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SUMMARY

Pyrethroid insecticides are a family of pesticides widely used in Quebec to control insect pests in
market garden crops. One such insecticide is lambda-cyhalothrin. Despite its extensive use, there
is very little data on this pyrethroid’s biological behaviour in the human body. It has therefore
become essential to develop tools to accurately assess worker exposure to these pesticides
during spraying or work in already treated areas. Biological monitoring, by measuring products
(called metabolites) excreted in the urine, is considered to be an appropriate method of assessing
the doses actually absorbed of this type of product in the workplace. Measuring these exposure
biomarkers in farmers provides an indication of combined respiratory, dermal and inadvertent oral
exposure and allows varied exposure conditions to be taken into account. Interpretation of
biological monitoring data requires a good knowledge of the fate (toxicokinetic behaviour) of the
substance of interest in the human body, so that biomarker levels in workers can be related to
doses actually absorbed. That relationship was recently established by this research team for
permethrin and cypermethrin.

The overall objective of this research project was to address the lack of knowledge about the
toxicokinetics of biomarkers of exposure to lambda-cyhalothrin in humans, and so to enable better
interpretation of biomonitoring data for workers exposed to this pesticide and better assessment
of the associated risks.

The project was divided into two parts. In the first part, a controlled kinetic study was conducted
on volunteers exposed acutely to low oral (oral reference dose) and dermal (lambda-cyhalothrin-
based formulation) doses of lambda-cyhalothrin, in order to analyze the time profiles of the
exposure biomarkers (CFMP and 3-PBA) in their plasma and urine. In the second part, a
toxicokinetic model was developed based on data from study volunteers to simulate the kinetics
of biomarkers of exposure to lambda-cyhalothrin for various exposure scenarios and to provide a
tool for recreating the doses absorbed by exposed workers.

The kinetic study of the volunteers and the data modelling showed that lambda-cyhalothrin enters
the body quickly, but that it is also quickly eliminated following exposure through ingestion or skin
contact. Measurement of metabolites in plasma or urine therefore reflects recent exposure. The
research also revealed differences in the rate of absorption and elimination of lambda-cyhalothrin
depending on whether the exposure is oral or dermal. The differences can be explained by the
fact that the skin can cause the biotransformation of lambda-cyhalothrin into its metabolites
(CFMP and 3-PBA), which serve as exposure biomarkers. They can also be explained by the fact
that the parent product and the resulting metabolites are retained in the skin. The modelling did
show, however, that the skin penetration of the molecule was limited, so that a worker’s exposure
doses by that route must be very high to make a significant contribution to the total amounts
absorbed by the different routes (combination of oral, dermal and respiratory).

The results also showed that the behaviour of lambda-cyhalothrin exposure biomarkers
(measured in plasma and urine) is similar to that of the metabolites of other pyrethroids already
studied: permethrin and cypermethrin. The different metabolites of those pyrethroids in accessible
biological fluids like urine can therefore be measured to assess overall exposure to pyrethroids.
The modelling was also essential to proposing a urinary level of metabolites that can serve as a
biological reference value that should not be exceeded, to reduce the risks of health effects.
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Exceeding this threshold would be an indicator that workplace practices and hygiene need to be
adjusted to limit the risks of harmful effects.

The new kinetic data obtained through the study, as well as the modelling performed, can be used
directly to interpret biological monitoring data on worker exposure to lambda-cyhalothrin or other
pyrethroids, and to reconstruct the doses absorbed under different exposure scenarios.
Furthermore, comparing a farmworker’'s urinary biomarker levels with the biological reference
value proposed as a benchmark can serve to assess the risks associated with exposure to
lambda-cyhalothrin and, more broadly, to pyrethroids in general. This study has helped advance
current knowledge, which will lead to better assessment of exposure and the risks associated with
the use of pesticides in agriculture, from a prevention perspective.
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1.INTRODUCTION

1.1 Occupational health and safety problem

Pyrethroid insecticides are a family of pesticides widely used in Quebec and elsewhere in the
world to control insect pests in agricultural environments. Thus, farmworkers use these products
widely while spraying farm fields. To properly assess exposure to this kind of chemical, we now
use biological monitoring, which involves measuring the products excreted in the urine (parent
products or metabolites) to obtain an indication of the doses actually absorbed. In farmers, the
measurement of these products in the urine provides biomarkers of exposure and gives one an
indication of combined respiratory, dermal and inadvertent oral exposure. Interpretation of
biological monitoring data requires a good knowledge of the fate (toxicokinetic behaviour) of the
substance of interest in the human body, so that biomarker levels in workers can be related to
doses actually absorbed.

Recently, the biological behaviour and thus the toxicokinetics of two widely used pyrethroids —
permethrin and cypermethrin — were established by our research team. In market gardening,
other pyrethroids are also commonly used, but there are few data on their biological behaviour in
humans. One of these pyrethroids is lambda-cyhalothrin. Thus, there is a need to better
understand the kinetic behaviour of biomarkers of exposure to these other pyrethroids such as
lambda-cyhalothrin in human beings. A controlled study of the temporal profiles of these
biomarkers in accessible biological matrices such as blood and urine in volunteers could fill this
gap. These data could then be used in a toxicokinetic model, which simulates the absorption,
distribution, metabolism and excretion of the compound and its metabolites in the human body.
When it is validated, this biomathematical model could be an excellent tool for better
understanding the essential biological determinants of the profiles observed. Based on urinary
biomarker measurements, it could be used to reconstruct the doses absorbed by workers who
are exposed to formulations containing lambda-cyhalothrin and predict the main routes of
exposure. The acquisition of this kind of data and the development of such a tool will also make
it possible to better predict, and thus prevent, the risks associated with exposure to this kind of
pesticide in the workplace.
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2.STATE OF KNOWLEDGE

2.1  Agriculture: An important industry in Quebec

Agriculture is an industry that employs a large number of Quebec workers. According to the latest
census by the Ministére de I'Agriculture, des Pécheries et de I'Alimentation du Québec (MAPAQ,
2016a), this sector comprised approximately 28,150 farms and 54,500 workers in 2015. These
businesses may or may not be family farms. Agriculture has a high proportion of employees hired
on a seasonal basis and temporary foreign workers, of whom there were 7,780 in 2014 (MAPAQ,
2016b).

2.2 Use of pesticides in agriculture

In agriculture, pesticides are used regularly during the spring and summer to limit the damage
caused by insects, fungi and weeds. Pyrethroid insecticides are among the most widely used
(Gorse & Balg, 2013; MDDELCC, 2016). They are sprayed heavily, especially in market
gardening. Thus, their use represents a risk factor for workers’ health.

Permethrin and cypermethrin have long been among the most commonly applied pyrethroids in
market gardening. Today, lambda-cyhalothrin (Figure 1), another pyrethroid, is used even more
heavily on these crops. According to the latest report on sales of pesticides, annual sales of
lambda-cyhalothrin and permethrin ranged from 1,001 to 10,000 kg (class C) while sales of
cypermethrin ranged from 0.1 to 1,000 kg (class B) (MDDELCC, 2016). Lambda-cyhalothrin is a
fast-acting ingestion and contact pyrethroid and is effective at protecting crops from a wide range
of pests. It is also widely used to control pests and parasites inside buildings and around their
perimeters (Syngenta, 2014). In Quebec, lambda-cyhalothrin is sold as various commercial
formulations, mainly Matador 120EC® and Warrior®. The formulation is diluted in water before
being applied with sprayers operated by cab tractors in vegetable farms or with manual or electric
sprayers (in the form of droplets) in and around buildings. However, lambda-cyhalothrin is not
very soluble in water; it adsorbs strongly to particles in the soil and its degradation rate in soil is
slow (Pest Management Regulatory Agency [PMRA], 2004, 2017).

o " o
FiC FiC
o o
el o ci o

Figure 1. Lambda-cyhalothrin (composed of two pairs of diastereoisomeric
enantiomers) (S)-a-cyano-3-phenoxybenzyl (Z)-(1R,3R)-3-(2-chloro-3,3,3-trifluoroprop-1-
enyl)-2,2-dimethylcyclopropanecarboxylate; (R)-a-cyano-3-phenoxybenzyl (Z)-(1S,3S)-3-
(2-chloro-3,3,3-trifluoroprop-1-enyl)-2,2-dimethylcyclopropanecarboxylate; CAS Number

91465-08-6).
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2.3 Toxic effects of pyrethroids

Pyrethroids exert their toxic action on insects’ neurological system by acting on voltage-gated ion
channels (mainly sodium), which underlie nerve activity. They bind to these channels and prevent
their transition from an activated state (which conducts ions) to an inactive state (which no longer
conducts ions). Thus, the neuron cell membranes remain depolarized, which leads to the
paralysis and death of the insect (Field, Davies, O’Reilly, Williamson, & Wallace, 2017). These
insecticides also produce the same neurotoxic reaction in rats and humans, although to a much
lesser degree (over 2,000 times less toxic) given the differences in their sodium channels (Choi
& Soderlund, 2006; Clark & Symington, 2007; He et al., 1989; Le Quesne, Maxwell, & Butterworth,
1981). Cases of poisoning or incidents related to occupational exposure to pyrethroids, including
respiratory and neurological disorders, have been described in reports from local and national
monitoring programs and in case studies (Saillenfait, Ndiaye, & Sabate, 2015). Walters et al.
(2009) point out that such incidents are very probably considerably under-reported to health care
institutions. Moreover, very few epidemiological studies have examined the associations between
exposure to pyrethroids and neurological effects, particularly in workers. Nevertheless, some
authors have observed significant associations between exposure to pyrethroids and
neurodevelopmental disorders in children (Oulhote & Bouchard, 2013; Shelton et al., 2014; Viel
et al., 2015; Watkins et al., 2016).

In addition, some animal studies have shown endocrine and immune changes following the
administration of high doses of pyrethroids, such as lambda-cyhalothrin (Ansari et al., 2012; Righi,
Xavier, & Palermo-Neto, 2009). Oxidative stress has also been observed in rats after the
administration of high doses of lambda-cyhalothrin (Aouey et al., 2017; Fetoui & Gdoura, 2012).
However, the applicability of these results to the assessment of risk in humans exposed to doses
that are much lower but repeated over time has not been established.

2.4 Established reference doses

To prevent the harmful effects of acute and chronic ingestion of certain pyrethroids in the general
population, the United States Environmental Protection Agency has established reference doses
(RfD) for ingestion on the basis of animal studies. Acute RfDs of 0.0025 mg/kg bw and chronic
ones of 0.001 mg/kg bw/day have been established for lambda-cyhalothrin on the basis of a study
of chronic neurotoxicity in dogs exposed by the oral route (no-observed-effect level [NOEL] of
0.25 mg/kg bw and 0.1 mg/kg bw/day, respectively, divided by an uncertainty factor of 100)
(United States Environmental Protection Agency [US EPA], 2004). The corresponding values for
cypermethrin are 0.1 mg/kg bw and 0.06 mg/kg bw/day, whereas the chronic RfD for permethrin
is 0.25 mg/kg bw/day (US EPA, 2008, 2009).

The European Food Safety Authority (EFSA, 2014) has published an acceptable daily intake (ADI)
for lambda-cyhalothrin of 0.0025 mg/kg bw/day, based on a NOEL of 0.5 mg/kg bw/day in a
multigenerational study of rats exposed to cyhalothrin, to which an uncertainty factor of 200 was
applied (the standard factor of 100 for a chronic animal study and an additional factor of 2 for the
conversion of cyhalothrin to lambda-cyhalothrin). A systemic acceptable operator exposure level
(AOEL) of 0.00063 mg/kg bw/day was established on the basis of this same NOEL and
considering a limited absorption fraction of 0.25 (EFSA, 2014). This AOEL corresponds to a
maximum internal dose (absorbed) that must not be exceeded to prevent harmful long-term
effects in operator workers, who are repeatedly exposed and involved in activities related to
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pesticide application (mixing and loading of the product in machinery, operation of machinery,
including repairs and cleaning after use) (EFSA, 2006). According to our previous study done with
workers exposed to cypermethrin and permethrin, but potentially also to lambda-cyhalothrin
(Bouchard, Ratelle, & Coté, 2016; Ferland, C6té, Ratelle, Thuot, & Bouchard, 2015; Ratelle, Coté,
& Bouchard, 2016), the reconstructed absorbed doses reached 2.4 ug/kg bw/day. This maximum
value exceeds the AOEL of 0.63 ug/kg bw/day for lambda-cyhalothrin. It is therefore possible that
workers may be exposed to levels of lambda-cyhalothrin that exceed this limit.

