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Chapter 1

1.1 Background information on organophosphate (OP) pesticides

Organophosphate (OP) pesticides make up one of the main pesticide groups in addition to
organochlorine, carbamate and pyrethroid pesticides (Saxena et al. 2020). OP pesticides have
been widely used as insecticides in the last few decades as alternative to persistent
organochlorine pesticides because of the rapid degradation of OP pesticides under natural
conditions (Karasali and Maragou 2016). The general structure of OP pesticides includes either
a P=S moiety or a P=O moiety, with the P=S moiety being bioactived to a P=O moiety by
cytochromes P450 (CYPs) (King and Aaron 2015). In the period from 2010 to 2015, 29,554
tons of OP pesticides were used in 17 Asian countries, 10,013 tons were used in 24 European
countries, 342 tons were used in Caribbean and Central American countries, 13,404 tons were
used in 6 South American countries and 1,145 tons were used in 13 African countries (Hertz-
Picciotto et al. 2018). As a result of the worldwide use of OP pesticides, OP residues are often
found in food. The latest European Union (EU) annual report on pesticide residues in food
(EFSA 2020) reported that, for example in 2018, food samples from the European market were
found to contain residue levels of different OP pesticides that exceeded their corresponding
Maximum Residue Levels (MRLs), with 416 out of the 77,040 samples (0.54%) showing
residue levels above the MRL for chlorpyrifos (CPF), 86 out of the 58253 samples (0.15%) for
dimethoate, 78 out of the 55765 samples (0.14%) for omethoate, 60 out of the 72,875 samples
(0.08%) for acephate, 43 out of the 76,742 samples (0.06%) for profenofos (PFF), 28 out of
the 9,395 samples (0.30%) for ethephon and 12 out of the 9,573 samples (0.13%) for glyphosate.
It should be noticed however, that exceedance of the MRL does not necessarily imply the
exceedance of acute reference dose (ARfD) or acceptable daily intake (ADI) levels. Residues
of OP pesticides in food have also been reported to occur in other countries including for
example China, Thailand, Nigeria, Kenya, United States (Isegbe et al. 2016; Omwenga et al.
2020; Qin et al. 2016; Sapbamrer and Hongsibsong 2014; USFDA 2020). Although dietary
exposure is the major source for exposure of the general population, OP pesticides can also
enter the human body by accidental (i.e. exposure of farmers or their bystanders) or intentional
high-dose ingestion (i.e. suicide attempt), resulting in acute poisoning. This has been
considered as an important cause of morbidity and mortality, especially in developing countries,
due to easy access, misuse and the fact that in these countries, safety in use of these pesticides
may not be well-regulated. For instance, Wang et al. (2019) reported that in the period from
2007 to 2016, a total of 30,789 pesticide poisonings (included self-poisoning cases) were

reported in Jiangsu Province, China. Among all these pesticide poisoning cases, OP pesticides
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appeared to be the type of pesticides responsible for the most of the poisoning cases (60.2% of
all cases) (Wang et al. 2019). In addition, studies from Sri Lanka regarding self-poisoning
revealed an acute pesticide poisoning incidence rate of approximately 180 per 100,000
individuals in the population (Thundiyil et al. 2008). Furthermore, an outbreak of food
poisoning in India due to a cooking oil contaminated with the OP pesticide monocrotophos was
reported, in which 23 children died and more than 48 individuals required medical treatment

(Idrovo 2014).

To protect human health, numerous risk assessments for different OP pesticides have been
performed by different organizations such as the European Food Safety Authority (EFSA), the
United States Environmental Protection Agency (USEPA) and the Joint FAO/WHO Meeting
on Pesticide Residues (JMPR). In these risk assessments, points of departure (PODs) such as a
no observed adverse effect level (NOAEL) or a lower confidence limit of the benchmark dose
(BMDL) are often obtained from dose-response data generated for the critical effect. The
critical effect generally selected for the risk assessment of OP pesticides is the irreversible
inhibition of acetylcholinesterase (AChE) in red blood cells (RBCs) observed in experimental
animals upon both acute and repeated oral exposure (EFSA 2014; USEPA 2011; USEPA 2014;
USEPA 2016b; USEPA 2016¢c). The POD obtained is subsequently used as the starting dose
for the calculation of a health-based guidance value (HBGV) such as an ARfD or an ADI
usually by incorporating a default 100-fold uncertainty factor (UF) to address inter- and intra-
species differences. This default UF has been established as depicted in Figure 1 (IPCS 2005),
indicating that the total UF of 100 consists of a UF of 10 for inter-species and a UF of 10 for
inter-individual differences. These two UFs of 10 can be further subdivided into the UFs for
kinetic differences and dynamic differences between species (AKur of 4 and ADur of 2.5,
respectively) and within the human population (HKur of 3.16 and HDur of 3.16). However,
one could question to what extent the POD derived based on an in vivo animal study using the
default UF of 100 provides sufficient protection to the human population against OP pesticides.
Applying the default UF values to establish a HBGV may for example turn out to be over- or
under-protective when the potential metabolic, physiological and dynamic variation between
different species, ethnic groups and individuals would be less/more than the default factor of
100. Given that the POD in risk assessment of OP pesticides is still mainly derived from animal
data, and the fact that animal experiments are more and more considered unethical and not
representative of humans, and that the HBGVs are obtained by using the default UF of 100, it
is of importance to develop a new approach methodology (NAM) that can define HBGVs for




Chapter 1

human safety following OP pesticides exposure. Such a NAM could be so-called
physiologically based kinetic (PBK) model-facilitated reverse dosimetry, which is based on in
silico and in vitro data. This method could allow definition of a POD based on human-specific
metabolism, physiology and dynamics. The POD thus obtained, together with a chemical-
specific adjustment factors (CSAF) for the test OP pesticide, would allow establishment of a
chemical specific HBGV for the human situation without the need for studies in experimental

animals.

The aim of the present PhD thesis was to investigate whether NAM and especially PBK model-
based reverse dosimetry using in vitro and in silico data, in combination with Monte Carlo
simulations or the toxic equivalency factor (TEF) methodology, can be used to derive PODs
and CSAF values for characterizing inter-ethnic, inter-species and inter-individual differences

in toxicokinetics and RBC AChE inhibition by OP pesticides upon single acute oral exposure.

More detailed information on the toxicity endpoint, OP pesticide model compounds used in the

present thesis, and the alternative testing strategy applied is provided in the following sections.

Fig 1. Subdivision of the default UF of 100 used in setting HBGVs in risk assessment, such as an ARfD or ADI
(IPCS 2005).

10
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1.2 Model OP pesticides studied in the present thesis: chemical

characteristics, and occurrence in food

In the present thesis, the model OP pesticides were selected based on the following criteria: 1)
The OP pesticide of interest is still widely used in some parts of the world; 2) A residue of the
OP pesticide has been frequently found in food, in other words, the general population is
exposed to the OP pesticide of interest; 3) In vivo data sets for the OP pesticide of interest are
available for validation of the PBK model-based predictions and evaluation of the quantitative
in vitro to in vivo extrapolations (QIVIVE) defining dose-response curves and a POD. Based
on these criteria, CPF, diazinon (DZN) and PFF (Figure 2) were selected as OP model
compounds in the present thesis. The chemical structure of the selected OP pesticides is
presented in Figure 2, and the basic physico-chemical information of the model OP pesticides

and their bioactive metabolites has been listed in Table 1.
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Chlorpyrifos (CPF) Diazinon (DZN) Profenofos (PFF)

Fig 2. Chemical structures of the three OP pesticides studied in the present thesis
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Table 1. Physico-chemical information on the three OP pesticides and their active metabolites studied in the

present thesis

Substance LogP pKa value Reference
value
Chlorpyrifos (CPF) 4.78 No ionization (ChemAxon)
Chlorpyrifos-oxon (CPO) 3.89 No ionization (ChemAxon)
4.19 Strongest base 4.19 (ChemAxon)
. (National Center for
Diazinon (DZN) 3.81 2.6 Biotechnology
Information 2021a)
3.38 Strongest base 3.81 (ChemAxon)
. No detailed (National Center for
Diazoxon (DZO) 2.07 information is Biotechnology
available Information 2021b)
Profenofos (PFF) 4.68 No ionization (ChemAxon)
1.2.1 CPF

CPF (0,0-diethyl O-3,5,6-trichloropyridin-2-yl phosphorothioate) (Figure 2) is one of the OP
pesticides with a P=S double bond, which has been used since 1965 (USEPA 2020). CPF has
been registered in more than 100 countries (DOW 2017). It can be manufactured in different
forms such as granular, liquid and powder forms (USEPA 2016a). Registered use of CPF
includes agricultural and non-agricultural applications. In case of agricultural applications,
CPF is mainly used as an insecticide to protect crops such as corn, soybeans, fruit and nut trees.
CPF might also be used for non-agricultural applications, such as on golf courses, turf grass
and in green houses to control insect pests. On 10 January 2020, the European Commission
revoked the approval of CPF (European Commission 2020), due to uncertainties over its
potential genotoxicity and developmental neurotoxicity (EFSA 2019c¢), and consequently the
EU Member States had to revoke all authorisations of plant protection products that include
CPF by 16 February 2020. In 2020, based on the evaluation from the Pest Management
Regulatory Agency (PMRA), Health Canada is phasing out the outdoor uses of CPF except for
a limited list of uses that require mitigation measures (PMRA 2020). In other countries, CPF
is still allowed for use under some restrictions (e.g. it is not allowed for use on vegetables in
China since 2016 and it is banned for residential use in the United States (US) since 2000 and
in South Africa since 2010) (News 2010; Sang et al. 2020; USEPA 2020). This implies that in
parts of the world there is still a chance that CPF may end up in food. Besides, it should be

considered that banning the use of CPF in one country does not necessarily mean that this
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country will be CPF free, as the general population can be exposed to CPF by consuming
imported food items from a country where use of CPF is still allowed (EFSA 2020; Sang et al.
2020).

According to the 2018 European Union (EU) annual report on pesticide residues (EFSA 2020),
CPF is among the pesticides for which the estimated intake resulting from residues in food
most frequently exceeded the ARfD of 0.005 mg/kg bw (Table 2) (126 food samples out of
22,752 food samples = 0.55%). The exceedance of ARfD for CPF was mostly related to foods
like grapefruit, apples, pears, peaches, peppers and quinces (EFSA 2020). Bertrand (2019)
reported that CPF has been detected in tomato samples sold at the local market of Tanzania in
2016, with an average concentration of 7.528 mg/kg. Also, in a total diet study in Sub-Saharan
Africa, of the 3,696 food stuffs, 46% contained pesticide residues and CPF contributed to 21%
of all samples, with the highest concentration of 18.084 mg/kg being detected in smoked fish
samples (Ingenbleek et al. 2019). A study on market foods in Shaanxi Province, China, reported
that CPF was detected in 5 vegetable sample out of 285 food samples analysed, with a
maximum concentration of 0.129 mg/kg (Wang et al. 2013). Besides, a study from Sapbamrer
and Hongsibsong (2014) showed that CPF appeared to be the most common detected pesticide
in the analysed samples from different sources in Thailand (being present in 50%, 33.9% and
33.3% of all samples from farms, markets, and supermarkets, respectively), with the highest
CPF level found in lemon balm (farms, 2.423 mg/kg), garlic (market, 7.785 mg/kg), and parsley
(supermarket, 0.027 mg/kg). Obviously, there are more studies that report on pesticide residues
including CPF that have not been mentioned here (Hongsibsong et al. 2020; Qin et al. 2016;
Skretteberg et al. 2015; Wanwimolruk et al. 2015), but the examples presented illustrate that
CPF, in spite of a ban in several countries, still can be a pesticide residue detected in food.
Apart from CPF residues in food, CPF residues have also been found in umbilical cord blood
(Huen et al. 2012), and breast milk (Brahmand et al. 2019), which indicates maternal and

fetal/infant exposure.

1.2.2 DZN

DZN (0O,0-diethyl O-2-isopropyl-6-methylpyrimidin-4-yl phosphonothioate) (Figure 2) is
another OP pesticide with a P=S double bond that is commonly used as an insecticide (control

of insects on fruit, vegetables, nut and field crops), acaricide (against ticks and mites) and

13




Chapter 1

nematicide (against nematodes or roundworms) (CAREX Canada 2020). DZN is also used as
a drug in veterinary medicine for the treatment of external parasites, or applied on cattle as part
of an insecticidal ear tag (Burgess et al. 2008; JMPR 2016). DZN is available in different
formulations including dusts, granules, liquids, wettable powders, etc. (USEPA 2006a). The
use of DZN was first registered in the US in 1956, but due to its high toxicity to avian and
aquatic life, it has been classified as a restricted use pesticide (USEPA 2006a). Prior to
cancellation of its residential uses in 2004, DZN was also used for indoor fly control or
outdoors on lawns and in gardens. In 2006, the EU revoked approval for DZN because of
concerns about occupational exposure and related risks to operators, and risks to insectivorous
birds, mammals and its high toxicity to aquatic organisms (PAN Europe 2006; Watts 2013).
Similarly, the PMRA in Canada has prohibited the domestic use of DZN since 2016 (CAREX
Canada 2020). Although different restrictions have been applied on DZN by different countries,
DZN is still used widely around the world. It was reported that DZN has been manufactured
by 46 producers in 11 countries including China, India, US, Singapore, etc. (Humans 2017).
There are 9 registered products that contain DZN as the active substance in Canada and around
60 DZN-related products are registered in China (CAREX Canada 2020; ICAMA 2021). This
use of DZN can result in residues in food. Several studies reported detection of DZN residues
in various foods, including fruits, vegetables, grains, meat, milk, and oils, in different countries
(EFSA 2019a; Quintero et al. 2008; Srivastava et al. 2011; Zhang et al. 2008). EFSA (2020)
reported that, in 2018, of 76,036 food samples on the European market, DZN was detected in
47 samples (0.06%). Sapbamrer and Hongsibsong (2014) reported that, of 106 vegetable
samples from the local market of Thailand, DZN was detected in 11 samples (18.6%). DZN
residues were also found in Korea with the highest concentration of DZN in kale amounting to
3.8 mg/kg (Cho et al. 2009). As a result, it seems likely that the general population might be
exposed to DZN via consumption of DZN-contaminated foods. Additionally, exposure of the
fetus or infant may occur following maternal exposure, since DZN residues have been found

in umbilical cord blood (Huen et al. 2012) and breast milk (Pedersen et al. 2020).

1.2.3 PFF

Another commonly used OP pesticide is PFF (O-4-bromo-2-chlorophenyl O-ethyl S-propyl

phosphorothioate) (Figure 2), which was also introduced to replace chlorinated pesticides
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(Chapalamadugu and Chaudhry 1992; Kushwaha et al. 2016). Different from CPF and DZN,
PFF contains a P=0 instead of a P=S double bond, so it does not require metabolic oxidation
(bioactivation) of the P=S moiety to a P=0 moiety to become more active (Fukuto 1990) (see
detail in section “1.3 ADME (absorption, distribution, metabolism and excretion) of the
selected OP pesticide model compounds”). PFF is a liquid with a garlic-like odor and a color
between pale yellow and amber yellow. PFF was first registered in the US in 1982, where it
has been solely used on cotton to control tobacco budworm, cotton bollworm, armyworm,
cotton aphid, whiteflies, spider mites, plant bugs, and fleahoppers (USEPA 2006b). Yearly
PFF use in the US has been estimated to be over 350 tons per year (Ma et al. 2019). In addition
to use on cotton, PFF can also be used on vegetables and fruits. Although the approval of PFF
was revoked by the European Commission under regulation (EC) 1107/2009 (based on the
European Commission online pesticides database
https://ec.europa.eu/food/plants/pesticides/eu-pesticides-database en), it is still widely used in
other countries around the world such as the US, China, Thailand, Vietnam, Pakistan, Australia,
Japan, Egypt, Brazil, Australia, and India (Kushwaha et al. 2016; Latheef 1995; Li et al. 2010;
Radwan et al. 2005; Swarnam and Velmurugan 2013; Van Toan et al. 2013). Due to extensive
use of PFF, in 2018, of 76,742 food samples on the European market, PFF was detected in 103
samples (0.13%) with the level in 43 samples (41.7%) exceeding the MRL (EFSA 2020). Also,
PFF has been found in the market of non-EU countries (in vegetables sample such as tomatoes,
okra, gooseberries, green chili, curry leaves, mint leaves, kale and coriander leaves) (Karanja
et al. 2012; Kushwaha et al. 2016; Omwenga et al. 2020; Qin et al. 2016), and the residue levels
in kale have been reported to exceed EU MRLs (Karanja et al. 2012). Besides, PFF was found

in umbilical cord blood (Wickerham et al. 2012), which results from maternal exposure.

1.3 ADME (absorption, distribution, metabolism and excretion) of the
selected OP pesticide model compounds

In general, the absorption and distribution of OP pesticides are rapid with extensive metabolism
and no accumulation in the tissues, and the majority (around or above 80%) of the formed
water-soluble metabolites can be rapidly excreted mainly in the urine within 72 hours (Garfitt
et al. 2002; USEPA 2011; USEPA 2016b; USEPA 2016c).

The general population is normally exposed to OP pesticides via oral ingestion (CDC 2017).
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Upon exposure, CPF, DZN and PFF can be rapidly absorbed. However, the fraction absorbed
appears to be dependent on the physical form of administration (Timchalk et al. 2002). This
follows from two different human studies, reporting that the actual fraction of the dose
absorbed varied with the formulation, with 70% and 20% to 35% of an orally administrated
dose of CPF being recovered as its water-soluble metabolites in urine when dosed in the form
of a lactose tablet or a powder in a capsule, respectively (Nolan et al. 1984; Timchalk et al.
2002). In case of DZN, 66% of an oral dose was recovered as urinary metabolites in human
upon dosing DZN in an ethanolic solution with further dilution in water (Garfitt et al. 2002).
At the current state-of-the-art, there are no human absorption data available for PFF, but in rats,
similar absorption values were found for PFF, CPF and DZN, with around 94% urinary
metabolite recovery for PPF, 80% for CPF and 90% for DZN (EFSA 2006; Poet et al. 2004;
Timchalk et al. 2002; WHO 2010).

Following absorption, CPF, DZN and PPF are distributed to the liver where biotransformation
occurs. Figure 3 presents an overview of CPF, DZN and PFF metabolism. Both CPF and DZN
can be initially bioactivated to their more toxic and potent “oxon” form metabolites,
chlorpyrifos-oxon (CPO) and diazoxon (DZO), respectively. These reactive forms are not
stable and can be inactivated via hydrolytic cleavage to the common metabolite diethyl
phosphate (DEP), and the compound-specific metabolites 3,5,6-trichloro-2-pyridinol (TCPy)
or 2-isopropyl-4-methyl-6-hydroxypyrimidine (IMHP) (Figure 3). CPF and DZN can also be
detoxified to another common metabolite, diethyl thiophosphate (DETP), accompanied by
formation of TCPy or IMHP (Figure 3). There are several enzymes involved in these metabolic
conversions and thus the toxicity of CPF and DZN. CYP catalyze the bioactivation of CPF to
CPO and of DZN to DZO. For CPF, this reaction is preferably performed by CYP1A2 CYP2B6,
CYP3A4, and for DZN, it is mediated by CYP1A1, CYP2B6, CYP2C19 and CYP3A4 (Ellison
et al. 2012; Foxenberg et al. 2011; Sams et al. 2004). Detoxification of CPF and DZN is also
catalyzed by different CYP enzymes, with CYP1A2, CYP2B6, CYP2C19 and CYP3A4
catalyzing the conversion of CPF to TCPy, and CYP1A1, CYP1A2, CYP2B6, CYP2C19 and
CYP3A4 catalyzing the conversion of DZN to IMHP (Ellison et al. 2012; Foxenberg et al.
2011). Differently, instead of to CYP enzymes, the detoxifications of CPO and DZO (Figure
3) are mainly ascribed to the activity of another enzyme called paraoxonase 1 (PON1), which
has been found to occur not only in the liver but also in blood due to the release of PON1 from
liver (Pyati et al. 2015). Unlike CPF and DZN, PFF does not undergo bioactivation because of

the absence of the P=S moiety. However, PFF is a direct acting pesticide (oxon form) due to
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the presence of its oxon moiety (P=0). So far, a complete PFF biotransformation pathway has
not been reported, but available studies show that PFF can be detoxified to its specific
metabolite 4-bromo-2-chlorophenol (BCP) by PONI1-mediated detoxification in liver and
plasma (Omwenga et al. 2021) and CYP enzymes (CYP3A4, CYP 2B6, and CYP 2C19)-
mediated detoxification in liver (Dadson et al. 2013) (Figure 4).

To eliminate the metabolites from the body, the formed specific metabolites (TCPy, IMHP and
BCP) will be directly excreted in urine or first conjugated to form glucuronide conjugates
before their urinary excretion (EFSA 2006; Garfitt et al. 2002; Min et al. 2002; Nolan et al.
1984; Risher and Navarro 1997). These specific metabolites TCPy, IMHP and BCP have been
frequently used as urinary biomarkers for assessing CPF, DZN and PFF exposure, respectively,
in biomonitoring and epidemiology studies (Atabila et al. 2018; Barr et al. 2005; Garfitt et al.
2002; Min et al. 2002; Nolan et al. 1984). However, the common urinary metabolites DEP and
DETP, which are generated as metabolites from many other OP pesticides, are normally used
as biomarkers for assessing OP pesticide aggregate exposure (Quirds-Alcald et al. 2012;

Sudakin and Stone 2011).
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1.4 Toxicity of OP pesticides (including the selected OP model compounds)
and the regulatory PODs

AChE inhibition has been identified as the mode of action (MOA) and molecular initiating
event (MIE) in adverse outcome pathways (AOP) for the acute cholinergic toxicity (e.g.

cholinergic syndrome) of OP pesticides (including CPF, DZN and PFF) and their resulting
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mortality (USEPA 2015). The detailed AOP for AChE inhibition upon acute exposure is
described in Figure 5. CPF, DZN and their oxon metabolites (CPO and DZO), as well as PFF
are all primarily neurotoxicants, and act by inhibiting their primary target enzyme AChE via
covalent binding, which has been identified as the MIE. AChE is in charge of breaking down
the neurotransmitter acetylcholine (ACh) into acetic acid and choline by rapid hydrolysis in
the central nervous system (CNS) and/or peripheral nervous system (PNS) (Costa 2018). Once
ACHhE is inactivated by an inhibitor, this will result in accumulation of ACh at the synaptic
cleft (key event 1 (KE1)), and continuous activation of the cholinergic receptors (nicotinic and
muscarinic ACh receptors), leading to unregulated excitation (key event 2 (KE2)) at
neuromuscular junctions of skeletal muscle, preganglionic and postganglionic nerve endings
of the autonomic nervous system, in the CNS and/or PNS (Fukuto 1990; Mileson et al. 1998;
Russom et al. 2014). As a result, upon acute single exposure, the OP pesticides can cause
neurotoxic symptoms like cholinergic syndrome, which is manifested for example by increased
sweating and salivation, profound bronchial secretion, bronchoconstriction, diarrhea, tremors,
muscular twitching, and various CNS effects (dizziness, inhibition of central respiratory centers,
convulsions, coma), respiratory failure, cardiovascular dysregulation and even death (adverse

outcome (AQO)) (Costa 2018; Roberts and Reigart 2013).
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Fig 5. Adverse outcome pathway (AOP) for acetylcholinesterase (AChE) inhibition leading to acute lethality, as

proposed by Russom et al. (2014). OP pesticides are organophosphate pesticides, AChE is acetylcholinesterase
and ACh is acetylcholine. MIE represents the molecular initiating event, KE1 and KE2 represent different key

events and AO is the adverse outcome.

In addition to acute cholinergic syndrome, an intermediate syndrome may also occur after
resolution of the acute cholinergic syndrome (generally 24-96 hours after exposure), which
may cause acute respiratory paresis and muscular weakness (USEPA 2013). Apart from that, a
relatively rare toxicity known as organophosphorus ester-induced delayed neurotoxicity
(OPIDN) may also occur, which is caused by some OP pesticides (e.g. diptelex) after single or
short-term repeated exposures. This toxicity is associated with inhibition of neuropathy target
esterase (NTE), leading to a delayed (8 to 15 days after exposure) effect like weakness or
paralysis and paresthesia of the extremities (Lotti and Moretto 2005).

Except the adverse effects mentioned above, for the repeated exposure (longer than 21 days)
of OP pesticides, generally, the related neurotoxicity is not well-defined, and the MIEs are not
well stablished. However, available studies have shown that a stronger AChE inhibition may
occur at a similar dose level compared to acute exposure (USEPA 2014). Moreover, a steady
state AChE inhibition may occur within 2-3 weeks (time may vary among OP pesticides) as
the result of the equilibrium between the degree of inhibition and the production of new
enzymes (USEPA 2014; USEPA 2016b; USEPA 2016c¢), and possible prolonged neurological
and neurobehavioral deficits (e.g. persistent cognitive impairment) and neurodevelopmental

toxicity (e.g. cognitive deficits, behavioral deficits (related to attention, and motor deficits )

20



General introduction

may occur (Mufioz-Quezada et al. 2013; Samsam et al. 2005).

Because AChE inhibition is the MIE, using AChE inhibition as a regulatory endpoint can
provide protection for the downstream effects (USEPA 2015). However, it is not practically
possible to determine AChE inhibition in brain especially in human, so that as an alternative,
a surrogate endpoint consisting of AChE inhibition in RBC has been often used and considered
as protective for other potential toxicities (EFSA 2014; USEPA 2011). RBC AChE inhibition
has been considered to represent a more sensitive endpoint than inhibition of brain AChE,
because RBC AChE was found to occur at dose levels below those that caused AChE inhibition
in brain following both acute and repeated exposure (USEPA 2014). The USEPA has
established POD values for the risk assessment of OP pesticides based on 10% RBC AChE
inhibition for both acute and repeated exposure, resulting in for example (Table 2 and Table 3),
POD values of 0.47 mg/kg bw (adult female, acute exposure) and 0.08 mg/kg bw (adult female,
repeated exposure) for CPF, POD of 3 mg/kg bw (acute exposure) and 0.35 mg/kg bw (repeated
exposure) for DZN, and POD of 1.99 mg/kg bw (acute exposure) and 0.12 mg/kg bw (repeated
exposure) for PFF (USEPA 2014; USEPA 2015; USEPA 2016b; USEPA 2016c¢). However,
more recently, a new concern has been highlighted by the USEPA, considering that using 10%
RBC AChE inhibition as an endpoint may not be adequately protective for infants and youths,
since for CPF, there are several epidemiological and toxicological studies suggesting that
potential neurodevelopmental effects could occur even at lower dose levels than the dose
causing 10% RBC AChHE inhibition upon CPF prenatal exposure (USEPA 2016a). To further
address this concern, USEPA used a CPF physiological based pharmacokinetic (PBPK) model
to estimate the time weighted average (TWA) of CPF blood concentrations for women
following an exposure scenario from an epidemiological study (USEPA 2016a). To this end,
the predicted TWA of the blood CPF concentration was used as internal concentration to
determine the specific external doses (POD) for fetuses, infants, and children following steady
state (repeated 21 days) exposure by the PBPK model (USEPA 2016a). Given the fact that the
present thesis is focusing on the adult general population and single acute exposure, RBC
AChE inhibition is still considered as an appropriate endpoint for defining a POD for setting

safe acute exposure levels.

