were
initially expressed on a molar basis (see Figur®rlmodel representation and parameter

values).



RESULTS

Worker exposure

Table 1 summarizes the characteristics, exposunelittons and activities of the workers
under study. In the case of workers exposed toaoapteld spraying was conducted using
tractors with a cabin; they did not wear masks ovecalls during spraying or harvest
activities, and only one wore gloves during prepama mixing, loading and cleaning tasks,
but not during harvest activities. In the case afrkers exposed to folpet, they tended to
protect themselves better since all wore maskaadysreparation and spraying activities as
well as gloves and pants during harvest activifiéss increased protection was probably due
to the fact they used airblast sprayers or backmiayers to apply folpet and were thus more
likely to be in contact with the applied fungicida.fact, two workers reported eye irritations
following folpet spraying and one following harvesttivities also, while no symptoms were

mentioned by workers exposed to captan.

To assess the importance of exposure due to sprayid harvest activities considering the
previously mentioned exposure conditions, THPI weasasured in urine as a biomarker of
exposure to captan while Pl and PA were quantifedissess folpet exposure. Figure 2
depicts the urinary time profiles of THPI in theawtudied workers exposed to captan over a
7-day period following spraying or harvesting; HigwB presents corresponding time profiles
for Pl and PA biomarkers of exposure to folpet he three studied workers. Exposure to
captan was found to be higher during spraying theawvest activities following the required

delay of re-entry. This is particularly apparent f@orker 2 since he was barely exposed

during harvest activities, with values close to-peasonal values. Worker 2 appeared more
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exposed than worker 1 over the spraying period heutlid not wear gloves during work and
he manipulated larger amounts of captan giventibatad to treat a broader area. Similarly,
workers seemed more exposed to folpet during spgathan harvest activities. This is
especially visible from the time profiles of Pl aR& in worker 2. However, differences in
excretion values between both activities were teggceable than for captan. As presented in
Table 1, workers exposed to folpet were bettergatetd during spraying activities contrary to

workers exposed to captan.

From Figure 3, the urinary time courses of Pl adiR workers following spraying and
harvesting can also be compared. As expected, ssirpiiofiles were obtained for both
biomarkers, except for worker 1 during sprayingiqubr possibly due to a concomitant
marked exposure to phthalates. For comparison pagydhe time course of PA was assessed
in workers exposed to captan during spraying persddepicted in Figure 4. This allowed

pointing out a substantial baseline level of PAviorkers due to an exposure other than folpet.

Creatinine adjustments and timed collections

Figures 5 and 6 shows the impact of creatinine shijent on the urinary excretion time

course of THPI, Pl and PA along with profile vaioats when expressing urinary results in
terms of spot or pooled measurements over 8, P2-¢r periods. Results show that creatinine
adjustment had little effect on the time coursesalbfthree biomarkers in spot or pooled
samples, as non-adjusted and creatinine-adjustedprafiles were found to quantitatively

evolve in a similar manner. This was even more etidvith pooled urines, especially 24-h
urine collections. Figures 5 and 6 also show thxatetion rate profiles were less variable

when urines were pooled over the longest periotnogé, hence 24 h. In contrast with 24-h



collections, it was also less obvious to infer be tain route-of-exposure from punctual

urines due to the shifty variations between sonta paints.

Exposure route simulations

The models were used to reproduce the time cowkdd#PI, Pl and PA metabolites in
workers for both spraying and harvest scenariossidering the various possible absorption
routes (inhalation, dermal or oral) (see Figureo7 &n example). Simulations of a dermal
exposure scenario for both captan and folpet, duspraying period as well as harvest
activities, provided the closest description of tieserved time courses as compared to oral
and inhalation scenarios. However, contrary to wmslexposed to captan, it was less obvious
from Pl and PA time courses that dermal absorptias the predominant exposure route for
workers exposed to folpet. Indeed, given the raisiorption of folpet following oral, dermal
and inhalation routes, time courses of Pl and PAeve®mparable whatever the simulated

exposure scenarios.
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DISCUSSION

Results of the present study show notable variationcaptan and folpet biomarker levels
according to field tasks, hence spraying or haraestities. Through biomonitoring, it was
thus evidenced that workers were more exposed glapplication than re-entry activities.
Model simulations of urinary time course data cdasng various exposure route scenarios
further indicated that captan and most plausildyp &blpet were mainly absorbed through the
skin following both spraying and harvesting. In éidd, collections of complete voids over
seven consecutive days allowed confirming that omemsents of biomarkers in 24-h
collections without creatinine normalization prosbithe most reliable assessment of worker
exposure to captan and folpet. The results aldaligly the usefulness of multiple biomarker

measurements (Pl and PA) to estimate folpet expasuvorkers.

Comparison of exposure levels between sprayinghangest activities

According to biomonitoring results in the studiedriters (Figures 2 and 3), exposure to
captan and folpet were more important during sm@yperiod than harvest activities,
although exposure was of shorter duration andftegsient, and workers were more protected
(Table 1). This is probably due mostly to mixingldaading prior to spaying as suggested by
de Cocket al. (1998a). The same observations were reportedtudies assessing captan
exposure through spot measurements (de @bek, 1998a; Geeet al, 2004; Krieger, 1995;

Tielemanset al, 1999; Winterlinet al, 1986).

Thus, harvesting activities following a re-entry tneated fields resulted in limited dermal

absorption according to biomonitoring results ia gtudied workers (Figures 2 and 3), even



though half-life of captan on leaf surfaces wasnested to be between 2.5 to 24 days (US
EPA, 2004). Indeed, de Coek al.(1998a) reported a captan half-life on treated tadgn of

10 to 17 days, Winterliret al. (1984) and Tielemanst al. (1999) of 5 to 11 days, and
Stamperet al. (1987) and Phalen and Que Hee (2003) of minimutays. For folpet, Cabras
et al. (2000) estimated a half-life on grapes of 8.9 daysaddition, some studies (Alagyf al,
1995; Cabra®t al, 1997; el-Zemaity, 1988; Frardét al, 1983) confirmed the persistence of
captan and folpet residues on fruits (Caletal, 2000). For folpet, however, results of the
current study do not exclude the possibility thatrkers could be also exposed by oral or

inhalation routes.