2.5 Multiroute exposure to pyrethroids in farmworkers

Farmworkers may be exposed to pyrethroids, such as lambda-cyhalothrin, during application in
fields or due to a worker’s presence in a treated area, following the prescribed re-entry interval of
24 hours for the insecticide formulations Matador® and Warrior® (Syngenta, 2014).

According to several studies carried out in agricultural settings, respiratory exposure may occur
during spraying, when protective equipment is not properly used. Exposure due to skin contact
with treated crops or contaminated equipment has also been reported (Vermeulen, Stewart, &
Kromhout, 2002). However, recent data provided by our research team on biological monitoring
of workers’ exposure to permethrin and cypermethrin suggest that inadvertent ingestion during
the workday could explain the majority of the temporal urinary metabolite profiles observed after
an application episode (Bouchard et al., 2016; C6té & Bouchard, 2018).

2.6 Measurement of biomarkers of exposure and knowledge of toxicokinetics
for assessment of absorbed doses

The measurement of metabolites of pyrethroids in the urine is considered to be a gold-standard
approach for assessing exposure to these pesticides (Bouchard et al., 2016; Canadian Health
Measures Survey [CHMS], 2013; National Health and Nutrition Examination Survey [NHANES],
2017). Nevertheless, in order to properly interpret the significance of a measurement of these
biomarkers of exposure and establish the best sampling strategies to track exposure, it is
necessary to clearly understand their toxicokinetic behaviour in the body, that is to say, the speed
with which they are absorbed, distributed, metabolized and excreted. This step is crucial in order
to be able to determine the link between levels of biomarkers of exposure measured in the urine
of exposed workers and the doses they have actually absorbed.

To help determine this link, biomathematical models have been developed to simulate the fate of
the compounds in question and their biomarkers in the body. In these models, the body is
represented in the form of compartments; each compartment represents a tissue or set of tissues.
The variation in the amounts of the product and its metabolites in each compartment is then
determined by the difference between the incoming and outgoing amounts per unit of time. These
models simulate different exposure scenarios and different absorption routes for workers. Thus,
they can be used to reconstruct the doses of a product absorbed on the basis of the biomarkers
measured in matrices such as urine, for different exposure scenarios. To develop a robust
toxicokinetic model, it is important to obtain reliable kinetic data under controlled conditions in
which the exposure doses are known and the critical biological determinants of the biological
levels observed (including intra- and inter-individual variability) can be accurately defined.
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Recently the toxicokinetics of two pyrethroid pesticides, permethrin and cypermethrin, was
analyzed in workers in controlled and actual exposure conditions (Bouchard et al., 2016; Ferland
et al., 2015; Ratelle, Cété, & Bouchard 2015a, 2015b; Ratelle et al., 2016). More specifically, in
that study, the temporal profiles of the biomarkers of exposure to permethrin and cypermethrin
were established in the plasma and urine of volunteers exposed orally and in the urine of workers
exposed in vegetable and sweet corn farming. The data acquired from the volunteers were then
used to refine a toxicokinetic model of permethrin and cypermethrin and their metabolites, in order
to reconstruct the doses absorbed by workers based on the urine profiles of biomarkers of
exposure. However, kinetic data on other pyrethroids, such as lambda-cyhalothrin, remain very
incomplete. At present, this limits the use of biological monitoring to assess exposure to this
extensively used pyrethroid.

The kinetic profiles of the metabolites of permethrin and cypermethrin studied in the plasma and
urine of volunteers exposed in controlled conditions and the subsequent toxicokinetic modelling
confirmed that the kinetic parameters were similar for permethrin and cypermethrin. Thus, a single
model could be used to predict the temporal profiles of both permethrin and cypermethrin and
their metabolites following different routes of exposure (oral, dermal or respiratory) and different
temporal exposure scenarios, one-time or repeated, continuous or intermittent (Bouchard et al.,
2016; Coté & Bouchard, 2018; Ratelle et al., 2015a, 2015b). A priori, it seems that the model
could be adapted to simulate the kinetics of other pyrethroids and their metabolites, such as
lambda-cyhalothrin, and thus act as a generic tool to reconstruct the doses absorbed and predict
the main routes of exposure.

2.7 Available data on the kinetics of lambda-cyhalothrin and its metabolites

Before this study, data on the kinetic behaviour of lambda-cyhalothrin in humans were all but
nonexistent. The available data were based essentially on animal experiments. Anadon, Martinez,
Martinez, Diaz, and Martinez-Larranaga (2006) were among the few authors to publish data on
the kinetic behaviour of lambda-cyhalothrin; they were limited to rats and the fate of the parent
compound in the body after the administration of high doses intravenously and orally (3 and
20 mg/kg bw, respectively). It is well known that there are differences in the kinetic behaviour of
pyrethroids in animals and humans. Moreover, several researchers have stated that toxicokinetic
data should be gathered from human studies (Brzak, 2000; Krieger & Thongsinthusak, 1993;
Woollen, Marsh, Laird, & Lesser, 1992).

Nevertheless, according to the available studies in rats and data from our laboratory, lambda-
cyhalothrin is rapidly broken down in the body by carboxylesterases and cytochromes P450,
generating several metabolites (Figure 2). The metabolites are excreted in the urine and feces a
few days after exposure; the plasma elimination half-life of the parent compound has been
established at 7.5 and 10 hours following intravenous injection and oral administration,
respectively, in rats (Anadon et al., 2006; Food and Agriculture Organization [FAO], 2003; World
Health Organization [WHO], 2013). Four metabolites were identified as major metabolites in the
urine, in these animal studies (Table 1). One of these major metabolites, which is easily detected
in urine, is 3-phenoxybenzoic acid (3-PBA) (CAS Number 3739-38-6). This metabolite is common
to other pyrethroids, including permethrin, cypermethrin and deltamethrin. Our research team
recently quantified cis-3-(2-chloro-3,3,3-trifluoroprop-1-en-1-yl)-2,2-

dimethylcyclopropanecarboxylic acid (CFMP) (CAS Number: 72748-35-7) as a major metabolite
in the blood, tissues and excreta of rats exposed to lambda-cyhalothrin orally (Aouey et al., 2017).
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Figure 2. Metabolism of lambda-cyhalothrin.
Table 1. Major metabolites of lambda-cyhalothrin identified from rat studies

Cyclopropane carboxylic fragment

Phenoxybenzoic fragment

(2)-3-(2-chloro-3,3,3-trifluoropropenyl)-2,2-
dimethylcyclopropane carboxylic acid
(CFMP or CF3CA) (CAS Number 72748-35-7)

3-(4'-hydroxy)-phenoxybenzoic acid
(4-OH-3-PBA) (CAS Number 35065-12-4)

-4-OH-3-PBA

Cl

JOH

cMP

3-phenoxybenzoic acid (3-PBA)
(CAS Number 3739-38-6)

3-PBA

3-PBA is easily measurable in workers’ urine (Bouchard et al., 2016; CHMS, 2013; Couture et al.,
HANES, 2009). However, to the best of our
knowledge, there is no published study that measured CFMP in workers, although it appears to
be a major and specific metabolite of lambda-cyhalothrin. 3-(4'-hydroxy)-phenoxybenzoic acid (4-
ite in rats as well (Aouey et al., 2017), but it

2009; Fortin, Bouchard, Carrier, & Dumas, 2008; N

OH-3-PBA) has been identified as a major metabol
has not often been measured in human studies.
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To sum up, in order to better assess exposure and the risks associated with the growing use of
lambda-cyhalothrin as a pyrethroid insecticide in farming, it is clear that the kinetic behaviour of
its biomarkers of exposure must be analyzed. The biomathematical tool developed by our
research team can then be adapted to link measurements of biomarkers of exposure to the doses
that individuals have actually absorbed.
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3.RESEARCH OBJECTIVES

In the context of a previous study, biomonitoring tools for exposure to permethrin and
cypermethrin were developed and validated by our team to assess exposure to pyrethroid
pesticides (Bouchard et al., 2016). Field studies done in this context on farmworkers revealed that
farmers were tending to make increasing use of another pyrethroid insecticide, lambda-
cyhalothrin, which had not yet been evaluated much (CAS Number 91465-08-6). The data
recently obtained by our team suggest that there are similarities in the kinetic behaviour of
different pyrethroids. It has therefore become necessary to do an in-depth analysis of the
toxicokinetic behaviour of this pyrethroid, lambda-cyhalothrin, to determine, among other things,
whether the biological monitoring of metabolites common to several pyrethroids would provide an
overall indication of exposure.

Based on the approach applied in the last project, the general objective of this research project
was to fill the gap in knowledge of the toxicokinetics of the biomarkers of exposure to lambda-
cyhalothrin in humans in order to better interpret biomonitoring data and better assess the risks
for exposed workers.

The toxicokinetic approach developed in the previous project (Bouchard et al.,, 2016) was
therefore applied to this new pyrethroid as follows:

1) assessment of the toxicokinetics of lambda-cyhalothrin in controlled conditions in
volunteers;
2) use of toxicokinetic modelling to:

i) establish the essential determinants of the biological behaviour of lambda-cyhalothrin
and its metabolites;

ii) provide a tool to reconstruct doses absorbed on the basis of biomarker measurements.
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4. METHODOLOGY

The project was subdivided into two complementary parts:

1) A controlled kinetic study (under medical supervision) in volunteers subjected to acute
exposure to a low dose of lambda-cyhalothrin.

This first phase of the project consisted in characterizing the kinetics of the biomarkers of
exposure to lambda-cyhalothrin in volunteers exposed in controlled conditions.

2) The establishment of a toxicokinetic model for lambda-cyhalothrin that can be used as a tool
to reconstruct the doses absorbed by workers on the basis of measurements of biomarkers
in the accessible biological matrices.

This second phase of the project consisted in using the kinetic data obtained with volunteers
in the first part to develop a toxicokinetic model making it possible to relate the doses of
lambda-cyhalothrin absorbed in humans with the biomarkers of exposure observed in
accessible biological matrices such as urine.

4.1 Controlled kinetic study
4.1.1 Design of the study

As in our study of permethrin and cypermethrin (Bouchard et al., 2016; Ratelle et al., 2015a,
2015b), a controlled study in volunteers was done to determine the kinetic profile of the
biomarkers of exposure to lambda-cyhalothrin in humans. These data were then used to develop
a biomathematical model of the toxicokinetics of the multiple metabolites of lambda-cyhalothrin.

4.1.2 Participants

The participants in the controlled kinetic study were recruited on a volunteer basis from students
at Université de Montréal and their families and friends. Five men and three women were
recruited. The volunteers were aged between 20 and 41 years, weighed between 53 and 93 kg
(mean of 70 kg) and were between 154 and 186 cm tall. All were non-smokers in good health and
were not taking any medications. A check was done to make sure that the participants had not
been exposed to pyrethroids during the month before the first experimental administration, except
perhaps in food. In addition, during the three days before each administration, the volunteers were
not allowed to eat fruit, vegetables or nuts; they were given organic bread, cereals, milk and jam
to limit the ingestion of contaminated food, since it is known that food is generally the main route
for pesticide absorption in the general population (Schettgen, Heudorf, Drexler, & Angerer, 2002).
During the biological monitoring of exposure, meals and snacks prepared with certified organic
ingredients were also given to each participant. They were also asked to avoid consuming tea,
tisane, alcohol or medications during this period, as the latter two items can affect the metabolism
of certain chemical compounds by interfering with enzyme activity (Choi, Rose, & Hodgson, 2002;
Gueguen et al., 2006).
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4.1.3 Administration and biological sampling

The volunteers were exposed to both a single oral dose of lambda-cyhalothrin (purity <100%,
purchased from Supelco, Sigma-Aldrich, Oakville, ON, Canada) and a dermal dose of the
formulation of Matador® containing lambda-cyhalothrin (purity of 120 g/I, purchased from Synagri-
Syngenta, Saint-Hyacinthe, QC, Canada). A three-week period was respected between each
series of exposures in order to ensure the complete elimination of the product from the body
between two exposures.

For oral exposure, a pre-test was initially done on a volunteer who received a dose of lambda-
cyhalothrin equal to the acute oral reference dose (RfD) of 0.0025 mg/kg bw, established by the
US EPA (US EPA, 2004) (corresponds to 0.175 mg for an individual weighing 70 kg). According
to a recent evaluation by the US EPA, this dose is considered to have no harmful effects in acute
and chronic exposure scenarios in the general population, including children (US EPA, 2004).
This pre-test was intended to verify whether the levels of metabolites were sufficiently high to
establish a kinetic profile in plasma and urine. Since the levels were almost non-quantifiable most
of the time in plasma, this dosage could not clearly establish the plasma kinetics. The dose was
therefore increased to 0.025 mg/kg bw for the main oral kinetic study. Seven other volunteers
took part in this main oral kinetic study. The compound administered orally was dissolved in
organic olive oil (1 mg of product in 2 ml of oil for the dose of 0.0025 mg/kg bw and 10 mg of
product in 2 ml for oil for the dose of 0.025 mg/kg bw). The volunteers were then asked to drink
100 ml of water. The tip used for administration was rinsed with pure oil and the oil was then
administered to participants, with another 100 ml of water.