An overview of available risk assessments of CPF, DZN, and PFF for both acute and repeated
exposure and the critical effects used to define the PODs is provided in Table 2 and Table 3,
respectively. This overview corroborates that RBC AChE inhibition is generally considered an

adequate endpoint for defining a POD and HBGVs like an ARfD or ADI.
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In the present thesis, the in vitro RBC AChE inhibition, which represents the surrogate endpoint
underlying the acute toxicity of the OP pesticides and/or their potent metabolites (CPO, DZN,
DZO and PFF) by AChE inhibition in CNS and/or PNS, were characterized by an in vitro
AChE inhibition assay (Ellman et al. 1961; Li et al. 2019) using either recombinant human
AChE (rhAChE) or rat AChE extracted from RBC.
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1.5 Use of animal alternative testing strategies to define PODs for OP

pesticides

As mentioned above, the HBGVs defined for the acute toxicity of the OP pesticides studied in
the present thesis (Table 2) were based on the POD for the critical effect RBC AChE inhibition,
which is usually determined in laboratory animal studies. At the present state-of-the-art,
however, use of laboratory animals is considered unethical, expensive, time consuming and
scientifically not always adequately presenting the situation in humans (Bailey et al. 2014;
Hackam and Redelmeier 2006; Perel et al. 2007). To improve human risk assessment and
replace, reduce and refine the use of experimental animals, the 3Rs concept was developed,
firstly by Drs. William Russell and Rex Burch in 1959 (Russell and Burch 1959), and has been
embedded in legislation and guidelines by different countries and/or regulatory bodies. The
3Rs refer to the Reduction, Refinement, and Replacement of animals used in research, testing,
and education. To comply with the 3Rs concept, the development of animal alternative
approaches is becoming increasingly important. The use of animal alternative approaches such
as human-based in vitro methods (using human cells and/or (subcellular) tissue) and human-
based in silico computer-model techniques enable a prediction directly applicable for the
human situation without the need to introduce a UF of inter-species-differences. To translate
the results from such in vitro models using human cells and/or (subcellular) tissue to the in
vivo situation, PBK model-based reverse dosimetry gradually gains more and more interest as

an important tool for the safety and risk assessment of compounds (EMA 2018; OECD 2021).

A PBK model contains a set of differential equations that together describe the kinetics
including ADME of a selected chemical in an organism of interest. Three different types of
parameters have to be obtained as input for the model, which are 1) physiological parameters
(e.g. cardiac output, tissue volumes and tissue blood flows; 2) physico-chemical parameters
(e.g. blood/tissue partition coefficients); 3) kinetic parameters (e.g. kinetic constants for
metabolic reactions) (Louisse et al. 2017; Rietjens et al. 2011). These parameters are needed to
define the equations that describe the kinetics in different tissue compartments in the PBK
model as well as the fate and distribution of the chemical and its metabolites among these
compartments. The PBK model can simulate the dose-dependent concentration of a chemical
or its metabolites in the target organ or blood, by so called forward dosimetry. Alternatively,
the PBK model allows translation of in vitro concentration-response curves (obtained using an

in vitro toxicity model able to detect the MOA of the chemical studied) to in vivo dose-response
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curves, by so called reverse dosimetry, thus enabling QIVIVE (Figure 6). From these predicted
in vivo dose-response curves, POD values required in risk assessment can be derived. Similar
animal alternative testing strategies have been successfully conducted by the USEPA to
estimate POD values based on 10% RBC AChHE inhibition for risk assessment of CPF for
different human life stages. Though instead of using PBK model-based QIVIVE, the USEPA
applied PBK model-based
pharmacokinetic/pharmacodynamic (PBPK/PD) model in their risk assessment (USEPA 2014)

another approach, namely a physiologically based
(Table 2). This application provides support for the use of PBK models in the risk assessment
of OP pesticides. At the same time, the PBK model-based reverse dosimetry approach enables
to study possible inter-ethnic differences in more detail, which so far have not been addressed
in risk assessments on OP pesticides. These inter-ethnic differences are generally considered
to be covered by the default UF for inter-individual differences. However, it remains to be
investigated whether such differences between ethnic groups exist and if so whether they are

adequately covered by the default UF for inter-individual differences.
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Fig 6. Schematic representation of the physiologically based kinetic (PBK) model-facilitated reverse dosimetry
approach

In the current thesis, the animal alternative testing strategy applying PBK model-based reverse
dosimetry for translation of in vitro concentration-response curves to in vivo dose-response
curves was applied to predict PODs for in vivo RBC AChE inhibition for the different model
OP pesticides of interest, and also to investigate inter-species and inter-ethnic human
differences for this endpoint. To this end, the relevant species-specific (rat or human) and

ethnic-specific (Caucasian and Chinese) parameters were collected directly from the literature,
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or estimated based on physical and chemical properties of the target chemicals using different
software such as Simcyp (Simcyp 2016) and pkCSM (pkCSM 2015), or obtained from in vitro
metabolic incubations using species-specific or ethnic-specific pooled tissues (liver
microsomes and plasma). The in vitro concentration-dependent RBC AChE inhibition
following exposure to the OP pesticides and/or their potent metabolites (CPO, DZN, DZO and
PFF) were obtained from reported data (Eyer et al. 2009) or experimentally derived using an
in vitro AChE inhibition assay with either thAChE enzyme or rat RBC AChE. Before
extrapolating the in vitro concentration-response curve to an in vivo predicted dose-response
curve, the free concentration used in vitro was set equal to the predicted free maximum
concentration in vivo, to determine the dose that would result in this concentration, leading to

the corresponding inhibition.

To further address inter-individual variation in toxicokinetics for the target population,
experiment-derived and literature-obtained kinetic parameters for human liver microsome
(HLM) and human plasma (HP) mediated metabolic conversion of the OP pesticides and the
coefficients of variation for these parameters were used in the PBK model (HLM-based PBK
model). In an additional approach, to address the inter-individual differences, enabling also
studying differences with age, gender, and ethnicity, the metabolic variation in the adult
population was characterized based on data obtained from incubations with Supersome™ CYP
to generate the input parameters for the PBK model (Supersome™ CYP-based PBK model).
Different with pooled HLMs, Supersome™ CYP only express one specific human CYP
enzyme e.g. CYP1A2, CYP2B6, or CYP3A4 etc. Use of Supersome™ CYP enables
quantification of the intrinsic activity of the respective CYP enzymes towards the OP pesticide
of interest. By further correcting for the difference in the CYP activity between Supersome™
CYP and the relative activity in HLMs and applying individual CYP enzyme abundance values,
CYP activities for (different) individuals can be quantified. Hence the Supersome™ CYP -
based kinetic parameters can be scaled to the in vivo kinetic values. To describe inter-individual
variation in toxicokinetics, the HLM-based and Supersome™ CYP -based PBK models were
combined with Monte Carlo simulations, providing a computer-based approach to predict the
variability of the model outcomes by running a large number of simulations, for which model
parameters (e.g. kinetic parameters, CYP abundance) are randomly selected from their relevant
distributions (Kenton 2020). In this way, the impact of variability of input parameters on the
model output, for example the blood maximum concentrations (Cmax) of CPO, can be

characterized and quantified (Krishnan et al. 2013). The approach thus enables the description
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of the effect of the variability in the model input parameters on the variability in the PBK model
outcome. Together with reverse dosimetry, the inter-individual differences in susceptibilities
for target chemical-related RBC AChE inhibition can be characterized, and a CSAF for
describing inter-individual variation in toxicokinetics (HKar) can be established. Depending
on the species and type of endpoint (kinetic and/or dynamic), it can be used to replace the
relevant default UF for inter-species variation in kinetics or dynamics (AKur of 4.0 or ADur
of 2.5) and for inter-individual variation in kinetics or dynamics (HKur of 3.16 or HDur of

3.16) (Figure 1) (IPCS 2005).

When applying alternative testing strategies to define PODs for OP pesticides, it is also
important to note that for some OP pesticides, both the parent P=S compound as well as the
oxon metabolite may have an AChE inhibiting potential. An example is DZN, for which in the
present thesis a PBK model was developed that included the activity of both the parent OP
pesticide and its oxon metabolite. To accommodate the activity of both compounds in the
QIVIVE reverse dosimetry approach, the TEF methodology (Gao et al. 2016) was included in
the model code in order to enable description of the combined effect of the OP pesticide of
interest and its toxic metabolite at the target site. Use of the TEF concept is possible when 1)
the OP pesticide and its toxic metabolite act by the same MOA, ii) the combined toxicity is
additive, and iii) the concentration-response curves for the induced in vitro AChE inhibition
are parallel (Starr et al. 1999; Watt et al. 2016). Use of the TEF methodology allows the internal
concentrations of the OP pesticide and its potent toxic metabolite present in the target site to
be combined and expressed in term of equivalents of the potent toxic metabolite, by multiplying
their effective internal concentration with the specific TEF values and adding up the resulting
concentrations expressed in toxic equivalents using the equation presented below. The TEF
values were defined as the inhibitory potency (based on the half maximal inhibitory
concentrations (IC50)) of the OP pesticide relative to that of the potent toxic metabolite in
terms of RBC AChE inhibition. The aforementioned total potent toxic metabolite equivalents

and TEF values are calculated using the following equations (Delistraty 1997):
Total toxic metabolite concentration in toxic equivalents =

[OP pesticide] * TEFOP pesticide + [toxic metabolite] * TEFtoxic metabolite

! !

IC50 toxic metabolite IC50 toxic metabolite
TEFOP pesticide = TEFtoxic metabolite = =1.0
IC50 OP pesticide IC50 toxic metabolite
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In the equation above, the Total toxic metabolite concentration in toxic equivalents represents
the effective internal concentration of the OP pesticide plus its toxic metabolite expressed in
toxic metabolite equivalents using the TEF values for the OP pesticide and its toxic metabolite,
[OP pesticide] and [toxic metabolite] represent the effective internal concentration of the OP
pesticide and the toxic metabolite at the target site, the TEFOP pesticide and TEFtoxic metabolite
are the toxic equivalency factors of the OP pesticide and its toxic metabolite with the TEFtoxic
metabolite defined as equal to 1.0. The IC50 op pesticide and IC50 toxic metabolite Tepresent the half
maximal inhibitory concentrations of the OP pesticide and its toxic metabolite that induced 50%

inhibition of RBC AChE in vitro.

By combining the TEF methodology with the PBK model-facilitated reverse dosimetry
approach, the combined effects induced by the parent compound and its bioactive metabolite

at the target site can be characterized, and the resulting POD values can be established.

1.6 Outline of the thesis

Chapter 1 of this thesis, the current chapter, presents an overview of relevant background
information, including an introduction of CPF, DZN and PFF as model compounds, their
ADME and toxicity profiles, their POD and HBGVs, as well as an introduction to the
alternative animal testing strategy applied in the thesis consisting of PBK model-based reverse
dosimetry solely or in combination with Monte Carlo simulations for evaluation of inter-
individual variation, or incorporating the TEF methodology to account for the RBC AChE
inhibition potential of a parent OP pesticide and its oxon metabolite. Also, the aim and outline

of the thesis are introduced.

Chapter 2 of this thesis defines a PBK model of CPF and its metabolites in the average Chinese
and Caucasian population. The inter-ethnic differences in kinetics were characterized based on
the comparison of metabolic biotransformation, in vivo predicted CPO concentrations at the
target site, and dose-response curves. The resulting PODs for the two populations were
compared to provide insight in the inter-ethnic differences in kinetics and the resulting

sensitivity towards CPF exposure.

Chapter 3 of this thesis describes the development of a PBK model for PFF in human and rat.
The inter-species differences in kinetics and the resulting RBC AChE inhibitory effects were

characterized based on comparison of metabolic biotransformation and in vitro RBC AChE
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inhibition, predicted PFF blood concentrations, dose-response curves, as well as the

corresponding predicted POD values for the two species.

Chapter 4 of this thesis describes the development of TEF coded DZN PBK models for rat
and human together with reverse dosimetry to predict the combined inhibitory effect of DZN
and its active metabolite DZO on in vivo RBC AChE activity in these species. The inter-species
differences were characterized based on the comparison of metabolic bioactivation and
detoxification, in vitro RBC AChE inhibition, predicted dose-response curves, as well as

derived POD values for the two species.

Chapter 5 of this thesis compared the applicability of using an HLM-based PBK model and a
Supersome™ CYP-based PBK model, combined with reverse dosimetry and Monte Carlo
simulations to evaluate the inter-individual differences in toxicokinetics of CPF, allowing for
the calculation of a CSAF for inter-individual differences in kinetics. Also, the consequences
of these inter-individual differences in toxicokinetics for the inter-individual differences in
predicted dose-response curves for CPF exposure induced RBC AChE inhibition were

characterized, and the resulting POD values were established.

Finally, Chapter 6 presents a discussion of the results obtained in this thesis, evaluating how
the findings of the thesis can contribute to further research and risk assessment of OP pesticide
exposure for different ethnic populations and individuals based on new approach in vitro and

in silico testing strategies.
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Chapter 2

Abstract

Organophosphates have a long history of use as insecticides over the world. The aim of the
present study was to investigate the interethnic differences in kinetics, biomarker formation,
and in vivo red blood cell acetylcholinesterase inhibition of chlorpyrifos (CPF) in the Chinese
and the Caucasian population. To this purpose, physiologically based kinetic models for CPF
in both the Chinese and Caucasian population were developed, and used to study time- and
dose-dependent interethnic variation in urinary biomarkers and to convert concentration-
response curves for red blood cell acetylcholinesterase inhibition to in vivo dose-response
curves in these 2 populations by reverse dosimetry. The results obtained revealed a marked
interethnic difference in toxicokinetics of CPF, with lower urinary biomarker levels at similar
dose levels and slower CPF bioactivation and faster chlorpyrifos-oxon detoxification in the
Chinese compared with the Caucasian population, resulting in 5- to 6-fold higher CPF
sensitivity of the Caucasian than the Chinese population. These differences might be related to
variation in the frequency of single-nucleotide polymorphisms for the major biotransformation
enzymes involved. To conclude, the interethnic variation in kinetics of CPF may affect both its
biomarker-based exposure assessment and its toxicity and risk assessment and physiologically
based kinetic modeling facilitates the characterization and quantification of these interethnic

variations.
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1. Introduction

Organophosphate pesticides (OPs) are an important class of crop protection agents used
worldwide (Stauber et al., 2016). OPs and their metabolites have been detected in human urine,
blood, serum, and breast milk (Drevenkar et al., 1994; Hardt and Angerer, 2000; Liu et al.,
2014; Naksen et al., 2016; Zhang et al., 2014), reflecting human exposure to these pesticides.
Upon acute exposure, the activated form of OPs can covalently bind to and inhibit
acetylcholinesterase (AChE), the enzyme responsible for hydrolysis of the neurotransmitter
acetylcholine (ACh) (Flaskos, 2014). This inhibition causes accumulation of ACh in the
synaptic cleft, resulting in overstimulation of the ACh receptor ultimately causing cholinergic
dysfunction, paralysis, and respiratory failure (Eaton et al., 2008; Hung et al., 2015). Chronic
low dose exposure to OPs has been associated with poorer neurobehavioral development in
infants/school children and poorer intellectual development in 7-year-old children

(Bouchard et al., 2011; Gonzalez-Alzaga et al., 2014; Wang et al., 2012).

In the past decades, physiologically based kinetic (PBK) models have been developed for a
few OPs, i.e. chlorpyrifos (CPF) (Bouchard et al., 2005; Lu et al., 2009; Mosquin et al.,
2009; Timchalk et al., 2002) and diazinon (Poet et al., 2004), in order to better predict the
internal exposure level and risk upon exposure to OPs (Bouchard et al., 2005; Foxenberg et al.,
2011; Lu et al., 2009; Mosquin et al., 2009; Nolan et al., 1984; Timchalk et al., 2002). These
PBK models can be used for reverse dosimetry, enabling translation of urinary biomarker data
to internal or external exposure levels, whereas in theory, also enabling conversion of in
vitro concentration-response curves for AChE inhibition to in vivo dose-response curves for
AChE inhibition. However, when developing these PBK models, interethnic differences have
not yet been taken into account. Biomonitoring studies have reported OP metabolite levels in
maternal urine in China to be higher than those in maternal urine in developed countries
(Wang et al., 2012), and interethnic differences in bioactivation and detoxification have already
been reported for other compounds than OPs (Ning et al., 2017; Zhang et al., 1990). Hence, it
is of importance to include the interethnic differences in kinetics when developing PBK models
for CPF in human. To date, several PBK models have been developed for CPF in the Caucasian
population (Bouchard et al., 2005; Lu et al., 2009; Mosquin et al., 2009; Timchalk et al., 2002).
Knowing that there is no PBK model available that is specifically defined for the Chinese
population, the aim of the present study was to investigate, via PBK modeling, the interethnic

differences between the Chinese and the Caucasian population in kinetics, biomarkers of
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Chapter 2

exposure, and predicted in vivo red blood cell (RBC) AChE inhibition using CPF as the model
OP compound.

In present study, CPF was used as model OP because there are available kinetic data for
evaluating the performance of the PBK models (Eatonet al, 2008; Griffinet al.,
1999; Nolan et al., 1984; Brzak et al., 2000; Timchalk et al., 2002; Bouchard et al., 2005). In
humans, CPF will be either detoxified to 3,5,6-trichloro-2-pyridinol (TCPy) and diethyl
thiophosphate (DETP) or activated to the corresponding active oxon form chlorpyrifos-oxon
(CPO), which inhibits AChE (Figure 1). These 2 pathways have been demonstrated to occur
mainly in the liver (Timchalk et al., 2002). Conversion of CPF is catalyzed by cytochromes
P450 (CYP450), with CYP2B6 being the most active CYP450 for conversion of CPF into CPO,
and CYP2C19 being the most active CYP for conversion of CPF into TCPy and DETP,
whereas CYP3A4 is involved in both pathways (Foxenberg et al., 2007; Tang et al., 2001). The
detoxification of CPO is catalyzed by A-esterases, with paraoxonase (PON 1) as the major A-
esterase involved, resulting in formation of TCPy and diethyl phosphate (DEP) (Figure 1)
(Furlong et al., 1989; Timchalk et al., 2002). B-esterase in for example liver, blood, and brain
including AChE, butyrylcholinesterase (BChE) and carboxylesterase (CaE) can be bound and
inhibited by CPO (Timchalk et al., 2002; Wagner, 1999).

I AN\
° o/ \0 \ / s
N l

/\O/ T\o/\
OH

Diethylthiophosphate (DETP)

-
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I Detoxification cl N OH
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cl ~ al cl 7 cl
Chlorpyrifos-oxon (CPO) 3,5,6-trichloro-2-pyridinol (TCPy)
/ /\O/ T\O/\
AChE inhibition OH
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Fig 1. Metabolic pathways for bioactivation and detoxification of CPF (Smith et al., 2011). AChE,
acetylcholinesterase; CYP450, cytochrome P450.
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The inhibition of RBC AChE activity has been used as the surrogate endpoint for deriving
points of departure (POD) in risk assessment of CPF, such as a benchmark dose (BMD) or a
no observed adverse effect level (NOAEL). The rationale for using RBC AChE inhibition as
indicator of CPF exposure is based on the fact that RBC AChE is more sensitive and easier to
sample compared with AChE in other target organs like brain, spinal cord, and the peripheral
nervous system (EPA, 2011). Moreover, it is also known that there is less variation among
individuals in the enzyme activity of RBC AChE than plasma BChE (Brock and Brock,
1990; Letkowitz et al., 2007). Thus, in the present study, the concentration-dependent RBC
AChE inhibition by CPO (Eyer et al., 2009) was used as the surrogate endpoint to define the in
vivo dose-response curves for RBC AChE inhibition in the 2 populations, Chinese and

Caucasian, upon CPF exposure.

2. Materials and methods

2.1 Materials
2.1.1 Chemicals

Chlorpyrifos and TCPy were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).
Chlorpyrifos-oxon was purchased from TRC-Canada (Toronto, Ontario, Canada).
Tetraisopropyl pyrophosphoramide (iso-OMPA) and diisopropyl ether (DIPE) were purchased
from Sigma-Aldrich (Zwijndrecht, The Netherlands). Magnesium chloride hexahydrate
(MgCl2*6H20), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), dipotassium
hydrogen phosphate (K2HPOa4), trifluoroacetic acid (TFA), hydrochloric acid (HCI), perchloric
acid (HC1O4), dimethylsulfoxide (DMSO), and calcium chloride dihydrate (CaCl2*2H20) were
purchased from VWR International (Amsterdam, The Netherlands). Acetonitrile (ACN,
UPLC/MS grade) and methanol (UPLC/MS grade) were purchased from Biosolve
(Valkenswaard, The Netherlands). Reduced nicotinamide adenine dinucleotide phosphate

(NADPH) was obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands).
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2.1.2 Human liver microsomes

Caucasian liver microsomes (pooled from 20 donors, mixed gender) were purchased from
Corning (Amsterdam, The Netherlands) and Chinese liver microsomes (pooled from 20 donors,

mixed gender) were purchased from Pre-TOX (Wuhan, China).

2.2 In Vitro Incubations to Derive the Kinetic Parameters for the PBK
Model

Human liver microsomal incubations for bioactivation and detoxification of CPF by CYP450
were optimized to be linear in metabolite formation with time and amount of microsomal
protein (data not shown). The incubations were carried out in 50 mM phosphate buffer (pH 7.4)
containing (final concentrations) 5mM MgCl2, 1 mM EDTA (A-esterase PONI inhibitor),
50 uM iso-OMPA (B-esterase inhibitor), 1 mM NADPH (CYP450 cofactor), and CPF (at final
concentrations ranging from 5 to 100 uM, added from 100 times concentrated stock solutions
in DMSO). Control incubations were performed without the addition of NADPH. After 1 min
preincubation, the reaction was initiated by adding 5 pul of either Caucasian or Chinese liver
microsomes (final concentration 0.5 mg/ml) and incubated for 15 min (Caucasian) or 30 min
(Chinese) in a 37°C water bath. The total volume of the incubation mixtures was 200 pl. The

reaction was terminated by the addition of 20 ul ice cold 10% (vol/vol) HCIOa.

The PONI-catalyzed metabolism of CPO was measured in the in vitro liver microsomal
incubations as follows. Preliminary experiments were conducted to define the optimal
incubation conditions that are linear in time and with the liver microsomal concentration (data
not shown). The kinetic incubations were carried out in 50 mM Tris—HCI (pH 7.4) containing
2mM CaClz (to stimulate the PONI1 activity) (Carr et al., 2015), and CPO (at a final
concentration range of 25-1500 uM, added from 100 times concentrated stock solutions in
DMSO). After 1 min preincubation, the reaction was initiated by adding either 5 pl of
Caucasian (final concentration 0.5 mg/ml) or 2.5 ul of Chinese liver microsomes (final
concentration 0.25 mg/ml) and incubated for 5 min in a 37°C water bath. Incubations in the
absence of microsomes were performed as control. The total volume of the incubation mixtures
was 200 pl. The reaction was terminated by the addition of 20 pl ice cold 10% (vol/vol) HC1O4

and samples were kept on ice.
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Extraction of metabolites was conducted prior to UPLC analysis. To this end, the organic
solvent DIPE was added to the ice-cold incubation mixtures. Afterwards, the incubation
mixtures were mixed well by vortexing and the upper layer that contained CPF and its
metabolites was collected and transferred into a glass tube. The extraction process was
conducted 3 times, and the collected DIPE fractions were combined. The extracts were then
evaporated to dryness under a stream of nitrogen (N2). Finally, the extracts containing CPF and
its metabolites were redissolved in 100 pul methanol and subsequently used for the UPLC

analysis.

It is worth to note that microsomal incubations are well accepted and also validated to define
kinetic parameters for metabolism and clearance in PBK model (Al-Subeihi et al., 2012; Lu et
al., 2009; Mosquin et al., 2009; Ning et al., 2017; Punt et al., 2008,, 2009; Timchalk et al.,
2002). Furthermore, experimental data shown that kinetic data derived from microsomal
incubations and hepatocyte incubations are comparable as Di et al. (2012) reported that the
intrinsic clearance for compounds predominantly mediated by CYP450 obtained from

microsomal incubations are comparable with that obtained from hepatocyte incubations.

2.3 UPLC Analysis

All redissolved extracts from microsomal incubations of CPF were analyzed by a Waters
Acquity UPLC H_class system that consisted of a quaternary solvent manager, a sample
manager, and a photodiode array detector, equipped with a Water Acquity UPLC BEH C18
column (1.7 uM, 2.1 x 50 mm) and Waters Xbridge UPLC BEH C18 precolumn (1.7 uM,
2.1 x 5mm). The temperature of the column was set at 40°C and the auto-sampler at 10°C
during the UPLC analysis. The mobile phases used for the analysis consisted of (A) 0.1% TFA
in nanopure water and (B) 100% ACN. A gradient elution at a flow rate of 0.6 ml/min was
applied for the analysis with the initial condition of 90% A:10% B (vol/vol). The gradient
program was set as follows: the starting condition was 90:10 (A:B), changing to 0:100 (A:B)
from 0 to 6 min and was maintained for 30 s, and then changed to 100:0 (A:B) in 30 s and was
maintained for 1 min. After which, the starting condition were reset from 8 to 8.1 min, and the
column was equilibrated at the starting condition of 90:10 (A:B) until 9.5 min. The injection
volume for each sample was 3.5 ul. Under these conditions, the retention times of CPF, CPO,

and TCPy were 4.8, 3.6, and 2.5 min, respectively. The amount of CPF, CPO, and TCPy was
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quantified by integrating the peak areas at 299 nm using calibration curves that were prepared

using the commercially available standards.
2.4 Data Analysis

Kinetic parameters including the apparent maximum velocity (Vmax; expressed in
nmol/min/mg microsomal protein) and the apparent Michaelis—Menten constant (Km; in pM)
for bioactivation of CPF and detoxification of CPF and CPO were obtained by fitting the data
using GraphPad Prism 5 software for Windows, version 5.04 (San Diego, California) to the
standard Michaelis—Menten equation:

_ Vmax * [S]
YT Km+ (8D

in which the S represents the concentration of substrate in pM.