Although workers of the current study were moreaseqal during spraying than harvesting,
urinary excretion values of THPI were in generaldo than those reported in the literature
and summarized in Table 2. For applicators expdeedaptan, our mean 24-h excretion
values following the beginning of treatment periwdre equivalent to those obtained by
Hineset al. (2008), but lower than most of the other availadiledies. Likewise, our workers
exposed to captan during harvesting exhibited Iol¢®P| concentrations than those of other
published studies (Krieger and Dinoff, 2000; Wifiteet al, 1984; Winterlinet al, 1986). In
the other studies, larger amounts of captan wevweeher applied and a wider treatment area

was covered compared to the current study.

In addition, urinary THPI concentrations in captorkers were lower than maximum values
observed in a controlled kinetic time course stirdyolunteers dermally applied 10 mgkg

of captan on 80 cfrof forearm during 24 h (Berthet al, 2010b) (maximum concentration
obtained for both workers of 44.9 nmdi tompared to average maximum concentration for

volunteers of 180 nmol). On the other hand, urinary Pl and PA concermnatin two of the
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three studied folpet workers (workers 2 and 3) medcmaximum values similar those
observed in a kinetic time course study in volurgedermally exposed to folpet (i.e.
maximum of 18.3 nmol for Pl in workers compared to 17.7 nmolih volunteers, and 13.6
nmol mI* for PA in workers compared to 13.9 nmolih volunteers), but maximum values
in the third worker (worker 1) were rather simitarthose observed in a time course study in
volunteers orally exposed to 1 mgkgf folpet (i.e. maximum of 26.91 nmof ffor PI in
workers compared to 22.7 nmét In volunteers, and 19.92 nmol Tnfor PA in workers

compared to 21.4 nmol thin volunteers).

As for the major route of exposure, in line withrremt results (see model simulations in
Figure 7), dermal absorption was reported as thiengoy route-of-entry for both
mixers/loaders/applicators and re-entry workersantact with pesticides (Geet al, 2004;
Guntheret al, 1977; Ritceyet al, 1987; Rosst al, 2001; Thongsinthusaét al, 1999). In
particular, de Coclet al. (1995) and Hanseat al. (1978) found that respiratory exposure

route to captan was minor compared to dermal abisarp

Parameters influencing exposure assessment thrbigghonitoring

Biomonitoring in field workers allows estimating s&s truly absorbed in workers whatever
the exposure scenario (Woollen, 1993). Howevereddmg on tasks and activities, workers
are not exposed constantly or equally during a daykor a week. When feasible, it is thus
preferable to obtain complete daily collections roseveral days to assess most accurately
worker exposure, as suggested by some authors @ass 2001; Thongsinthusakt al,
1999; Woollen, 1993), instead of spot urine sampléss was also particularly evident from

our results, showing that an overestimation or westanation of exposure may be induced



with punctual urines, as illustrated in Figure 4ce there are significant void-to-void
variations in metabolite concentrations and urinasjumes (Spenceet al, 1995; Woollen,
1993). With combined 8-h urine collections, timefjes were better defined for the three
studied metabolites, but it was the daily (24-hjateons in biomarker levels which allowed
to reproduce most closely the time course in warkesing the toxicokinetic models
previously developed from data in volunteers exgassder controlled conditions (Bertheit

al., 2010a, b).

Creatinine normalization of metabolite excretiotesaas proposed by Viat al (2004), also
appeared unnecessary in this study since adjustiees/were close to non-adjusted values,
especially in 24-h urine collections (Figures 5 &)d Consequently, when feasible, using
complete 24-h voids over a week, including days affpears to be the most reliable
procedure to estimate worker exposure to captarpartccularly folpet, given the paucity of

available biomonitoring data.

Comparison of the time courses of Pl and PA mei@sobf folpet also highlighted the
relevance of multiple biomarker measurements tessssnore accurately exposure in field
work, especially for metabolites non specific te tudied compound such as PA. Although
baseline levels of PA were relatively high, du¢hte fact that it is also a phthalate metabolite,
all urinary profiles were in concordance with thaseP|, except for one worker (worker 1)

over the spraying period.

In summary, the present biomonitoring study usedildel repeated-measurements along with
kinetic modeling tools to better assess worker sypoto captan and folpet and main route-

of-entry. Despite the limited number of participgrgufficient data were obtained to confirm
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punctual results reported in the literature fortaapand to provide new data on folpet
exposure. However, more investigations are neenlédrther document exposure to folpet in

workers and confirm main absorption route.



FUNDING

Agence Nationale de Sécurité Sanitaire de l'alimgom, de I'environnement et du Travail

(ANSES).



221

AcknowledgementsAuthors wish to thank the five workers to theartcipation and their
attention to respect the protocol as well as Drchdle Berode, Gregory Plateel and the
technicians P. Stefan, M. Nobel, C. Kohler and t@rt5(Institute for Work and Health) for
their help in analytical analysis. We also thank Rhanh Huynh (Institute for Work and
Health) for his help with the LC/MS/APCI system. rélie Berthet received a Ph.D.
scholarship from thénstitut de recherche Robert-Sauvé en santé etrisg@alu travail du

Québedor this research.



REFERENCES

Alary J, Bescos D, Monge MC, Debrauwer L, Bories. GI995) Laboratory simulation of

captan residues degradation during apple procedsoagl Chemistry; 54 205-211.

American Conference of Governmental Industrial lyggts. (1991). Documentation of the
threshold limit values and biological exposure @edi &' edition. Volumes 1, II, lII.

Cincinnati, Ohio. American Conference of Governraéitdustrial Hygienists.

American Conference of Governmental Industrial yggts. (2010). TLVsS® and BEIS®.
Based on Documentation of the Threshold Limit Valt@ chemical substances and physical
agents and Biological Exposure Indices, 7th edit@imcinnati, Ohio. American Conference

of Governmental Industrial Hygienists.

Berthet A, Bouchard M, Danuser B. (2010a) Toxicekics of captan and folpet biomarkers

in orally exposed volunteers. J Appl Toxicol; ID51%1-668048.

Berthet A, Bouchard M, Vernez D. (2010b) Toxicokiog of captan and folpet biomarkers in

dermally exposed volunteers. J Appl Toxicol; Ind2te

Berthet A, Bouchard M, Schipfer P, Vernez D, DaneHuynh CK. (2010c) A liquid
chromatography - tandem mass spectrometry (LC/ARSMS) method for the
guantification of captan and folpet phthalimide ametlites in human plasma and urine. Anal

Bioanal Chem; In Press. DOI 10.1007/s00216-010-4601

Berthet A, Berode M, Bouchard M. (2010d) Gas-chrmgephy mass-spectrometry
determination of phtalic acid in human urineas @ntarker of folpet exposure. Anal Bioanal

Chem; In Press.