For the dermal exposure, six of the seven volunteers exposed to 0.025 mg/kg bw orally were then
exposed to the formulation of Matador®, at a dose corresponding to 0.25 mg/kg bw of lambda-
cyhalothrin. The product was applied on 40 cm? on one forearm and left for 6 hours. A cardboard
frame 20 x 2 cm was attached to each volunteer’s forearm to delimit the application area. The
dose was applied with a plastic pipette. The treated area was left uncovered and washed with
soap and water 6 hours after application. Thus, this kind of application is similar to that of the
exposed workers.

As was done for permethrin and cypermethrin, a series of 30 ml (3 tubes x 10 ml) blood samples
were taken by venipuncture from the arm before exposure (t = 0, 30 minutes before administration
of the pesticide) and at set times over a 72-hour period after administration, namely 0.5, 1, 1.5, 2,
4,6, 8,10, 24, 48, and 72 hours after administration (n = 12 samples per individual per exposure)
to study the kinetics of metabolites in blood. To facilitate blood sampling, a catheter was inserted
for the whole day after exposure, then sampling was done with venipuncture over the following
days. Immediately after each sample was taken, the blood samples were centrifuged to precipitate
the red cells and isolate the plasma. The plasma samples were then divided into aliquots, carefully
labelled and stored at -20 °C until the analysis was done.

To study the urinary kinetics of the metabolites, complete urine samples were also collected in
separate, clearly identified pots at set periods, namely -3—0 hours before exposure and 0-3, 3-6,
6-9, 9-12, 12-24, 24-36, 36—48, 48-60, 60-72, and 72-84 hours post-administration (n = 11
collected per individual per exposure). All the urine produced during a given period was collected
in the same container, namely a 500 ml Nalgene® polypropylene bottle, already identified
beforehand. The specimens were then coded to respect participants’ anonymity, and the date
and time of sampling were noted on the containers. Once the urine samples were collected, they
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were kept in the refrigerator before the total urine volume was measured. To avoid repeated
freezing and thawing, each sample was then divided into aliquots, in 3 labelled 15 ml tubes and
one 120 ml container, before storage at -20 °C until the analysis was done.

During the first 12 hours following the administration of the dose, the volunteers were confined to
a room in the Department of Environmental and Occupational Health at the School of Public
Health at Université de Montréal. During the following four days of sampling, participants had to
visit the department each morning to undergo blood sampling and bring their urine samples. The
volunteers were also asked to complete a questionnaire to provide: (1) personal information
(weight, height); (2) lifestyle information, such as their (i) physical activity; (ii) occupational or
accidental exposure while handling products (use of shampoo, conditioner, lotions, or creams that
might have contained pesticides to deal with pests or the use of products containing pesticides
for pets to protect them against fleas, mange, etc.) during the 3 days preceding the start of the
study; (iii) medications taken; (iv) alcohol consumption; (v) tobacco consumption; (vi) consumption
of non-organic food during this period; and (3) any symptoms potentially related to the pesticide
administration.

4.1.4 Processing of samples and laboratory analyses

The samples of plasma and urine were processed with a method previously developed in the
research team’s laboratory to measure the metabolites of permethrin and cypermethrin, but with
certain adjustments to measure the metabolites of lambda-cyhalothrin and to take account of the
fact that the dose administered was lower than in the previous study (Ratelle et al., 2015a, 2015b).

To analyze the metabolites in the various samples from the exposed volunteers, 2 ml of plasma
was processed. Each sample was fortified by adding 5 pl of a mix of labelled internal standards,
13C, 'D trans-3-(2,2-dichlorovinyl)-2,2-dimethyl-cyclopropane-1-carboxylic acid ('*C, 1D trans-
DCCA) and "3C¢-3-PBA, at a concentration of 20 nmol/ml (Cambridge Isotope Laboratories, Inc.,
Andover, MA, USA). There is no labelled standard of CFMP since it is a rarely measured
molecule; C, 1D trans-DCCA was therefore used as an internal standard for CFMP. Two
millilitres of sodium acetate buffer at 0.1 M, pH 5, was added and the samples were incubated for
16 hours with 20 ul of B-glucuronidase/arylsulfatase (100,000 U/ml of Fishman and 800 U/ml of
Helix pomatia; Roche Diagnostics, Laval, QC, Canada) at 37 °C in a shaking water bath to obtain
the sum of free and conjugated metabolites. Liquid-liquid extraction was then done twice with 4 ml
of ethyl acetate (Fisher Scientific, Ottawa, ON, Canada) saturated in water (shaking for 20
minutes and centrifuging at 3,400 rpm for 15 minutes at 4 °C). The upper organic phase recovered
after each extraction was combined in a 10 ml glass tube and the solvent was evaporated to
dryness under a light nitrogen stream in a bath at 35 °C. The residues were resuspended in 500 pl
of MS grade methanol from Honeywell, and the samples were centrifuged for 60 seconds at
3,000 rpm, then transferred into HPLC vials for analysis.

To analyze the metabolites of pyrethroids in the various samples from the exposed volunteers,
5 ml of urine was processed. Each sample was fortified by adding 10 ul of a mix of internal
standards of 13C, 'D trans-DCCA and '3C-3-PBA, at a concentration of 20 nmol/ml. Five millilitres
of sodium acetate buffer (0.1 M, pH 5) was added and enzymatic hydrolysis was done with 20 pl
of B-glucuronidase/arylsulfatase for 16 hours at 37 °C. The analytes were then extracted in solid
phase with Sep-Pak C18 cartridges (Waters, Milford, MA, USA). The cartridges were first
conditioned with 4 ml of methanol followed by 8 ml of water. The urine was then passed through
the column. The cartridges were washed with 8 ml of water. The analytes were then eluted in the
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column with 8 ml of methanol, in 10 ml glass tubes. The solvent was evaporated to dryness under
a nitrogen stream in a bath at 35 °C. The residues were resuspended in 1,000 ul of methanol,
and the samples were centrifuged for 60 seconds at 3,000 rpm, then transferred into HPLC vials
for analysis.

The analysis of CFMP and 3-PBA in the plasma and urine was done using an ultra-high-
performance liquid chromatography (UHPLC) system from Agilent, Model LC-1290, equipped
with a binary UHPLC gradient pump (Agilent, Mississauga, ON, Canada), an autosampler and a
thermostatted column compartment (Agilent, Mississauga, ON, Canada), and coupled with a
quadrupole time-of-flight (Q-ToF) mass spectrometer (MS), model 6530 (Agilent, Mississauga,
ON, Canada), with a jet stream technology ion source (AJS ESI). The ionization was done in
negative ion mode and all the specific ESI-MS parameters were manually optimized. The
compounds were separated using a C18 ZORBAX Eclipse Plus column (2.1 x 50 mm; 1.8 pm,
HD) from Agilent (Mississauga, ON, Canada). The column temperature was maintained at 40 °C.
The mobile phase consisted in an eluent A composed of water and 0.01% acetic acid and an
eluent B of methanol with 0.01% acetic acid. The elution was done in 11 minutes using a solvent
gradient, at a flow of 0.4 ml/minute. The following program was used: (i) 2% of eluent B for 2
minutes, (i) linear gradient up to 30% of eluent B from 2 to 2.5 minutes, (iii) maintained at 30% of
eluent B from 2.5 to 3.5 minutes, (iv) increased to 55% of eluent B from 3.5 to 4 minutes, (v) to
60% of eluent B from 4 to 7.5 minutes, (vi) linear gradient to 98% of eluent B from 7.5 to 8 minutes,
(vii) maintained at 98% of eluent B from 8 to 9.5 minutes, (viii) return to the initial conditions of 2%
of eluent B in 1.5 minutes. The retention time (elution) of the different analytical compounds
ranged from 7.2 to 8.1 minutes. The solvent was removed to waste before 4 minutes, to eliminate
salts and prevent ion suppression in the mass spectrometer by the salts contained in the matrices;
it was then directed to the mass spectrometer after 4 minutes. The samples were kept at 5 °C on
the injection tray and 5 pl was injected.

The exact masses of the analytes were determined in the following optimized MS conditions
(parameters as defined by the instrument): sheath gas (N2) temperature: 200 °C; sheath gas flow
rate: 10 I/minute; nebulizer gas pressure: 50 psi; drying gas (N2) temperature: 365 °C; drying gas
flow rate: 12 I/minute; capillary voltage (Vcap): 3,000 V; nozzle voltage: 0 V; fragmentor: 75 V;
skimmer: 65 V; octopole: 750 V. The precursor ions [M-H]- analyzed were m/z 241.02487 for
CFMP, m/z 213.05572 for 3-PBA, m/z 212.00955 for '3C, 1D trans-DCCA and m/z 219.07585 for
13C6-3-PBA. Identification and quantification were done using Extracted lon Chromatogram (EIC)
mode. Quantification was based on calibration curves in the urine or the plasma. Response
signals were established based on the surface ratio for the precursor ions of each analyte over
that of the internal standard.

Quality control was ensured by inserting positive and negative controls into the analysis sequence
at regular intervals. Analytical repeatability was also evaluated by determining the variation in the
results of the analysis of replicates of the urine and plasma samples in the same calibration and
setting conditions (blanks fortified at two levels of concentration with the reference standards).
The limit of detection (LOD) in plasma and urine was approximately 10 fmol injected into the
UHPLC system (equal to 3 standard deviations of the response ratio of the repeated analysis of
a blank divided by the mean slope of the standard curves). The repeatability of the analysis of
samples in the same calibration and setting conditions (blanks fortified by authentic reference
standards at two levels or positive controls) was lower than 5%. The reproducibility between the
analysis series (variability from one day to another of the results of the analysis of blank samples
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fortified with authentic reference standards at two levels and one positive control) on five different
days was lower than 15%.

4.1.5 Determination of biological levels

Plasma levels were expressed as a concentration (pmol/ml/kg bw). Urine levels were expressed
as an excretion rate (pmol/h/kg bw) and cumulative excretion (% dose). For purposes of
comparison, urine levels were also expressed as a concentration, adjusted for creatinine
(Mmol/mol creatinine), as recommended by Viau, Lafontaine, and Payan (2004). Creatinine in the
urine was measured with Jaffe’s method, which uses alkaline picrate with deproteinization
(enzymatic colorimetric Creatinine PAP test from Boehringer Mannheim, Germany).

4.1.6 Determination of toxicokinetic parameters

As the first step in the analysis, the baseline toxicokinetic parameters were determined using the
kinetic profiles of the metabolites of pyrethroids in plasma and urine after oral exposure. To do
this, it was considered that, following administration, a dynamic equilibrium was quickly reached
between tissue and plasma levels of metabolites (the plasma and tissue levels soon started
evolving in parallel) and thus that the body could be represented using a one-compartment model
with first-order elimination (Renwick, 2008; Tornero-Velez et al., 2012). Based on the kinetics of
other pyrethroids, it was also considered that the metabolism of lambda-cyhalothrin into CFMP
and 3-PBA is almost instantaneous (on the order of minutes compared with hours for elimination).
The baseline kinetic parameters were therefore derived by using the least squares method to fit
the following general equation to the observed experimental data (using MATLAB software and a
program developed in Visual Basic for Applications in Microsoft Excel): C (t) = Aek@bst + Be*elimt
where C (t) is the plasma concentration as a function of time (or of urinary excretion rate), A and
B are pre-exponential coefficients, and kabs and Keim are hybrid coefficients of speed for the
absorption and elimination phases, respectively. The time needed to achieve the maximum
concentration (Tmax) and the apparent absorption (In(2)/kass) and elimination (In(2)/keim) half-lives
were also determined.

Based on the temporal profiles of plasma concentrations (C), the area under the curve (AUC),
area under the first moment curve (AUMC), mean residence time (MRT), plasma clearance (CL)
and apparent volume of distribution (V4) were also calculated. The equations used to calculate
these parameters are as follows:

1
AUC =23 (6, ~1,)[Ct) + (e, @
AUMCZ%Z(E _ti+1)[tic(ti)+ti+lC(ti+l)] (2)
MRT = AUMC (3)

AUC
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4.1.7 Ethical considerations

The experimental protocol and the consent forms were approved by the Université de Montréal’s
research ethics committee (certificate 15-085-CERES-P). All participants gave their consent in
writing and were informed of the risks related to participation and their right to withdraw from the
study at any time, without prejudice. Subjects’ anonymity was ensured by coding the samples.
Participants received financial compensation for their time and any inconvenience caused.