2.5 Physiologically based kinetic (PBK) model

2.5.1 Model structure

Figure 2 illustrates the structure of the CPF PBK model for both the Chinese and Caucasian
population. The model was developed based on the model reported by Timchalk et
al. (2002) with some modifications. The model contained separated compartments for the
gastrointestinal tract (GI-tract), blood, fat, liver, slowly perfused tissue (muscle, skin, and bone),
and rapidly perfused tissue. The bioavailability of CPF upon oral exposure was included by
taking the fractional absorption (fa) into account. This fa was found to vary across human
volunteer studies, amounting to 0.22 (22% of the oral dose being absorbed) (Bouchard et al.,
2005), 0.224 (Timchalk et al., 2002), 0.70 (Nolan et al., 1984), and 0.93 (Bouchard et al.,
2005; Griffin et al., 1999), respectively, in part depending on the form of CPF administration
(Timchalk et al., 2002). When modeling the data, the fa values reported by Timchalk et
al. (2002; fa=0.224) and Nolan et al. (1984; fa=0.70) were used, and the mean of those 2 fa
values, which is 0.462, was also included. First-order kinetics was used to describe the
absorption of CPF by the GI tract with an absorption rate constant of 0.46/h (Bouchard et al.,
2005). The absorbed CPF was assumed to be transferred to the liver compartment without
intestinal biotransformation based on the fact that intestinal CPF biotransformation was

reported to be limited compared with that in the liver (Leoni et al., 2012). Furthermore,
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CYP450-mediated conversion of CPF was assumed to occur only in the liver because liver is
known to be the main organ for CYP450-mediated biotransformation of CPF (Leoni et al.,
2012). This metabolism resulted in formation of TCPy and DETP, and of CPO (Figure 1).
Based on a preliminary experiment (data not shown), the conversion of CPF by A-esterase
(PONT1) appeared to be negligible compared with the CYP450-catalyzed reaction and thus was
not included in the model. The PBK model also contained a sub-model describing the kinetics
of CPO. The formation of CPO from CYP450-mediated conversion of CPF in the liver
compartment provided the input of CPO for this CPO sub-model, in which CPO was predicted
to be further converted to TCPy and DEP in both the liver and blood compartment mediated
by A-esterase (PON1). The cumulative urinary excretion of TCPy and of the dialkylphosphate
(defined as the sum of DEP and DETP) was described by applying first-order rate equations
with the first-order rate constants amounting to 0.026/h and 0.199/h, respectively (Bouchard et
al., 2005). The Rosenbrock’s algorithm for stiff systems was used to code the differential
equations and the mass balance in Berkeley Madonna software (Macey and Oster, UC Berkeley,

California). The PBK model differential equations are provided in the Supplementary Data I.

CPF CPF-Oxon
< Blood < N Blood <
! Fat > - Fat —>
— Slowly Perfused — —1  Slowly perfused | —
— Rapidly Perfused —| —1 Rapidly perflused | —
—> Liver > —> Liver —>
T { L. CPF-oxon j J
Gl tract l [ £

T [ropy [

Oral
Exposure

DAP (DEP and DETP)

Fig 2. Schematic diagram of the PBK model for CPF (Timchalk et al., 2002) in the Chinese and Caucasian
population, consisting of 2 models including one for CPF (left) and one submodel for CPO (right). GI tract,

gastrointestinal tract.
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2.5.2 Model parameters

The physiological parameters for both the Chinese and Caucasian population were collected
from the literature (Brown et al., 1997; NHFPC, 2007a,b, 2014) and are presented in Table 1.
The physico-chemical parameters (tissue:blood partition coefficients) for CPF and CPO, also
presented in Table 1, were determined based on clogP using ChemDraw Professional 16.0
software (CambrigeSoft), using the method described by DeJongh et al. (1997). The kinetic
parameters for conversion of CPF and CPO in the liver were determined in the present study
and are summarized in Table 2 and presented in some more details in the Results section. For
PONI1-mediated detoxification of CPO to TCPy in blood, the Vmax expressed in umol/h/kg
bw’7 for the Caucasian population, obtained from plasma enzymatic incubations (Furlong et
al., 1989; Mosquin et al., 2009), was multiplied by the bw®" of the Chinese and Caucasian,
respectively, to obtain the corresponding value for both populations expressed in pmol/h. A
hepatic microsomal protein scaling factor of 32 mg microsomal protein/g liver (Al-Malahmeh
et al., 2017; Barter et al., 2007) was applied to scale the apparent Vmaxc from pmol/min/mg
microsomal protein to the Vmax expressed in pmol/min/g liver. Furthermore, the Vmax was

expressed in pmol/h/kg liver.

Table 1. Summary of physiological and physico-chemical parameters for the PBK models for CPF and its
metabolites in the Caucasian and Chinese population (Brown et al., 1997; DeJongh et al., 1997; NHFPC, 2007
a,b, 2014)

Model parameters Caucasian Chinese

Physiological parameters
Body weight (kg) 70 58.5

Percentage of body weight

Liver 2.6 23

Fat 21.4 18.4
Rapidly perfused 54 6.9

Slowly perfused 58 57.3
Blood 7.9 7.9

Flow(1/h)
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Cardiac output 347.9 327

Percentage of cardiac output

Liver 22.7 26.3
Fat 52 6.8
Rapidly perfused 43 42.4
Slowly perfused 29.1 24.5

Tissue: blood partition coefficients for CPF

Liver 8.1 8.1
Fat 142 142
Rapidly perfused 8.1 8.1
Slowly perfused 5.2 5.2

Tissue: blood partition coefficients for CPO

Liver 4.9 4.9
Fat 119.3 119.3
Rapidly perfused 4.9 4.9
Slowly perfused 33 33

Table 2. Summary of kinetic parameters (Km, unscaled/scaled Vmax) and catalytic efficiency (Vmax/Km), for
metabolism of CPF and CPO (Barter et al., 2007; Brown et al., 1997; Furlong et al., 1989; Mosquin et al., 2009;
NHFPC, 2007a)

Pathways Caucasian Chinese
CPF to CPO (Liver)
Kml (uM) 28.59 £ 6.60 44.91 £+ 34.90
In vitro Vmax1c (nmol / min / mg microsomal protein) 0.156 £0.014 0.055+0.019
In vitro Catalytic efficiency (Vmaxlc / Kml) *° 5.5 1.2
In vivo scaled Vmax1 (umol / h / kg liver) ¢ 300 =27 106 + 36
In vivo scaled Catalytic efficiency (Vmax1 / Km1) ¢ 10.49 2.36
CPF to TCPy (Liver)
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Km2 (uM)

In vitro Vmax2c (nmol / min / mg microsomal protein)

In vitro Catalytic efficiency (Vmax2c / Km2) *°

In vivo scaled Vmax2 (umol / h / kg liver) ©

In vivo scaled Catalytic efficiency (Vmax2 / Km2)“
CPO to TCPy (Liver)

Km3 (uM)

In vitro Vmax3c (nmol / min / mg microsomal protein)

In vitro Catalytic efficiency (Vmax3c / Km3) *°

In vivo scaled Vmax3 (umol / h / kg liver) ©

In vivo scaled Catalytic efficiency (Vmax3 / Km3) ¢
CPO to TCPy (Blood)

Km4 (uM)

Vmax4c (umol / h / kg®” body weight)

Catalytic efficiency (Vmax4c / Km4) ¢

Vmax4 (umol / h) f

Catalytic efficiency (Vmax4 / Km4) ¢

4.33+0.56
0.234 + 0.006
54.0
449 £ 12
103.7

627.90 = 165.00
37.98 +£4.33
60.5
72922 + 8314
116.1

75
4.4
0.05867
106.48
1.41973

3.16 £0.745
0.093 + 0.004
29.4
179 + 8
56.6

660.70 = 167.00
111.90 + 12.51
169.4
214848 + 24019
325.2

75
4.4
0.05867
93.28
1.24373

2 ul / min / mg microsomal protein

b Vmaxc /Km *1000

¢Vmax = Vmaxc / 1000* 60 * 32 *1000, where the 32 is the scaling factor to scale the Vmaxc from nmol/min/mg

microsomal protein to nmol/min/g liver, 1000 is for changing unit from nmol to pmol, the 60 is for changing the

unit from min to h and 1000 is for changing the unit from g to kg (liver)

41/h/kg liver
¢1/h/kg®” body weight

f Vmax4 (umol/h/kg liver) = Vmax4c * body weight %7, the body weight could be either the Caucasian body

weight (70 kg) or the Chinese body weight (58.5kg)
¢1/h

2.5.3 Model validation

To validate the model, the PBK model-predicted blood concentration of TCPy and the

cumulative urinary amount of TCPy were compared with reported in vivo data (Bouchard et

al., 2005; Nolan et al., 1984; Timchalk et al., 2002).
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2.5.4 Sensitivity analysis

The impact of each parameter on the model output (in this study especially the blood
concentrations of CPO) was estimated by performing a sensitivity analysis. Normalized
sensitivity coefficient (SC) was determined based on the following equation:

_(C-0 P

SC = P —P) * (E)

in which P represents the parameter value in the PBK model and P’ represents the parameter
value with a 5% increase (Evans and Andersen, 2000). Similarly, C is the output of the model
with the original model parameter value and C’ the model output with 5% increase in the model
parameter value. Only parameters with SC > 0.15 (absolute value) are presented in the current

manuscript (Figure 7).

2.6 Reverse Dosimetry

2.6.1 Derivation of a concentration-response curve for RBC AChE inhibition

In the present study, the concentration-response curve for CPO-mediated RBC AChE
inhibition reported by Eyer et al. (2009) was used, who quantified the level of AChE inhibition
upon incubating plasma samples from CPF-poisoned patients (with quantified level of CPO)
with RBC from an unexposed donor to determine the level of AChE inhibition (Eyer et al.,
2009).

2.6.2 Conversion of concentration-response curves to in vivo dose-response curves for

RBC AChE inhibition

The concentration-response curve for RBC AChE inhibition by CPO in human was obtained
from Eyer et al. (2009), and used as input to quantify the maximum blood concentration (Cmax)
of CPO in the PBK models for calculating the corresponding dose levels. By performing this
calculation for all the concentrations, the concentration-response curve for RBC AChE
inhibition was converted to an in vivo dose-response curve for CPF-induced RBC AChE
inhibition. Given that the concentrations in the concentration-response curve represented the

total concentration of CPO (Eyer et al., 2009; Heilmair et al., 2008), the concentration values
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of the concentration-response curve could be directly used as input in the PBK models. By
performing the reverse dosimetry using the PBK model for the Caucasian and Chinese

population, in vivo dose-response curves for both ethnic groups were predicted.

2.6.3 Validation of predicted dose-response curves for RBC AChE inhibition

To validate the performance of the PBK model-facilitated reverse dosimetry approach, the
predicted dose-response curve for RBC AChE inhibition upon exposure to CPF for the
Caucasian population was compared with available in vivo data (EPA, 1999; Timchalk et al.,
2002). Evaluation of the Chinese PBK model was based on the evaluation of the Caucasian

model combined with the fact that both models were defined in the same way.

2.7 Derivation of BMD and BMDL

The predicted dose-response curves were used to derive PODs for CPF risk assessment for
these 2 populations. Because the data were not suitable for BMD modeling, the effective dose
(ED)10/20 value for CPF in the Chinese and Caucasian was defined at 10% or 20% inhibition
of RBC AChE. Subsequently, taking into account that a BMDL should not be more than a
factor 3 below a BMD value to provide an adequate POD, the obtained ED10/20 values were
divided by 3 to obtain POD values that could be compared with the PODs reported by The
European Food Safety Authority (EFSA, 2014) and EPA (BfR, 2012; Fan, 2014; Koshlukova
and Reed, 2014).

3. Results

3.1 In Vitro Metabolism of CPF and CPO

The CYP450-mediated conversion of CPF to CPO and TCPy was measured in incubations with
both Chinese and Caucasian liver microsomes. No metabolites were detected in control
incubation performed in the absence of NADPH. The PON1-mediated conversion of CPO to
TCPy was detected in both population, Chinese and Caucasian, of liver microsomal incubations,
whereas in the absence of liver microsomes, some TCPy was detected, mainly ascribed to an

impurity in the CPO starting material (data not shown). Thus, results obtained in the presence

56



Inter-ethnic differences in red blood cell acetylcholinesterase inhibition of chlorpyrifos

of liver microsomes were corrected for the TCPy detected in control incubation without

microsomes.

The concentration-dependent increase in metabolite formation following incubations of CPF
and CPO with both Chinese and Caucasian liver microsomes is depicted in Figure 3. The
kinetic parameters Km and Vmax derived from these results as well as the catalytic efficiency,

calculated as Vmax/Km, are presented in Table 2.

>
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Fig 3. Comparison of the concentration-dependent rate of conversion of (A) CPF to CPO, (B) CPF to TCPy, and
(C) CPO to TCPy, in incubations with Caucasian (solid squares) and Chinese (solid circles) liver microsomes.

Results represent data from 3 independent experiments and are presented as mean = SEM.

The results presented in Figure 3 and Table 2 indicate that there is a difference in the catalytic
efficiency for conversion of CPF and CPO by the Chinese and Caucasian population. The
catalytic efficiency for bioactivation of CPF to CPO was around 4.5-fold less efficient in
incubations with Chinese than with Caucasian liver microsomes, due to a 2.8-fold
lower Vmax and a 1.6-fold higher Km (Table 2). However, Chinese liver microsomes were
only 2 times less efficient than Caucasian liver microsomes in detoxification of CPF to TCPy.
In addition, Chinese liver microsomes appeared to be 2.8 times more efficient in the

detoxification of CPO into TCPy than Caucasian liver microsomes.
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3.2 PBK Model Validation

The developed PBK model of CPF was evaluated against in vivo data from human volunteer
studies in the Caucasian population (Bouchard et al., 2005; Nolan et al., 1984; Timchalk et al.,
2002). The model was first evaluated using the data from Nolan et al. (1984). Figure 4A
presents the model-predicted and reported amount of TCPy eliminated in urine using a fa of
0.70, as reported by Nolan et al. (1984). In addition, Figure 4B compares the model-predicted
blood concentration of TCPy and the reported data. These results indicate that the predictions
made by the newly developed PBK model match the reported data quite well, and in a manner
comparable with the model reported before by Lu et al. (2009). However, a best fit between
model-predicted TCPy blood concentration and in vivo data could be achieved (Figure 4) by
increasing the volume of distribution for TCPy (Vd) from 5.53 I (setting the Vd equal to the
average human blood volume (VB; Brown et al., 1997)) to 151. This 151 was obtained by
fitting the model to in vivo data (Nolan et al., 1984) similar as done by others (Mosquin et al.,
2009; Timchalk et al. 2002). Together these data illustrate how the currently developed PBK

model can adequately match the reported in vivo data.
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Fig 4. Comparison of PBK model-predicted and experimentally determined time-dependent (A) cumulative
urinary excretion of TCPy and (B) blood concentrations of TCPy in Caucasian volunteers upon oral administration
of 0.5 mg CPF/kg bw (Nolan et al., 1984). The simulations were performed using a fa equal to 0.70, and either
Vd=15.531(solid line) or Vd = 15 1 (cross line), whereas the squares represent the values from the human volunteer

study (Nolan et al., 1984).

In a next step, a comparison was made to the data reported by Timchalk et al. (2002) and Lu et
al. (2009) to further evaluate the developed-PBK model (Figure 5). The application of
fa=0.224, as reported by this literature, was set in the defined PBK model for the Caucasian

population, resulting in a good match between predicted and experimental human in vivo data

(Lu et al., 2009; Timchalk et al., 2002). Also, the model adequately predicted the blood
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concentration of TCPy with 3-fold deviation from the data reported by Timchalk et al. (2002).
Using a Vd of 151, fitting this model parameter Vd to the in vivo data as done by Timchalk et
al. (2002) and Mosquin et al. (2009), a better fit was even obtained (see Figure 5).

1001 0.5 mg/kg 100 0.5 mg/kg
Timchalk et al., 2002 = Timchalk et al., 2002
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-
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Fig 5. Comparison of PBK model-predicted and experimentally determined time-dependent (A) cumulative
urinary excretion of TCPy (Lu et al., 2009; Timchalk et al., 2002) and (B) blood concentrations of TCPy in
Caucasian volunteers upon oral administration of 0.5 mg CPF/kg bw (Timchalk et al., 2002). The simulations
were performed using fa =0.224, and either Vd =5.53 1 (solid line) or Vd = 151 (cross line), whereas the squares

symbols represent the values from the human volunteer study (Timchalk et al., 2002).

Finally, the performance of the model was evaluated based on the experimental data originally
from Brzak (2000) but reported by Bouchard et al. (2005) using a fa of 0.22 (Bouchard et al.,
2005) (Figure 6). The results reveal that also for this data set, the newly developed PBK model
closely predicted both the cumulative amount of TCPy eliminated in urine and the blood
concentration of TCPy at all 3 dose levels tested. The predicted TCPy concentration in blood
were around 3-fold higher than what was actually observed in vivo. As observed from the other
data sets, these matches could be further improved by changing the value of Vd to 151, based
on fitting this model parameter to the in vivo data as done by others (Mosquin et al., 2009;

Timchalk et al. 2002) (see Figure 6).
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Fig 6. Comparison of PBK model-predicted and experimentally determined time-dependent cumulative urinary
excretion of TCPy at an oral dose of (A) 0.5 mg CPF/kg bw, (C) 1.0 mg CPF/kg bw, and (E) 2 mg CPF/kg bw,
and of PBK model predicted and experimentally determined blood concentration of TCPy at an oral dose of (B)
0.5 mg CPF/kg bw, (D) 1 mg CPF/kg bw, and (F) 2 mg CPF/kg bw. The simulations were performed using
fa=0.22, and either Vd =5.53 1 (solid line) or Vd = 15 1 (cross line), whereas the squares represent the valued took
from Bouchard et al. (2005) which originally from Brzak (2000).
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Although some underestimation is still observed at later time points after reaching the
maximum TCPy blood concentration when comparing our prediction with the in vivo data from
Timchalk et al. (2002) as well as with the data from Brzak (2000) after changing the Vd to 15 1.
These inter-study differences are mainly caused by the TCPy elimination rate constant (Ke)
that we used because the value of Ke (0.026/h) that we used in our model was obtained from
Nolan et al. (1984) but not obtained by fitting model to data from Nolan et al. (1984) as what
others did (Ke =0.017/h in Timchalk et al., 2002 and Ke = 0.03820/h in Mosquin et al., 2009).
Thus, these fits can be improved even further if we fit Ke (0.019/h) in the model to in vivo data
Nolan et al. (1984) in line with what others did (Mosquin et al., 2009; Timchalk et al., 2002)
(Supplementary Data V and VI).

In our later prediction, we assumed the Vd for TCPy to be equal to human blood volume (5.53 1,
Brown et al., 1997), which has physiological meaning, and Ke equal to 0.026/h. Nevertheless,
a better match between the model prediction and in vivo data for the blood concentration of
TCPy could be obtained when the Vd value was increased to 151. The match between the
model prediction and in vivo data sets from Timchalk et al. (2002) and Brzak (2000) can be
further improved by changing Ke to 0.019/h (both of these 2 parameters were obtained by
fitting the model to the in vivo data Nolan et al. (1984) as done by others (Mosquin et al., 2009;
Timchalk et al. 2002). However, it is important to note as well that changing the value of Vd
and value of Ke did not affect the prediction of the CPO concentration in blood, and thus also

did not affect the resulting prediction for AChE inhibition (data not shown).

Due to a lack of kinetic data for Chinese subjects, evaluation of the performance of the PBK

model for CPF in the Chinese population was based on this validation of the Caucasian model.

3.3 Sensitivity Analysis

A sensitivity analysis was performed at a dose of 0.5 mg CPF/kg bw and of 180 mg CPF/kg
bw (Timchalk et al., 2002) to determine the impact of each parameter on the predicted blood
Cmax of CPO in the Chinese and the Caucasian PBK models. Figure 7 presents the values for
which the SC was higher than 0.15 (absolute value). Comparing the results of the sensitivity
analysis for the Chinese PBK model with that of the Caucasian PBK model, a similar result
was obtained at both dose levels. For both the Chinese and the Caucasian model, the prediction

of the Cmax of CPO appeared to be mainly affected by the kinetic parameters for hepatic CPO
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formation as well as the kinetic parameters for hepatic detoxification of CPO to TCPy, although
the fa also significantly affected the Cmax of CPO (Figure 7A). In addition, the Cmax of CPO
was also influenced by blood flow from various compartments (liver to blood, rapidly perfused
tissue to blood and slowly perfused tissue to blood). For physiological parameters, volume of
liver was found to have the largest impact in both the Caucasian and the Chinese model. At the
higher dose of 180 mg/kg bw, similar results were obtained except for a somewhat lower

impact of the kinetic parameters for conversion of CPF to TCPy.

A B
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3 E3 Chinese

=1 Caucasian
34 E3 Chinese

A 4l

Normalized sensitivity coefficient
Normalized sensitivity coefficient

Q@

P WAl Q8 O QY @ N P& B 4\0000000\:01@0\&&%
CME S %%d?e & EETEETE S P S cfégé VG EASE

Fig 7. Sensitivity analysis representing the influence of model parameters on the predicted blood Cmax of CPO
in the Caucasian and the Chinese population at a dose of (A) 0.5 mg CPF/kg bw and (B) 180 mg CPF/kg bw. The
parameters are stand for bw = body weight, VLc = fraction of liver tissue, VSc = fraction of slowly perfused tissue
(bone, skin, and muscle), QC = cardiac output, QLc = fraction of blood flow to liver, QRc = fraction of blood flow
to richly perfused tissue, QSc = fraction of blood flow to slowly perfused tissue (bone, skin, and muscle),
PSCPO =slowly perfused tissue/blood partition coefficient of CPO, MPL =scaling factor of human liver
microsome, ka=absorption constant, fa = fractional absorption, Vmaxlc =maximum rate of conversion from
CPF to CPO, Km1 =kinetic constant for conversion from CPF to CPO, Vmax2c = maximum rate of conversion
from CPF to TCPy, Km2 =kinetic constant for conversion from CPF to TCPy, Vmax3c=maximum rate of

conversion from CPO to TCPy, Km3 = kinetic constant for conversion from CPO to TCPy.

3.4 PBK Model Predictions

3.4.1 Dose-dependent blood concentrations of CPO

After PBK model validation, the defined models were used to quantify the dose-dependent
blood Cmax of CPO in both populations using not only fa=0.224 (Figure 8A) but also
fa=0.462 and fa=0.70 (presented in Supplementary Data II) in order to take into account the
different values reported in the literature of CPF bioavailability. Comparison of the blood
Cmax of CPO at increasing dose levels in the Chinese and the Caucasian population, reveals a

5- to 8-fold difference in the Cmax values between the Caucasian and the Chinese population,
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with the Cmax values for the Caucasian population being higher (Figure 8A). This difference
originates from the less efficient bioactivation of CFP to CPO and the more efficient
detoxification of CPO in the Chinese as compared with the Caucasian population, which

already noted above. Clearly, the PBK model integrates the kinetic data for the individual

reactions enabling prediction of the overall effect on the Cmax for CPO.
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Fig 8. Predicted (A) dose-dependent Cmax of CPO (B) time-dependent cumulative urinary excretion of TCPy at
a dose of 0.5mgCPF/kg bw, (C) time-dependent cumulative urinary excretion of TCPy at a dose of
180 mg CPF/kg bw, and (D) dose-dependent cumulative urinary excretion of TCPy. All presented for both the
Caucasian (solid line) and Chinese (dash line) population, with fa=0.224 at 24 h (thin solid/dashed line, for (D)
only) and 72 h (thick solid/dashed line, for (D) only), respectively (Timchalk et al., 2002).

3.4.2 Time- and dose-dependent cumulative urinary excretion of TCPy

The defined PBK models were also used to predict the time- and dose-dependent cumulative
urinary excretion of TCPy in both ethnic groups, in order to capture the possible ethnic
differences when using urinary TCPy as a biomarker for exposure assessment. The time-
dependent cumulative excretion was predicted to increase especially over the first 72 h. The
time-dependent urinary TCPy excretion at a dose level of 0.5 mg/kg was predicted to be 1- to
2-fold higher in the Caucasian than in the Chinese population, and a similar pattern was

observed at a higher CPF dose of 180 mg/kg bw (data for fa=0.224 presented in Figs. 8B and
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8C, data for fa=0.46 and fa=0.70 presented in Supplementary Data II). The CPF dose-
dependent urinary excretion of TCPy (data for fa=0.224 are presented in Figure 8D, data for
fa=0.46 and fa=0.70 are presented in Supplementary Data II) reveals a difference in urinary
TCPy levels at similar dose levels at both 24 and 72 h, with the levels in Caucasians being
higher than those in Chinese (Figure 8D). The curves also indicate that to reach a similar
urinary TCPy elimination as in the Caucasian, the corresponding dose level of CPF exposure
may vary from 1.3- to 5-fold higher in the Chinese, depending on the duration for urinary
collection, the CPF dose and the fa (Figure 8D).

3.5 Interethnic differences in CPF dose-dependent inhibition of AChE

In a next step, the CPO concentration-dependent AChE inhibition curve reported by Eyer et al.
(2009) was converted into CPF dose-dependent curves for AChE inhibition in the Caucasian
and Chinese population using PBK model-facilitated reverse dosimetry to calculate the dose
levels required to generate the respective CPO Cmax values. Figure 9 presents the predicted in
vivo dose-response curves for CPF-mediated AChE inhibition in the Caucasian and Chinese
population using the 3 different values for fa. Figure 9 also presents available experimental
data for in vivo CPF dose-dependent inhibition of AChE (solid circle/unfilled square). These
results reveal that predicted in vivo dose-response curves for RBC AChE inhibition in the
Caucasian population were comparable with reported in vivo data (EPA, 1999; Timchalk et al.,
2002), with the best fit obtained for a fa of 0.462. Data for Chinese subjects for further

evaluation of the predicted dose-response curves were not available.
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Fig 9. Predicted in vivo dose-dependent RBC AChE inhibition upon CPF exposure for the Caucasian (solid line)
and Chinese (dash line) population as well as reported data (solid circles/unfilled squares) (EPA, 1999; Timchalk
et al., 2002) using (A) fa=0.224 (Timchalk et al., 2002), (B) fa=0.46, and (C) fa=0.70 (Nolan et al., 1984). The
solid circles represent the in vivo data from humans upon oral administration of 0.5 mg CPF/kg bw, 1 mg CPF/kg
bw, and 2 mg CPF/kg bw (EPA, 1999), and the black unfilled square represents in vivo data from Timchalk et al.
(2002) in human exposed to 2 mg CPF/kg bw.