223

Burroughs, G. E. and Hora, J. (1982). HETA-80-1876. Health Hazard Evaluation -
Calhio Chemical Company, Perry, Ohio. Cincinnatjd National Institute for Occupational

Safety and Health.

Cabras P, Angioni A, Caboni P, Garau VL, Melis Myid® FM, Cabitza F. (2000)

Distribution of folpet on the grape surface afteatment. J Agric Food Chem; 48 915-916.

Cabras P, Angioni A, Garau VL, Melis M, Pirisi FNFarris GA, Sotgiu C, Minelli EV.
(1997) Persistence and metabolism of folpet in ggaand wine. J Agric Food Chem; 45 476-

479.

Cohen SM, Gordon EB, Singh P, Arce GT, Nyska A1@®0Carcinogenic mode of action of

folpet in mice and evaluation of its relevance sionans. Critical Rev Toxicol; 40 531-545.

Costa LG. (2008) Toxic effects of pesticides: tlasib science of poisons. In Casarett LJ,
Doull J, Klaassen CD, editors. Casarett and Dotithsicology: the Basic Science of Poisons.

McGraw-Hill: New York. p. 883-930. ISBN 978 0 077061 3.

de Cock J, Heederik D, Hoek F, Boleij J, Kromhout (1995) Urinary excretion of
tetrahydrophtalimide in fruit growers with dermabpesure to captan. Am J Ind Me2B 245-

256.

de Cock J, Heederik D, Kromhout H, Boleij JSM, Hoek Wegh H, Ny ET. (1998a)

Exposure to captan in fruit growing. Am Ind Hyg Ass); 59 158-165.

de Cock J, Heederik D, Kromhout H, Boleij JSM, Hoek Wegh H, Ny ET. (1998b)

Determinants of exposure to captan in fruit growihon Ind Hyg Assoc J; 59 166-172.



Edwards R, Ferry DG, Templ WA. (1991) Fungicided aglated compounds. In Hayes WJ,
Laws ER, editors. Handbook of Pesticide Toxicologgademic Press: San Diego, CA. p.

1409-1470. ISBN 978 0 12 334160 0.

el-Zemaity MS. (1988) Residues of captan and foipegreenhouse tomatoes with emphasis
on the effect of storing, washing, and cooking bmirt removal. Bull Environ Contam

Toxicol; 40 74-79.

Frank R, Braun HE, Stanek J. (1983) Removal of &afrom Treated Apples. Arch Environ

Contam Toxicol; 12 265-269.

Geer LA, Cardello N, Dellarco MJ, Leighton TJ, Zeiah RP, Roberts JD, Buckley TJ.
(2004) Comparative analysis of passive dosimetryl dmomonitoring for assessing

chlorpyrifos exposure in pesticide workers. Ann Qeélyg; 48 683-695.

Gordon E. (2007) Captan: transition from 'B2' tot'tikely'. How pesticide registrants

affected the EPA Cancer Classification Update. plApxicol; 27 519-526.

Gordon EB. (2010) Captan and folpet. In Krieger Rtitor. Handbook of pesticide

toxicology. Elsevier: New York. p. 1915-1949. ISBNM8 0 12 374367 1.

Greenburg DL, Rusiecki J, Koutros S, Dosemeci MePR, Hines CJ, Hoppin JA, Alavanja
MC. (2008) Cancer incidence among pesticide applisaexposed to captan in the

Agricultural Health Study. Cancer Causes Contr8l1401-1407.

Gunther FA, lwata Y, Carman GE, Smith CA. (1977 Titrus reentry problem: research on

its causes and effects, and approaches to its mzitiion. Residue Rev; 67 1-132.



225

Guo YLL, Wang BJ, Lee CC, Wang JD. (1996) Prevatderd dermatoses and skin
sensitisation associated with use of pesticidefun farmers of southern Taiwan. Occup

Environ Med; 53 427-431.

Hansen JD, Schneider BA, Olive BM, Bates JJ. (1%P&8¥onnel safety and foliage residue in
an orchard spray program using azinphosmethyl aptha. Arch Environ Contam Toxicol; 7

63-71.

Hayes WJ (1982) Fungicides and related compounddales WJ, editor. Pesticides studied

in man. Williams and Wilkins: Baltimore. p. 578-623BN 978 0 68 303896 5.

He F. (1993) Biological monitoring of occupationagsticides exposure. Int Arch Occup

Environ Health 65 S69-S76.

Hines CJ, Deddens JA, Jaycox LB, Andrews RN, $t@AF, Alavanja MCR. (2008) Captan
exposure and evaluation of a pesticide exposureridign among orchard pesticide

applicators in the agricultural health study. AnccGp Hyg; 52 153-166.

Hughes EA, Zalts A, Ojeda JJ, Flores AP, Glass RiGntserrat JM. (2006) Analytical
method for assessing potential dermal exposureapban, using whole body dosimetry, in

small vegetable production units in Argentina. éahag Sci; 62 811-818.

International Agency for Research on Cancer. (19&73ptan. Overall evaluations of
carcinogenicity: An updating of IARC Monographs.IMmes 1 to 42, [Supplement 7]. Lyon,

France. World Health Organization.

Kittleson AR. (1952) A New Class of Organic Fundes. Science; 115 84-86.

Krieger RI. (1995) Pesticide exposure assessmenicdl Lett 82-83 65-72.



Krieger RI, Dinoff TM. (2000) Captan fungicide exquues of strawberry harvesters using

THPI as a urinary biomarker. Arch Environ Contanxi€ol; 38 398-403.

Lavy TL, Mattice JD, Massey JH, Skulman BW. (1988asurements of year-long exposure

to tree nursery workers using multiple pesticidesh Environ Contam Toxicol; 24 123-144.

Lisi P, Caraffini S, Assalve D. (1987) Irritatioma Sensitization Potential of Pesticides.

Contact Dermatitis; 17 212-218.