In addition, the proposed exposure doses were selected to be safe and not to induce harmful
systemic effects in volunteers. Clinical sighs and symptoms were monitored by certified medical
staff throughout the study. None of the volunteers reported any symptoms during the oral study
period. On the other hand, two volunteers felt stinging sensations and noticed the appearance of
redness after dermal application; these volunteers were men, the hair on whose forearms had
been shaved the morning of exposure. No systemic symptoms (headache, numbness, abdominal
pain) were reported.

4.2 Toxicokinetic modelling

The experimental data obtained from volunteers exposed to lambda-cyhalothrin during this study
contributed greatly to our understanding of the kinetics of lambda-cyhalothrin in humans. Indeed,
in the context of this project, we noted that there is very little information on the kinetics of lambda-
cyhalothrin in the literature. This information is limited to the results of one animal study (Anadon
et al., 2006) and one study in workers (Chester, Sabapathy, & Woollen, 1992). The International
Programme on Chemical Safety (IPCS, 1990) also summarizes some animal studies, but those
studies could not be consulted. Since only very limited data have been published on the kinetics
of lambda-cyhalothrin, the available information on pyrethroids of the same type was also
consulted. Thus, considering the kinetics of similar pyrethroids and the experimental data
obtained during this study, it was possible to develop a conceptual model of the kinetics of
lambda-cyhalothrin and the major metabolites that could be used as biomarkers of exposure.

Mathematically, the model specific to lambda-cyhalothrin reflects the essential determinants of
the temporal evolution of the parent product and its metabolites in the human body and in the
excreta. The critical biological processes taking place at key points in time were used to determine
the overall dynamics of the system. The model makes it possible to link the absorbed dose, the
blood concentration and the urinary measurement and thus to reconstruct the doses absorbed by
workers based on the measurement of metabolites in accessible biological matrices, such as
urine.
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The structure of the model we developed is similar to that already used to describe the kinetics of
permethrin and cypermethrin in humans (Bouchard et al., 2016; Co6té & Bouchard, 2018). This
kind of model has compartments to which biological significance was attributed and the emphasis
was on monitoring mass balance, which means that the doses may be related to the total of the
amounts in the body and in the excreta at all times. It has the purpose of predicting the temporal
evolution of urinary biomarkers. Thus, only the key processes determining the kinetics of
biomarker excretion need to be established. Moreover, since the model is used to interpret
biological monitoring data on exposure in humans, the values of the model’s parameters are
established directly based on human data. This toxicokinetic modelling approach was also applied
in the past to the following organophosphate and carbamate insecticides: malathion, parathion,
chlorpyrifos and carbaryl (Bouchard, Carrier, & Brunet, 2008; Bouchard, Carrier, Brunet, Bonvalot,
& Gosselin, 2005; Bouchard, Carrier, Brunet, Dumas, & Noisel, 2006; Bouchard et al., 2003;
Gosselin, Bouchard, Brunet, Dumoulin, & Carrier, 2004).

4.2.1 Functional representation of the model

The representation of the model (description of the compartments and intercompartmental
transfers) is illustrated in Figure 3. The parameters of the model are described in Table 2. The
loads in the body and the excreta (accumulation in the urine of the parent product and its
metabolites) are represented by compartments. The changes in these loads were described
mathematically by a system of differential equations that ensures the conservation of mass at all
time (Appendix A). Thus, the distribution of a substance and its biotransformation were
represented by transfers from one compartment to another at rates proportional to the load in the
source compartment. The rate of change in the amounts in each compartment (dXi(t)/dt) (on a
molar basis) therefore corresponds to the difference between incoming and outgoing amounts
per unit of time.

Specific compartments, D(t), Gl(t), RT(t), were used to describe the amounts of lambda-
cyhalothrin on the surface of the skin, in the lumen of the gastrointestinal tract and in the
respiratory tract, respectively. The tissue loads of lambda-cyhalothrin, which quickly achieved
equilibrium with the blood loads, were combined in a single compartment, B(t), given that the
amounts evolved in parallel. A compartment for lambda-cyhalothrin storage, S(t), was also
introduced into the model to describe the accumulation in lipids or tissue protein binding. The
compartment S(t) was added to the model to take into consideration the biphasic elimination of
metabolites of lambda-cyhalothrin in volunteers exposed orally. The compartment M(t) was used
to represent the body burdens of the metabolites CFMP and 3-PBA. A compartment Mnot_observed(t)
was used to represent the body burden of metabolites not measured in the blood and urine. The
compartment U(t) represented the cumulative excretion of CFMP and 3-PBA in the urine, and F(t)
the cumulative fecal excretion of CFMP and 3-PBA. To take account of differences in the kinetics
of the metabolites CFMP and 3-PBA in the matrices of volunteers with dermal exposure, a
compartment Di,(t) was added to represent the load of lambda-cyhalothrin absorbed by the skin
structures. A compartment MD(t) was also added to represent the load of lambda-cyhalothrin
metabolized into CFMP and 3-PBA inside the skin structures.
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Figure 3. Conceptual model of the kinetics of lambda-cyhalothrin and its metabolites

that can be used as biomarkers of exposure in humans.

This model also supposes that there is no saturation in the processes of metabolism and
clearance. At the exposure doses modelled in the volunteers (Khemiri, Cété, Fetoui, & Bouchard,
2017, 2018), the kinetic profiles of CFMP and 3-PBA were accurately predicted without having to
introduce saturation. In animals exposed to a very high dose of lambda-cyhalothrin intravenously
(3 mg/kg bw) or orally (20 mg/kg bw), no saturation was apparent based on the temporal profile
of the parent compound (Anadon et al., 2006). However, the model cannot be used to predict the
kinetics at saturating exposure doses. The solution of the differential equations simulating the
kinetics of the parent product and its metabolites in the body made it possible to generate
mathematical functions (Xi(t)) describing the temporal profiles of these models in the different
compartments.
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Table 2.

Description of the symbols used for the conceptual and functional

representations of the kinetic model of lambda-cyhalothrin and its metabolites

Parameter Definition

Joral(t) Available oral dose (mol) per unit of time that is able to describe temporal
variations in inputs

Jdermal(t) Available dermal dose (mol) per unit of time that is able to describe temporal
variations in inputs

Ginn(t) Available inhalation dose (mol) per unit of time that is able to describe temporal
variations in inputs

D(t) Amounts of lambda-cyhalothrin (mol) available on the surface of the skin as a
function of time

Din(t) Amounts of lambda-cyhalothrin (mol) inside the skin structures as a function of
time

Gl(t) Amounts of lambda-cyhalothrin (mol) available in the gastrointestinal tract as a
function of time

RT(t) Amounts of lambda-cyhalothrin (mol) available in the respiratory tract as a
function of time

B(t) Amounts of lambda-cyhalothrin (mol) in the blood and the tissues in dynamic
equilibrium with the blood as a function of time

S(t) Amounts of lambda-cyhalothrin (mol) retained in the tissues (mol) as a function
of time

M(t) Body burden of CFMP or 3-PBA (mol) as a function of time

MD(t) Amounts of CFMP or 3-PBA (mol) inside the skin structures as a function of

Mnot_observed(t)

u(t)
Qu(t)

F(t)
fabs_oral
fabs_dermal
Kabs_oral

Kobin

kabs_inh

Kpins

Kss

time

Body burden of non-observed metabolites (mol) as a function of time
Cumulative amounts of CFMP or 3-PBA in the urine (mol) as a function of time
Rate of excretion of CFMP or 3-PBA in the urine (mol) as a function of time =
M(t) X kMU

Cumulative amounts of CFMP or 3-PBA in the feces (mol) as a function of time
Oral absorption fraction of lambda-cyhalothrin

Dermal absorption fraction of lambda-cyhalothrin

Oral absorption rate of lambda-cyhalothrin (h-")

Permal absorption rate of lambda-cyhalothrin by the internal skin structures (h-
)

Respiratory absorption rate of lambda-cyhalothrin (h-")

Rate of transfer of lambda-cyhalothrin from the internal skin structures to the
blood (h)

Rate of transfer of lambda-cyhalothrin from the blood to the storage tissues (h™)
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Parameter Definition

ks Rate of transfer of lambda-cyhalothrin from the storage tissues to the blood (h-)
kem crvp Rate of biotransformation of lambda-cyhalothrin into CFMP (h)

Kawm_3peA Rate of biotransformation of lambda-cyhalothrin into 3-PBA (h")

KpinMD_cFmp Rate of biotransformation of lambda-cyhalothrin into CFMP in the internal skin
structures (h")
KpinmMD_3PBA Rate of biotransformation of lambda-cyhalothrin into 3-PBA in the internal skin
structures (h")

Kmbwm_crmp Rate of transfer of CFMP from the internal skin structures to the body (h")
Kmbm_3pBA Rate of transfer of 3-PBA from the internal skin structures to the body (h-)

ksu_no_crvp | Rate of biotransformation of lambda-cyhalothrin into non-observed metabolites
and derived from the CFMP form (h-")

Kpinm_NO_cFMP
Rate of biotransformation of lambda-cyhalothrin into non-observed metabolites
kem no_spea | derived from the phenoxybenzoic form (h™)

and

Kpinm NoO_3PBA

Kmu_crvp Rate of transfer of CFMP from the body to urine (h™)
Kmu_spea Rate of transfer of 3-PBA from the body to urine (h')
KmF_crmp Rate of transfer of CFMP from the body to feces (h")
KmF_spea Rate of transfer of 3-PBA from the body to feces (h™)

4.2.2 Determination of the model’s parameters

A mathematical program was created to determine the parameters of the model specific to
lambda-cyhalothrin and its metabolites, using MATLAB (version R2017a). A value determination
sequence was programmed in successive iterations, fitting the mathematical functions (by
minimization with the least squares method) to the temporal profiles established in this project
with volunteers exposed to lambda-cyhalothrin. The approach to determining parameters is
similar to that described in Cbété et al. (2014) and C6té and Bouchard (2018) to establish the
parameters specific to permethrin and cypermethrin. However, since lambda-cyhalothrin does not
have a stereoisomer, the computer programming used to determine the parameters proved to be
less complex, which reduced the computation time.

In view of this simplification, other parameters could be verified. Indeed, in Coté et al. (2014) and
Cébté and Bouchard (2018), the metabolism rate constant for permethrin or cypermethrin into 3-
PBA in the blood and tissues in equilibrium with the blood was considered identical to the
metabolism rate constant for permethrin or cypermethrin into trans- and cis-3-(2,2-dichlorovinyl)-
2,2-dimethyl-cyclopropane-1-carboxylic acid (trans- and cis-DCCA). In fact, in that model, it was
impossible to determine a metabolism rate constant other than the one for permethrin or
cypermethrin into cis- or trans-DCCA. In the model specific to lambda-cyhalothrin, it was possible
to determine a different metabolism rate constant for the parent product metabolized into each of
its metabolites, CFMP and 3-PBA. This differentiation is plausible since the metabolite CFMP is
produced immediately following the scission of the parent product while the formation of 3-PBA
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requires an additional step following the scission of the parent molecule (Kaneko & Miyamoto,
2001). In addition, in the previous studies conducted by our team, the value of the oral absorption
fraction was set at 0.8. In this project, the value of the oral absorption fraction could be
investigated.

More specifically, to determine the parameters of the model specific to lambda-cyhalothrin and its
metabolites, the computerized routine developed in the studies by Coté et al. (2014) and Cbté
and Bouchard (2018) was adapted. The analytical equations representing the evolution of the
metabolites CFMP and 3-PBA in blood and urine as a function of time were used, and then the
computerized routine derived the best set of parametric values by fitting the simulation points to
the experimental data, using minimization with the least square fit method. The parameters were
determined by executing a series of inner iterations, which made it possible to systematically test
all the possible sets of parametric values. For each parameter, all the possible values within a
given interval were tested (unlike a Monte Carlo simulation, where the values are selected
randomly within an interval according to a distribution). For some parameters, an interval of values
was set at between 1 and 10,000 minutes of half-life (the highest value was a possible upper
limit). The routine then tested each minute of half-life in this interval. The value for the parameter
sought was therefore located within this interval. However, it was impossible to set this interval
for every parameter, since the computation time would have been too long. For other parameters,
the intervals of parametric values were set taking physiological restrictions (related to the
conceptual model or the metabolite profiles) into consideration. For example, a first estimate of
the value of the parameter ksg (transfer of the parent compound from the storage compartment to
the blood) was made based on the slope of the last time points of the urinary profile of metabolites
on a log-linear graph. However, since all the parameters can have a general impact on the
simulation profiles, lower and upper limits around the value were then estimated in order to include
all the possibilities associated with this parameter.