From the results presented in Figure 9, it follows that in the Chinese population similar AChE
inhibition is reached at a 4- to 7-fold higher dose than in the Caucasian population. This
indicates that the Chinese population is less sensitive to CPF-mediated AChE inhibition and
CPF-related adverse effects than the Caucasian population. Analysis of the differences in the
kinetics reveals that this is mainly due to an approximately 4.5-fold less efficient bioactivation

of CPF to CPO combined with a 2.8-fold more efficient detoxification of CPO (Table 2).

3.6 Defining a point of departure for risk assessment

In a final step, the predicted dose-response curves were used to derive a POD for risk and safety
assessment of CPF. To this end, the ED resulting from 10% or 20% inhibition of RBC AChE
was derived from the dose-response curves for both the Caucasian and Chinese population, and

was divided by 3 to obtain PODs that would be comparable with BMDL or NOAEL values
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used as PODs in previous risk assessments (BfR, 2012; EFSA, 2014; Fan, 2014; Koshlukova
and Reed, 2014). A 20% inhibition of AChE has been defined before by EFSA to obtain a
suitable POD to define the acute reference dose for CPF (EFSA, 2014) whereas EPA in its risk
assessment of CPF established a BMDL10 resulting in 10% RBC AChHE inhibition as POD
(BfR, 2012; Fan, 2014; Koshlukova and Reed, 2014). More recently, EPA indicated that 10%
RBC AChE inhibition may not be adequately protective for human health because several
studies suggested that adverse effects could occur even at lower levels of RBC AChE inhibition

(EPA, 2016).

In Figure 10, the obtained PODs for CPF are compared with the POD established by EFSA
based on 20% RBC AChE inhibition in pups (EFSA, 2014) and the BMDL10 defined by EPA
(BfR, 2012; Fan, 2014; Koshlukova and Reed, 2014). The values are summarized in
Supplementary Data III to also specify the influence of the fa on the values obtained. The
comparison reveals that the predicted PODs derived in the present study using the PBK model-
based reverse dosimetry are comparable with the PODs defined by EFSA and EPA. The
reported reference value of 0.5 mg/kg bw reported by EFSA (2014) is (depending on the fa
value) 0.6 to 1.8-fold higher compared with the predicted ED20/3 value for Caucasians and is
0.1 to 0.3-fold higher compared with the predicted ED20/3 value for the Chinese population.
When compared with the EPA reported BMDL10 of 0.36 mg/kg bw (BfR, 2012; Fan, 2014;
Koshlukova and Reed, 2014), the predicted ED10/3 values for the Caucasian and the Chinese
population are 1.3 to 4.3-fold lower and 0.2 to 0.8-fold higher, respectively, indicating an
interethnic variation, with values for the Chinese population being approximately 5- to 6-fold

higher than those for the Caucasians, reflecting the lower sensitivity of the Chinese population.
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Fig 10. Comparison of the predicted and reported POD values by EFSA (2014) and EPA (BfR, 2012; Fan, 2014;
Koshlukova and Reed, 2014) for CPF risk assessment in human. The Y-axis represents the label for the
corresponding box plot on the right. The ED o or ED»g values represent the predicted effective dose (ED) resulting
in 10% or 20% RBC AChE inhibition for the respective populations. The left, middle, and right line in each box
plot presents the ED value derived from fa equal to 0.7, 0.462, and 0.224, respectively. The ED;¢/3 or EDy/3
values represent PODs derived from these ED values, acknowledging that a BMDL (a lower confidence bound of
the BMD) would be accepted as the POD for setting safe levels of exposure when it would be not more than 3-
fold lower than the BMD, the dose level resulting in 10% or 20% effect above background level, and thus
comparable to the ED. Both ED;¢ and ED, are presented because the cutoff value to set the POD for AChE may
be higher than the default of 10%. In this way the predicted values can be compared with the EFSA POD (set at
20% effect level) and EPA POD (set at 10% effect level) (BfR, 2012; Fan, 2014; Koshlukova and Reed, 2014).
The dashed line in the plot is separating the results for 20% and 10% effect for RBC AChE inhibition.

4. Discussion

The aim of the present study was to investigate the interethnic differences in kinetics,
biomarker formation, and in vivo RBC AChE inhibition for CPF in the Chinese and the
Caucasian population. To this end, CPF PBK models were developed for the Chinese and the
Caucasian population and subsequently used for the prediction of time- and dose-dependent

interethnic differences in kinetics and biomarker formation as well as for reverse dosimetry to
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translate CPO concentration-dependent data on inhibition of RBC AChE to in vivo dose-

response curves for CPF-induced inhibition of RBC AChE.

The results obtained revealed a marked interethnic difference in toxicokinetics of CPF, with
CYP450-mediated bioactivation to CPO being lower in Chinese, but PONI-mediated
detoxification of CPO being higher in Chinese, resulting in higher predicted blood Cmax values
for the toxic metabolite CPO in the Caucasian than in the Chinese population at similar dose
levels (Figure 8A). This interethnic difference in toxicokinetics of CPF may be related to
differences between the ethnic groups in the frequency of different alleles of the relevant
CYP2B6, CYP2C19, CYP3A4, and PONI enzymes. For example, lower frequencies for 2
CYP2B6 single-nucleotide polymorphisms (SNPs) have been observed in the Chinese
population (Guan et al., 2006), SNPs that were shown to result in a relatively higher catalytic
efficiency for 7-ethoxy-4-trifluoromethylcoumarin O-deethylation (substrate of CYP2B6)
compared with wild type (Guan et al., 2006; Jinno et al., 2003), suggesting that the Chinese
population might be less efficient in CYP2B6-catalyzed CPO formation than the Caucasian.
Besides, it has been documented that the catalytic efficiency for hydroxylation of the CYP2B6
substrate bupropion by Chinese microsomes was 1.8-fold lower than that for Caucasian
microsomes (Yang etal., 2012). Moreover, Barter et al. (2013) reported that the hepatic
abundance of CYP2C19 is only 8 pmol/mg in Chinese but 14 pmol/mg in Caucasian, and the
frequency of CYP2C19 poor metabolizers is 13% in Chinese but only 2.4% in Caucasian. In
addition, it has been reported that PON1R 192 hydrolyses CPO faster than PON1Q192 (Ali and
Chia, 2008; Eyer et al., 2009; Mutch et al., 2007), so that a higher efficiency of CPO hydrolysis
in the Chinese population could be due to a relatively higher frequency of the RR genotype in
the Chinese. To our knowledge, no comparison of genotype frequency of hepatic PON1 among
these 2 races has been reported, but a study by Ali and Chia (2008) showed that Chinese have
a higher RR genotype frequency (33%) of plasma PON1 than Caucasians (8.7%). Because
plasma PONI activity may result from release of the enzyme from the liver (Ali and Chia,

2008), similar differences might be expected in liver PON1 activity.

Evaluation of the developed PBK model against literature data available on cumulative urinary
elimination of TCPy and blood Cmax of TCPy (Bouchardet al., 2005; Nolanet al.,
1984; Timchalk et al., 2002), indicated that the model was highly sensitive to the fa. However,
when taking the fa reported in the respective studies into account revealed that the defined PBK

model was able to adequately predict the kinetics of CPF in the human body. In subsequent
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steps the PBK models were used to evaluate interethnic variation in biomarker formation and

toxicity of CPF.

The prediction of cumulative urinary TCPy elimination, which often used as a biomarker for
CPF exposure, revealed an around 2-fold lower cumulative TCPy elimination in the Chinese
than the Caucasian when they were exposed to the same CPF dose level (Figure 8D). In other
words, to reach a similar urinary TCPy elimination as the Caucasian, the corresponding dose
level of CPF exposure should be 1.3- to 5-fold higher in the Chinese (Figure 8D). These results
imply that when using urinary TCPy elimination as a biomarker for the CPF exposure of the
Chinese population, dose levels will be relatively underestimated for the Chinese population if

these interethnic differences are not taken into account.

The consequences of interethnic differences in CPF kinetics for its potential toxicity for
Chinese and Caucasians were also investigated using PBK modeling-facilitated reverse
dosimetry. To that end, the CPO concentration-dependent curve for RBC AChE inhibition
(Eyer et al., 2009) was translated to in vivo dose-response curves for CPF-mediated RBC
AChE inhibition for both ethnic groups. The data thus obtained for the Caucasian matched with
the available in vivo human data available for this ethnic group (Figure 9). This further
validates the developed-CPF PBK models and also provides support for the in vitro-PBK
model-facilitated reverse dosimetry approach to obtain in vivo dose-response curves suitable
for defining PODs for risk assessment. In line with the differences between the ethnic groups
in formation and detoxification of the toxic CPO metabolite, the obtained in vivo dose-
response curves predicted CPF to be 4- to 7-fold more toxic for the Caucasian than for the
Chinese population. This was also reflected by the ED1020 and ED10/20/3 values derived from
the predicted dose-response curves, being 5- to 6-fold higher for the Chinese than the Caucasian
population. Important to note as well is that the predicted-PODs obtained from the present
study matches relatively well with the PODs defined previously by both EFSA and EPA in
their risk assessment of CPF (BfR, 2012; EFSA, 2014; Fan, 2014; Koshlukova and Reed,
2014).

Although the outcomes of our predictions are considered adequate, the limitations of the
approach presented should be considered as well. Thus, it is of importance to mention that the
CPO concentration-response curve for RBC AChE inhibition used in the current study was
based on data reported by Eyer et al. (2009), obtained with blood samples from Sri Lankan
patients with acute CPF poisoning (Eyer et al., 2009). In the present study, we assumed that a
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similar CPO concentration-dependent RBC AChE inhibition would occur in the Chinese and
Caucasian individuals, which implies that interethnic differences in AChE sensitivity (if
existing) are not (yet) taken into account. However, given the similar primary and tertiary
structure of the AChE, it seems likely that interethnic differences in toxicodynamics may be
limited, so that the differences in toxicokinetics, as defined in the present study, may have the
largest influence on interethnic differences in toxicity. Besides, because the values of kinetic
parameters (Vmax4c and Km4 in vitro) for PON1-mediated CPO hydrolysis in blood for the
Chinese are not available and Chinese plasma samples were not commercially available,
this Vmax4c in umol/h for the Chinese population was defined by multiplying the value
reported by Mosquin et al. (2009) in pmol/h/kg bw®” with the Chinese average body weight
075 whereas Km4 was kept unchanged. It is important to mention that based on the sensitivity
analysis, the impact of Vmax4c and Km4 on the predicted maximum blood concentration of
CPO appeared to be quite low (the SCs amount to a value of <0.01 data not shown), which
indicates that the impact of PONIl-mediated CPO hydrolysis in blood on the predicted
maximum blood concentration of CPO appears to be limited if not negligible. This is supported
by the fact that a 10-fold change in either Vmax4c or Km4 in the Chinese model did not affect
the predicted maximum blood concentration of CPO (Supplementary Data IV).

In conclusion, our developed-CPF PBK models together with reverse dosimetry are capable of
predicting the in vivo kinetics and biomarker characteristics of CPF as well as CPF exposure
related RBC AChE inhibition in human in a quantitative way. By developing the model for
both the Chinese and Caucasian population, insight was obtained in the ethnic-related variation
in these parameters. The observed interethnic variation in the derived PODs for the 2
populations may be caused by the racial variation in hepatic patterns of the enzymes preferably
involved in CPF bioactivation and detoxification, in particular CYP2B6 and PONI,
respectively. This variation in enzymes involved may be related to variation in the frequency
of relevant SNPs between the Chinese and Caucasian population (Ali and Chia, 2008; Guan et
al., 2006; Lamba et al., 2003; ). Altogether, it is concluded that the interethnic variation in
kinetics of CFP may affect both its biomarker-based exposure assessment and its toxicity and
risk assessment, and the developed-CPF PBK models are able to facilitate characterization and

quantification of these interethnic differences.
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Comparison of the predicted point of departure (POD) of both the Caucasian and Chinese population with the
reported POD for CPF risk assessment. (fa=0.224 (Nolan et al., 1984), fa=0.462 (calculated here from the present
study) and fa=0.7 (Timchalk et al., 2002))

Group Caucasian Chinese
POD fa=0.224 | fa=0.462 | fa=0.7 | fa=0.224 | fa=0.462 | fa=0.7
ED¢* 0.80 0.38 0.25 4.40 2.20 1.42
ED;o/ 3 0.27 0.13 0.08 1.47 0.73 0.47
ED»¢ 2.60 1.26 0.83 13.51 6.61 4.32
ED;/ 3¢ 0.87 0.42 0.28 4.50 2.20 1.44
abedin mg/kg bw per day
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volunteers upon oral administration of 0.5 mg CPF/kg bw (Timchalk et al., 2002). The simulations were performed
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from the human volunteer study (Timchalk et al., 2002; Lu et al., 2009).
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Abstract

Organophosphate pesticides (OPs) are known to inhibit acetylcholinesterase (AChE), a critical
effect used to establish health-based guidance values. This study developed a combined
in vitro—in silico approach to predict AChE inhibition by the OP profenofos in rats and humans.
A physiologically based kinetic (PBK) model was developed for both species. Parameter values
for profenofos conversion to 4-bromo-2-chlorophenol (BCP) were derived from in vitro
incubations with liver microsomes, liver cytosol, and plasma from rats (catalytic efficiencies
of 1.1, 2.8, and 0.19 ml/min/mg protein, respectively) and humans (catalytic efficiencies of
0.17, 0.79, and 0.063 ml/min/mg protein, respectively), whereas other chemical-related
parameter values were derived using in silico calculations. The rat PBK model was evaluated
against literature data on urinary excretion of conjugated BCP. Concentration-dependent
inhibition of rat and human AChE was determined in vitro, and these data were translated with
the PBK models to predicted dose-dependent AChE inhibition in rats and humans in vivo.
Comparing predicted dose-dependent AChE inhibition in rats to literature data on profenofos-
induced AChE inhibition revealed an accurate prediction of in vivo effect levels. Comparison
of rat predictions (BMDL1o of predicted dose-response data of 0.45 mg/kg bw) and human
predictions (BMDL1o of predicted dose-response data of 0.01 mg/kg bw) suggests that humans
are more sensitive than rats, being mainly due to differences in kinetics. Altogether, the results
demonstrate that in vivo AChE inhibition upon acute exposure to profenofos was closely
predicted in rats, indicating the potential of this novel approach method in chemical hazard

assessment.

84



Inter-species differences in red blood cell acetylcholinesterase inhibition of profenofos

1. Introduction

Organophosphorus or organophosphate pesticides (OPs) have been extensively used for the
control of agricultural and household pests globally (Kumari and John 2019). Exposure to these
pesticides has been reported for various segments of the population, including agriculture
workers and their families, house hold members during home application of pesticides, people
that live in proximity to farms, or the general public via residues on food (Bradman et al. 2003;
Lu et al. 2000; Quandt et al. 2004). Consequently, OPs and their metabolites have been found
in human blood, serum, urine, and breast milk (Liu et al. 2014; Hardt and Angerer 2000; Zhang
et al. 2014; Naksen et al. 2016). Since various OPs have shown to cause adverse effects to the
environment and to human health, many OPs are currently not registered for use as pesticides,

and some OPs have even been banned (Hertz-Picciotto et al. 2018).

Epidemiological studies have linked chronic OP exposure to reproductive disorders,
developmental toxicity, birth defects, cancer, Parkinson’s disease, Alzheimer’s disease,
diabetes, chronic respiratory disease, cardiovascular diseases, chronic nephropathies and
amyotrophic lateral sclerosis (ALS) (Mostafalou and Abdollahi 2013). The critical effects of
OPs in animal studies are related to neurotoxicity, which has been reported to be related to,
amongst others, inhibition of acetylcholinesterase (AChE), neuropathy target esterase (NTE)
(Costa 2018), acylpeptide hydrolase (APH) (Richards et al. 2000), fatty acid amide hydrolase
(FAAH) (Quistad et al. 2001; Buntyn et al. 2017), muscarinic M2 receptors (Costa 2006), and
a variety of lipases (Quistad et al. 2006).

Inhibition of AChE is one of the mechanisms by which OPs cause acute neurotoxicity (Jamal
et al. 2002; Farahat et al. 2003), characterized by decreased hydrolysis of acetylcholine in both
central and peripheral cholinergic synapses, resulting initially in overstimulation of nicotinic
and muscarinic receptors, followed by receptor down-regulation on post-synaptic membranes
(Costa 2006). Acute or repeated exposure to OPs can lead to organophosphate ester induced
delayed polyneuropathy (OPIDP), a neurodegenerative disorder caused by inhibition and aging
of at least 70% of the activity of the neuropathy target esterase (NTE) present in nerve tissues
as well as other tissues (e.g., lymphocytes, testis) (Johnson and Glynn 1995, 2001; Costa 2018).
In the hazard and risk assessment of OPs, in vivo animal studies on OP-induced inhibition of
AChE have been used to derive a point of departure (POD) to set safe exposure levels, such as
an Acute Reference Dose (ARfD). ARfDs for chlorpyrifos, acephate, methamidofos,

omethoate and profenofos as reported by organizations as the European Food Safety Authority
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(EFSA), United States Environmental Protection Agency (US EPA), and the Joint FAO/WHO
Meeting on Pesticide Residues (JMPR) have been derived from data on OP-induced AChE
inhibition from animal studies (JMPR 2007; EPA 2006, 2011, 2016; EFSA 2019). Although
these in vivo studies do not measure complex neurotoxicity endpoints, the information on OP-
induced inhibition of AChE in vivo is considered an important piece of information in the
hazard characterization. In these in vivo studies, AChE activity is usually measured in blood
and sometimes also brain tissue after OP exposure. In the present study, we aimed to assess
whether in vivo dose-dependent OP-induced AChE inhibition can be predicted by an animal-

free approach.

To inhibit AChE in the in vivo situation, the OP needs to reach its target (AChE) at sufficiently
high concentrations. The in vivo potency of an OP to inhibit AChE is, thus, dependent on its
intrinsic ability (potency) to inhibit AChE and the amount of OP that reaches that target. The
potency of an OP to inhibit AChE can be determined using in vitro approaches. To estimate
the amount of OP that reaches the target, so called physiologically based kinetic (PBK) models
can be used. A PBK model permits the simulation of the chemical’s in vivo kinetics (ADME)
and can relate external exposure to internal exposure at the target sites. When having PBK
models for different exposure routes and/or different species, these models can be used for
exposure route and/or species extrapolations. These models can also be used as a tool to
estimate exposure applying reverse dosimetry of biomonitoring data (e.g., chemical levels in
blood or urine), as has been shown, for example, for chlorpyrifos in rats and humans (Timchalk
et al. 2002), and chlorpyrifos in children (Rigas et al. 2001). Furthermore, these models can be
used for reverse dosimetry of invitro toxicity data, thereby translating in vitro effect
concentrations to in vivo doses, enabling prediction of in vivo dose-dependent toxicity, as has
been shown for the OP chlorpyrifos (Zhao et al. 2019). Such PBK modeling-facilitated reverse
dosimetry of in vitro toxicity data is considered crucial in the transition to non-animal based

novel approach methods (NAMs) for the safety assessment of chemicals (Louisse et al. 2017).

PBK models have been developed for various OPs including chlorpyrifos (Timchalk et al. 2002;
Bouchard et al. 2005; Mosquin et al. 2009; Lu etal. 2010; Zhao et al. 2019), malathion
(Bouchard et al. 2003, 2017; Bogen and Singhal 2017), parathion (Sultatos 1990) and diazinon
(Poet et al. 2004). To date, no PBK model has been built for the OP profenofos, despite its
widespread use in developing countries and reported cases of human accidental poisoning

(Gotoh et al. 2001; Eddleston et al. 2009).
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Profenofos [O-(4-bromo-2-chlorophenyl) O-ethyl S-propyl phosphorothioate] (Figure 1) is a
thiophosphate OP pesticide (O=P-S—C) that was developed for pest strains resistant to
chlorpyrifos and other OPs (Gotoh et al. 2001). Profenofos has been classified as a moderately
hazardous (Toxicity Class II) pesticide by the World Health Organization (WHO) with
moderate level of acute toxicity (LD50 of 358—1178 mg/kg in rat) following oral administration
(Reported in JMPR (2007)). Dietary intake of profenofos is the primary exposure route for
humans (Greish et al. 2011) and residue levels exceeding EU MRLs have been found in various
vegetables in Kenya (Karanja et al. 2012). Our recent study reported profenofos as one of the
most frequently encountered pesticide residues in vegetables sampled in peri-urban Nairobi,

Kenya (Omwenga et al. 2021).

The present study aims to develop a PBK model for profenofos in rats and humans and apply
the models to predict dose-dependent in vivo AChE inhibition using PBK modeling-facilitated
reverse dosimetry of invitro data on profenofos-induced AChE inhibition, allowing
interspecies comparisons and providing a proof-of-principle that OP-induced AChE inhibition
can be predicted for both rats and humans without the need for in vivo studies. To that end,
profenofos PBK models were developed based on in silico and in vitro-derived input parameter
values. The rat PBK model was evaluated by comparing PBK model predictions with available
in vivo kinetic data in rats. Subsequently, in vitro data on profenofos-induced AChE inhibition
were translated to predicted in vivo dose-dependent AChE inhibition in rats and humans, and
predictions on dose-dependent AChE inhibition in rats were evaluated by comparison with

available in vivo data.
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Fig 1. Metabolic pathways for metabolism of profenofos (A) based on data reported in previous studies (Gotoh et
al., 2001; Dadson et al., 2013). Metabolites include desethylated profenofos (B), desthiopropylprofenofos / des-
S-propylated profenofos (C), hydroxypropyl profenofos (D), 4-bromo-2-chlorophenyl dihydrogen phosphate (E),
and 4-bromo-2-chlorophenyl (BCP) (F).

2. Materials and methods

2.1 Materials

Profenofos, 4-bromo-2-chlorophenol (BCP), bovine serum albumin (BSA), reduced
nicotinamide adenine dinucleotide phosphate (NADPH), 5,5-dithiobis (2-nitrobenzoic acid)
(DTNB) and acetylthiocholine iodide (ATC) were purchased from Sigma-Aldrich
(Zwijndrecht, The Netherlands). Magnesium chloride hexahydrate (MgCl2-6H20),
trifuoroacetic acid (TFA), dimethylsulfoxide (DMSO), and calcium chloride dihydrate
(CaCl2:2H20) were purchased from VWR International (Amsterdam, The Netherlands).
Acetonitrile (ACN, UPLC/MS grade) was purchased from Biosolve (Valkenswaard, The

Netherlands). Human liver microsomes and cytosol (pooled from 150 human donors, mixed
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gender), rat liver microsomes and rat liver cytosol (pooled from 20 male Sprague—Dawley rats)
were purchased from Corning (Amsterdam, The Netherlands). Recombinant human
acetylcholinesterase was purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Rat
blood was purchased from BiolVT (Westbury, USA), human and rat plasma were purchased
from Innovate (New York, USA).

2.2 PBK model development

2.2.1 Model structure and software

The PBK model structure applied (Figure 2) is based on a generic PBK model that has been
developed for humans (Jones and Rowland-Yeo 2013). Physiological parameter values (tissue
volumes and blood flows) for rats and humans were taken from Jones and Rowland-Yeo (2013)
and Brown et al. (1997) (Supplementary Table 1) as collected previously by Punt et al. (2020).
The generic model contains separate compartments for liver, the gastrointestinal tract (GI-tract),
fat, muscle, skin, bone, brain, heart, kidney, lung, spleen, venous blood, arterial blood, and a
rest-of-body compartment. The uptake of profenofos from the GI-tract was described as a first-
order process with an absorption rate constant of 1 h™!. All absorbed profenofos was assumed
to be transferred directly to the liver compartment via the portal vein. Tissue:plasma partition
coefficients were estimated based on the method of Berezhkovskiy (2004) using logKow, pKa
and fraction unbound plasma (fup) as input parameters. LogKow and pKa values were estimated
using chemicalize (www. chemicalize.com) and fup was estimated (based on LogP and pKa)
using the online simcyp tool (https://www.certara.com/ software/pbpk-modeling-and-

simulation/).
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Fig 2. Schematic diagram of the PBK model for profenofos for rats and humans.

The main metabolite of profenofos reported in vivo is 4-bromo-2-chlorophenol (BCP), which
has been reported to be formed upon paraoxonase 1 (PON1)-mediated hydrolysis of profenofos
(JMPR 2007; EPA 2016; Dadson etal. 2013) (Figure 1). Profenofos hydrolysis (BCP
formation) was quantified in the present study using rat and human liver microsomes, liver
cytosol and plasma (In vitro incubations to derive kinetic parameter values for description of
metabolic clearance in the PBK model). Profenofos clearance was included in the blood and
liver compartments of the PBK model. In in vitro studies, also CYP-mediated formation of
other metabolites has been reported (in the presence of inhibitors of hydrolysis enzymes)
(Dadson et al. 2013), but these are considered less relevant, since the hydrolysis reaction is
more efficient than the CYP-mediated oxidations, as indicated in our in vitro metabolism
studies with liver microsomes or cytosol in which practically all profenofos was converted into

BCP. Since BCP was shown to not inhibit AChE (see "Results"), only profenofos kinetics were
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considered relevant for the reverse dosimetry and included in the PBK model (Figure 2). The
only in vivo data publicly available on profenofos kinetics in rats or humans, required for
model evaluation, relate to the urinary excretion of conjugated BCP in rats. Therefore, to allow
model evaluation, the rat PBK model was extended to include a sub-model on BCP and BCP-
glucuronide formation (Supplementary Figure 1). Estimated tissue:plasma partition
coefficients of BCP and BCP-glucuronide and fraction unbound plasma (fup) values used for

these sub-models are presented in Supplementary Table 1.

Renal excretion is also included in the model which is described by a passive renal clearance
(via glomerular filtration) of the unbound fraction in blood at the rate of 6.7 L h™! in humans
and 0.078 Lh™! in rats. The model equations were coded and numerically integrated in
Berkeley Madonna 9.1.18 (UC Berkeley, CA, USA), using the Rosenbrock’s algorithm for stiff
systems. The PBK models’ differential equations are provided in the Supplementary Materials.