Maddy KT, Krieger RI, Oconnell L, Bisbiglia M, Magegjch S. (1989) Use of Biological
Monitoring Data from Pesticide Users in Making Rede Regulatory Decisions in California

- Study of Captan Exposure of Strawberry Pickers Bymposium Series; 382 338-353.

Mcijilton CE, Berckman GE, Deer HM. (1983) Captarpksure in Apple Orchards. Am Ind

Hyg Assoc J; 44 209-210.

National Institute for Occupational Safety and H®ea(2007). DHHS Publication No 2005-
149, -454: 2007. NIOSH pocket guide to chemicalandz. Cincinnati, Ohio. National

Institute for Occupational Safety and Health.

Oudbier AJ, Bloomer AW, Price HA, Welch RL. (197Respiratory Route of Pesticide

Exposure As A Potential Health Hazard. Bull Enviontam Toxicol; 12 1-9.

Phalen RN, Que Hee SS. (2003) Permeation of captangh disposable nitrile glove. J

Hazard Mater; 100 95-107.

Ritcey G, Frank R, McEwen FL, Braun HE. (1987) Gaptesidues on strawberries and

estimates of exposure to pickers. Bull Environ @aniToxicol; 38 840-846.



227

Ross JH, Driver JH, Cochran RC, Thongsinthusak fiegér RI. (2001) Could pesticide
toxicology studies be more relevant to occupatioisil assessment? Ann Occup Hyg; 45 S5-

S17.

Spencer JR, Sanborn JR, Hernandez BZ, Krieger Rrgktich SS, Schneider FA. (1995)
Long vs. short monitoring intervals for peach hatees exposed to foliar azinphos-methyl

residues. Toxicol Lett; 78 17-24.

Stamper JH, Nigg HN, Queen RM. (1987) DislodgeaBlaptan Residues at Florida

Strawberry Farms. Chemosphere; 16 1257-1271.

Stevens ER, Davis JE. (1981) Potential Exposui/oikers During Seed Potato Treatment

with Captan. Bull Environ Contam Toxicol; 26 681868

Stewart PA, Prince JK, Colt JS, Ward MH. (2001) Athod for assessing occupational

pesticide exposures of farmworkers. Am J Ind Mé581-570.

Thongsinthusak T, Ross JH, Saiz SG, Krieger RI99)%Estimation of dermal absorption

using the exponential saturation model. Regul TaXrharmacol; 29 37-43.

Tielemans E, Louwerse E, de Cock J, Brouwer D,hisl G, Heederik D. (1999) Exposure
to fungicides in fruit growing: Re entry time api@dictor for dermal exposure. Am Ind Hyg

Assoc J; 60 789-793.

Tomlin C. (1997) The Pesticide Manual - World Comgiiem, 1" edition. British Crop

Protection Council: Thornton Heath. ISBN 978 1 99626 3.

Trochimowicz HJ, Kennedy GL, Krivanek ND. (1991) tecyclic and miscelaneous

nitrogen compounds. In Clayton GD, Clayton FE editdPatty's Industrial Hygiene and



Toxicology, 4" edition, Vol. 2 part E. Wiley: New York. p. 3285-3521. ISBN 978 @ 4

101282 5.

United States Environmental Protection Agency. B9 EPA/540-1-75-012: 1975. Initial
scientific and mini-economic review of captan. Wagton, D.C.. United States
Environmental Protection Agency, Office of Pestci®rograms, Criteria and Evaluation

Division.

United States Environmental Protection Agency. @99EPA 738-R-99-011: 1999.
Registration Eligibility Decision (RED) - Folpet. &hington, D.C.. US Environmental

Protection Agency.

United States Environmental Protection Agency. 8089 Fed. Reg. 68357-68360: 2004.
Amendment to the 1999 captan Registration EligipiDecision (RED). Captan: cancer

reclassification. Washington, D.C.. lBvironmental Protection Agency.

van Welie RT, van DP, Lamme EK, Jager P, van Bahr Bermeulen NP. (1991)
Determination of tetrahydrophtalimide and 2-thia#tolidine-4-carboxylic acid, urinary
metabolites of the fungicide captan, in rats anochdws. Int Arch Occup Environ Health; 63

181-186.

Verberk MM, Brouwer DH, Brouwer EJ, Bruyzeel DP, BBen HH, van Hemmen JJ,
Hooisma J, Jonkman EJ, Ruijten MW, Salle HJ. (1996alth effects of pesticides in the

flower-bulb culture in Holland. Med Lav; 81 530-541

Viau C, Lafontaine M, Payan JP. (2004) Creatinioemmalization in biological monitoring

revisited: the case of 1-hydroxypyrene. Int Arclc@z Environ Health; 77 177-185.



229

Wester RC, Maibach HI. (1983) Cutaneous pharmaetkist 10 steps to percutaneous

absorption. Drug Metab Rev; 14 169-205.

Winterlin WL, Kilgore WW, Mourer CR, Hall G, Hodapp. (1986) Worker Reentry Into

Captan-Treated Grape Fields in California. ArchiEmvContam Toxicol; 15 301-311.

Winterlin WL, Kilgore WW, Mourer CR, Schoen SR. 84 Worker Reentry Studies for

Captan Applied to Strawberries in California. J iidfood Chem; 32 664-672.

Woollen BH. (1993) Biological monitoring for pestie absorption. Ann Occup Hyg; 37 525-

540.

Zweig G, Leffingwell JT, Popendorf W. (1985) Thdatenship between dermal pesticide
exposure by fruit harvesters and dislodgeable fogaidues. J Environ Sci Health B; 20 27-

59.



Table 1

Characteristics of captan or folpet exposure for each worker followingcidegreatment and harvest activities.