For the oral absorption fraction specifically, the interval of values was determined logically. The
maximum value of the interval was set at 100%, but the minimum value could not be lower than
the smallest value (as a % of the exposure dose) of the metabolite found in the urine. For example,
if there was 20% of CFMP in the urine, the interval could range from 0.2 to 1. For reasons of
computation time, the oral absorption fraction was increased in increments of 0.05. The dermal
absorption fraction was determined in a different way. The compartment D(t) corresponds to
lambda-cyhalothrin available on the surface of the skin. It penetrates to the interior of the skin at
a speed associated with the constant kppin. The surface of the skin was cleaned 6 hours after
application in volunteers. Thus, the amounts that penetrated the skin could be determined by
reducing the model to two compartments: one compartment associated with the surface of the
skin and one compartment associated with the interior of the skin. By solving the differential
equations, itis possible to find out how much has penetrated in 6 hours. This amount corresponds
to the dermal absorption fraction.

For the respiratory route, no study had been published on the kinetics of lambda-cyhalothrin and
its metabolites. However, Leng et al. (1997) did a study of volunteers exposed to cyfluthrin by
inhalation. That study revealed a rapid apparent elimination half-life (Leng et al., 1997), on the
same order of magnitude as was observed in studies of volunteers exposed orally to
cypermethrin, permethrin and lambda-cyhalothrin (Khemiri et al., 2017, 2018; Ratelle et al.,
2015a, 2015b; Woollen et al., 1992). The kinetics of the respiratory route was therefore
considered to be similar to the oral route. Thus, to simulate exposure by the respiratory route, the
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mean pulmonary ventilation rate is used and it is considered that absorption is very fast (minutes
of half-life) with a high absorption fraction (= 80%).

With the mathematical routine used, several sets of parametric values were determined by fitting
the data of each of the volunteers exposed to lambda-cyhalothrin and to the mean profiles. These
sets of values all provide good fits for the experimental curves. However, ultimately, a single set
of parametric values was retained to describe each of the available profiles (one for each
volunteer), along with a profile representing the mean for volunteers. The set of parametric values
retained corresponds to the one that showed the least variance between the values for the
different volunteers’ parameters and that gave the best fit.

More specifically, the parameters were first determined based on data from the seven volunteers
exposed orally and 8 sets of parametric values were retained to simulate the available data for
this exposure route (seven sets of values from the fitting to the individual profiles and an eighth
from the fitting to the mean profile). The parameters related to dermal absorption were then
estimated using data from four of the six volunteers exposed to Matador® dermally. The values of
the data for the other two volunteers were too low to allow modelling. Similarly, for the four
volunteers used to determine the specific parameters for dermal exposure, the data obtained for
the initial times were also eliminated. To determine the specific parameters for the dermal route,
the sets of parametric values obtained by fitting to the individual profiles and the mean profiles in
volunteers exposed orally were first set in the model and only the parameters specific to dermal
absorption were then determined. As with the determination of parameters for the oral data, a set
of specific parametric values for the dermal route that provided the best fit was retained to
describe each individual profile (one for each volunteer) and the mean profile for the dermal route.

4.2.3 Simulations
4.2.3.1 Simulation of data with volunteers

Once the parameters of the model were established based on data observed in volunteers
exposed to lambda-cyhalothrin orally and dermally, the system of differential equations describing
the complete functional model of the kinetics of the parent product and its metabolites was solved
in MATLAB with the final parameters retained, to reproduce the temporal profiles of the
metabolites CFMP and 3-PBA in the blood and urine for a simulation corresponding to the
volunteers’ oral and dermal exposure. The simulated profiles were then represented graphically
and compared to the data observed in the volunteers.

4.2.3.2 Prediction of temporal profiles following different exposure scenarios

The model allows us to predict the temporal profile of lambda-cyhalothrin and its metabolites
CFMP and 3-PBA in the body and the excreta at any point in time and for different exposure
scenarios. Simulations of one-time or repeated, continuous or intermittent exposure scenarios
can be done by introducing a term g(t) to describe exposure doses over time.

Several exposure scenarios, for a single exposure route (oral, dermal or respiratory) or for
concomitant exposure by different routes and for different periods, can be simulated. For example,
three different simulations were done to reproduce a plausible exposure scenario for a farmworker
doing a weeding task in the fields for a typical workweek of five days followed by two days off. For
each workday, the simulation reproduced a scenario of seven hours of work in the fields, followed
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by a one-hour break to eat, then another seven-hour work period. The simulation considered that
the task was repeated for five consecutive days, followed by two days off.

The first simulation reproduced a worker’s exposure (i) dermally for the first seven hours of work
in the fields, (ii) by extemporaneous ingestion, inadvertently, during the meal break, reflecting
“hand-to-mouth behaviour” (contact between contaminated hands and the mouth), and (iii)
dermally again for several hours after the return to the fields. Thus, this simulation considered
continuous dermal exposure over two periods within a workday, plus extemporaneous oral
exposure once during a workday. For the lunch break, the reconstruction presupposed that the
worker washed the exposed skin area, which removed almost all of the product on the skin
(approximately 99.5%); thus, for oral exposure, the scenario considered a hypothesis whereby
the worker ingested a dose corresponding to 0.5% of the amounts accumulated on the skin during
the 7-hour period following the start of the shift. This simulation also considered that the exposed
skin area was washed after work, removing all the remaining product from the skin. Moreover,
the first simulation considered a total daily dose of 1 ymol/kg bw/day; dermal exposure
corresponding to 0.9975 uymol/kg bw/day (0.49875 umol/kg bw for each seven-hour exposure
period) and oral exposure to 0.0025 pmol/kg bw/day. The dermal dose was divided equally over
the two seven-hour periods.

The second simulation presupposed only dermal exposure, spread over an exposure period of
seven consecutive hours, a one-hour period without exposure during the lunch break, considering
that the worker washed his/her hands, followed by a new seven-hour exposure period. The third
simulation assumed extemporaneous exposure by ingestion only, due to “hand-to-mouth
behaviour,” during the lunch break. For the second simulation, the dermal dose was
0.9975 umol/kg bw/day and, for the third, the oral dose was 0.0025 pmol/kg bw/day, which
allowed for direct comparison of the results with those of the first simulation.

For purposes of these simulations, the set of parametric values associated with the kinetics of the
mean profile was used. All these parameters were introduced into the computer routine created
with MATLAB. Thus, the temporal profiles of the hourly excretion rates (pmol/kg bw/h) of
metabolites of lambda-cyhalothrin in the urine were simulated for a period of seven days following
the start of the exposure scenarios described above. For the first scenario, the total amounts
excreted in the urine for periods of 12 consecutive hours were also simulated in addition to the
hourly excretion rates.

4.2.3.3 Proposed biological reference value for CFMP in urine

With modelling, it was also possible to propose a biological reference value (BRV) for acute and
chronic exposures, considering a simulation of a plausible exposure scenario in a farmworker.
This BRV was established for the specific metabolite of lambda-cyhalothrin, CFMP. The exposure
scenario retained to derive this BRV corresponded to continuous daily dermal exposure over an
entire typical 15-hour shift. The simulation was conducted such that the value of the absorbed
dose corresponded both to the US EPA’s acute oral RfD (0.0025 mg/kg bw/day) and to its chronic
oral RfD (0.001 mg/kg bw/day), multiplied by the oral absorption fraction (fabs) determined by the
modelling of data in volunteers exposed orally. This value for the absorbed dose was divided
uniformly over the 15-hour exposure period to simulate continuous dermal exposure throughout
the shift. The total amounts of CFMP excreted in the urine over a period of 24 hours following the
start of this exposure scenario was then predicted by the model. This simulated total daily
amounts of CFMP in the urine was proposed as a BRV. These simulations were done using each



24 Lambda-Cyhalothrin Used as an Insecticide in Agriculture:  IRSST
Study of Biomarker Toxicokinetics to Monitor
Worker Exposure

of the sets of parametric values established for dermal exposure, that is, those for volunteers 2,
3, 5 and 6 and the one for the mean profile. The smallest value for the simulated daily amounts
of CFMP in the urine — that is, the most protective — was retained as a BRV. It was expressed first
in pmol/kg bw/day and converted into pmol/mol of creatinine. To establish the latter BRV unit, a
value for daily excretion of creatinine of 25 mg/kg bw/day was considered, which corresponds to
an amount of 221 pmol/kg bw/day of creatinine. The BRV in pmol/kg bw/day determined in
advance was therefore divided by the daily amounts of creatinine expressed in ymol/kg bw/day
to obtain a CFMP concentration in pmol/mol of creatinine.
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5.RESULTS

5.1 Temporal profiles of biomarkers of exposure observed in the plasma and
urine of volunteers, and toxicokinetic parameters

The temporal profiles of CFMP and 3-PBA in the plasma of the seven volunteers exposed to
0.025 mg/kg bw of lambda-cyhalothrin orally are presented in Figure 4. The profiles of the two
metabolites were similar, indicating similar kinetic behaviour for both biomarkers of exposure. A
rapid increase in blood levels of the metabolites was clearly visible in the hours following
exposure, but elimination was also rapid and complete in less than 72 hours.
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Figure 4. Temporal profiles of concentrations of CFMP (e) and 3-PBA () observed in
the plasma of volunteers following ingestion of 0.025 mg/kg bw of lambda-cyhalothrin.
The symbols represent mean values and the vertical bars show standard deviations.

The baseline toxicokinetic parameters calculated on the basis of the plasma profiles of CFMP and
3-PBA (Table 3 and Table 4) confirm the rapid absorption of lambda-cyhalothrin, with a mean
calculated rate of 0.3 and 0.2 h'', respectively, which corresponds to a calculated mean apparent
absorption half-life (t1,2) of 2.0 and 3,0 hours, respectively. The elimination rate (keim) calculated
on the basis of the plasma profiles of CFMP and 3-PBA was also high, with a mean of =0.1 h-" in
both cases, which corresponds to a calculated mean apparent elimination t1» of 5.3 and 6.4 hours,
respectively. The mean residence time (MRT) was similar for both metabolites. The calculated
apparent volume of distribution (V4) also shows limited tissue distribution, with somewhat greater
distribution for the cyclopropane portion (according to the profile of the metabolite CFMP).
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The temporal profiles of CFMP and 3-PBA observed in the urine of the seven volunteers exposed
to 0.025 mg/kg bw of lambda-cyhalothrin orally are presented in Figure 5. The urinary profiles of
the metabolites again show similar kinetic behaviour for both biomarkers of exposure, with rapid
and complete excretion in 72 hours.
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Figure 5. Temporal profiles of excretion of CFMP (e¢) and 3-PBA () observed in the
urine of volunteers following ingestion of 0.025 mg/kg bw of lambda-cyhalothrin. The
symbols represent mean values and the vertical bars show standard deviations.

The toxicokinetic parameters established on the basis of these urinary profiles confirm the
absorption rate and elimination rate values calculated based on the plasma profiles. The mean
apparent absorption ti2 values calculated on the basis of the urinary profiles of CFMP and 3-PBA
were 2.7 and 2.6 hours, and the elimination t1 values were 4.2 and 5.9 hours, respectively (Table
3). However, for both CFMP and 3-PBA, the plasma levels (nmol) were 4 to 10 times higher than
the urinary excretion rates (nmol/h), indicating that the rate of transfer of the metabolites from
plasma to urine was 0.3 to 0.1 h™', corresponding to a half-life of =2.7 to 6.7 hours.

Moreover, the cumulative urinary excretion of metabolites observed during the 84-hour collection
period after ingestion of 0.025 mg/kg bw of lambda-cyhalothrin in the seven volunteers shows
that, on average, 21% and 30% of the lambda-cyhalothrin was excreted in the urine in the form
of CFMP and 3-PBA, respectively (Figure 6). These data confirm that these molecules are major
metabolites of lambda-cyhalothrin in humans. The data also show that urinary excretion is
relatively variable from one individual to another.
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Figure 6. Cumulative excretion of CFMP (e) and 3-PBA () in the urine observed as a
function of time in volunteers following ingestion of 0.025 mg/kg bw of lambda-
cyhalothrin. The symbols represent mean values and the vertical bars show standard
deviations.