2.2.2 In vitro incubations to derive kinetic parameter values for description of metabolic

clearance in the PBK model

Incubations of profenofos with rat and human liver microsomes, liver cytosol and plasma were
performed to quantify in vitro rates of BCP formation. Conditions were optimized to be linear
for metabolite formation with regard to incubation time and microsomal, cytosolic and plasma
protein concentration (data not shown). The final incubations were carried out in 100 mM Tris
HCI (pH 7.4, 37 °C) containing (final concentrations) 5 mM MgCI2, 2 mM CacCl: [to stimulate
PONI activity (Carr etal. 2015)], 2 mM NADPH (cofactor to also include CYP-mediated
metabolism), enzyme preparation (final concentration 2 mg/ml for human liver microsomes
and cytosol and 4.4 mg/ml for human plasma; 0.5 mg/ml for rat microsomes and cytosol and
1.65 mg/ ml for rat plasma) and profenofos (at final concentrations ranging from 1 to 100 puM,
added from 100 times concentrated stock solutions in DMSO). Control incubations were
performed in the absence of microsomes, cytosol or plasma. After 2 min pre-incubation, the
reaction was initiated by adding the substrate and mixtures were incubated for 2 minina 37 °C
water bath. The total volume of the incubation mixtures was 200 pl. The reaction was
terminated by the addition of 50 pul ice cold ACN and samples were kept on ice. The mixture
was centrifuged at 14,000g for 20 min at 4 °C and the supernatant was analyzed using UPLC-
UV.
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2.2.3 UPLC-UYV analysis

All samples from incubations were analyzed using a Waters Acquity UPLC H class system that
consisted of a quaternary solvent manager, a sample manager, and a photodiode array (PDA)
detector, equipped with a Water Acquity UPLC® BEH C18 column (1.7 um, 2.1 x 50 mm)
and Waters Xbridge UPLC® BEH C18 pre-column (1.7 pm, 2.1 x 5 mm). The temperature of
the column was kept at 40 °C and the auto sampler at 10 °C during the UPLC analysis. The
mobile phases used for the analysis consisted of (A) 0.1% TFA in nanopure water and (B) 100%
ACN. A gradient elution at a flow rate of 0.6 ml/min was applied for the analysis with the
initial condition of 100% A:0% B (v/v), changing in a linear way to 0% A:100% B from 0 to
6 min, which was maintained for 30 s, and then changed back to the initial conditions in 30 s,

which were maintained for 1 min. The injection volume for each sample was 3.5 pl.

Under these conditions, the retention times of profenofos and BCP were 4.76 and 3.37 min,
respectively. The amounts of profenofos and BCP were quantified by integrating the peak areas

at 237 nm using calibration curves that were prepared using commercially available standards.

2.2.4 In vitro metabolism data analysis and scaling in the PBK model

Kinetic parameters including the apparent maximum velocity (Vmax) and the apparent
Michaelis—Menten constant (Km) for BCP formation were obtained by fitting the data for the
substrate concentration-dependent rate of conversion (expressed in nmol/min/mg protein)
using GraphPad Prism 5, version 5.04 (San Diego, California, USA) to the standard Michaelis—

Menten equation:
V = Vmax * [S]/(Km + [S])

in which the S represents the concentration of substrate, expressed in uM, V and Vmax the
velocity and the maximum velocity of the reaction, respectively, expressed in nmol/ min/mg
protein, and Km the apparent Michaelis—Menten constant, expressed in pM. The kinetic
parameter values for conversion of profenofos to BCP in the liver microsomes, liver cytosol
and plasma were determined. To determine the catalytic efficiency, Vmax was divided by the

Km.

The in vitro Vmax values were scaled in the PBK model code (Supplementary Materials) using

the following scaling factors for rats and humans: 35 mg microsomal protein/g liver, 80.7 mg
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cytosolic protein/g liver and 550 mg plasma/g blood (Medinsky et al. 1994; Cubitt et al. 2011).
The apparent Vmax values obtained from enzymatic incubations expressed in nmol/min/mg
protein were converted into pmol/h/kg liver and plasma in the PBK model code. The in vivo
Km values were assumed to be equal to those obtained in vitro (taking into account the

differences in free fraction in vitro vs in vivo).

2.2.5 Model evaluation

Since the only in vivo data available on profenofos kinetics for model evaluation were on the
urinary excretion of conjugated BCP in rats, the rat PBK model was extended to include a sub-
model on BCP and BCP-glucuronide (Supplementary Figure 1). Estimated partition
coefficients and fup values of BCP and BCP-glucuronide used for these sub-models are
presented in Supplementary Table 1 and conversion of BCP to BCP-glucuronide was assumed
to take place only in the liver having the same apparent Km and Vmax values as reported before
by Strikwold et al. (2013) for phenol glucuronidation. The PBK model-predicted cumulative
urinary excretion of BCP-glucuronide were compared with reported in vivo data on conjugated

BCP excretion in profenofos-exposed rats (Cho et al. 2002).

Furthermore, a sensitivity analysis was performed to estimate the impact of the chemical-
specific parameters on the model output [maximum free (unbound) blood concentrations of
profenofos in this study]. Normalized sensitivity coefficients (SCs) were calculated using the

following equation:
SC=({C"-C)/(P"—P) x(P/C)

in which P represents the parameter value in the PBK model and P’ the parameter value with a
5% increase (Evans and Andersen 2000). Likewise, C' represents the model output obtained
with the 5% increase in P, while C is the model output using the initial model parameter value.
The sensitivity analysis was conducted for oral exposure to predicted effect doses obtained
with the reverse dosimetry analysis (BMDLio values). BMDLio values were selected since a
BMDL1o value from a rat study on profenofos-induced AChE inhibition was recently used to
derive the POD to obtain an acute reference dose (AR{D) for profenofos by the US EPA (EPA
2016).
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2.3 Determination of in vitro AChE inhibition by profenofos and
quantitative in vitro to in vivo extrapolation (QIVIVE) using reverse

dosimetry

To perform reverse dosimetry of in vitro AChE inhibition by profenofos, first the in vitro
AChE activity in the absence or presence of increasing concentrations of profenofos was
determined. For humans, commercially available recombinant AChE was used. For rats, no
commercially available recombinant AChE was available, so rat AChE was obtained from rat

blood as described below.

2.3.1 Derivation of a concentration—-response curve for human recombinant AChE

inhibition

AChE inhibition was determined following the protocol of Ellman et al. (1961) as modified by
Chambers and Chambers (1989). The concentration of acetylthiocholine and recombinant
AChE were optimized to be linear for metabolite formation (data not shown). Human
recombinant AChE was dissolved in 0.1 M sodium phosphate (pH 7.4) containing 1 mg/ml
BSA (which was present to stabilize human recombinant AChE (Rosenfeld and Sultatos 2006))
to reach an enzyme concentration of 200 U/ml. Subsequently, the AChE enzyme solution was
further diluted with 0.1 M sodium phosphate (pH 7.4) containing 1 mg/ml BSA to a working
concentration of 1 U/ml. A range of concentrated stock solutions of profenofos were prepared
in ethanol and 50 times diluted by adding 5 pl of stock solution to 245 pl of 0.1 M sodium
phosphate (pH 7.4) (containing 0.1 mg/ml BSA). For the negative control, 5 ul of ethanol
without profenofos was added to 245 pl of 0.1 M sodium phosphate (pH 7.4) (containing
0.1 mg/ml BSA). Subsequently, 5 ul of these working solutions was added into wells of a 96-
well plate already containing 44-ul sodium phosphate (pH 7.4) (containing 0.1 mg/ml BSA).
To start the reaction (in absence or presence of a range of profenofos concentrations), 1-ul
enzyme solution was added, giving a total volume of 50 ul per reaction with an AChE
concentration of 0.02 U/ml and an ethanol concentration of 0.2%, a level that had no effect on
the activity of the enzyme. After 15-min incubation at 37 °C, the reactions were stopped by
adding 150 pl of a mixture of 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) and acetylthiocholine
(ATC) (final DTNB and ATC concentrations were 0.075 and 0.15 mM, respectively).

Subsequently, the time-dependent increase in absorbance due to formation of chromophore

94



Inter-species differences in red blood cell acetylcholinesterase inhibition of profenofos

(DTNB+thiocholine) was measured at 37 °C using a wavelength of 412 nm during a period of

10 min, using a spectrophotometer (SpectraMax, Molecular Devices, UK).

AChE activity was expressed as enzyme activity (percent of control). The concentration of
profenofos that produced a 50% decrease in AChE activity (IC50) was determined from best-
fit plots of the mean (£SD) percentages of inhibition vs. the 10log logarithm of profenofos

concentrations using GraphPad Prism 5, version 5.04 (San Diego, California, USA) equation:

Y =100/(1 + 10(X~LogIC50))

2.3.2 Derivation of a concentration—response curve for rat erythrocyte AChE inhibition
2.3.2.1 Blood sample processing and enzyme extraction

Rat blood samples were processed according to a method reported by Larsen et al. (2019) with
a few modifications to isolate the extrinsic membrane bound AChE. Briefly, the blood sample
(2 ml) was centrifuged at 3000g for 15 min to separate plasma and cells. Aliquots of 500 ul of
the cells were resuspended in 4.5 ml lysis buffer (20 mM sodium phosphate; pH 7.4) and frozen
at— 80 °C for 24 h. After that, the cell samples were thawed and centrifuged (4000g) for 15 min
at4 °C. The supernatant was poured off and the precipitate was suspended in 4.5-ml lysis buffer.
This treatment was repeated another two times. The residue containing what is called
erythrocyte ‘ghost’ membranes, was resuspended in 500-pul analysis buffer (100 mM sodium
phosphate; pH 7.4), and stored at — 80 °C until analysis. Aliquots of erythrocyte ‘ghost’
membrane preparations were used for protein measurement using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher) with BSA as standard for quantification (Lowry et al. 1951), and

for AChE activity assessment.

2.3.2.2 Rat red blood cell (RBC) AChE activity

The effect of profenofos on rat AChE activity was assessed as described above for human
recombinant AChE, with a few modifications. Briefly, a typical reaction mixture (200 ul) for
AChE activity contained 0.005 mg/ml erythrocyte ‘ghost’ membrane protein. The rest of the

steps were as described above for measurement of human recombinant AChE activity.
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2.3.3 QIVIVE of AChE inhibition data with PBK modeling-facilitated reverse dosimetry

In the present study, it was assumed that in vivo dose-dependent AChE inhibition (in blood)
depends on the maximum concentration (Cmax) of profenofos reached in the blood. For
adequate PBK modeling-facilitated reverse dosimetry, the active (unbound) concentration of a
test chemical in the in vitro test system should be linked to the in vivo freely available chemical
at the target site. This is important since it is assumed that it is the fraction unbound that causes
the effect (AChE inhibition). In the in vitro incubations, a very low concentration of BSA
(0.1 mg/mL) is present. Heilmair et al. (2008) reported that with such low BSA concentrations,
the free concentration of chlorpyrifos oxon is not affected. Furthermore, Rosenfeld and Sultatos
(2006) found no evidence of binding of paraoxon by BSA even at a higher concentration
(1 mg/ml) during incubations. Based on these observations, no significant effect on the free
fraction of profenofos in the in vitro AChE inhibition studies is expected, which corroborated
with estimations on profenofos binding in the in vitro incubations with help of the online
simcyp tool (https://www.certara.com/software/ pbpk-modeling-and-simulation/). A
description of the fraction unbound in blood is incorporated in the PBK model, hence, the
predicted in vivo unbound Cmax values in blood were related to the profenofos concentrations

we applied in vitro.

By calculating with the PBK model, the external dose required to reach (as unbound Cmax)
the concentrations applied in the in vitro test, each in vitro concentration was translated into an
in vivo dose. In this way, the concentration—response curves for rat and human AChE inhibition
were converted into in vivo dose-response curves for profenofos-induced AChE inhibition in

rats and humans, respectively.

2.4 Evaluation of predicted dose-response curves for rat and human AChE
inhibition

To evaluate the performance of the PBK modeling-facilitated reverse dosimetry approach to
predict in vivo AChE inhibition, the predicted dose-response curve for rat AChE inhibition
upon exposure to profenofos was compared with available in vivo data on AChE inhibition in
rats (JMPR 2007). Furthermore, the predicted dose—response data were used for BMD
modeling, using EFSA PROAST version 69.0 (https://shiny-efsa.openanalytics.eu/app/bmd)

using the model averaging approach to allow evaluation of the prediction by comparison of
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BMDL1o values obtained from the predicted dose-response data to points of departure derived
by regulatory bodies (EPA 2016; JIMPR 2007, EFSA 2019). To that end, the obtained BMDL1o
values were compared with a reported BMDL1o value from a rat study on profenofos-induced
RBC AChE inhibition, which was recently used to obtain an ARfD by the US EPA (EPA 2016),
and a reported NOAEL value on profenofos-induced rat brain acetylcholinesterase inhibition,

which has been used to obtain an ARfD by JMPR (2007).

3. Results

3.1 In vitro conversion of profenofos to BCP
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Fig 3. Concentration-dependent rate of profenofos conversion to BCP in incubations with human (triangles) and
rat (dots) (A) liver microsomal proteins, (B) liver cytosolic proteins, and (C) plasma proteins. Results represent

data from 3 independent experiments and are presented as mean + SEM.

The conversion of profenofos to BCP was measured in incubations with both rat and human

liver microsomes, cytosol and plasma. UPLC analysis revealed that only one peak (BCP)
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appeared when analyzing the samples obtained from these incubations. In control incubations,
small amounts (max 0.04% of the amount of profenofos added) of BCP were detected,
indicating some spontaneous hydrolysis of profenofos in the aqueous environment, which has
also been observed in previous studies (Aly and Badawy 1982). The BCP formation data for
microsomes, cytosol and plasma were, therefore, corrected for BCP levels detected in control

incubations.

The concentration-dependent velocity of BCP formation following incubation of profenofos
with both human and rat liver microsomes, liver cytosol and plasma is depicted in Figure 3A—
C. The kinetic parameters derived from these data (Km and Vmax) as well as the catalytic

efficiencies, calculated as Vmax/Km, are presented in Table 1.

The results indicate differences in the catalytic efficiencies for conversion of profenofos to
BCP by rats and humans (Table 1). The catalytic efficiency for microsomal biotransformation
of profenofos to BCP was 6.5-fold lower in incubations with human liver microsomes than
with rat liver microsomes, due to a 7.7-fold lower Vmax and a 1.2-fold lower Km (Table 1).
Likewise, the catalytic efficiency for cytosolic biotransformation of profenofos to BCP was
3.8- fold lower for human liver cytosol, with a 1.1-fold higher Vmax, and a 4.1-fold higher Km
for human liver cytosol as compared to rat liver cytosol. Largest differences were observed for
plasma, indicated by the 32-fold lower catalytic efficiency of biotransformation of profenofos
to BCP for human plasma than for rat plasma, due to a 1.5-fold higher Vmax and 44-fold higher

Km for human plasma as compared to rat plasma.
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Table 1. Kinetic parameter values (Km, Vmax) and catalytic efficiencies (Vmax/Km) for in vitro conversion of
profenofos to BCP.

Human Rat
Liver microsomes
Km (uM) 6.9 8.1
Vmax (nmol/min/mg microsomal protein) 1.2 8.9
Catalytic efficiency (ml/min/mg protein) 0.17 1.1
Liver cytosol
Km (uM) 1.4 0.34
Vmax (nmol/min/mg cytosolic protein) 1.1 0.95
Catalytic efficiency (ml/min/mg protein) 0.79 2.8
Plasma
Km (uM) 158 3.6
Vmax (nmol/min/mg plasma protein) 0.99 0.68
Catalytic efficiency (ml/min/mg protein) 0.0063 0.19
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3.2 PBK model development and evaluation
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Fig 4. Comparison of PBK model-predicted (continuous line) and experimentally determined (symbols, Cho et
al., 2002) time-dependent cumulative urinary excretion of BCP-glucuronide in rats upon oral administration of

35.8 mg profenofos/kg bw.

Using the kinetic parameters defined in vitro and the input parameters obtained with in silico
methods summarized in Supplementary Table 1, PBK models for profenofos in rat and human
were made. Figure 4 presents the rat PBK model-based prediction of the urinary BCP excretion.
In a subsequent step, first, the developed rat profenofos PBK model was evaluated against
in vivo data on urinary excretion of conjugated BCP in rats from a study by Cho et al. (2002).
These results indicate that the predictions made by the newly developed PBK model for rat
match the reported in vivo data well. Due to a lack of in vivo kinetic data for humans,
evaluation of the performance of the PBK model for profenofos in humans could not be
performed. However, the human model was considered to be adequate, since it is based on the
same conceptual model and in vitro- and in silico-derived input parameters were defined in the

same way as those for the rat model.
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Fig 5. Sensitivity analysis representing the influence of model parameters on the predicted blood Cmax of
profenofos in humans and rats at predicted BMDL,y values of 0.01 and 0.45 mg/kg bw, respectively. PGU
gut:plasma partition coefficient, fu fraction unbound in plasma, fumic fraction unbound in microsomal incubation,
fucyt fraction unbound in cytosolic incubation, fupla fraction unbound in incubation with plasma, ka absorption
constant, Vmax, cytosol=maximum rate of conversion of profenofos to BCP by liver cytosol, Km cytosol
Michaelis—Menten constant for conversion of profenofos to BCP by liver cytosol, Vmax plasma=maximum rate
of conversion of profenofos to BCP by plasma, Km plasma=Michaelis—-Menten constant for conversion of

profenofos to BCP by plasma.

Further evaluation of the PBK models included a local sensitivity analysis in which the impact
of each chemical-specific parameter on the predicted free (unbound) Cmax of profenofos in
the rat and human PBK model was determined upon exposure to predicted effect doses
(BMDL1o values derived from predicted dose-response data). Figure 5 presents the parameters
for which the SCs are higher than 0.1 (absolute value). For both rat and human models, the
prediction of the Cmax of profenofos appeared to be mainly affected by the kinetic parameters
for conversion of profenofos to BCP by enzymes from especially plasma and liver cytosol, in

addition to the absorption rate constant (ka) and the gut to plasma partition coefficient.
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Fig 6. PBK model-predicted dose-dependent Cmax (free) in blood upon oral profenofos exposure in rats (dotted

line) and humans (continuous line).

The obtained PBK models reveal differences in kinetics in rats and humans (Figure 6). Figure 6
shows the PBK model-predicted dose-dependent Cmax values (free concentration) in rats and
humans, indicating that humans are expected to reach around 20-fold higher blood
concentrations than rats at equal oral exposure levels, mainly due to the lower catalytic

efficiency for metabolic clearance of profenofos in humans.
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3.3 Prediction ofinvivo dose-dependent AChE inhibition by PBK
modeling-facilitated reverse dosimetry of in vitro data and comparison

with reported in vivo effect data

100+

AChE activity (% of control)
g

(=]

1 2 3 4 5
Log 10 concentration (nM)

(=]

Fig 7. Acetylcholinesterase (AChE) activity in RBCs of Sprague—Dawley rats (closed symbols) and of human
recombinant AChE (open symbols) with increasing concentrations of profenofos. AChE activity in the solvent

control is set at 100%. Results represent data from 3 independent experiments and are presented as mean = SEM.

Concentration-dependent inhibition of rat RBC AChE (obtained from rat blood) and human
(recombinant) AChE by profenofos were obtained in vitro (Figure 7). Profenofos inhibited
human AChE with an IC50 value of 302 nM, which is very close to the IC50 value of 350 nM
reported by Das and Jamil (2006) using freshly obtained human erythrocytes. Profenofos
inhibited rat AChE with an IC50 of 312 nM, suggesting no species difference in profenofos-
induced AChE inhibition, based on effect concentrations related to 50% AChE inhibition.
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Fig 8. Predicted dose—response curves for profenofos-induced decrease of AChE activity in rats (closed black
circles) and humans (open black circles). In vivo data on profenofos-induced AChE inhibition in rats as reported
in JMPR (2007) are included: open grey diamond—male rat RBC inhibition, open grey triangle—male rat brain
inhibition, open grey square—female rat brain inhibition, open grey circle—female rat RBC inhibition. EPA

BMDL10 and IMPR NOAEL are indicated by the vertical lines (EPA 2016: dashed line; JMPR 2007: dotted line).

The concentration-dependent AChE inhibition curves obtained in this study were converted
into in vivo dose-dependent AChE inhibition curves in rats and humans (Figure 8) using the
PBK modeling-facilitated reverse dosimetry approach as described in the materials and
methods section. Figure 8 also presents in vivo data for male and female rat profenofos-induced
ACHhE inhibition in RBCs and in the brain available from literature (JMPR 2007). The results
reveal that predicted in vivo dose-response curves for rat AChE inhibition are close to the
reported in vivo data for male and female rat AChE inhibition in RBCs and in the brain (JMPR
2007), indicating that with this combined in vitro—in silico approach, good predictions for rats
were obtained. Predictions for humans indicate that humans are expected to be more sensitive
than rats regarding profenofos-induced AChE inhibition (Figure 8), which is mainly due to the
slower metabolic clearance of profenofos, resulting in higher Cmax values at the same dose
levels (Figure 6). Toxicity data for humans for further evaluation of the predicted dose—

response curves are not available.

BMD analysis was performed on predicted dose-response data for rats and human. Results of
these analyses are presented in Supplementary Tables 2 and 3 and Supplementary Figures 2
and 3. BMDLio values obtained for rats and humans upon model averaging were 0.45 and

0.01 mg/kg bw, respectively, predicting humans to be more sensitive than rats. In theory, BMD
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values obtained from predicted dose-response data may serve as PODs for setting safe
exposure levels, i.e., an ARfD, and these BMD values were, therefore, compared with PODs

that have been used by the US EPA, JMPR and EFSA in their assessments.

The US EPA considered erythrocyte (RBC) AChE inhibition to be more suitable to derive a
POD for human safety assessments, since it is more sensitive than brain AChE inhibition in
case of profenofos exposure (EPA 1999, 2016). A 10% RBC inhibition of AChE has been
adopted by the US EPA to obtain a POD to define the ARfD for profenofos (EPA 2016). The
US EPA reported a BMDL1o of 1.99 mg/ kg bw for profenofos-induced RBC AChE inhibition
in adult rats upon a single exposure to profenofos, being 4 times higher than the BMDL1o

obtained from the predicted dose—response data for rats in our study (0.45 mg/kg bw).

JMPR used a NOAEL value of 100 mg/kg bw to derive an ARfD, based on a dataset on
profenofos-induced inhibition of brain AChE in rats (upon a single exposure to profenofos).
This NOAEL value is 50-fold higher than the BMDL1o value reported by the US EPA and 200-
fold higher than the BMDL1o value obtained from our predicted dose—response data in rats

(0.45 mg/kg bw), suggesting the NOAEL to result in a POD that may be too high.

In a recent report from EFSA (EFSA 2019), an ARfD for profenofos of 0.005 mg/kg bw was
reported, based on a German evaluation in 2001 that defined an ARfD based on a NOAEL in
a dog study using inhibition of brain cholinesterase activity as critical effect. Unfortunately, no
further information (e.g., NOAEL) on that particular dog study is publicly available. If a safety
factor of 100 was used to derive this ARfD, the NOAEL derived from the dog study would be
close to the BMDL o value obtained from our predicted dose—response data in rats (0.45 mg/kg

bw (~100-fold higher than the ARfD)).

4. Discussion

The aim of the current study was to develop a physiologically based kinetic (PBK) model in
rats and humans solely based on in vitro and in silico input parameters to be applied for the
prediction of in vivo AChE inhibition by the OP pesticide profenofos by reverse dosimetry of
in vitro AChE inhibition data. To this end, profenofos PBK models were developed for rats
and humans and used to predict dose-dependent internal profenofos concentrations, which were
applied for reverse dosimetry to translate in vitro concentration-dependent data on profenofos-

induced inhibition of AChE to in vivo dose—response curves for profenofos-induced inhibition
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of AChE in blood. The results indicate that profenofos-induced AChE inhibition in rats was
closely predicted and that humans are predicted to be more sensitive to profenofos-induced

ACHhE inhibition than rats upon acute exposure.

This study has shown marked interspecies differences in toxicokinetics of profenofos with
predicted blood Cmax values for profenofos in humans being around 20-fold higher than in
rats at equal levels of exposure (Figure 6). This is mainly due to higher catalytic efficiencies
for microsomal, cytosolic and plasma biotransformation of profenofos to BCP in rats as
compared to humans as observed in this study (Table 1). Profenofos, being an oxon, is mainly
detoxified through hydrolysis by hepatic and plasma PONI1 and CYP450-mediated
detoxification, resulting in the production of BCP (JMPR 2007; EPA 2016; Dadson et al. 2013).
Interspecies differences in activities between human and rat PON1 have been reported, with
human PONI having lower catalytic activity as compared to rat PON1 (KalisteKorhonen et al.
1996). Another possible reason for the differences in profenofos detoxification may be related
to quantitative differences in B-esterases in rats and humans, which may affect the metabolism
and disposition of ester compounds including OPs (Ecobichon and Comeau 1973; Maxwell
et al. 1987). B-esterases, such as carboxylesterase (CaE), butyrylcholinesterase (BuChE) and
acetylcholinesterase (AChE), detoxify oxons, but these enzymes are inhibited by the oxons as
a consequence (Chanda et al. 1997). It has been reported that rat plasma contains almost all
types of esterases including CaE, PON1, BChE, and AChE (Bahar et al. 2012; Satoh and
Hosokawa 2006), whereas humans are deficient of plasma CaE (Williams et al. 2011; Berry
et al. 2009; Li et al. 2005) and plasma AChE (Ecobichon and Comeau 1973). The relevance of
CaE in OP detoxification is indicated by a study that demonstrated that in vivo inhibition of
CaEs by cresylbenzodioxaphosphorin oxide (CBDP) caused an increase in the toxicity of many
OPs in rats, mice, rabbits and guinea pigs (Ecobichon and Comeau 1973; Maxwell et al. 1987).
In the same study, the interspecies differences observed in the toxicity of OPs were lost in the
group treated with the in vivo CaE inhibitor (CBDP) (Maxwell et al. 1987). The absence of
CaE in human plasma in addition to low PON1 activity may, therefore, be responsible for lower
profenofos clearance resulting in higher sensitivity of humans to profenofos as compared to
rodents (KalisteKorhonen et al. 1996). In this way, B-esterases may play a protective role in

rats but not humans.