Captan exposure

Folpet exposure

Worker #2 Worker #2 Worker #£ Worker #2 Worker #3
Application activitied
Active ingredient % 80% captan 80% captan 50%¢dblp 80% folpet 25% folpet
Amounts (kg) 4 kg (or 1kg Ha nd 1kg ha 3.5 kg (or 1kg hd) 1kg ha'
Water volume 400 | hk 500 | ha nd 7001 (200 | HY nd
Treated area (hectares) 25 5 nd 3.3 nd
Spraying date 07-08/05/2009 08/08/2009 25/06/2009 07-08/05/2009 16/05/2009
Total spraying duration 2h 8h 4 h 6h 3h

Spraying technique

Safety equipments worn

during application

Airblast pulled by a tractoAirblast pulled by a
with an opened cabin tractor with a closed
cabin
- Leather shoes - Rubber boots

- Waterproof gloves - Cap

Airblast sprayer Airblast sprayer

- Full-face helmet with
filter helmet
- Coveralls - Tissue coveralls

- Waterproof gloves - Safety shoes

Airblast spraged a

back air-spray

- Complete forced air- Half-face helmet

with filter
- Tissue hat

- Waterproof gloves
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Captan exposure Folpet exposure

Worker #2 Worker #2 Worker #£ Worker #2 Worker #3
Symptoms No No Eyes irritation No Eyes irritation
Harvest activities
Active ingredient % 80% captan 80% captan 50%¢dblp 80% folpet 60% folpet
Harvesting date 15/06/2009 17 to 20/06/2009 22083 27 to 30/05/2009 22 to 26/06/2009
Total harvesting duration 5h 30h 6h 36 h 45 h
Symptoms No No No No Eyes irritation

nd = not available.

" All workers performed mixing, loading, and material cleaning activitiesilition to spaying.

P \Worker 1 (captan exposure) wore leather shoes and waterproof gleweturing preparation and cleaning. Preparation was conducted inside.
No personal protective equipment was worn during harvesting period. Glolewere decontaminated with water post-spraying. Hands were

washed after spraying and harvesting, and clothes were removed at homendtdhéhe workday for both activities.

¢ Worker 2 (captan exposure) wore rubber boots and a cap also dwepaygtion and cleaning. Preparation was conducted outside. No
decontamination of equipment was performed post-spraying. No pépmatective equipment was worn during harvesting period. Hands were

washed after spraying and harvesting, and clothes were removed at homendtdhéhe workday for both activities.



4 Worker 1 (folpet exposure) wore a mask, coverall and waterproeégjlalso during preparation, but no personal protective equipment during
cleaning. Preparation was conducted outside. Mask and gloves weréadanated with soap and water post-spraying. For harvesting, lee wor
gloves and pants. Hands were washed after spraying and harvastingpthes were removed at home at the end of the workday forngprayi
activities and at work for harvesting activities.

® Worker 2(captan exposure) wore a half-face helmet withfiissue coveralls, safety shoes and waterproof gloves also gueipgration and
cleaning (except helmet for cleaning). Preparation was conducgide with a ventilation system. Helmet and tissue coveradise
decontaminated with soap and water post-spraying. For harvestimgrégloves and pants. Hands were washed after spraying andtimayyve
and clothes were removed at work at the end of the workday for spraying actantet home for harvesting activities.

" Worker 3(captan exposure) wore a tissue hat and waterproof gloves also depngiion and cleaning. Preparation was conducted inside with
a ventilation system. Mask and hat were decontaminated with soapaserdpast-spraying. For harvesting, he wore only rubber gloves. Hands

were washed after spraying and harvesting, and clothes were rembwoedeaat the end of the workday for both activities.
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Published mean concentrations of THPI in the urine of workers exposed to captan gptdieirent activities in various types of crops.

Mean concentration/amount of THPI

Pre-shift

Worker exposoenarid

Total treated Captan
References Post-shift uriné 24-h uriné n® Activity' Crop§ Duratior!
urine’ area (meanh) amount
Winterlin et al. (1984)
NE <30pugt NE 1 Applicator/ Strawberries 8h 0.5-2 acres 2.2 Ibs of
loader/mixer Al acre*
NE 58-60 pgt* NE 12 Harvesters Strawberries 8h 0.5-2 acres
Winterlin et al. (1986)
50 pug t* 63 pugt 57 ug t* 3 Loader/mixer/ Grapes 8h 36-40 acres 2.0-2.5 Ibs
applicators Al
32ugt 50 ug it 47 pugtt 16 Harvesters Grapes 8h 37 acres 2.0 Ibs Al
Maddyet al.(1989)
NE NE 0.005 pgt 10 Pickers Strawberries 3 days 72 acres 4 |bs Al
acre'
Verberket al. (1990)
8 pmol mot* NE 20 pmol mal 6 Dipping bulbs in Flower-bulbs NE NE NE



Mean concentration/amount of THPI

Worker exposoenarid

Pre-shift Total treated Captan
References Post-shift uriné 24-h uriné n® Activity' Crop§ Duratior!
urine’ area (meanh) amount
creat. ! creat. captan solution
Van Welieet al. (1991)
NE 7.2 ugt NE 8 Applicators Fruit NE NE NE
(5.4 pmol mot
creat.)
Lavy et al.(1993)
No THPI founded 73 Applicators,  Conifer seedling 12 consecutive NE 1.4 0r54.4
weeders, scouts or weeks kg
packers
De Cocket al. (1995)
NE NE 11.5 ug 14 Applicators Fruit 93 min 14.8emcr 10.4 kg
Krieger and Dinoff
(2000)
No NE 2.0-5.3 ug 41 Harvesters Strawberries 3 days 102-162 acres 5 II3s7
backgroun day™" acre!

Hineset al. (2008)
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Mean concentration/amount of THPI

Worker exposoenarid

Pre-shift Total treated Captan
References Post-shift uriné 24-h uriné ¢ Activity' Crop§ Duratior!
urine’ area (meanh) amount
NE 4.05 pg/L 3.55 pg/L 14 Applicators Strawberries 211 min 5.3 acres 7.9 kg
Our study
0.26 pgte° 2.70 g te 2.95 ugte Loader/mixer/ Apple trees 2hto8h 2.5t0 5 acres 1 kg Al
(1.69 nmol 1 (17.8 nmol 1 (19.5 nmol 1 applicators acre’
0.14 pgte 0.89 pgt* 0.59 pgt° Pruning, thinning Apple trees 5hto30h 2.5 tacres 1 kg Al
(0.93 nmol 1 (5.88 nmol 1 (3.90 nmol 1 acre’

NE = not estimated; Al = active ingredient; Ibseupds.

& Information concerning worker exposure to capttivities during exposure, type of studied crafhsation of exposure, mean total treated areaaamaunts of captan

applied on fields during the studied period.

® Mean concentration or amounts of THPI measurguérshift urine of workers exposed to captan.

¢ Mean concentration or amounts of THPI measuregubst-shift urine of workers exposed to captan.

4 Mean concentration or amounts of THPI measurédtih complete urine collection in workers exposedaptan following a workday.