Table 3. Baseline toxicokinetic parameters (mean £ SD) determined on the basis of

plasma and urine profiles of CFMP and 3-PBA in volunteers following ingestion of
0.025 mg/kg bw of lambda-cyhalothrin

Toxicokinetic parameter (mean * SD;? n =7)
CFMP 3-PBA
Plasma Plasma Urine

Tmax (h) 31+£1.2° 56+2.1 4.0+1.15° 6.4+27

Apparent absorption half-life (h) 20+1.9 27121 3.0+1.9 26122
Apparent elimination half-life (h) 53+1.6 42+15 6.4+1.3 59+14
Fraction exczeted in thecurlne 213+809 304 + 94

(molar % of dose)

2Represents the mean £ SD of the toxicokinetic parameters derived from the temporal profiles of each volunteer.

®Mean time (x SD) to achieve the maximum levels, calculated based on the values observed for each volunteer. Figure 4
presents the mean temporal profiles of the metabolites and shows a peak of concentration at = 3 hours for CFMP, and = 4

hours for 3-PBA.

¢ Represents the molar fraction of the administered dose of lambda-cyhalothrin found in the urine in the form of CFMP or 3-

PBA.



28 Lambda-Cyhalothrin Used as an Insecticide in Agriculture:  IRSST
Study of Biomarker Toxicokinetics to Monitor
Worker Exposure

Table 4. Other toxicokinetic parameters calculated on the basis of the temporal
profiles of CFMP and 3-PBA in the plasma of volunteers following ingestion of
0.025 mg/kg bw of lambda-cyhalothrin

M +SD(n=7
Toxicokinetic parameter eantSD(n=7)
CFMP 3-PBA
AUC
[(nmol x h //kg bw] 88+26 42.0+12.7
AUMC
[(nmol x h2 lYkg bw] 75.9+24.0 511 £ 181
M(E)T 8.9+24 122423
CL Lower limit of estimate?® 1.5+£0.9 04 0.2
(I/h) Upper limit of estimate® 6.8+2.1 1.5+05
V4 Lower limit of estimate?® 13.9+8.6 53+25
)] Upper limit of estimate® 62.3 + 30.1 17.7+6.8

@ The lower limit of the estimated clearance (CL) and volume of distribution (V4) of the metabolites in the plasma was
calculated considering that the absorbed dose corresponded to the total amounts excreted in the urine.

b The upper limit of the estimated clearance (CL) and volume of distribution (V4) of the metabolites in the plasma was
calculated considering that the absorbed dose was equal to the exposure dose (i.e., considering an absorption fraction
of 1).

The temporal profiles of CFMP and 3-PBA in the plasma of four volunteers exposed to
0.25 mg/kg bw of lambda-cyhalothrin after dermal application of a formulation of Matador EC 120®
for 6 hours are presented in Figure 7. As with the oral route, the profiles of the two metabolites
were similar, indicating similar kinetic behaviour in both biomarkers of exposure. A rapid increase
in blood levels of the metabolites was clearly visible in the hours following exposure, but the peak
of excretion of the two metabolites was achieved later than with the oral route, namely 10 and
13.5 hours following the start of application, according to the profiles of CFMP and 3-PBA,
respectively, which corresponds to 4 and 7.5 hours after cleaning of the treated area. Elimination
was also rapid and complete in 84 hours.

The baseline toxicokinetic parameters calculated on the basis of the plasma profiles of CFMP and
3-PBA confirm the rapid absorption of lambda-cyhalothrin after dermal application; the calculated
mean apparent absorption half-life (t12) was 3 and 7.3 hours, respectively (Table 5). Differences
were observed in the apparent absorption half-life calculated based on the profiles of each
metabolite. The mean apparent elimination t1» calculated on the basis of the plasma profiles of 3-
PBA was similar to that obtained after ingestion, at 7.6 hours, whereas the mean apparent
elimination half-life for CFMP was longer, at 11.2 hours. These differences suggest a certain
metabolism at the site of introduction and storage of the metabolites with the dermal route. The
calculated apparent volume of distribution (V4) suggests greater tissue distribution after dermal
application than after ingestion.
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Figure 7. Temporal profiles of concentrations of CFMP (e) and 3-PBA () observed in

the plasma of volunteers following dermal application of Matador EC 120® for 6 hours
(0.25 mg/kg bw of lambda-cyhalothrin). The symbols represent mean values and the
vertical bars show standard deviations.

The temporal profiles of CFMP and 3-PBA observed in the urine of the four volunteers exposed
to 0.25 mg/kg bw of lambda-cyhalothrin after dermal application of Matador EC 120° for 6 hours
are presented in Figure 8. Again, the urinary profiles of the metabolites show similar kinetic
behaviour by both biomarkers of exposure, with rapid and complete excretion in 84 hours. As with
the oral route, the toxicokinetic parameters calculated on the basis of these urinary profiles
confirm the values for the absorption and elimination rates calculated based on the plasma
profiles. The mean apparent absorption ti» values calculated based on the urinary profiles of
CFMP and 3-PBA were 3.2 and 7.0 hours and the elimination ti» were 15.4 and 7.4 hours,
respectively (Table 5 and Table 6).

Moreover, the cumulative urinary excretion of metabolites observed during the 84-hour collection
period after the dermal application of Matador EC 120® (0.25 mg/kg bw of lambda-cyhalothrin) for
6 hours in the four volunteers (Figure 9) shows that, on average, 0.12% and 0.08% of lambda-
cyhalothrin was excreted in the urine in the form of CFMP and 3-PBA, respectively. This indicates
that these metabolites are excreted in the urine in amounts 250 to 280 times lower after dermal
administration than after oral administration. As with the oral route, the data also show that urinary
excretion is relatively variable from one person to another.
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Figure 8. Temporal profiles of the urinary excretion rates of CFMP (e) and 3-PBA (V)

observed in volunteers following application of Matador EC 120® (0.25 mg/kg bw of

lambda-cyhalothrin) for 6 hours. The symbols represent mean values and the vertical

bars show standard deviations.
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Cumulative urinary excretion of CFMP (e) and 3-PBA (V) observed as a

function of time in volunteers following application of Matador EC 120® (0.25 mg/kg bw of
lambda-cyhalothrin) for 6 hours. The symbols represent mean values and the vertical
bars show standard deviations.

Table 5.

Baseline toxicokinetic parameters (mean * SD) determined on the basis of

plasma and urinary profiles of CFMP and 3-PBA in volunteers after dermal application of
Matador 120 EC® (0.25 mg/kg bw of lambda-cyhalothrin) for 6 hours

Toxicokinetic parameter (mean + SD;? n = 4)
CFMP 3-PBA
Plasma Urine Plasma Urine

Tmax (h) 10.0° 13.5+£5.3 13.5+7.0° 16.1+ 3.8

Apparent absorption half-life (h) 3.0+1.7 32+23 73+1.7 70+14

Apparent elimination half-life (h) 11279 154 +12.6 7617 74+1.2
Fraction excr;ated in the urine 0.12 +0.07 0.08 +0.05

(molar % of dose)

a Given that the concentrations were close to the limit of detection, it was not possible to establish the temporal profiles
of metabolites for two of the volunteers.

b Given that the concentrations were close to the limit of detection, these values are estimates. The values were
obtained based on statistical fitting of the following general equation to the experimental data observed: C(t) = Agabst
+ Be*elimt where C(t) is the plasma concentration as a function of time (or the urinary excretion rate).
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Table 6. Other toxicokinetic parameters calculated on the basis of the temporal
profiles of CFMP and 3-PBA in the plasma of volunteers following dermal application of
Matador 120 EC® (0.25 mg/kg bw of lambda-cyhalothrin) for 6 hours

Mean * SD (n = 4)
Toxicokinetic parameter
CFMP 3-PBA
AUC
[(nmol x h /kg bw] 0.25+0.15 1.3+0.67
AUMC
[(nmol x h2 kg bw] 43+1.9 28 +12
M(E)T 19+3.9 22435
CL L limit of esti a 2.8+0.7 0.3+0.1
(/h) ower limit of estimate .8+0. 3 0.
\(/I; Lower limit of estimate? 55+ 23 6.6 £0.9

@ The lower limit of the estimated clearance (CL) and volume of distribution (V4) of the metabolites in the plasma was
calculated considering that the absorbed dose corresponded to the total amounts excreted in the urine.

5.2 Toxicokinetic modelling of lambda-cyhalothrin and its metabolites

5.2.1 Determination of the model’s parameters and simulation of the data in
volunteers

The kinetic data obtained in volunteers exposed to lambda-cyhalothrin enabled us to estimate the
parametric values of the model. Table 7 presents the values of the constant for transfer of the
metabolites from the blood to the urine (kmu), @ key parameter that affects the search for the
values of all the other parameters retained in this model. Table 8 presents the values for the
parameters in volunteers exposed orally and Table 9 shows the specific values for the dermal
route. They allowed a very good fit to the experimental data on the blood and urinary profiles of
CFMP and 3-PBA collected in this project from volunteers exposed orally to lambda-cyhalothrin
(Figure 10 and Figure 11). These parametric values also allowed a very good fit to the blood and
urinary profiles of the metabolites observed in volunteers exposed dermally (Figure 12 and Figure
13).
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Table 7. Determination of parametric values (interval of possible values) of the
constant for the transfer of metabolites from blood to urine (kmu), established based on
data obtained in volunteers exposed orally to lambda-cyhalothrin

Constant kwu (h™)

Based on CFMP profile Based on 3-PBA profile

Profile Min Max Min Max
Volunteer 1 0.06 0.18 0.04 0.13
Volunteer 2 0.18 0.54 0.07 0.20
Volunteer 3 0.06 0.17 0.05 0.14
Volunteer 4 0.08 0.25 0.06 0.19
Volunteer 5 0.22 0.66 0.07 0.21
Volunteer 6 0.22 0.67 0.05 0.14
Volunteer 7 0.07 0.22 0.02 0.07
Mean @ 0.15 0.45 0.05 0.16

@ Estimate of kmu parameter based on mean profile of volunteers exposed to lambda-cyhalothrin.
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Table 8. Values of the constants of the model determined on the basis of experimental data on the urinary profiles of
the metabolites in volunteers exposed orally to lambda-cyhalothrin
Lambda-cyhalothrin
CFMP 3-PBA

Profile fabs_oral (k;bf) (II(1|?13) (II(13_$) kB(I\:\__:f)mp kBM(_'I:llg_)cfmp kw(uli'_jf)mp Kw_ctmp (1) kB(IVIh__3‘1F)’BA kBMZ?‘C_Jf)SPBA kM(L;‘_ _?;F)’BA kMF_3:’)BA (h
Volunteer 1| 0.90 [1.54| 0.53 0.19 0.62 0.08 0.16 0.72 0.62 0.00 0.07 0.1
Volunteer2 | 0.80 | 0.51 21 0.23 13 1.18 0.31 0.73 13 8.15 0.08 0.06
Volunteer3| 0.90 [0.55| 42 0.16 32 8.85 0.15 0.72 32 10 0.06 0.11
Volunteer4 | 0.85 [0.35]| 42 0.10 42 0.48 0.25 0.59 35 6.03 0.08 0.04
Volunteer 5| 0.70 [0.58 | 0.21 0.05 0.80 0.59 0.63 0.04 0.66 0.004 0.14 0.21
Volunteer6| 0.75 [0.32| 0.09 0.04 0.73 0.50 0.33 0.27 0.71 0.47 0.07 0.04
Volunteer 7| 0.80 [0.44| 21 0.16 19 2.00 0.15 0.66 17 3.8 0.04 0.08

Mean @ 085 [0.35| 0.55 0.1 0.86 0.09 0.30 0.79 0.86 0.01 0.09 0.16

termination of parameters on the basis of the mean profile of volunteers exposed to lambda-cyhalothrin.