Data on RBC AChE inhibition can be considered as an appropriate surrogate measure of
potential organophosphate effects on the peripheral and central nervous systems in absence of

brain AChE inhibition data (Chen et al. 1999; Das and Jamil 2006). To predict profenofos dose
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levels that result in AChE inhibition in rats and humans, profenofos in vitro concentration—
response curves for RBC AChE inhibition (Figure 7) were translated to in vivo dose-response
curves for RBC AChE inhibition for both rats and humans (Figure 8). The predicted data thus
obtained for the rat matched with the available in vivo rat data as reported by JMPR (2007)
(Figure 8), and the BMDL1o obtained from the predicted dose—response data differed only
fourfold from the BMDLo obtained from data from an in vivo rat study on profenofos-induced
blood AChE inhibition used by the US EPA for determination of an AR{D for profenofos. This
indicates that in vivo dose-dependent AChE inhibition was closely predicted based on our
approach, giving confidence in the human predictions, which could not be further evaluated
because of the lack of human in vivo data on this endpoint. Our predictions suggest that humans
are more sensitive than rats towards profenofos-induced AChE inhibition. The interspecies
differences (45-fold difference in BMDL10) were predicted to be mainly due to interspecies
differences in toxicokinetics, as discussed above, and these would not be covered by the
standard uncertainty factor of 10 to account for interspecies differences. Currently, we work
on the assessment of human interindividual differences in profenofos metabolic clearance
(using plasma and liver fractions of different donors) to be incorporated in PBK models,
providing insight into whether a combined uncertainty factor of 100 (10 for interspecies
differences and 10 for intraspecies differences) applied to the rat AChE inhibition data is

expected to be sufficiently protective for sensitive human individuals.

In the present study, the BMDL1o calculated based on predicted rat data was 4 times lower than
the BMDL 1o value used by EPA and 200-fold lower than the NOAEL used by JMPR to obtain
an ARfD, implying that our prediction is more conservative as compared to the rat data used
by the two agencies. In a possible future risk assessment paradigm that would be independent
of animal data, BMDL 1o values obtained from the predicted human dose-response data may
be applied. In the present study, we determined a BMDLio value for ‘an average human’
(0.01 mg/kg bw), not quantifying possible interindividual differences. To take interindividual
differences into account, an uncertainty factor may be applied, but it would be scientifically
more sound to quantify interindividual differences in the human population in profenofos
detoxification. This is especially of interest given the reported genetic polymorphisms of
human PON1 (and BuChE) with related phenotypes of low and high activities (Schwarz et al.
1995; Geldmacher et al. 1989), which may play a role in the interindividual differences in
PON1 activity (Darney etal. 2020), suggesting possible large human interindividual

differences in profenofos detoxification. As indicated above, we currently work on the
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determination of such interindividual differences in profenofos detoxification in humans and

integrate these data in the human PBK modeling-based predictions of profenofos toxicity.

Although the current models quantitatively predicted profenofos tissue dosimetry and the
resulting AChE inhibition, possible limitations of the approach should be considered. In the
current PBK model, gut absorption of profenofos was estimated to be 100% using a first-order
process with an absorption rate constant of 1h™!. Although this resulted in the adequate
prediction of time-dependent BCP-glucuronide in rat urine, it must be noted that specific model
output is not so sensitive to the ka (data not shown), whereas the (unbound) Cmax is (Figure 5).
It is noteworthy that the extent of absorption varies depending on the dosing method, dose
formulation (solution) and variations in species, strain and gender (Kararli 1995). Furthermore,

profenofos absorption as present in the food matrix may be different.

We used a static approach to determine the AChE inhibitory effect concentrations, using a
single pre-incubation time point (15 min). When including more time points, information on
the time-dependent inhibition kinetics can be obtained. However, a previous study with
chlorpyrifos oxon showed that human recombinant AChE active sites were 100% inhibited
after a pre-incubation period of 11 min (Kaushik et al. 2007). One would expect that effect
concentrations would decrease with longer incubation times until 100% of the binding sites is
inhibited, as shown before by Aurbek et al. (2006) and Krsti¢ et al. (2008). With a relatively
long pre-incubation time of 15 min as we have used in the present study, similar to incubation
times previously applied by other research groups (e.g., Aurbek et al. 2006; Kasteel et al. 2020),
we aimed to obtain a relevant and conservative estimation of the effect concentrations, as also
indicated by the small difference between the BMDL 1o value obtained with our predicted rat

dose-response data and the BMDL 1o value from a reported in vivo study in rats.

It must also be noted that the approach used in this study may be suitable to estimate AChE
inhibition upon a single exposure, while not predicting effects upon repeated exposure, since
upon longer exposures, one must take the time-dependent de novo AChE production into
account to adequately estimate the AChE activity upon a second and further exposure. In that
regard, a phenomenon referred to as steady state AChE inhibition is of interest, which is the
situation when the degree of AChE inhibition reaches equilibrium with the production of new
enzyme at which AChE inhibition remains constant at a specified dose over the exposure period
(EPA 2016). Adequate prediction of these processes based on only in vitro data, as applied in

the present study, seems at this stage not possible. Furthermore, one must consider that OPs
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inhibit detoxifying enzymes, such as CaE and BuChe, which may result in a decrease in
metabolic clearance, and related higher internal concentrations and increased sensitivity upon

repeated dosing.

Another limitation of the approach is that the prediction of OP toxicity was only based on
AChE inhibition as the endpoint. It should, however, be noted that OPs may affect a number
of additional targets (such as Neuropathy target esterase (NTE) (Costa 2018), muscarinic M2
receptors (Costa 2006), acylpeptide hydrolase (APH) (Richards et al. 2000), fatty acid amide
hydrolase (FAAH) (Quistad et al. 2001; Buntyn et al. 2017) and a variety of lipases (Quistad
et al. 2006)) that lead to OP toxicity, including neuroinfammation, autoimmunity and axonal
transport deficits (Naughton and Terry 2018). On the other hand, AChE inhibition has been
used as an endpoint to set a POD for the risk assessment (EPA 2016; EFSA 2019), indicating
its relevance. The QIVIVE approach could be extended in the future to also predict dose-
dependent effects related to other OP targets, allowing a more extensive hazard assessment

based on NAMs.

In conclusion, the predicted dose-dependent profenofos-induced AChE inhibition in rats are
close to reported data on dose-dependent in vivo AChE inhibition in rats upon single dosing,
providing also confidence in the predictions obtained for humans. Results from this study
suggest that humans may be more sensitive to AChE inhibition upon profenofos exposure than
rats, which is mainly due to differences in profenofos detoxification. Altogether, the results
demonstrate the ability to predict in vivo AChE inhibition by profenofos, providing another
proof-of-principle that with NAMs in vivo effects of chemicals can be predicted without the

use of in vivo studies.

109




Chapter 3

Acknowledgements

This work is supported by the Netherlands Universities Foundation for International
Cooperation (Nufc) [scholarship granted to Isaac Omwenga (PhD.17/0019)], the China
Scholarship Council [scholarship (No. 201707720063) Granted to ZHAOSHENSHENG], and
the Dutch Ministry of Agriculture, Nature and Food Quality (project KB-23-002-021).

Conflict of interests

The authors declare that they have no conflicts of interest.

110



Inter-species differences in red blood cell acetylcholinesterase inhibition of profenofos

References

Aly OA, Badawy MI (1982) Hydrolysis of organophosphate insecticides in aqueous media. Environ Int
7:373-377

Aurbek N, Thiermann H, Szinicz L, Eyer P, Worek F (2006) Analysis of inhibition, reactivation and
aging kinetics of highly toxic organophosphorus compounds with human and pig
acetylcholinesterase. Toxicology 224:91-99

Bahar FG, Ohura K, Ogihara T, Imai T (2012) Species difference of esterase expression and hydrolase
activity in plasma. J Pharm Sci 101:3979-3988

Berezhkovskiy LM (2004) Volume of distribution at steady state for a linear pharmacokinetic system
with peripheral elimination. J Pharm Sci 93:1628-1640

Berry LM, Wollenberg L, Zhao Z (2009) Esterase activities in the blood, liver and intestine of several
preclinical species and humans. Drug Metab Lett 3:70-77

Bogen KT, Singhal A (2017) Malathion dermal permeability in relation to dermal load: Assessment by
physiologically based pharmacokinetic modeling of in vivo human data. J Environ Sci Health
B 52:138-146

Bouchard M, Gosselin NH, Brunet RC, Samuel O, Dumoulin MJ, Carrier G (2003) A toxicokinetic
model of malathion and its metabolites as a tool to assess human exposure and risk through
measurements of urinary biomarkers. Toxicol Sci 73:182-194

Bouchard M, Carrier G, Brunet RC, Bonvalot Y, Gosselin NH (2005) Determination of biological
reference values for chlorpyrifos metabolites in human urine using a toxicokinetic approach. J
Occup Environ Hyg 2:155-168

Bouchard M, Gosselin NH, Brunet RC, Samuel O, Dumoulin M, Carrier G (2017) A toxicokinetic
model of malathion and its metabolites as a tool to assess human exposure and risk through
measurements of urinary biomarkers. Toxicol Sci 73:182-194

Bradman A, Barr DB, Claus-Henn BG, Drumbheller T, Curry C, Eskenazi B (2003) Measurement of
pesticides and other toxicants in amniotic fuid as a potential biomarker of prenatal exposure: a
validation study. Environ Health Perspect 111:1779-1182

Buntyn RW, Alugubelly N, Hybart RL, Mohammed AN, Nail CA, Parker GC, Ross MK, Carr RL
(2017) Inhibition of endocannabinoid-metabolizing enzymes in peripheral tissues following
developmental chlorpyrifos exposure in rats. Int J Toxicol 36:395-402

Carr RL, Dail MB, Chambers HW, Chambers JE (2015) Species differences in paraoxonase mediated
hydrolysis of several organophosphorus insecticide metabolites. J Toxicol 470189

Chambers JE, Chambers JW (1989) Oxidative desulfuration of chlorpyrifos, chlorpyrifos-methyl and
leptophos by rat brain and liver. J Biochem Toxicol 4:201-203

Chanda SM, Mortensen SR, Moser VC, Padilla S (1997) Tissue-specific effects of chlorpyrifos on
carboxylesterase and cholinesterase activity in adult rats: an in vitro and in vivo comparison.
Fundam Appl Toxicol 38:148-157

Chen WL, Sheets JJ, Nolan RJ, Mattsson JL (1999) Human red blood cell acetylcholinesterase
inhibition as the appropriate and conservative surrogate endpoint for establishing chlorpyrifos
reference dose. Regul Toxicol Pharmacol 29:15-22

Cho Y, Min K, Lee I, Cha C (2002) Determination of urinary metabolite of profenofos after oral
administration and dermal application to rats. J Food Hyg Saf 17:20-25

Costa LG (2006) Current issues in organophosphate toxicology. Clin Chim Acta 366:1-13

Costa LG (2018) Organophosphorus compounds at 80: some old and new issues. Toxicol Sci 162:24—
35

Cubitt HE, Houston JB, Galetin A (2011) Prediction of human drug clearance by multiple metabolic
pathways: integration of hepatic and intestinal microsomal and cytosolic data. Drug Metab
Dispos 39:864—873

Dadson OA, Ellison CA, Singleton ST, Chi L, McGarrigle BP, Pamela J, Lein JP, Farahat FM, Farahat
T, Olson JR (2013) Metabolism of profenofos to 4-bromo-2-chlorophenol, a specific and
sensitive exposure biomarker. Toxicology 306:35-39

Darney K, Kasteel EEJ, Buratti FM, Turco L, Vichi S, Béchaux C, Roudot AC, Kramer NI, Testai E,
Dorne JLCM, Di Consiglio

111




Chapter 3

Das GP, Jamil K (2006) Effect of four organophosphorus compounds on human blood
acetylcholinesterase. Vitro Stud Toxicol Mech Methods 16:455-459

Ecobichon DJ, Comeau AM (1973) Pseudocholinesterases of mammalian plasma: Physicochemical
properties and organophosphate inhibition in eleven species. Toxicol Appl Pharmacol 24:92—
100

Eddleston M, Worek F, Eyer P, Thiermann H, Von Meyer L, Jeganathan K, Sherif MHR, Dawson AH,
Buckley NA (2009) Poisoning with the S-Alkyl organophosphorus insecticides profenofos and
prothiofos. QJM Int J Med 102:785-792

Ellman GL, Courtney KD, Andres V, Featherstone RM (1961) A new rapid colorimetric determination
of acetylcholinesterase activity. Biochem Pharmacol 7:88-95

EFSA (European Food Safety Authority) (2019) Scientific report on scientific support for preparing an
EU position in the 51st Session of the Codex Committee on Pesticide Residues (CCPR). EFSAJ
17:5797

EPA (1999) Data evaluation record study type: special non-guideline assessment for RBC
Cholinesterase in humans. https://archive.epa.gov/scipoly/sap/meetings/web/pdf/kisickider.pdf
Accessed Jan 2019

EPA (2006) Reregistration eligibility decision for dimethoate. https://
archive.epa.gov/pesticides/reregistration/web/pdf/dimethoate red.pdf. Accessed Dec 2020

EPA (2011) Chlorpyrifos preliminary human health risk assessment DP No. D388070.
https://www.regulations.gov/contentStreamer?documentld=EPA-HQ-OPP-2008-0850-
0025&contentType=pdf Accessed Dec 2020

EPA (2016) Profenofos: Human health draft risk assessment (DRA) for registration review.
https://www3.epa.gov/pesticides/chem_search/cleared reviews/csr PC-111401 19-Oct-
16.pdf Accessed Mar 2020

Evans MV, Andersen ME (2000) Sensitivity analysis of a physiological model for 2, 3, 7, 8-
tetrachlorodibenzo-p-dioxin (TCDD): assessing the impact of specific model parameters on
sequestration in liver and fat in the rat. Toxicol Sci 54:71-80

Farahat TM, Abdelrasoul GM, Amr MM, Shebl MM, Farahat FM, Anger WK (2003) Neurobehavioral
effects among workers occupationally exposed to organophosphorus pesticides. Occup Environ
Med 60:279-286

Geldmacher-v M, Diepgen TL (1989) Human serum paraoxonase polymorphism, specificity,
classification. In: Reiner E, Aldridge WN,

Hoskin FCG (eds) Enzymes hydrolyzing organophosphorus compounds Ellis Horwood Limited. West
Sussex, England, pp 15-29

Gotoh M, Sakata M, Endo T, Hayashi H, Seno H, Suzuki O (2001) Profenofos metabolites in human
poisoning. Forensic Sci Int 116:221-226

Greish S, Ismail SM, Mosleh Y, Loutfy N, Dessouki AA, Ahmed MT (2011) Human risk assessment
of profenofos: a case study in Ismailia. Egypt Polycycl Aromat Compd 31:28-47

Hardt J, Angerer J (2000) Determination of dialkyl phosphates in human urine using gas
chromatography—mass spectrometry. J Anal Toxicol 24:678—684

Heilmair R, Eyer F, Eyer P (2008) Enzyme-based assay for quantification of chlorpyrifos oxon in
human plasma. Toxicol Lett 181:19-24

Hertz-Picciotto I, Sass JB, Engel S, Bennett DH, Bradman A, Eskenazi B, Lanphear B, Whyatt B (2018)
Organophosphate exposures during pregnancy and child neurodevelopment: recommendations
for essential policy reforms. PLoS Med 15(10):¢1002671

Jamal GA, Hansen S, Julu POO (2002) Low level exposures to organophosphorus esters may cause
neurotoxicity. Toxicology 181-182:23-33

Johnson MK, Glynn P (1995) Neuropathy target esterase (NTE) and 675 organophosphorus induced
delayed polyneuropathy (OPIDP): recent 676 advances. Toxicol Lett 82—83:459—463

Johnson MK, Glynn P (2001) Neuropathy target esterase. In: Krieger R (ed) Handbook of pesticide
toxicology. Academic Press, San Diego, pp 953-965

Joint FAO/WHO Meeting on Pesticide Residues (JMPR) (2007) Pesticide residues in food 2007.
http://www.inchem.org/documents/jmpr/jmpmono/v2007pr01.pdf. Accessed Aug 2020

Jones HM, Rowland-Yeo K (2013) Basic concepts in physiologically based pharmacokinetic modeling
in drug discovery and development. CPT Pharmacometr Syst Pharmacol 2:e63

112


https://www.regulations.gov/contentStreamer?documentId=EPA-HQ-OPP-2008-0850-0025&contentType=pdf
https://www.regulations.gov/contentStreamer?documentId=EPA-HQ-OPP-2008-0850-0025&contentType=pdf
https://www3.epa.gov/pesticides/chem_search/cleared_reviews/csr_PC-111401_19-Oct-16.pdf
https://www3.epa.gov/pesticides/chem_search/cleared_reviews/csr_PC-111401_19-Oct-16.pdf
http://www.inchem.org/documents/jmpr/jmpmono/v2007pr01.pdf.%20Accessed%20Aug%202020

Inter-species differences in red blood cell acetylcholinesterase inhibition of profenofos

Kaliste-Korhonen E, Tuovinen K, Hanninen O (1996) In vitro interspecies differences in enzymes
reacting with organophosphates and their inhibition by paraoxon. Hum Exp Toxicol 15:972

Karanja NK, Njenga M, Mutua GK, Lagerkvist CJ, Kutto E, Okello JJ (2012) Concentrations of heavy
metals and pesticide residues in leafy vegetables and implications for peri-urban farming in
Nairobi, Kenya. J Agric Food Syst Commun Dev 3:255-267

Kararli TT (1995) Comparison of the gastrointestinal anatomy, physiology and biochemistry of humans
and commonly used laboratory animals. Biopharm Drug Dispos 16:351-380

Kasteel EEJ, Nijmeijer SM, Darney K, Lautz LS, Dorne JLCM, Kramer NI, Westerink RHS (2020)
Acetylcholinesterase inhibition in electric eel and human donor blood: an in vitro approach to
investigate interspecies differences and human variability in toxicodynamics. Arch Toxicol
94:4055-4065

Kaushik R, Rosenfeld CA, Sultatos LG (2007) Concentration-dependent interactions of the
organophosphates chlorpyrifos oxon and methyl paraoxon with human recombinant
acetylcholinesterase. Toxicol Appl Pharmacol 221:243-250

Krsti¢ DZ, Colovi¢ M, Kralj MB, Franko M, Krinulovi¢ K, Trebse P, Vasi¢ V (2008) Inhibition of
AChE by malathion and some structurally similar compounds. J Enzyme Inhib Med Chem
23:562-573

Kumari D, John S (2019) Health risk assessment of pesticide residues in fruits and vegetables from
farms and markets of Western Indian Himalayan Region. Chemosphere 224:162-167

Larsen KE, Lifschitz AL, Lanusse CE, Virkel GL (2019) In vitro and in vivo effects of chlorpyrifos and
cypermethrin on blood cholinesterases in sheep. J Vet Pharmacol Therap 42:548-555

Li B, Sedlacek M, Manoharan I, Boopathy R, Duysen EG, Masson P, Lockridge O (2005)
Butyrylcholinesterase, paraoxonase, and albumin esterase, but not carboxylesterase, are present
in human plasma. Biochem Pharmacol 70:1673-1684

Liu P, Wu CH, Chang XL, Qi XJ, Zheng ML, Zhou ZJ (2014) Assessment of chlorpyrifos exposure
and absorbed daily doses among infants living in an agricultural area of the Province of Jiangsu,
China. Int Arch Occup Environ Health 87:753-762

Louisse J, Beekmann K, Rietjens IMCM (2017) Use of physiologically based kinetic modeling-based
reverse dosimetry to predict in vivo toxicity from in vitro data. Chem Res Toxicol 30:114-125

Lowry O, Rosebrough N, Farr A, Randall R (1951) Protein measurement with the folin phenol reagent.
J Biol Chem 193:265-275

Lu C, Fenske RA, Simcox NJ, Kalman D (2000) Pesticide exposure of children in agricultural
community: evidence of household proximity to farmland and take home exposure pathways.
Environ Res Sect A 84:290-302

Lu C, Holbrook CM, Andres LM (2010) The implications of using a physiologically based
pharmacokinetic (PBPK) model for pesticide risk assessment. Environ Health Perspect
118:125-130

Maxwell DM, Lenz DE, Grof WA, Kaminskis A, Froehlich HL (1987) The effects of blood flow and
detoxification on in vivo cholinesterase inhibition by soman in rats. Toxicol Appl Pharmacol
88:66-76

Medinsky MA, Leavens TL, Csanady GA, Gargas ML, Bond JA (1994) In vivo metabolism of
butadiene by mice and rats: a comparison of physiological model predictions and experimental
data. Carcinogenesis 15:1329-1340

Mosquin PL, Licata AC, Liu B, Sumner SC, Okino MS (2009) Reconstructing exposures from small
samples using physiologically based pharmacokinetic models and multiple biomarkers. J Expo
Sci Environ Epidemiol 19:284-297

Mostafalou S, Abdollahi M (2013) Pesticides and human chronic diseases: evidences, mechanisms, and
perspectives. Toxicol Appl Pharmacol 268:157-177

Naksen W, Prapamontol T, Mangklabruks A, Chantara S, Thavornyutikarn P, Robson MG, Panuwet P
(2016) A single method for detecting 11 organophosphate pesticides in human plasma and
breastmilk using GC-FPD. J Chromatogr B Analyt Technol Biomed Life Sci 1025:92-104

Naughton SX, Terry AV Jr (2018) Neurotoxicity in acute and repeated organophosphate exposure.
Toxicology 408:101-112

Omwenga I, Kanja L, Zomer P, Louisse J, Rietjens IMCM, Mol H (2021) Organophosphate and
carbamate pesticide residues and accompanying risks in commonly consumed vegetables in

113




Chapter 3

Kenya. Food Addit Contam Part B 14:48-58

Poet TS, Kousba AA, Dennison SL, Timchalk C (2004) Physiologically based
pharmacokinetic/pharmacodynamic model for the organophosphorus pesticide diazinon.
Neurotoxicology 25:1013-1030

Punt A, Pinckaers N, Peijnenburg A, Louisse J (2021) Development of a web-based toolbox to support
quantitative in vitro-to-in vivo extrapolations (QIVIVE) within non-animal testing strategies.
Chem Res Toxicol 34:460-472

Quandt SA, Arcury TA, Rao P, Snively BM, Camann DE, Doran AM, Yau AY, Hoppin JA, Jackson
DS (2004) Agricultural and residential pesticides in wipe samples from farmworker family
residences in North Carolina and Virginia. Environ Health Perspect 112:382-387

Quistad GB, Sparks SE, Casida JE (2001) Fatty acid amide hydrolase inhibition by neurotoxic
organophosphorus pesticides. Toxicol Appl Pharmacol 173:48-55

Quistad GB, Liang SN, Fisher KJ, Nomura DK, Casida JE (2006) Each lipase has a unique sensitivity
profle for organophosphorus inhibitors. Toxicol Sci 91:166—172

Richards PG, Johnson MK, Ray DE (2000) Identification of acylpeptide hydrolase as a sensitive site
for reaction with organophosphorus compounds and a potential target for cognitive enhancing
drugs. Mol Pharmacol 58:577-583

Rigas ML, Okino MS, Quackenboss JJ (2001) Use of a pharmacokinetic model to assess chlorpyrifos
exposure and dose in children, based on urinary biomarker measurements. Toxicol Sci 61:374—
381

Rosenfeld CA, Sultatos LG (2006) Concentration-dependent kinetics of acetylcholinesterase inhibition
by the organophosphate paraoxon. Toxicol Sci 90:460—469

Satoh T, Hosokawa M (2006) Structure, function and regulation of carboxylesterases. Chem Biol
Interact 162:195-211

Schwarz M, Loewenstein-Lichtenstein Y, Glick D, Liao J, NorgaardPedersen B, Soreq H (1995)
Successive organophosphate inhibition and oxime reactivation reveals distinct responses of
recombinant human cholinesterase variants. Brain Res Mol Brain Res 31:101-110

Strikwold M, Spenkelink B, Woutersen R, Rietjens IMCM, Punt A (2013) Combining in vitro
embryotoxicity data with physiologically based kinetic (PBK) modelling to define in vivo dose
response curves for developmental toxicity of phenol in rat and human. Arch Toxicol 87:1709—
1723

Sultatos LG (1990) A physiologically based pharmacokinetic model of parathion based on chemical-
specific parameters determined in vitro. J Am Coll Toxicol 9:611-619

Timchalk C, Nolan RJ, Mendrala AL, Dittenber DA, Brzak KA, Mattsson JL (2002) A physiologically
based pharmacokinetic and pharmacodynamic (PBPK/PD) model for the organophosphate
insecticide chlorpyrifos in rats and humans. Toxicol Sci 66:34-53

Williams ET, Bacon JA, Bender DM, Lowinger JJ, Guo WK, Ehsani ME, Wang X, Wang H, Qian YW,
Ruterbories KJ, Wrighton SA, Perkins EJ (2011) Characterization of the expression and activity
of carboxylesterases 1 and 2 from the beagle dog, cynomolgus monkey, and human. Drug
Metab Dispos 39:2305-2313

Zhang Y, Han S, Liang D, Shi X, Wang F, Liu W, Zhang L, Chen L, Gu Y, Tian Y (2014) Prenatal
exposure to organophosphate pesticides and neurobehavioral development of neonates: a birth
cohort study in Shenyang. China PloS one 9:88491

Zhao S, Kamelia L, Boonpawa R, Wesseling S, Spenkelink B, Rietjens IMCM (2019) Physiologically
based kinetic modelling-facilitated reverse dosimetry to predict in vivo red blood cell
acetylcholinesterase inhibition following exposure to chlorpyrifos in the Caucasian and Chinese
population. Toxicol Sci 171:69—83

114



Inter-species differences in red blood cell acetylcholinesterase inhibition of profenofos

Supplementary materials

For convenience, Supplementary materials can be found at the following link:

https://link.springer.com/article/10.1007%2Fs00204-021-03004-4

115


https://link.springer.com/article/10.1007%2Fs00204-021-03004-4




Chapter 4

Physiologically based kinetic modelling based
prediction of in vivo rat and human
acetylcholinesterase (AChE) mhibition upon

exposure to diazinon

Shensheng Zhao, Sebastiaan Wesseling, Bert Spenkelink, and Ivonne. M.C.M Rietjens

Published in Archives of Toxicology (2021) 95:1573-1593



Chapter 4

Abstract

The present study predicts in vivo human and rat red blood cell (RBC) acetylcholinesterase
(AChE) inhibition upon diazinon (DZN) exposure using physiological based kinetic (PBK)
modelling-facilitated reverse dosimetry. Due to the fact that both DZN and its oxon metabolite
diazoxon (DZO) can inhibit AChE, a toxic equivalency factor (TEF) was included in the PBK
model to combine the effect of DZN and DZO when predicting in vivo AChE inhibition. The
PBK models were defined based on kinetic constants derived from in vitro incubations with
liver fractions or plasma of rat and human, and were used to translate in vitro concentration—
response curves for AChE inhibition obtained in the current study to predicted in vivo dose—
response curves. The predicted dose—response curves for rat matched available in vivo data on
ACHhE inhibition, and the benchmark dose lower confidence limits for 10% inhibition (BMDL1o
values) were in line with the reported BMDL1o values. Humans were predicted to be 6-fold
more sensitive than rats in terms of AChE inhibition, mainly because of interspecies differences
in toxicokinetics. It is concluded that the TEF-coded DZN PBK model combined with
quantitative in vitro to in vivo extrapolation (QIVIVE) provides an adequate approach to
predict RBC AChE inhibition upon acute oral DZN exposure, and can provide an alternative

testing strategy for derivation of a point of departure (POD) in risk assessment.
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1. Introduction

Diazinon (DZN) is the common name for O,O-diethyl O-2-isopropyl-6-methylpyrimidin-4-yl
phosphorothioate (Figure 1), which is used as a pesticide in agriculture or veterinary medicine
(JMPR 2016). DZN belongs to the class of thiophosphate insecticides for which acute toxicity
is associated with irreversible inhibition of acetylcholinesterase (AChE) resulting in
accumulation of acetylcholine at the synaptic cleft (Colovi¢ et al. 2013). Different
physiological symptoms such as headache, abdominal cramps, difficulty in breathing, and even
death can result from acute DZN exposure (Burgess et al. 2008). Beside AChE, other B-
esterases such as butyrylcholinesterase (BuChE) and carboxylesterase (CaE) can also be
inhibited by DZN exposure (Poet et al. 2004). Although little is known about the profile of
BuChE and CaE in human, it is known that inhibition of BuChE does not induce toxic effects

(Jokanovi¢ 2009; Jokanovi¢ et al. 2020).