¢ Number of workers participating in the study.

" Activities performed by workers during the studjegtiod of exposure to captan.

9 Studied crop fields.



" Duration of worker exposure to captan during tiuely period.

' Mean total area (expressed in acres) treatedoajtban.

I, Mean amounts of captan (as active ingredientyysat on studied area during the study period.

kValues for 3 days post-application.

' Mean THPI levels in strawberry pickers, workingwor without gloves, during the 3-day study peri@dmplete 24-h urine collections were obtained.

™ No background was available because when the steglan, all workers had captan exposures duringréngous 2 weeks.

" Mean THPI levels in strawberry harvesters, workiith or without rubber latex gloves, for the 3-dstydy period. Complete 24-h urine specimens wbtaimed.

° Mean THPI levels calculated from data of both vensk
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FIGURE CAPTIONS

Figure 1
Toxicokinetic models of captan (A) and of folpef) (Bcluding percentage dermally absorbed

and metabolite transfer half-lives between compeantm

Figure 2
Time courses of THPI urinary excretion rate (expeglsas nmol/h/kg of body weight) over a
168-h period in two workers (A and B) exposed tptaa following both spraying and harvest

activities.

Figure 3

Time courses of Pl (A and B) and PA (C and D) uynaxcretion rate (expressed as
nmol/h/kg of body weight) over a 168-h period imelh workers exposed to folpet following
spraying activities (A and C) and harvest actigitedter a delay-of-rentry (B and D). Arrows

represent treatment period or harvesting periodt(fe three workers).

Figure 4
Time courses of PA urinary excretion rate (exprésa® nmol/h/kg of body weight) over a

168-h period in two workers exposed to captan Valhg spraying activities.

Figure 5
Time courses of THPI excretion rates (expresseuhas/h/kg of body weight) non-adjusted
(open symbols) and adjusted by creatinine (clogatbsls) in spot urines (A) or 8-h (C), 12-

h (D) and 24-h (B) collections in a worker exposedaptan during spraying activities. The



dermal maximum lines represent maximum values nmedsin the urine of volunteers

exposed to captan by the dermal route (10 mg/kegjtftet al, 2010b;Bertheet al, 2010d).

Figure 6

Time courses of Pl and PA excretion rates (exptessenmol/h/kg of body weight) non-
adjusted (open symbols) and adjusted by creatfjgiosed symbols) in spot urines (A) or 8-h
(B) and 24-h (C) collections in a worker exposeddipet during spraying activities. The
dermal and oral maximum lines represent maximunueslmeasured in the urine of
volunteers exposed to folpet by the dermal (10 gpgdk oral route (1 mg/kg) (Berthet al,

2010b;Berthett al, 2010d).

Figure 7

Dermal model simulations (solid line) compared wettperimental data on the time courses
of THPI, Pl and PA in the urine of a worker exposedaptan or folpet over a work week
following spraying and harvest activity periodsli®aircles and gray bars show experimental
rate values in 24-h collections, and black barsright axis represent the corresponding

simulated absorbed dose scenario.
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Figure 2
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Figure 3
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Figure 4
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Figure 5

Urinary THPI excretion rate (nmol/h/kg bw)

Urinary THPI excretion rate (nmol/h/kg bw)

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

0.16
0.14
0.08

0.06

0.04

0.02

0.00

T ® Non-adjusted rate
O Adjusted rate
i _ _ _ Dermal maximum (Volunteer)
°
| o
| [ ]
°
4 o ]
<
%) . °
] 8 &P °© 0
® Qoo ] [
o® 0Q° Soo © @70 © 00g 0
T T T T T T T
0 20 40 60 80 100 120 140 160
Time (Hrs)
O W O T N O W © F N O O O F NO WO F N O ©

Before

Time (Hrs)

Urinary THPI excretion rate (nmol/h/kg bw)

Urinary THPI excretion rate (nmol/h/kg bw)

0.16
(J.MJ7

0.04 +

0.02

0.00

0.16
0.14}7

0.08

0.06

0.00 -

I Non-adjusted rate
[ Adjusted rate
_ _ Dermal maximum (Volunteer)

Before 0 24 48 72 96 120 144 168

Time (Hrs)

Before 0 12 24 36 48 60 72 84 96 108 120 132 144 156 168

Time (Hrs)

243



Figure 6

Urinary P| excretion rate (nmol/h/kg bw)
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Figure 7
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5. Discussion

5.1. Le THPI, PI et acide phtaligue comme biomarqueurs

d’exposition au captan et folpet (Articles I, II)

Les méthodes analytiques développées pour quansfieHPI, le Pl et I'acide phtalique se
sont avérées spécifiques et trés sensibles, eppltisulierement celle du THPI et de l'acide
phtalique par rapport au Pl. En effet, comme leé€>te fragmente pas, sa méthode est moins
spécifique; des pics interférents doivent étre s&paur les chromatogrammes et un effet de
matrice pourrait plus facilement influencer lesutésts que dans le cas du THPI. Néanmoins,
la méthode a permis de mesurer le Pl dans le plaisavolontaires et dans l'urine des
volontaires et des agriculteurs a de relativemaifilés quantités et tres précisément. Il peut
donc étre estimé comme un biomarqueur spécifiguelpat, au méme titre que le THPI pour

le captan.

L’acide phtalique peut lui aussi étre considéré menun biomarqueur d’exposition au folpet,

mais en raison de son manque de spécificité isegbut complémentaire au PIl. Pour les
travailleurs, une grande variabilité a été obsestdes profils urinaires n’étaient pas toujours
paralleles a ceux du PI. En raison de l'ubiquité pletalates dans I'environnement, il devient
tres important de mesurer la quantité présente edenétabolite dans les urines avant
I'exposition au folpet pour déduire le niveau dgjasent. De plus, la méthode analytique de
ce composé permet de transformer qu’une partie IdlLePPI et I'acide phtalique doivent

donc étre mesurés conjointement pour une estimatiéquate de I'exposition au folpet.