IRSST Lambda-Cyhalothrin Used as an Insecticide in Agriculture: 35
Study of Biomarker Toxicokinetics to Monitor
Worker Exposure
Table 9. Values of the constants of the model determined on the basis of experimental data on the urinary profiles of
the metabolites in volunteers exposed dermally to lambda-cyhalothrin
Lambda-cyhalothrin
CFMP 3-PBA
Profile f Kbpin Kpin Kpinmp_cFmp Kpinm_No_cFmP Kmbm_cfmp Kpinmp_3PBA Kpinm_No_3PBA kmbm_speA
e G| (h) (h) (h) (h) (h) (h) (h)
Volunteer 2 0.006 0.001 0.05 0.05 0.05 0.05 0.02 0.21 0.05
Volunteer 3 0.01 0.002 0.05 0.05 0.05 0.05 0.03 0.21 0.05
Volunteer 5 | 0.012 0.002 0.05 0.02 0.21 0.05 0.03 0.21 0.05
Volunteer 6 0.004 0.001 0.02 0.02 0.12 0.03 0.01 0.21 0.03
Mean @ 0.006 0.001 0.03 0.05 0.04 0.05 0.03 0.10 0.05

a Determination of parameters on the basis of the mean profile of volunteers exposed to lambda-cyhalothrin.
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Comparison of simulations (lines) to experimental data (symbols) on the
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oral administration of 0.025 mg/kg bw of lambda-cyhalothrin.
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Figure 11. Comparison of simulations (lines) to experimental data (symbols) on the
temporal profiles of cumulative urinary excretion of CFMP (A; —) and 3-PBA (v;—) in
volunteers following oral administration of 0.025 mg/kg bw of lambda-cyhalothrin.
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Figure 12. Comparison of simulations (lines) to experimental data (symbols) on the
temporal profiles of CFMP (A; —) and 3-PBA (v;—) in the blood of volunteers following
dermal application of 0.25 mg/kg bw of lambda-cyhalothrin for 6 hours.
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Figure 13.  Comparison of simulations (lines) to experimental data (symbols) on the

temporal profiles of cumulative urinary excretion of CFMP (A; —) and 3-PBA (v;—) in

volunteers following dermal application of 0.25 mg/kg bw of lambda-cyhalothrin for 6
hours.

5.2.2 Prediction of the temporal profiles for different realistic exposure scenarios
in workers

Figures 14 and 15 present the simulation of a temporal profile of the metabolite CFMP in the urine
of a worker (expressed as the excretion rate per hour and the total amounts over periods of 12
consecutive hours, respectively), assuming daily exposure to lambda-cyhalothrin for five
consecutive days according to the following sequence: (i) continuous dermal contact for 7 hours;
(i) one-hour break when the contaminated area is washed and thus there is no more dermal
penetration of the product; (iii) ingestion as a bolus dose during this break via “hand-to-mouth
behaviour”; and (iv) continuous dermal contact for 7 hours followed by complete washing of the
contaminated area. The daily exposure dose corresponds to 1 umol/kg bw/day
(0.9975 umol/kg bw/day dermally and 0.0025 umol/kg bw/day orally). The profile is simulated for
the five days of exposure and the two days following the end of this exposure (Table 10).
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Table 10. Simulations of temporal profiles of the metabolite CFMP in the urine for
different typical exposure scenarios in a worker

Daily oral Daily Total daily
exposure dermal exposure
Fiqures Type of Oral Dermal SOSe exposure gose
9 representation | exposure? exposure® dose®
(nmol/kg (nmol/kg
bw/day) (hmolikg bw/day)
bw/day)
14 Urinary Yes Yes 0.0025 0.9975 1
excretion rate
15 12-hour urine Yes Yes 0.0025 0.9975 1
collection
16 Urinary No Yes | e 0.9975 0.9975
excretion rate
17 Urinary Yes No 0.0025 | = - 0.0025
excretion rate

a Oral exposure 7.5 hours following the start of the shift and repeated for five consecutive days, followed by two days
without exposure.

b Exposure scenario: (i) continuous dermal contact for a 7-hour period following the start of the shift; (ii) one-hour
lunch break during which the contaminated area is washed (and dermal penetration ceases); (iii) continuous dermal
contact for the period from 8 to 15 hours following the start of the shift; and (iv) washing of the contaminated area 15
hours after the start of the shift (dermal penetration ceases). This scenario was repeated for five consecutive days,
followed by two days without exposure.

¢ Dose divided equally throughout the duration of daily exposure.
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Simulation of the temporal profile of CFMP in the urine of a fictitious
worker, expressed as excretion rate per hour, following a scenario involving concomitant
dermal and oral exposure. The scenario considers daily exposure to lambda-cyhalothrin
for five consecutive days followed by two days without exposure: (i) continuous dermal
contact for a 7-hour period following the start of the shift; (ii) one-hour lunch break
during which the contaminated area is washed (and dermal penetration ceases); (iii)
ingestion as a bolus dose 7.5 hours following the start of the shift; (iv) continuous
dermal contact for the period from 8 to 15 hours following the start of the shift; and (v)
washing of the contaminated area 15 hours after the start of the shift (dermal penetration
ceases). The daily exposure dose is 1 umol/kg bw/day, with 0.9975 ymol/kg bw/day
dermally and 0.0025 pmol/kg bw/day orally.
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Simulation of the temporal profile of CFMP in the urine of a fictitious

worker, expressed as total amounts over periods of 12 consecutive hours, following a
scenario involving concomitant dermal and oral exposure. The exposure scenario is the

same as in Figure 14.

This simulation of concomitant dermal and oral exposure shows an increase in the maximum and
minimum values over the days of exposure and thus a certain accumulation during a typical
workweek. This indicates that a certain portion of the daily dose did not have time to be eliminated

before the next dose in this repeated exposure scenario. However, equilibrium is achieved after
three consecutive days of exposure.



IRSST Lambda-Cyhalothrin Used as an Insecticide in Agriculture: 43
Study of Biomarker Toxicokinetics to Monitor
Worker Exposure

Figure 16 presents the simulation of a temporal profile of the metabolite CFMP in the urine of a
worker (expressed as excretion rate per hour) assuming daily exposure to lambda-cyhalothrin
only dermally, for five consecutive days, according to the following sequence (i) continuous
dermal contact for 7 hours; (ii) one-hour break when the contaminated area is washed and thus
there is no more dermal penetration of the product; and (iii) continuous dermal contact for 7 hours
followed by complete washing of the contaminated area. The daily exposure dose corresponds
to 0.9975 umol/kg bw/day. The profile is simulated for the five days of exposure and the two days
following the end of this exposure (Table 10). This simulation of dermal exposure shows an
increase in the maximum and minimum values over the days of exposure and thus a certain
accumulation during a typical workweek. This indicates that a certain portion of the daily dose did
not have time to be eliminated before the next dose in this repeated exposure scenario. However,
equilibrium is achieved after three consecutive days of exposure.
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Figure 16.  Simulation of the temporal profile of CFMP in the urine of a fictitious
worker, expressed as excretion rate per hour, following a dermal exposure scenario. The
scenario considers daily dermal exposure to lambda-cyhalothrin, at a dose of
0.9975 umol/kg bw/day, for five consecutive days followed by two days without exposure:
(i) continuous dermal contact for a 7-hour period following the start of the shift; (ii) one-
hour lunch break during which the contaminated area is washed (and dermal penetration
ceases); (iii) continuous dermal contact for the period from 8 to 15 hours following the
start of the shift; and (iv) washing of the contaminated area 15 hours after the start of the
shift (dermal penetration ceases).
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Figure 17 presents the simulation of a temporal profile of the metabolite CFMP in the urine of a
worker (expressed as excretion rate per hour), assuming daily exposure to lambda-cyhalothrin
orally, 7.5 hours following the start of the shift, repeated for five consecutive days, followed by
two days off. This scenario corresponds to inadvertent exposure by “hand-to-mouth behaviour” at
mealtimes. The daily oral exposure dose corresponds to 0.0025 umol/kg bw/day (Table 10). This
oral exposure simulation shows that there is little daily variation in the maximum and minimum
values and thus little accumulation during a typical workweek. This indicates that most of the dose
is eliminated before the following dose in this repeated exposure scenario. Moreover, comparison
of the daily excretion rates in the three simulated exposure scenarios, namely concomitant dermal
and oral exposure, dermal exposure only and oral exposure only (Figure 15, Figure 16 and Figure
17, respectively), shows that the dermal route makes a limited contribution to the daily absorbed
dose.
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Figure 17.  Simulation of the temporal profile of CFMP in the urine of a fictitious
worker, expressed as excretion rate per hour, following an oral exposure scenario. The
scenario considers daily oral exposure to lambda-cyhalothrin, at a dose of
0.0025 pmol/kg bw/day, 7.5 hours following the start of the shift, repeated for five
consecutive days, followed by two days without exposure.
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5.2.3 Proposal of a biological reference value for CFMP in urine

Biological reference values (BRV) for CFMP in urine for acute and chronic exposure were
proposed using the set of parametric values that generated the most protective value, namely the
set corresponding to volunteer 6 (Table 8 and Table 9), in the model. The BRV for CFMP derived
for a 24-hour collection of urine was therefore 198.9 pmol/kg bw/day or 0.2 nmol/kg bw/day, which
corresponds to 0.9 ymol/mol of creatinine for an acute exposure scenario. The BRV for a chronic
exposure scenario is 0.08 nmol/kg bw/day or 0.3 pmol/mol of creatinine.
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6. DISCUSSION

6.1 Temporal profiles of biomarkers of exposure to lambda-cyhalothrin in
volunteers subject to controlled exposure

The controlled study in volunteers exposed by the oral and dermal routes advanced our
knowledge of the toxicokinetics of the biomarkers of exposure to lambda-cyhalothrin. These
results promote a better understanding of the behaviour of these biomarkers of exposure, for a
better interpretation of biomonitoring data on individuals who have been exposed, such as
workers who apply this pesticide or work in areas that have been treated with it. The temporal
profiles of the biomarkers of exposure, CFMP and 3-PBA, established in the volunteers’ plasma
and urine, showed that lambda-cyhalothrin was quickly absorbed in systemic circulation but was
also rapidly eliminated from the body following the administration of a single low dose (apparent
absorption and elimination half-lives of a few hours), whether orally or dermally.

Furthermore, the kinetic behaviour of the two biomarkers of exposure assessed here was similar
after oral administration. However, by the dermal route, differences were observed in the apparent
absorption and elimination constants (a factor of approximately 1.5-2.5) and in the apparent
volume of distribution calculated on the basis of the plasma profiles of CFMP and 3-PBA.

Nevertheless, absorption and elimination remained rapid after dermal application. The peaks of
plasma concentration and the urinary excretion rate were reached about 10 to 16 hours after the
start of dermal application (for a period of 6 hours), which represents 4 to 10 hours after the
washing of the treated area, whereas it was observed 3 to 6 hours after ingestion. In fact, almost
all of the dose was eliminated 84 hours after the start of dermal application, compared with 24 to
36 hours after ingestion. For the biological monitoring of workers’ exposure, these data indicate
that the time to reach the peak plasma concentration or urinary excretion should be similar
following the end of an episode of exposure by these two routes. On the other hand, the
percentage of the dose of lambda-cyhalothrin found in the urine in the form of biomarkers of
exposure after dermal administration (approximately 0.1%) was considerably lower than that
observed after ingestion (20%—-30%), which indicates that dermal absorption is limited. Thus,
dermal exposure doses must be very high to contribute significantly to the doses absorbed by
multiple routes (combination of oral, dermal and respiratory routes).

The kinetic data obtained in volunteers exposed to lambda-cyhalothrin were also compared with
the only kinetic animal data available for this pesticide, namely those from Anadon et al. (2006).
Those authors determined the plasma and tissue profiles of the parent compound, unchanged
lambda-cyhalothrin, after an intravenous injection and oral administration using feeding tubes in
rats (3 and 20 mg/kg bw, respectively). The authors reported that the bioavailability (mean + SD)
of lambda-cyhalothrin after oral administration was 67 £ 9%. The plasma peaks were reached in
the same time as those observed in the volunteers (mean + SD at 2.7 + 0.4 hours). The mean
elimination half-life calculated on the basis of the plasma profile after intravenous injection was
7.5 £ 0.99 hours, which is close to the values estimated in volunteers. It should be noted that the
doses administered in this animal study were very high.
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When one compares the kinetic data on the observed biomarkers of exposure to lambda-
cyhalothrin (CFMP and 3-PBA) with those obtained previously in the laboratory from volunteers
exposed to permethrin and cypermethrin orally (Ratelle et al., 2015a, 2015b), some similarities
are clearly visible. After oral administration in volunteers, the plasma and urine kinetics of the
biomarkers of exposure to permethrin and cypermethrin, namely trans- and cis-DCCA and 3-PBA,
revealed apparent absorption half-lives of = 3—4 hours and apparent elimination half-lives of 4.5—
9 hours, which is similar to the respective values of 2—3 hours and 4—6 hours obtained after
ingestion of lambda-cyhalothrin. In addition, the volume of distribution calculated based on the
kinetic profiles of CFMP and 3-PBA in volunteers exposed orally to lambda-cyhalothrin was also
similar to that calculated on the basis of the profiles of frans- and cis-DCCA and 3-PBA after
ingestion of permethrin and cypermethrin, suggesting that all these metabolites largely remain in
circulation once formed. Moreover, the percentage of the administered dose of lambda-
cyhalothrin, found in total in the form of CFMP and 3-PBA in the urine (21% and 30%,
respectively), was similar to that observed for DCCA (the total of the trans- and cis-DCCA forms)
and 3-PBA (36% and 27%, respectively) after ingestion of cypermethrin in volunteers (Ratelle et
al., 2015a). The corresponding values for DCCA after ingestion of permethrin were also 36%
(Ratelle et al., 2015b), whereas the urinary excretion of 3-PBA was slightly higher, representing
47% of the administered dose. Like lambda-cyhalothrin, cypermethrin is a type Il pyrethroid with
a cyano group in the alpha position of the cyclopropane carboxylate structure, whereas
permethrin is a type | pyrethroid without a cyano group. It remains to be verified whether the
divergences obtained are due to kinetic differences or simply to variability among participants in
this small sample. Overall, these similar kinetic data suggest that both 3-PBA and the more
specific metabolites of lambda-cyhalothrin, permethrin and cypermethrin (CFMP, trans- and cis-
DCCA) would be appropriate to assess total pyrethroid exposure.