Upon oral administration, DZN undergoes multiple metabolic pathways (Fig 1) in different
tissues, particularly in the liver, due to the high abundancy of cytochromes P450 (CYP450) in
this organ (Ellison et al. 2012; Sams et al. 2004). Previous studies reported that CYP450 are
capable of bioactivating DZN to its active oxon metabolite diazoxon (DZO) (Fig 1) which is a
stronger AChE inhibitor than DZN, and of detoxifying DZN to 2-isopropyl-4-methyl-6-
hydroxypyrimidine (IMHP) and diethylthiophosphate (DETP) (Fig 1) (Ellison et al. 2012;
Mutch and Williams 2006; Sams et al. 2004). In human, the bioactivation of DZN is mediated
by especially CYP2B6, CYP2C19 and CYP3A4, while the detoxification is catalysed by
CYP1A1,CYPI1A2, CYP2B6, CYP2C19 and CYP3A4 (Ellison et al. 2012; Kappers et al. 2001;
Mutch and Williams 2006; Sams et al. 2004). Paraoxonase 1 (PON1) is another enzyme
involved in biotransformation of DZN, catalysing detoxification of DZO to IMHP and
diethylphosphate (DEP) (Fig 1). Different from CYP450-mediated conversions, PONI-
mediated detoxification occurs not mainly in the liver but also in blood due to the excretion of

PONI1 from liver to blood (Pyati et al. 2015).

To date, the point of departure (POD) to define an acute reference dose (ARfD) for risk
assessment of acute exposure to DZN is based on the no-observed-adverse-effect level
(NOAEL) of acute AChE inhibition and neurotoxicity in rats (EFSA 2006; JMPR 2016), or on
the BMDL1o, the lower confidence limit of the benchmark dose (BMD) causing 10% inhibition
of red blood cell (RBC) AChE activity in in vivo animal experiments (USEPA 2016), because

of the absence of adequate human data. However, the use of animal data to define health based
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guidance values may not (fully) reflect the human situation (Martignoni et al. 2006). To
overcome this issue, alternative testing strategies can be considered, including physiologically
based kinetic (PBK) modelling facilitated-reverse dosimetry (Louisse et al. 2017) that enables
quantitative in vitro to in vivo extrapolation (QIVIVE), as a potential novel approach in risk
assessment. The PBK modelling-based alternative approach has been successfully used to
predict chlorpyrifos-related AChE inhibition (Timchalk et al. 2002; Zhao et al. 2019) and also
a variety of other chemical-induced adverse effects including for example cardiotoxicity
induced by methadone, liver toxicity induced by pyrrolizidine alkaloids and developmental
toxicity of retinoids, glycolethers and phenols (Boonpawa et al. 2017; Louisse et al. 2010; Ning
et al. 2019; Shi et al. 2020; Strikwold et al. 2017; Strikwold et al. 2013). In case of DZN,
previously a physiologically-based pharmacokinetic and pharmacodynamic model was
developed for both human and rat (Poet et al. 2004). However, in this previous study, the
predicted AChE inhibition was assumed to be caused by the metabolite DZO only, not taking
the contribution of the parent compound DZN on AChE inhibition into account. Furthermore,
the kinetic parameters were solely determined using rat liver microsomes and scaled for further
use in rat and human PBK models, while the kinetic parameters for DZO detoxification in
blood were assumed to be equal to those in liver. Apart from that, the model was not used to
define an in vivo dose-response curve for AChE inhibition from which a POD for human risk

assessment could be derived.

Therefore, the aim of the present study was to assess the possibility of using mainly in vitro
and in silico data as input for PBK modelling-facilitated QIVIVE to derive a POD for acute
toxicity of DZN. The kinetic parameters of DZN biotransformation for rat and human PBK
models were determined in a species-specific way by incubating a range of concentrations of
DZN or DZO with rat or human liver microsomes and plasma. Considering that both DZN and
DZO are able to inhibit AChE, a toxic equivalency factor (TEF) approach was employed and
incorporated into the PBK model to describe the internal combined effective concentration of
DZN and DZO in DZO equivalents. The TEF coded-PBK model was subsequently used to
translate in vitro concentration-response curves for DZO concentration dependent inhibition of
rat AChE or recombinant human AChE (rhAChE) to predicted-in vivo dose-response curves
for DZN exposure mediated RBC AChE inhibition enabling definition of a BMDL1o as POD
for risk assessment and quantification of potential interspecies differences between rat and

human.
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals

Diazinon (DZN), 2-isopropyl-4-methyl-6-hydroxypyrimidine (IMHP), acetylthiocholine
iodide (ATC), 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB), bovine serum albumin (BSA),
tetraisopropyl pyrophosphoramide (iso-OMPA), reduced nicotinamide adenine dinucleotide
phosphate (NADPH) and Trizma®base were purchased from Sigma-Aldrich (Zwijndrecht,
The Netherlands). Diazoxon (DZO) was purchased from TRC-Canada (Toronto, Ontario,
Canada). Magnesium chloride hexahydrate (MgCl2*6H20), hydrochloric acid (HCl), sodium
hydroxide (NaOH), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) and
calcium chloride dihydrate (CaCl2*2H20) were purchased from VWR International
(Amsterdam, The Netherlands). Acetonitrile (ACN, UPLC/MS grade) and methanol
(UPLC/MS grade) were purchased from Biosolve (Valkenswaard, The Netherlands). Rapid
equilibrium dialysis (RED) materials (RED inserts, RED based plate and sealing tape), and
Pierce™ BCA protein assay kit were purchased from Thermo Fisher Scientific (Rockford, IL,

USA). Phosphate-buffered saline (PBS pH 7.4 (1X)) was purchased from GIBCO (Paisley, UK)

2.1.2 Biological material

Human liver microsomes (pooled from 20 donors, mixed gender) and rat liver microsomes
(Sprague-Dawley, male) were purchased from Corning (Amsterdam, The Netherlands).
Human plasma (pooled from 6 donors, mixed gender) were purchased from Zen-Bio, Inc (NC,
USA). Rat plasma (Sprague-Dawley) was purchased from Innovative Research Inc. (MI, USA).
For the rat samples further information on number of animals used to create the samples (liver
microsomes and plasma) or on gender (plasma) was not provided by the provider. Rat blood
was purchased from BiolVT (West Sussex, UK). thAChE was purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA), and the enzyme was stabilized with 1 mg/ml BSA.
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2.2 Methods

2.2.1 Protein determination

The total protein concentration of human and rat plasma was measured by using a Pierce™
BCA protein assay kit (Thermo Fisher Scientific 2020). The experiment was conducted using
the manufacturer’s protocol. In detail, 25 ul sample or protein standard solution were incubated
with 200 pl working reagents in a 96-well plate at 37°C for 30 minutes. Next, the plate was
cooled to room temperature, followed by measuring the absorbance at 562 nm for each sample
or protein standard. The protein concentration of the unknown sample was quantified based on
the calibration curve (protein concentration versus 562nm absorbance value) generated with

the protein standards.

2.2.2 In vitro metabolic incubations for deriving Kinetic parameters

The in vitro incubations for investigating CYP450-mediated biotransformation of DZN were
performed using rat and human liver microsomes based on the method described by Sams et
al. (2004) and Smith et al. (2011) with some modifications. Preliminary studies were carried
out to optimize both incubation time and microsomal protein concentration, to define
conditions at which metabolism was linear with respect to time and the amount of microsomal
protein (data not shown) to be used for further kinetic studies. The final incubations contained
50 mM Tris-HCI (pH 7.4), 5 mM MgCl, 1 mM EDTA (as an A-esterase PONI1 inhibitor)
(Bizon and Milnerowicz 2018), 50 uM iso-OMPA (as a B-esterases inhibitor) (Lane et al.
2006), 1 mM NADPH, and DZN at final concentrations of 1, 2.5, 5, 10, 25, 50, 100 and 250
uM (added from 100 times concentrated stock solutions in methanol). In these incubations, the
formed DZO might also be further hydrolyzed to IMHP by esterases present in the liver
microsomes, hampering accurate quantification of the formation of DZO or IMHP by the
CYP450-mediated reactions. Therefore, in order to adequately define the CYP450-mediated
conversion from DZN to DZO and from DZN to IMHP, esterase inhibitors (EDTA and iso-
OMPA) were added to prevent this ‘untargeted’ conversion of DZO to IMHP in these
microsomal incubations. Addition of esterase inhibitors EDTA and iso-OMPA has been
commonly applied when studying CYP450-mediated conversion of organophosphate (OP)
pesticides in liver microsomal incubations for determining kinetic parameters for their

CYP450-mediated pathways (Buratti et al. 2005; Dadson et al. 2013; Ellison et al. 2012;
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Foxenberg et al. 2007; Poet et al. 2003; Smith et al. 2011). Based on previous studies, CYP450-
mediated activities are not adversely affected by the addition of these inhibitors (1 mM EDTA
and 50 uM iso-OMPA ) to the microsomal incubations (Buratti et al. 2003; Rasmussen 2012).
After 1 minute preincubation in a 37°C water bath, 2.5 ul of human or rat liver microsomes
(final concentration 0.25 mg microsomal protein/ml) were added to initiate the reaction. The
total incubation mixture was 200 pl. Control incubations were carried out by replacing NADPH
with buffer. The reaction was terminated after 2.5 minutes by adding 200 pl ice-cold ACN.
After the incubation, samples were centrifuged at 16000g (4°C) for 5 minutes, and supernatants
of rat samples were further diluted 2x in a mixture of ACN and 50 mM Tris-HCI (pH 7.4) (ratio
1:1, v/v). At the end, both diluted rat sample supernatants and undiluted human sample

supernatants were analysed by LC-MS/MS for quantification of metabolite formation.

The in vitro incubations for quantification of kinetic parameters for PONI1-mediated
detoxification of DZO were conducted by using both liver microsomes and plasma from either
human or rat based on the method from Poet et al. (2003) with some modifications. It should
be noted that the enzyme activity detected in these DZO detoxification incubations with tissue
fractions could in theory be due to various enzymes, but based on literature data (Costa et al.
1999; Jokanovi¢ et al. 2020; Poet et al. 2004), the activity can be mainly ascribed to the activity
of PONI1. Preliminary studies were carried to optimize and select the incubation conditions
with respect to linearity for both incubation time and microsomal/plasma protein concentration
(data not shown). The final incubations contained 2 mM CaClz in 50 mM Tris-HCI (pH 7.4)
and DZO at final concentrations of 0.5, 1, 2.5, 5, 10, 25, 50, 100, 250, 500 and 1000 uM (added
from 100 times concentrated stock solutions in methanol). After 1 minute preincubation in a
37°C water bath, 1 pl of human or rat liver microsomes (final concentration 0.1 mg microsomal
protein/ml), or 1 pl of human or rat plasma (final concentration 0.385 mg plasma protein/ml
for human plasma and 0.300 mg plasma protein/ml for rat plasma) was added to initiate the
reaction. The total incubation mixture was 200 pl. Control incubations were carried out by
replacing liver microsomes or plasma with buffer. The reaction was terminated after 1 minute
incubation (human samples) or 2 minutes incubation (rat samples) by adding 200 pl ice-cold
ACN. Subsequently, samples were centrifuged at 16000g (4°C) for 5 minutes, and supernatants
were further diluted (30x for liver sample and 40x for plasma sample) in a mixture of ACN and
50 mM Tris-HCI (pH 7.4) (ratio 1:1, v/v) before analysis by LC-MS/MS for quantification of

metabolite formation.
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2.2.3 Quantification of DZN and DZO metabolites by LC-MS/MS

The amounts of parent compound DZN and formed DZO and IMHP in samples from the
microsomal and plasma incubations were identified and quantified using a Shimadzu Nexera
XR LC-20AD-xr UHPLC system coupled to a Shimadzu LCMS-8045 mass spectrometer
(Kyoto, Japan) equipped with an electrospray ionization (ESI) interface. The chromatographic
separations were conducted on a Kinetex® 1.7 um Phenyl-Hexyl 100A LC column (100 x 2.1
mm). The injection volume was 1 pl at a flow rate of 0.3 ml/min. The temperature of the column
was kept at 40°C. The mobile phase A consisted of ultrapure water with 0.1% (v/v) formic acid,
and mobile phase B consisted of acetonitrile (ACN) with 0.1% (v/v) formic acid. The gradient
started with 0% B and was linearly increased to 100% B in 12 minutes, kept at 100% B for 1
minute and then changed to the initial condition (0% B) at 13.5 minutes and kept for 5.5
minutes to re-equilibrate the column before the next injection. The instrument was used in
positive mode with multiple reaction monitoring (MRM). The optimized acquisition

parameters for DZN, DZO and the metabolite IMHP are listed in Supplementary material 1.

2.2.4 Calculation of kinetic parameters

The Michaelis-Menten parameters for conversion of DZN to DZO and of DZN to IMHP in
incubations with liver microsomes, and of DZO to IMHP in incubations with liver or plasma

samples were determined by fitting the data to equation 1 (Eql):

Vmax * [S]

Y ®m o+ Is)) b

Where v represents the rate of reaction in nmol/min/mg microsomal protein or in nmol/min/mg
plasma protein, S represents the substrate concentration (in pM), Km the apparent Michaelis-
Menten constant in uM, and Vmax the apparent maximum rate in nmol/min/mg microsomal
protein or in nmol/min/mg plasma protein. The calculation was done using GraphPad Prism 5

for Windows, version 5.04 (GraphPad software, San Diego California USA).
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2.2.5 In vitro AChE inhibition assay to derive concentration-response curves
2.2.5.1 Preparation of rat RBC AChE

Rat RBC AChE was prepared according to the protocol previously described (Dodge et al.
1963; Patel et al. 2000) with some modifications. In the current study, 7 ml rat whole blood
was first centrifuged at 2000 g for 10 mins (4°C) to separate plasma and RBCs (pellet).
Subsequently, the RBCs were suspended in 5 ml 0.9% saline (sodium chloride) and centrifuged
at 2000 g for 10 mins (4°C) to wash away plasma residue. After three of these washing steps,
the washed RBCs were resuspended in 2 ml PBS and lysed by addition of 18 ml lysis buffer
(20 mM sodium phosphate, pH=7.4) and freezing at -80°C for 24 h. The lysed RBCs were
defrozen and the membrane fraction (containing AChE) was sedimented by centrifugation at
20,000 g for 40 mins, and the supernatant was carefully removed. The pellet was washed for
another two times by resuspending in lysis buffer and sedimenting as described above.
Afterwards the pellet was resuspended in 1 ml 100 mM sodium phosphate (pH=7.4) and was
successively centrifuged for 2 mins at 2000 g using a Microcentrifuge (VWR, Mini start
silverline) to obtain the AChE (supernatant). The enzyme concentration of the isolated rat
AChE, expressed in mU/ml, was quantified based on the calibration curve generated using the

commercially available rhAChE.

2.2.5.2 AChE activity assay

In the present study, AChE activity of thAChE and of the extracted rat RBC AChE were used
to characterize the inhibitory potency of DZO or DZN on human and rat RBC AChE, based on
the protocol from Ellman et al. (1961). Recombinant human AChE was used since it is easy to
use (no lysing and washing steps are required compared to use of AChE extracted from native
red blood cell), the obtained results will not be affected by hemoglobin (George and Abernethy
1983), and its characteristics are comparable with those of human natural RBC AChE in term
of sensitivity towards OP (Amitai et al. 1998; Velan et al. 1991). However, since recombinant
rat AChE was not commercially available, extracted rat RBC AChE was used. Preliminary
studies were carried out to select the thAChE enzyme concentration and substrate ATC
concentration that would be within the linear range with respect to formation of the yellow-
colored product 5-thio-2-nitrobenzoic acid (data not shown) and thus optimal to quantify the

ACHhE activity upon inhibition by DZO or DZN. The concentration of DTNB was calculated
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based on the concentration ratio (ATC/DTNB) of 2 (Stern et al. 2014). To this end, series of
increasing concentrations of DZO or DZN in ethanol, 5000 pM chlorpyrifos-oxon in ethanol
(CPO, positive control) and 100% ethanol (solvent control) were all diluted 50x in 100 mM
sodium phosphate (pH=7.4) containing 0.1 mg/ml BSA. Incubation was conducted in 96 well-
plates with 44 pl 100 mM sodium phosphate (pH=7.4) containing 0.1 mg/ml BSA, and 5 pl
DZO solution (final concentrations 0.0005, 0.001, 0.005, 0.01, 0.025, 0.05 0.1, 0.25 0.5 and 1
uM), or DZN solution (final concentrations 1, 2.5, 5, 10, 25, 50, 100, 500 and 1000 uM) or 5
ul positive control (CPO at a final concentration of 10 uM) or 5 ul solvent control (ethanol at
a final concentration 0.2%). To initiate the inhibition reaction, 1 ul thAChE or rat AChE was
added to the incubation. The total incubation volume was 50 pl. After 15 minutes incubation
at 37°C, 150 pl reaction reagents (mixture of ATC at a final concentration of 150 uM and
DTNB at a final concentration of 75 uM) were added into each well. The final total volume of
each well was 200 pl (final enzyme concentration is 0.6 mU/ml). Subsequently, the 96-well
plate was measured continuously for 10 minutes at absorbance 412 nm at 37°C to quantify the

remaining AChE activity.

2.2.5.3 AChE activity data analysis

The rhAChE and rat AChE activity were expressed as the remaining AChE activity relative to
solvent control (100% activity) and positive control (0% activity) based on equation 2 (Eq2):

A412(t10 — t0)Test Compound — A412(t10 — t0)Positive Control
A412(t10 — t0)Solvent Control — A412(t10 — t0)Positive Control

+100% (Eq2)

AChE activity% =

where the A412(t10 - t0)Test Compound is the change in the absorbance at A412 nm between
0 min and 10 min for the test compound, the A412(t10 - t0)Positive Control is the change in
the absorbance at A412 nm between 0 min and 10 min for the CPO sample, and the A412(t10

- t0)Solvent Control is the change in the absorbance at A412nm between 0 min and 10 min for

the 0.2% ethanol sample.

The concentration-dependent human and rat AChE inhibition curves were analysed to define
the half maximal inhibitory concentrations (IC50) for both DZO and DZN using non-linear

regression, Dose Response-Inhibition-Variable, log(inhibitor) vs. response-variable slope (four
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parameters) in GraphPad Prism 5, version 5.04 (GraphPad software, San Diego California
USA), with 95% confidential interval. To further define whether the concentration-dependent
DZN and DZO AChE inhibition curves in both rat and human were parallel or not, the hillslope
values of these curves were statistically compared using non-linear regression, Dose Response-
Inhibition-Variable, log(inhibitor) vs. response-variable slope (four parameters), compare tab
“Do the best fit values of selected parameters differ between data sets” in GraphPad Prism 5,
version 5.04 (GraphPad software, San Diego California USA) based on instruction from

GraphPad (GraphPad 2009).

2.2.6 Determination of unbound fraction of DZO and DZN in the in vitro medium and in

vivo

A previous study from Heilmair et al. (2008) showed that the presence of a low level of BSA
(0.1 mg/ml) will not significantly affect the free concentration of OP chlorpyrifos-oxon in
solution. Based on this observation, the in vitro unbound fraction of both DZN (fuDZNin vitro)
and DZO (fuDZOin vitro) in the in vitro medium are set at 1. To assess whether this assumption
is reasonable, the fuDZOin viro was determined. This was done by using rapid equilibrium
dialysis (RED) performed in line with the manufacturer’s protocol (Thermo Fisher Scientific
2012). To this end, 200 pl in vitro medium containing 0.05 uM DZO were added to the sample
chamber and 350 pl PBS buffer consisting of 100 mM sodium phosphate and 150 mM sodium
chloride to the buffer chamber, separated by a semipermeable membrane in the RED insert
device. The whole device was then incubated for 5 hours at 37°C on a shaker at 250 rmp in
order to reach equilibrium. Then 50 pl of post-incubation sample were separately collected
from the sample and buffer chambers into the corresponding Eppendorf tubes. After this 50 pl
of PBS buffer was added to the sample taken from the sample chamber and 50 pl of in vitro
medium was added to the sample taken from buffer chamber and subsequently 300ul ice-cold
90% acetonitrile (ACN/water, v/v) were added to both samples to precipitate the protein. All
samples were put on ice for 30 minutes, followed by centrifugation for 30 minutes at 15000 g.
The supernatants were collected for LC-MS/MS analysis of the amount of DZO. The fuDZOin
viro Was calculated by dividing the concentration of DZO in the buffer chamber by the

concentration DZO in the sample chamber.
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Given that only the free concentration of DZN and DZO can inhibit AChE in vivo, the fraction
of unbound DZN in vivo (fuDZNin vivo) and of unbound DZO in vivo (fuDZOin vivo) Were
estimated based on SMILES string of compound using the pkCSM prediction tool (Pires et al.
2015; pkCSM n.d.).

2.2.7 PBK model for DZN

The PBK model for DZN was developed based on the model from Poet et al. (2004) with some
modifications for both rat and human. The model structure is presented in Figure 2. The model
contains a sub-model for the metabolite DZO and was defined to include compartments for
rapidly perfused tissue, slowly perfused tissue, liver, fat and blood for both the parent
compound DZN and its metabolite DZO. The model also contains a compartment to describe
the urinary elimination of the metabolites IMHP and DAP (sum of DEP and DETP). In the
currently developed model, oral exposure was included since we aimed at defining a POD for
risk assessment of exposure via food and drinking water, and intravenous (IV) exposure was
included for model evaluation. The fractional absorption (fa) was set equal to literature reported
values, being 0.8 in rat (Poet et al. 2004) and 0.66 in human (Garfitt et al. 2002) and applied to
the overall dose. The absorption of DZN from the stomach into the liver was described using
a two-compartment gastrointestinal tract model as reported by Poet et al. (2004), with a first-
order rate constant for absorption of DZN from the stomach into the liver (KaS) of 0.1 /h for
rat and 0.32/h for human (Poet et al. 2004), a first order rate constant for transfer of DZN from
the stomach into the intestine (KsI) of 0.48/h for both rat and human, a first order rate constant
for absorption DZN from the intestine into the liver (Kal) of 0.59/h for both rat and human,
(Poet et al. 2004), and Ke values for the elimination of IMHP or DAP (sum of DEP and DETP)
into the urine amounting to Ke IMHP = 0.29/h, Ke DEP = 0.29 /h and Ke DETP = 0.29/h for
rat (Poet et al. 2004), and Ke IMHP = 12/h, Ke DEP = 12 /h and Ke DETP=12/h for human
(Garfitt et al. 2002; Poet et al. 2004).
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Fig 2. Structure of the PBK model for DZN in rat and human with a submodel for DZO.

The physiological parameters for rat and human were obtained from Brown et al. (1997) as
well as Gearhart et al. (1990), and are summarised in Table 1. The partition coefficients for
both DZN and DZO were obtained using the approach described by DeJongh et al. (1997),
based on the value LogKow which was derived from clogP estimated using ChemDraw
professional 16.0 (Cambrigesoft) (Table 1). The kinetic parameters for biotransformation of
DZN in rat and human were obtained by conducting in vitro liver microsomal/plasma
incubations as described in the section “In vitro metabolic incubations for deriving kinetic
parameters”. The bioactivation and detoxification of DZN by CYP450 were assumed to occur
only in the liver (Poet et al. 2004), and the resulting DZO was transferred to the DZO sub-
model. In the current model, only unbound DZN and DZO are assumed to be metabolised. The
first-pass metabolism of DZN by the intestine was not taken into account in the current model
because the metabolic conversion in the intestine derived from the conversion in incubations
with intestinal microsomes upon scaling to the whole organ, appeared less than 5% of that
obtained in a similar way for the liver (data not shown). Since PONI can be expected to be

present in both liver and blood, the PONI1-mediated detoxification of DZO was modeled to
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occur in these two compartments (Pyati et al. 2015). To scale the in vitro Vmax values to the
in vivo situation, the following scaling factors were used; 35 mg microsomal protein/g liver for
rat hepatic metabolism (Medinsky et al. 1994), 32 mg microsomal protein/g liver for human
hepatic metabolism (Barter et al. 2007), 77mg plasma protein/ml plasma (total plasma protein
concentration) for human plasma metabolism, and 60 mg plasma protein/ml plasma (total
plasma protein concentration) for rat plasma metabolism. Plasma volume in rat and human
were assumed as 55% of their corresponding blood volume (O'Neil 1999). The Km values
determined in vitro were assumed to be equal to in vivo Km values. When lacking experimental
values the blood plasma ratio (B/P) is often assumed to be 1 for basic compounds or 0.55 (1-
haematocrit) for acidic compounds (Cubitt et al. 2009). In the current study, because
experimental data were not available, and both DZN and DZO are basic compounds, the B/P
ratio of DZN and DZO were assumed to be 1. Therefore, no correction was required between

blood and plasma concentration.
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Table 1. Summary of physiological and physicochemical parameters for the PBK models for DZN and its
metabolite DZO in rat and human (Brown et al. 1997; DeJongh et al. 1997; Gearhart et al. 1990).