Comme démontré dans I'exemple du folpet, la medarnelusieurs métabolites pour un méme
composeé se révele nécessaire pour améeéliorer 'astimde I'exposition réelle. A priori, le
TTCA pourrait également étre un autre biomarqueatudier plus en détails, d’autant plus
gue ce métabolite représente la voie métaboliqusarait a I'origine de la toxicité des deux
fongicides puisqu’il dérive du groupe trichloromdthio. Les quantités mesurées pourraient
alors étre comparées pour le captan et le folpet @é mieux définir leur métabolisme.
Toutefois, des essais préliminaires effectués damaboratoire ont montré que la détection
analytique est difficile; elle doit donc étre amédie et I'extraction par méthode SPE testée

avant de considérer celui-ci comme un autre biooergpotentiel.

5.2. Toxicocinétiques du THPI, Pl et acide phtalique

(Articles Il et IV)

L’étude chez les volontaires est la premiére quudaente la cinétique du folpet ainsi que du
captan pour la voie cutanée chez I'humain. Lesltasusont concomitants avec ceux des
études chez le rat et avec ceux de I'étude de &riegThongsinthusak (15) pour I'exposition

par voie orale au captan.

Des différences ont toutefois été remarquées éniraptan et le folpet. Tant le captan que le
folpet sont hydrolysés non enzymatiquement poumésrle THPI et PIl, respectivement.

Toutefois, le pH joue un réle non négligeable dinscission des deux fongicides, surtout
lors de l'absorption orale (10). Par ailleurs, aueau de l'exposition cutanée chez les

volontaires, I'absorption apparait plus importaooeir le folpet que pour le captan, ce qui est
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vérifié dans l'étude des agriculteurs pour les vités d’effeuillage. La formation des

meétabolites apparait aussi differente pour les déangicides. Pour les métabolites
aromatiques du folpet, c’est une hydrolyse qui mrfa meétabolisation du Pl en acide
phtalamique puis en acide phtalique. Au contrgolesieurs réactions enzymatiques sont
impliquées pour dériver le THPI en autres métabsldéu niveau du foie. Enfin, au niveau
cinétique, le PI et l'acide phtalique sont élimirgas lentement que le THPI et la vitesse
d’élimination est similaire pour les voies oralecatanée d’absorption alors que le THPI est
éliminé plus rapidement aprés absorption orale.téfois, aucune accumulation de ces

meétabolites dans les tissus n’a lieu aprés unesixmo au captan ou au folpet.

Pour confirmer, valider plus précisément et apprdioces observations, I'analyse d’autres
meétabolites s’avérerait nécessaire. Par exempkgrdit intéressant de quantifier le 3-OH-
THPI pour le captan puisqu’environ 40% de la doseabtan administré par voie orale chez
le rat est retrouvée sous forme de ce métabolites tks urines (70;71). Quant au folpet,
'analyse de l'acide phtalique dans le plasma aysarmis de vérifier d’'une part qu’une

guantité limitée de Pl est absorbée par la paroiGduaprés une absorption orale car
majoritairement transformé en acide phtalamiqueatiiment dans le Gl, et d’autre part que
le PI est trés rapidement métabolisé dans le sararide phtalamique apres une absorption

cutanée.

Par ailleurs, la méthode analytique quantifiantokal des formes PI et acides phtalamique et

phtaliqgue (et exprimé sous forme d’équivalent aguikéalique) présente certaines limites.



Selon I'étude de Chasseaetdal. (81), 80% de la dose de folpet marqué atie€ administrée
par voie orale chez les rats se retrouvent sousefod’acide phtalamique. Chez les
volontaires, seulement 25% de la dose de folpetetgiuvée sous forme de la somme des
meétabolites aromatiques au lieu des 80% attendudasbase des données animales. Or
Chasseauét al. (81) dans son étude observe des interconversians kacide phtalamique,

le PI, l'acide phtalique et I'anhydre phtalique ®&-MS apres des conditions d’extraction et
de dérivation similaires a la méthode utilisée daatte étude. L’acide phtalamique par
exemple pouvait se déshydrater pour former du P$’budrolyser pour former de I'acide
phtalique, et en réaction avec le N,O-bis(trimétiyl)trifluoro acétamide (BSTFA), il
tendait a se reformer en triméthylsylile phtalimid@évS-Pl). Par conséquent, la méthode
analytique pourrait étre encore ameéliorée en dateécti’autres ions en plus de l'acide

phtalique triméthylsylile.

Il est par ailleurs a noter que I'étude chez lebonaires a impliqué un petit nombre de
participants mais beaucoup de facteurs se rappacitda variation inter-individuelle (age,
sexe, poids) ou influencant le métabolisme (consatiom d’alcool, de tabac ou de
médicaments, I'alimentation) ont été controlés. tétmis, les origines ethniques n’ont pas été
un critere de sélection, et deux volontaires expaaé captan étaient natifs du continent
africain. Aucune influence n’a cependant été olsedans les résultats, leurs concentrations
mesurées étaient tres proches de celles des cansaB'autre part, le protocole de collecte
de sang et des urines était assez invasif poyraeipants, mais les périodes de temps fixes

et prédéterminées ont permis une bonne unifornegérésultats.

Les résultats obtenus étant trés peu variableg éggrvolontaires pour les deux fongicides

ainsi que tres proches de ceux de I'étude de Krrieg€hongsinthusak (15) pour le captan, les
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modeles cinétiques développés pourraient doncogéméralisés a la population générale ainsi

gu’'a d’autres travailleurs.

L’effet du choix de la population étudiée ainsi qiie véhicule utilisé pour appliquer les

fongicides sur la peau seraient des aspects aeétpllis spécifiguement dans des études
futures. En effet, dans le présent travail, leontaires étaient une population contréle mais
pas représentatifs de la population des travaslear ils étaient plus jeunes, n'avaient jamais
été exposes au captan ou au folpet excepté pemditation, et ne devaient pas consommer
d’alcool ni de médicament. Leurs données peuvariesent étre appliquées a la population
générale chez les hommes car aucune donnée rcalktétée pour les femmes comme il était
présumé que les travailleurs en arboriculture etviioulture étaient essentiellement des
hommes. Or, beaucoup de femmes sont employéesramasser les fruits et les trier, et

peuvent aussi étre en contact avec ces fongicldesanque donc des données pour cette

population.

De méme, l'acétone utilisé dans I'étude chez lefontaires n’était pas le veéhicule

d’application le plus représentatif de celui uélisar les travailleurs, qui est I'eau. De plus,
'acétone augmente la perméation de la peau et Basorption (88;110). Les quantités de
captan et de folpet absorbées ont donc pu étramjusrtantes pour les volontaires, qui ont de

toute facon été exposés au produit pur et nongragtuit commercial.