6.2 Modelling of kinetics in volunteers and prediction in workers

The toxicokinetic modelling done based on the data collected from exposed volunteers confirmed
that the kinetics of the biomarkers of exposure to lambda-cyhalothrin is similar to the kinetics of
the metabolites of permethrin and cypermethrin. For oral absorption, the conceptual model
simulating the fate of lambda-cyhalothrin and its metabolites used as biomarkers of exposure
(Figure 3) proved similar to that for permethrin and cypermethrin, although the specific
metabolites were different. However, to simulate dermal absorption, the model had to be modified
to include three dermal compartments representing: (i) lambda-cyhalothrin on the surface of the
skin; (ii) lambda-cyhalothrin inside the skin structures; and (iii) the metabolites CFMP and 3-PBA
in the skin structures. This model assumes that a portion of the lambda-cyhalothrin reaches
systemic circulation unchanged whereas another portion is in metabolized form. Although there
are no in vitro or ex vivo data that specifically show metabolism of lambda-cyhalothrin in the skin,
several authors have shown that pyrethroids were metabolized by the action of carboxylesterases
(Crow, Borazjani, Potter, & Ross, 2007; Nishi et al., 2006; Ross, Borazjani, Edwards, & Potter,
2006). Other authors have shown the presence of carboxylesterases in the internal skin structures
(Fu, Sadgrove, Marson, & Jay, 2016; Yang, Wang, Chen, Deng, & Yan, 2009). The presence of
carboxylesterases in the skin may modify the kinetics of this substance when it is absorbed
dermally, as opposed to ingested. It was impossible to model the kinetics of the metabolites
without adding a dermal compartment and without considering metabolism in the skin.
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The conclusions in terms of the kinetic behaviour of the metabolites of interest for biomonitoring
exposure to lambda-cyhalothrin in workers are in accordance with those drawn from the modelling
of the kinetics of the biomarkers of exposure to permethrin and cypermethrin (Bouchard et al.,
2016). The modelling confirmed the coherence of the toxicokinetic parameters of clearance,
absorption speed and elimination speed determined previously on the basis of the profiles
observed in volunteers. The speeds for oral absorption, distribution, metabolism and elimination
of lambda-cyhalothrin are of the same order of magnitude as those for permethrin and
cypermethrin. This modelling confirmed that oral absorption speed is faster than elimination
speed. For the dermal absorption of lambda-cyhalothrin, the modelling shows a very low
absorption constant from the surface of the skin. This low constant explains the low fraction
absorbed by the skin, which is of the same order of magnitude as that for permethrin and
cypermethrin and other molecules such as malathion, parathion, chlorpyrifos, and carbaryl
(Bouchard et al., 2008; Bouchard et al., 2005; Bouchard et al., 2006; Bouchard et al., 2003;
Gosselin et al., 2004). Nevertheless, the modelling of data specific to dermal absorption of
lambda-cyhalothrin done in this project suggests the retention of the parent product and its
metabolites in the skin. The study also showed a difference in the urinary ratios for both
metabolites (CFMP and 3-PBA) between oral and dermal exposure, which could be explained by
differences in the metabolism depending on the modelling done.

Indeed, the analysis of the urinary and blood profiles of the metabolites in volunteers and the
modelling of these data show that lambda-cyhalothrin is absorbed and eliminated somewhat less
rapidly with dermal exposure than with oral exposure. This is reflected in the parameters
established during the modelling. During a temporal follow-up of the amounts of metabolites found
in serial collections of urine (amounts per hour), it should therefore be possible to differentiate
between excretion peaks that are mainly associated with oral versus dermal exposure.
Nevertheless the amounts of CFMP and 3-PBA obtained in the volunteers’ blood and urine
following dermal exposure are close to the limit of detection, which may create uncertainty about
the results.

Moreover, these results show that the urine levels of the metabolites of lambda-cyhalothrin are
very low following dermal exposure compared with those observed after ingestion. This has a
major impact on the interpretation of biomonitoring data in workers exposed to lambda-cyhalothrin
by the former route. In this regard, the model was used to reproduce a realistic exposure scenario
for a farmworker, who is subject to continuous dermal exposure but also to oral exposure in the
form of a bolus dose at lunchtime, reflecting inadvertent occupational exposure due to “hand-to-
mouth behaviour” (Figure 15). In this example, we can see that the temporal profiles of
metabolites in the urine of a worker, expressed as the excretion rate per hour, are greatly affected
by oral exposure. In fact, even though the daily exposure by ingestion is very low compared with
the daily exposure by the dermal route (approximately 400 times lower), the peaks of urinary
excretion associated with oral exposure were 2.7 times higher than those associated with
exposure via the skin.

In addition, the differences in the ratio of the metabolites CFMP and 3-PBA observed in the urine
and confirmed by modelling suggest a priori that the measurement of those ratios could be used
to assess the main exposure route in exposed workers and thus to differentiate between the
contribution of the oral route versus the dermal route. Nevertheless, 3-PBA is also a metabolite
of other pyrethroids, and thus the use of this ratio alone could lead to a false interpretation. CFMP
is also a metabolite of bifenthrin, but that pyrethroid is not used in market gardening in Quebec.
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Thus, measuring the specific metabolite CFMP remains a more cautious method of assessing
exposure to lambda-cyhalothrin alone.

On the basis of this consideration in particular, the model was used to derive biological reference
values (BRV), expressed as the daily amounts of CFMP, not to be exceeded after an episode of
acute exposure to lambda-cyhalothrin or repeated long-term exposure. These BRVs were
determined by simulating an absorbed dose, the value of which corresponds to the absorbed
amounts of the acute reference dose by ingestion (RfD) of 0.0025 mg/kg bw/day or the chronic
dose of 0.001 mg/kg bw/day established by the US EPA. The daily exposure scenario used to
establish these BRVs is intended to be plausible while allowing protective values to be derived.
The scenario retained is therefore the one that simulates the smallest value for the total amounts
of CFMP excreted over 24 hours, or continuous daily dermal exposure for a 15-hour period. In
the summer, a worker may have shifts lasting up to 15 hours. Since the kinetics by the dermal
route is slower than the kinetics for oral or respiratory exposure, the amounts excreted over 24
hours will be lower, thereby leading to a lower BRV. In fact, the set of parametric values used in
the model to derive the BRV was generally the one that resulted in the lowest value for BRV
(namely the set from volunteer 6). The associated absorption fraction is 0.75; thus, the BRV of
0.2 nmol/kg bw/day for CFMP in the urine for acute exposure or of 0.08 nmol/kg bw/day for
chronic exposure is intended to reflect a daily absorbed dose equivalent to 0.75 times the value
of the acute or chronic RfD, or 0.0025 or 0.001 mg/kg bw/day. The dermal exposure dose
corresponding to this absorbed dose is therefore 0.36 or 0.14 mg/kg bw/day.

In volunteers exposed to Matador® acutely by the dermal route, the dose applied to the skin was
0.25 mg/kg bw/day, or 1.45 times lower than the critical dermal exposure dose used to derive the
acute BRV. Note that the RfD is established to prevent systemic health effects rather than local
effects. Some volunteers complained of a stinging feeling on the skin during exposure, although
these symptoms disappeared a few hours after the treated area was washed. Thus, the BRV is
protective only against systemic effects but does not guarantee the absence of reversible local
skin effects like those described in certain volunteers. Nevertheless, the volunteers were exposed
to Matador® and not to the pure product in an undiluted formulation. Moreover, it is improbable
that a worker exposed to a higher skin dose than was used with the volunteers would be able to
tolerate the stinging sensation throughout the workday without washing.
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7.CONCLUSION

This study has filled the gap in knowledge of the toxicokinetics of the biomarkers of exposure to
lambda-cyhalothrin in humans, promoting a better interpretation of biomonitoring data and a better
assessment of the risks associated with workers’ exposure to this pesticide. It has also enabled
us to develop a toxicokinetic model to establish the essential determinants of the biological
behaviour of lambda-cyhalothrin and its metabolites, which can be used to reconstruct the doses
absorbed on the basis of measurements of biomarkers for different exposure routes and temporal
exposure scenarios.

The temporal profiles of the biomarkers of exposure, CFMP and 3-PBA, obtained in the
volunteers’ plasma and urine, and the subsequent toxicokinetic modelling showed that lambda-
cyhalothrin was rapidly absorbed in the body but also rapidly eliminated from the body following
oral and dermal exposure. Thus, these biomarkers reflect recent exposure.

In addition, lambda-cyhalothrin seems to be metabolized in the skin to some degree and there
appears to be a difference in the metabolism of lambda-cyhalothrin into CFMP compared with 3-
PBA inside the skin. There also seems to be some retention of the parent product and its
metabolites by the skin. Consequently, lambda-cyhalothrin is absorbed and eliminated less
rapidly in the case of dermal exposure than oral exposure. It remains to be verified whether some
of the differences observed between the oral and dermal routes are due to kinetic differences or
simply to biological variability. One of the limitations of this project was the small number of
individuals used to establish the kinetics of the biomarkers in humans, for reasons of feasibility.

Nevertheless, despite these differences, absorption by the skin is limited (low constant of
absorption and thus low absorbed fraction), according to the data obtained. The dermal exposure
doses must therefore be very high in order to contribute significantly to doses absorbed by multiple
routes (combination of oral, dermal and respiratory routes).

In addition, the data from volunteers and the toxicokinetic modelling showed that the kinetics of
the biomarkers of exposure to lambda-cyhalothrin was similar to that of the metabolites of
permethrin and cypermethrin. These similar kinetic data suggest that both 3-PBA, which is
common to several pyrethroids, and the more specific metabolites of lambda-cyhalothrin,
permethrin and cypermethrin (CFMP, trans- and cis-DCCA) are appropriate for assessing overall
exposure to pyrethroids.

This new toxicokinetic knowledge and the modelling done in this project can be used directly to
interpret biological monitoring data on exposure in workers exposed to lambda-cyhalothrin or
other pyrethroids. The project also allowed us to derive a biological reference value that can be
used in biomonitoring as a benchmark to assess the risks associated with exposure to lambda-
cyhalothrin in workers. During biological monitoring, a 24-hour urine collection period (extending
from the start of the shift to the start of the following shift) is preferable because it can easily be
compared to the proposed BRV. Exceeding this value would be an indicator that the workplace
health and safety practices should be modified to reduce any harmful effects on health.
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APPENDIX A

The conceptual model of lambda-cyhalothrin is represented here by differential equations. The
compartments M(t), MD(t), U(t) and F(t) can be for either the metabolite CFMP or the metabolite
3-PBA. The dose g(t) (Joral, Ginh, Jdermal) COrresponds to the bioavailable dose per unit of time. This
dose is equal to Deyp (t) X faps.

dD‘(i?dt = —kppinD(®) + gaermar(t) (6)
deI(t) = —Kaps ora1GI(t) + Gorai(t) W)
t
dR;t(t) = —kaps innRT(t) + Ginn () (8)
dzgt) = Kaps,,o GI() + kaps,,, RT(t) + kspS(t) + KpingDin(t) ©)
— (kps + kpm + kpm no)B(2)
% = kgsB(t) — kgpS(t) (10)
dI:Et) = kguB(t) + kypyMD(t) — (kyy + kyp)M(t) (11)
dM ,on .Z:erués(t) ~ Kont woB(O) + kponp woDen(E) (12)
dD;;(t) = kppinD(t) — (Kpinmpye + Kpinmp + Kping) Din(t) (13)
deDt(t) = kpinmpDin(t) — kypuyMD(t) (14)
dz—it) = kyyM(t) (15)
e - kyrM(t) (16)

dt
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