5.3. Exposition au captan et folpet des travailleurs (Aticle V)

Les résultats obtenus pour I'étude des travaillsorg équivalents a ceux rapportés dans la
littérature pour le captan. lls confirment que desivités de traitement sont plus a risque que
les activités d’effeuillage et que la voie cutanégte la voie principale d’exposition chez les
travailleurs utilisant des pesticides. Ces obs@matsont applicables aussi aux travailleurs
exposes au folpet bien qu'il soit plus difficileaffirmer que I'absorption cutanée est plus
importante que les autres voies d’absorption esorades;,, d’élimination du Pl et de I'acide
phtaligue dans l'urine qui sont identiques peu ingda voie d’entrée. D’autre part, les
techniques d’application ne semblent pas influenieerniveau d’exposition, mais les
travailleurs étaient probablement adéquatementégést Une étude avec un plus grand
nombre de travailleurs serait cependant nécesgairevalider ces résultats car trois reste un

nombre insuffisant de participants.

En comparaison avec I'étude de Lebadlyal. (17;153;154) sur des agriculteurs en France
exposes au captan ou au folpet lors d’activitégr@itement , la présente étude montre qu'il
est important de collecter les urines compléte24lé et sur une période de plusieurs jours
pour bien caractériser I'exposition des travaileutes urines des études de Lebadtyal.

ont été analysées a I'IST avec les méthodes agabgidu THPI, du Pl et de I'acide phtalique
décrites précédemment). Dans l'étude de Lebatlyal. (17;153;154), seule la premiere
miction avant la journée de travail, celle a la di@ la journée de travail et la premiere du
lendemain ont été collectées pour le captan. Peodolpet, des urines ponctuelles ont été
collectées aux heures prédéfinies suivantes : @24t 48 h. Dans les deux populations de

travailleurs, plusieurs urines sont manquantesamotent les mictions précédant la journée
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de travail, et les résultats ne représentent qeequdentités ponctuelles qui peuvent étre
eventuellement comparées entre les différents @tgias. Il est alors difficile d’estimer une
exposition et d’exploiter ces données. Les urirapietes sur 24 h sont donc a favoriser, ou
autrement sur des périodes de 8 ou 12 h commen&endArticle V. De plus, lorsque lets,

d’élimination sont assez courtes, il est aussrasgant d’inclure les jours de repos.

Ainsi, dans la présente étude chez les travailldarsombre important de collectes urinaires
sur 7 jours conseécutifs et sur deux périodes /s distinctes a permis une bonne
caractérisation de I'exposition et une augmentationsidérable des valeurs disponibles en
contre partie du faible nombre de participants.aCal également permis de déterminer
linfluence des différentes unités, de la normdiga par la créatinine et des quantités

cumulatives sur différentes périodes de tempsesurdsultats.

Les résultats pourraient s’appliquer aux travaideaxposés au captan ou au folpet de maniére
plus générale, pas seulement aux arboriculteuesiwiticulteurs. Cependant, en considérant
le peu de données disponibles pour I'expositioriopuet, une étude intégrant un plus grand
nombre de participants permettrait de confirmerréssiltats et d’accroitre les connaissances

sur ce produit.

La considération de mesures environnementales ompléter et corréler les données de
surveillance biologique serait aussi a considérmmnsddes études futures. En effet, des

applications de pads sur différentes parties dps;da technique de lavage des mains (hand



washing) et des prélévements d’air a I'aide d’unenpe portative pourraient étre effectués
afin de mieux définir et estimer les quantités lesetde captan ou de folpet auxquelles les

travailleurs étaient exposeés.

5.4. Recommandations et perspectives

Quatre points importants devraient étre considpoés améliorer I'évaluation de I'exposition

des travailleurs au captan et au folpet ainsi que protection :

» Développer une méthode valide et robuste pour digarie TTCA, la deuxiéme voie
de métabolisme du captan et du folpet qui est rglite de la cytotoxicité, afin de
corréler ces résultats avec le THPI pour le captie Pl et 'acide phtalique pour le

folpet.

» Vérifier que les équipements de protection utiliaéssi que les habitudes de travail
sont appropriés considérant les propriétés seissibies et irritantes des deux

fongicides;

» Proposer des niveaux sécuritaires de biomarqueimaings qui correspondent a des

doses d’exposition limites (NOAEL);

» Définir des directives précises sur les effetslawanté du folpet ainsi que des normes

de travail telle qu’une valeur limite d’expositiGdME).
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6. Conclusion

Ce projet de recherche a permis d’'une part deméter et de mieux comprendre la cinétique
du captan et du folpet chez I'hnumain et d’autre gaastimer I'exposition de travailleurs a ces

deux fongicides a I'aide de la surveillance biotpgs.

Plus précisément, les méthodes analytiques robasgcises ont permis de déterminer que
le THPI était un biomarqueur spécifiqgue a I'expositau captan et le Pl a I'exposition au

folpet, méme si ce ne sont pas les métabolitescipanx qui ressortent chez les études
animales ni selon les résultats obtenus. Elleségalement montré que l'acide phtalique
pouvait aussi étre considéré comme un biomarquéxpdsition au folpet, mais qu'une

valeur de pré-exposition était nécessaire et gigVlait étre mesuré conjointement avec le PI.
Quant a I'étude chez les volontaires, elle a pedaisnieux documenter la cinétique des trois
biomarqueurs d’exposition et d'établir que leursndeies biologiques étaient courtes chez
’humain et que leur élimination était un peu pleste par voie cutanée que par voie orale.
Ces résultats sont d’ailleurs tres similaires axceypportés chez le rat et ils ont permis de
développer deux modéles toxicocinétiques suffisamimabustes pour mieux comprendre les
processus biologiques qui régissent la cinétiqeebitemarqueurs étudiés. Enfin, I'étude chez
les agriculteurs s’est avérée nécessaire pour erales modéles toxicocinétiques et les
biomarqueurs d’exposition, mais également pour o@aer I'exposition des travailleurs au

folpet et d'établir les stratégies d’échantilloneagt d'analyse des résultats les plus

appropriées.



Ainsi, les connaissances acquises lors de ce pdgetrecherche pourraient facilement

s’appliquer a la population générale mais aus&atiees fongicides.
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