Model parameters Rat Human

Physiological parameters

Body weight (BW; kg) 0.25 70.0
Percentage of body weight

Liver 34 2.6
Fat 7.0 21.4
Rapidly perfused 4.8 5.4
Slowly perfused 66.7 58.0
Blood 7.4 7.9
Flow (I/hr/kg BW®""#)

Cardiac output 15.0 15.0
Percentage of cardiac output

Liver 25.0 22.7
Fat 9.0 5.2
Rapidly perfused 51.6 43.0
Slowly perfused 14.4 29.1
Tissue: blood partition coefficients for

DZN

Liver 13.7 7.1
Fat 211.0 137.7
Rapidly perfused 13.7 7.1
Slowly perfused 8.7 4.5
Tissue: blood partition coefficients for

DZO

Liver 3.9 2.6
Fat 89.6 72.4
Rapidly perfused 3.9 2.6
Slowly perfused 24 1.9

Because previously it was shown that not only DZO but also its parent compound DZN are
able to inhibit AChE (Li et al. 2019), in the present study both DZN and DZO were considered
to be able to act as AChE inhibitor. To determine the combined effect of DZN and DZO at the
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target site, the free effective blood maximum concentration of DZN and DZO was expressed

in DZO equivalents using a toxic equivalency factor (TEF) (see equation 3 (Eq3))

Total free in vivo DZN and DZO concentration expressed in DZ0 equivalents

= [DZN] * fuDZN in vivo * TEFDZN + [DZO] * fuDZO in vivo * TEFDZO (Eq3)

In which the Total free in vivo DZN and DZO concentration expressed in DZO equivalents
represents the free blood maximum concentration of DZO plus DZN expressed in DZO
equivalents using the TEF values for DZO and DZN, [DZN] and [DZO] represent the total
blood maximum concentrations of DZN and DZO, which were corrected to their corresponding
free internal maximum concentrations using their unbound fraction in vivo fuDZNin vivo and
fuDZOin vivo, and the TEFDZN and TEFDZO are the toxic equivalency factors of DZN and
DZO. The TEF for DZO was set at 1.0 and the TEF for DZN was defined using equation 4
(Eg4) based on its IC50 and the IC50 of DZO for inhibition of rat AChE or human hrAChE for

the rat and human model, respectively.

TEF DZN = .C20 DZO Eq4
~ 1C50 DZN (Eq4)

The free internal maximum concentration of DZN plus DZO expressed in DZO equivalents
was subsequently used to extrapolate the in vitro AChE concentration-response curve of DZO

to its corresponding in vivo DZN-dose response curve using reverse dosimetry (see below).

All differential equations and the mass balance were coded in Berkeley Madonna software
version 8.3.18 ((Macey and Oster, UC Berkeley, California) using Rosenbrock’s algorithm for

stiff systems. The full model code is presented in Supplementary material II.

2.2.8 Sensitivity analysis

The key parameters that have the largest influence on the prediction of the model parameter of
interest, being the maximum combined DZN and DZO free blood concentration expressed in
DZO equivalents was identified by performing a sensitivity analysis at low non-toxic dose
levels of DZN of 3 mg/kg bw (rat) and 0.011 mg/kg bw (human), and at high DZN dose levels
of 300 mg/kg bw (rat) and 293 mg/kg bw (human), the latter two dose levels representing toxic
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dose levels reported for rat and human respectively (JMPR 2016; Poklis et al. 1980). The

normalized sensitivity coefficients (SC) were calculated based on equation 5 (Eq5):

(-0 P

) (Eq5)

SC=wp—m ¢

In which P represents the original parameter value in the PBK model and P’ is the parameter
value with a 5% increase, while C is the model output with the original parameter values and
C’ is the model output with a parameter value with an increase of 5%. Each parameter was

analyzed individually while other parameters were kept at their initial value.

2.2.9 Model evaluation

The developed rat DZN model was evaluated by comparing predicted time-dependent plasma
concentrations of DZN (both upon oral and IV administration) with their corresponding
available in vivo data (Lu et al. 2003; Poet et al. 2004; Wu et al. 1996). The performance of
the human DZN model was assessed by comparing the predicted urinary DAP excretion against

available in vivo data (Garfitt et al. 2002).

2.2.10 Translation of the in vitro concentration response curve to an in vivo dose response

curve

In this step, the species-specific in vitro DZO AChE inhibition concentration-response curves
were converted to the corresponding DZN dose-response curves via reverse dosimetry using
the rat or human TEF-coded PBK models. To this end, the in vitro DZO concentrations were
assumed to be equal to the nominal concentrations given that the fuDZOin viro Wwas considered
equal to 1. Subsequently, the DZO concentration in vitro was set equal to the free maximum
DZN and DZO concentration expressed in DZO equivalents by multiplying with TEFDZO, to
determine the DZN dose that would result in this concentration, leading to the corresponding
inhibition, ultimately generating the predicted DZN dose-response curve for in vivo RBC

ACHhE inhibition in rat and human by DZN exposure. This was done using equation 6 (Eq6)

Total free in vivo DZN and DZO concentration expressed in DZO equivalents

= [DZO0]in vitro * fuDZO in vitro « TEFDZO (Eg6)

The correction for protein binding in vivo was done as described above (See Eq3).
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2.2.11 Determination of a point of departure (POD) based on the predicted in vivo dose-

response curve

The predicted in vivo RBC AChE inhibition dose-response curves obtained for rat were
validated against available in vivo data (JMPR 2016; USEPA 2016), and subsequently used to
derive a POD for evaluation of the acute toxicity upon oral exposure using a BMD analysis. In
the present study, the BMDL1o was used as POD since also the USEPA used the BMDL1o as
POD to define the acute reference dose (ARfD) (USEPA 2016). To obtain the BMDL1o, the
Benchmark Dose Software version 3.1.2 (USEPA) was used. Of all available models
(Exponential, Hill, Power, Linear and Polynomial) for fitting of continuous data, only the
Exponential and Hill models provided adequate fits to the data, and were employed for
derivation of predicted BMDLio values for rat or human with BMR type of Std. Dev,
confidential level of 0.95, distribution type of normal and variance type of constant. The
BMDL1o value with the lowest AIC was chosen as POD. Finally, the obtained POD values
were evaluated against reported BMDL1o values or POD values from EFSA (2006), JMPR
(2016) and USEPA (2016).
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3. Results
3.1 Kinetic data and total protein concentration
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Fig 3. CYP450-mediated DZN concentration-dependent formation of (A) DZO and (B) IMHP in incubations with
pooled rat (filled triangle) or human (filled circle) liver microsomes, and PON1-mediated DZO concentration-
dependent formation of IMHP in incubations with (C) pooled rat (filled triangle) or human (filled circle) liver
microsomes, or (D) pooled rat (filled triangle) or human (filled circle) plasma. Data points represent mean + SD

of two experiments for each conversion.

The kinetic parameters for biotransformation of DZN and DZO by the different pathways were
determined by incubating increasing concentrations of DZN with pooled human or rat liver
microsomes, and DZO with pooled human or rat liver microsomes or plasma (Fig 3). The
apparent Vmax, Km and the catalytic efficiency (calculated as Vmax/Km) derived from these
data, as well as the determined total protein concentration of plasma are shown in Table 2. In
general, for both rat and human, the CYP450-mediated detoxification of DZN to IMHP is faster
than its CYP450-mediated bioactivation to DZO. The PON1-mediated detoxification of DZO
in liver and plasma was even faster and more efficient. Together these data indicate that

detoxification is preferred over bioactivation in both rat and human. Comparison of the data
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for rat and human, reveals that the unscaled catalytic efficiency of CYP450-mediated

bioactivation is 20-fold higher in rat than human while detoxification is 15-fold more efficient

in rat compared to human. These differences originate from a 12.6-fold lower Km for the

CYP450-mediated bioactivation reaction, and a 9.3-fold lower Km for CYP450-mediated

detoxification in rat than in human. PON1-mediated conversion of DZO in rat liver and plasma

was 10.7-fold and 4.5-fold faster than that in human liver and plasma, respectively, due to a

12.9-fold higher Vmax in rat liver and 3.5-fold higher Vmax in rat plasma as compared to

human plasma. Besides, the results also show that rat plasma and human plasma have

comparable total protein concentrations, being 60 mg/ml in rat plasma and 77 mg/ml in human

plasma (Table 2).

Table 2. Kinetic parameters for biotransformation of DZN and DZO in liver and plasma

Pathway Rat Human
Liver
DZN to DZO
Vmax (nmol/min/mg microsomal protein) 0.288 0.187
Km (uM) 4.745 59.600
CE (ml/min/mg microsome protein) * 0.060 0.003
DZN to IMHP
Vmax (nmol/min/mg microsomal protein) 1.098 0.665
Km (uM) 1.764 16.340
CE (ml/min/mg microsome protein)* 0.620 0.041
DZO to IMHP
Vmax (nmol/min/mg microsomal protein) 691.100 53.490
Km (uM) 668.000 557.400
CE (ml/min/mg microsome protein)* 1.030 0.096
Plasma
DZO to IMHP
Vmax (nmol/min/mg plasma protein) 431.400 124.000
Km (uM) 535.600 701.000
CE (ml/min/mg plasma protein) * 0.810 0.180
Total protein concentration (mg/ml) 60.000 77.000

4 CE = catalytic efficiency (ml/min/mg microsome protein or ml/min/mg plasma protein) calculated as Va/Km
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3.2 AChE inhibition concentration-response curve and TEF calculation
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Fig 4. Effect of increasing concentration of DZO (circle) and DZN (square) on AChE activity of rat (filled circle
or square) and human (unfilled circle or square) at 37°C. Each value represents the mean = SD of three independent

experiments.

Figure 4 shows the DZO concentration-dependent inhibition of rat and human AChE activity,
with 50% inhibition (IC50) being observed at a concentration of 0.0515 uM (with the 95%
confidence interval ranging from 0.0443 uM to 0.0610 uM) for rat and 0.0440 uM (with the
95% confidence interval ranging from 0.0380 uM to 0.0521uM) for human. The IC50 values
observed for DZN were substantially higher amounting to 14.66 uM (with the 95% confidence
interval ranging from 12.91 uM to 16.63 uM) for rat and 14.26 uM (with the 95% confidence
interval ranging from 11.64 uM to 17.59 uM) for human (Figure 4). These IC50 values indicate
that rat and human AChE appear to show comparable sensitivity towards in vitro inhibition
following DZO and DZN exposure. Besides, the comparison of hillslope values of the curves
indicated that the DZN and DZO curves are parallel for both human and rat (the hillslope value
of AChE inhibition induced by DZN and DZO in human is -1.2700, and -1.0200, with p value
of 0.0797, and that in rat is -1.3220 and -1.1240, with p value of 0.1504. To incorporate the
TEF method into the PBK model developed for predicting the combined free blood
concentration of DZN and DZO at the target site (RBC AChE) in DZO equivalents, the TEF
value for DZN was calculated based on the ICso values derived from the in vitro concentration-
AChE inhibition curves, setting the TEF of DZO at 1.0. The TEF values thus obtained for
DZN and DZO are 0.00351 and 1.0 in rat, and 0.00310 and 1.0 in human.
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3.3 PBK model validation
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Fig 5. Comparison between reported in vivo data and PBK model predictions for (A) the time-dependent DZN
plasma concentration in rats upon IV administration of DZN at 10 mg/kg bw (Wu et al. 1996); (B) the time-
dependent DZN plasma concentration in rats upon IV administration of DZN at 1 mg/kg bw and 10 mg/kg bw
(Lu et al. 2003); (C) the time-dependent DZN plasma concentration in rats upon oral administration of DZN at 80
mg/kg bw (Wu et al. 1996); (D) the time-dependent DZN plasma concentration in rats upon an oral DZN dose of
50, and 100 mg/kg bw (Poet et al. 2004); (E) the urinary excretion of DAP in humans upon an oral dose of 0.011
mg/kg bw (Garfitt et al. 2002).
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The PBK models developed for DZN were evaluated against in vivo data. For the rat model,
the evaluation was based on comparison of the model predictions with four sets of available in
vivo data. These included: 1) the time-dependent DZN plasma concentration upon IV
administration of DZN at 10 mg/kg bw (Fig SA) (Wu et al. 1996); 2) the time-dependent DZN
plasma concentration upon IV administration of DZN at 1 and 10 mg/kg bw (Fig 5B) (Lu et al.
2003); 3) the time-dependent DZN plasma concentration upon oral administration of DZN at
80 mg/kg bw (Fig 5C) (Wu et al. 1996); and 4) the time-dependent DZN plasma concentration
upon an oral DZN dose of 50, and 100 mg/kg bw (Fig 5D) (Poet et al. 2004). The data reveal
that the model adequately predicts the DZN plasma concentration upon IV administration (Fig
5A and 5B). Upon oral dosing, the predictions vary, but this seems to be also related to
differences in the experimental data. The DZN plasma levels reported by Poet et al. (2004) for
example are around 7-fold and 4-fold lower at a dose level of 50 and 100 mg/kg bw than what
is reported by Wu et al. (1996) at a dose level of 80 mg/kg bw, pointing at a discrepancy in
between these in vivo data. In the present study, the PBK model predictions matched the
reported plasma DZN levels from Wu et al. (1996) well based on the acceptance criteria from
the WHO (WHO 2010) (predictions are between 0.8- to 2-fold different from in vivo data) (Fig
5C), while the predictions are 2- to 3-fold different from the values reported by Poet et al. (2004)
(Fig 5D). Given that the PBK model accurately predicted the data from the Wu et al. (1996)
(Fig 5C), and the fact that the maximum plasma concentration levels reported by Poet et al.
(2004) at dose levels of 50 and 100 mg/kg bw are 7.4- and 4.4-fold lower than the concentration
level reported by Wu et al. (1996) at 80 mg/kg bw (instead of only 1.6-fold lower and 1.25-
fold higher in line with the dose differences), it is concluded that these lower values reported
by Poet et al. (2004) might be related to an experimental factor resulting from for example
lower oral bioavailability of the administered dose. Based on these considerations it was
concluded that the PBK model was acceptable for further reverse dosimetry. This is further
supported by the data presented in Figure SE show that the related human PBK model well
predicted urinary excretion of DAP (within 1.5-fold difference compared with DAP urinary
excretion data in human) upon an oral dose of 0.011 mg/kg bw given to human subjects (four

men and one woman, age range 30—50 years, weight range 7690 kg) by Garfitt et al. (2002).
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3.4 Sensitivity analysis
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Fig 6. Sensitivity analysis for the predicted free blood concentration of DZN plus DZO expressed in DZO
equivalents at (A) low dose levels of DZN of 3 mg/kg (rat) and 0.011 mg/kg bw (human), and (B) high dose levels
of DZN of 300 mg/kg (rat) and 293 mg/kg bw (human). The parameters represent: BW= body weight,VLc =
fraction of liver tissue, VBc = fraction of blood, VSc = fraction of slowly perfused tissue (bone, muscle and skin),
QC = cardiac output, QFc = fraction of blood flow to fat, QLc = fraction of blood flow to liver, QRc = fraction of

blood flow to richly perfused tissue, QSc = fraction of blood flow to slowly perfused tissue (muscle, skin, bone),
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PSDZN = slowly perfused tissue/blood partition coefficient of DZN, KaS= first order rate constant for absorption
DZN from stomach into liver, Kal= first order rate constant for absorption DZN from intestine into the liver, KsI=
first order rate constant for transfer of DZN from stomach to intestine, fa= fractional absorption, MPL = liver
microsomal protein yield, Vmaxlc =maximum rate for conversion of DZN to DZO, Km1 = Michaelis Menten
constant for conversion of DZN to DZ0O, Vmax2c¢ =maximum rate for conversion of DZN to IMHP, Km2 =

Michaelis Menten constant for conversion of DZN to IMHP, Vmax3c¢ = maximum rate for conversion of DZO to
IMHP in liver, Km3 = Michaelis Menten constant for conversion of DZO to IMHP in liver, Vmax4c = maximum
rate for conversion of DZO to IMHP in plasma, Km4 = Michaelis Menten constant for conversion of DZO to
IMHP in plasma, MPB = plasma protein scaling factor, fuDZNi, vivo= free fraction of DZN in vivo, fuDZOj; vive=
free fraction of DZO in vivo, TEFDZN= toxic equivalency factor of DZN, TEFDZO= toxic equivalency factor of
DZO.

In the present study, the impact of each parameter on the model output (the maximum free
blood concentration of DZO plus DZN expressed in DZO equivalents) was determined by
performing a sensitivity analysis. Only the parameters with normalized sensitivity coefficient

higher than 0.1 (absolute value) are shown in Figure 6.

For both rat and human, the predicted maximum blood free concentration of DZN plus DZO
expressed in DZO equivalents is substantially influenced by body weight, kinetic parameters
for all pathways of DZN, volume of liver, volume of blood, blood flow to rapidly and slowly
perfused tissue as well as to liver tissue. In addition, all three absorption rate constants, fraction
of dose absorbed, liver microsomal protein yield scaling factor, plasma protein scaling factor,
the fuDZNin vivo, fuDZOin vivo as well as the TEFDZN and TEFDZO appear to have a substantial
influence on the prediction at low dose of DZN. At high dose level, similar results were
obtained except for the influence of the kinetic parameters and plasma total protein
concentration that became less influential, while slowly perfused tissue/blood partition

coefficient of DZN and cardiac output started to play a role.

3.5 Unbound fraction of DZO and DZN in the in vitro medium and in vivo

The fuDZNin vivo and fuDZOin vivo were predicted to be 0.329 and 0.302, respectively. An
fuDZOin vitro value of 0.96 was obtained (with the recovery rate of post-dialysis of DZO in the
in vitro medium being 74%), indicating that the presence of a low level (0.1mg/ml) of BSA in

the in vitro medium does not substantially affect the free fraction of DZO. This observation is
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in line with the data reported by Heilmair et al. (2008) as mentioned above. A similar result is
expected for DZN since DZN and DZO have comparable unbound fractions in plasma.

Therefore, the unbound fraction of both DZN and DZO in vitro was set at 1.
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3.6 Relative contribution of DZN and DZO to plasma DZO equivalents
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Fig 7. The PBK model based predicted dose-dependent relative contribution of DZN and DZO to the free blood
concentration expressed in DZO equivalents in (A) rat and (B) human. The insert presents the data at the lower

dose levels (up to 10 mg/kg bw) in some more detail.

Figure 7 shows the predicted dose-dependent relative contribution of DZN and DZO to the
total free blood concentration expressed in DZO equivalents in rat and human. These results

indicate that, apart from DZO, DZN is predicted to be another major contributor to the blood
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DZO equivalents, in spite of its relatively low TEF values of 0.00351 in rat and 0.00310 in
human. This is especially apparent at high dose levels (at dose levels higher than 240 mg/kg in
rat and 50 mg/kg in human), the role of DZN even outweighs that of its active metabolite DZO
because of its high concentration and the almost saturation of its conversion to DZO. Similarly,
the predicted free blood maximum concentration of DZO for a DZN dose range from 0 up to
300 mg/kg bw (supplementary material III) in humans is around 2- to 4-fold higher than that
in rats, while this inter-species difference increases to around 4- to 10-fold when comparing
the predicted dose-dependent maximum blood concentrations expressed in DZO equivalents
in human and rat, with the values in human being higher (supplementary material III). Overall,
Figure 7 and supplementary material III together reflect the relatively higher contribution of
DZN to the toxicity in human than in rats, and also that it is essential to take the contribution

of both DZN and DZO into account.
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3.7 Predicted in vivo dose-response curves for AChE inhibition and their

evaluation

--- human predicted
O human 0.21 mg/kg
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male rat 300 mg/kg
male rat 600 mg/kg
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female rat 150mg/kg
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Fig 8. The predicted in vivo dose-response curves for AChE inhibition upon DZN exposure in rat (solid line) and
human (dashed line) using PBK-model-based reverse dosimetry.The individual data points represent available in
vivo data for RBC AChE inhibition in rat and human upon oral exposure to DZN at different dose levels as

reported by JMPR (2016) and USEPA (2016).

Figure 8 presents the predicted in vivo dose-response curves for AChE inhibition upon DZN
exposure in rat and human. Based on the predicted dose-response curves obtained, human
seems more sensitive than rat in terms of AChE inhibition caused by DZN exposure, although
a similar intrinsic potency was found from the in vitro concentration-response curves for human

and rat AChE inhibition from which these in vivo predicted curves were derived (Figure 4).
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This indicates that differences in kinetics influence the interspecies differences in in vivo

sensitivity.

For comparison, Figure 8 also presents the individual data points for AChE inhibition as
reported by JMPR and USEPA (JMPR 2016; USEPA 2016). Comparison of these data to the

predicted curves reveals that the predictions are in line with the reported in vivo data.

3.8 Predicted BMDL¢ values and their evaluation

The dose-response curves obtained were used to derive BMDL 1o values for both rat and human
allowing comparison to PODs available from previous evaluations (EFSA 2006; JMPR 2016;
USEPA 2016). The predicted BMDL10 values amounted to 2.1 and 12.6 mg/kg bw for human
and rat respectively (Table 3). The BMDL1o value for human was 6-fold lower than that for rat,
a difference that is lower than the default uncertainty factor of 10 for interspecies differences,
providing support for a chemical-specific adjustment factor. The BMDL1o of 12.6 mg/kg bw
for rat, compares well to the BMDLo for inhibition of brain and RBC AChE in male adult rats
upon oral DZN administration, amounting to 12.175 mg/kg bw/day for inhibition of brain
AChE and 4.804 mg/kg bw/day for inhibition of RBC AChE, respectively (USEPA 2016).
The predicted BMDL1o of the present study for rat RBC AChE inhibition appears the same as
the BMDL1o reported for inhibition of brain AChE and 2.6-fold higher than that for inhibition
of RBC AChE. However, EPA used a BMDL1o value of 3 mg/kg bw derived from RBC AChE
inhibition in female rat pups (PND11) (USEPA 2016) as the POD for deriving an ARfD. A
previous study indicated that the inhibition of brain AChE in pups at postnatal day 17 was 2-
fold higher than in adult rats (75% instead of 38%) at a similar oral dose of 75 mg/kg bw
(Padilla et al. 2004), suggesting that the early life stage of rat (pups) show a greater sensitivity
than adult rats. Therefore the predicted BMDL 1o in the current study for adult rats can be further
corrected by this factor 2, resulting in a POD of 6.3 mg/kg bw which is 2.1-fold higher than
the POD of 3 mg/kg bw used by the EPA (USEPA 2016).

Different from the EPA, IMPR used a no-observed-adverse-effect level (NOAEL) of 2.5 mg/kg
bw from an acute (neuro)toxicity study of DZN in rats (JMPR 2016) based on inhibition of
brain and RBC AChE activity in female rat at a lowest observed adverse effect level (LOAEL)
of 25 mg/kg bw. Similarly, EFSA used an overall NOAEL of 2.5 mg/kg bw from three rat
studies (EFSA 2006) based on AChE inhibition alone or AChE inhibition together with
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reversible neurotoxic effects occurring at a LOAEL of 25 mg/kg or 150 mg/kg. Because of the
wide dose range used in these studies resulting in a large dose range between the NOAEL and
LOAEL values, the NOAEL of 2.5 mg/kg bw derived from these studies may provide a
relatively low POD. Taking this consideration into account, the predicted BMDL1o values in

the present study also seem to be in line with these reported NOAEL values.

Table 3. Comparison of predicted BMDL, values to reported BMDL,y values and to the NOAEL values

established by USEPA (2016), EFSA (2006) and JMPR (2016) for DZN

Reported
Reported Reported Predicted Predicted
NOAEL Predicted
BMDL, BMDLg BMDL BMDL
from EFSA BMDL
PODs from EPA from EPA for for
and JMPR (adult rat) ( ) dul for human
adult rat ups adult rat rat pups
(adult rat) pup pup (mg/kg bw)
(mg/kg bw) | (mg/kg bw | (mg/kg bw) | (mg/kg bw)
(mg/kg bw)
Diazinon 2.5 4.8 3.0 12.6 6.3 * 2.1

* Value derived from the BMDL, for adult rats taking into account the results from an in vivo study (Padilla et

al. 2004), showing that pups are expected to be 2-fold more sensitive than adults
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4. Discussion

The present study aimed to assess the feasibility of using a TEF-coded PBK model for DZN,
containing a submodel for its active metabolite DZO, together with reverse dosimetry as an
alternative approach to predict rat and human in vivo RBC AChE inhibition dose-response
curves for DZN. The models were based on mainly in silico and in vitro data. The rat DZN
model was built and evaluated first and used as the basis for developing the human DZN model
since less human in vivo data are available for model evaluation (EFSA 2006; JMPR 2016;
USEPA 2016). The results obtained reveal that the developed rat model adequately predicted
the toxicokinetic profile of DZN in rat, and could also adequately convert the in vitro
concentration-response curve to an in vivo dose response curve for DZN mediated-AChE
inhibition, resulting in a BMDL1o value comparable to the BMDL1o reported for inhibition of
rat brain AChE and 2.6-fold different from the reported BMDL1o for inhibition of rat RBC
AChE, respectively (EFSA 2006; JMPR 2016; USEPA 2016). Furthermore, the obtained
results also show the predicted BMDL1o of human to be 6-fold lower than that of rat, in spite
of similar in vitro concentration response curves for DZN or DZO mediated AChE inhibition.
This result indicates that interspecies differences in toxicokinetics of DZN between rat and
human play an important role in the ultimate species differences in in vivo toxicity. This 6-fold
difference in the BMDL1o values as derived for adult populations is smaller than the default
uncertainty factor for interspecies differences of 10. However, the actual uncertainty value for
interspecies differences may be affected when considering potential species differences in
sensitivity at different life stages, with rats showing 2-fold higher sensitivity at younger life
stages. On the other hand, when using a QIVIVE based POD derived using human data, use of
an interspecies uncertainty factor would no longer be required. In that case an extra uncertainty
factor may be considered to account for the fact that the in vitro-in silico QIVIVE approach
brings other uncertainties. Altogether, establishment of the actual size of the overall uncertainty
factor has to await further studies also including data for potentially vulnerable groups within
the human population, like children and pregnant women. Besides, the obtained results also
revealed that, in spite of an around 300-fold lower AChE inhibitory potency of DZN than of
its active metabolite DZO, DZN still plays a substantial role in the induced AChE inhibition,
indicating AChE inhibition induced by DZN should be taken into account in DZN risk
assessment. At dose levels higher than 240 mg/kg bw in rat and 50 mg/kg in human, the role
of DZN even outweighs that of its active metabolite DZO, mainly due to its substantially higher

plasma levels caused by the high dose levels and metabolic capacities for both its bioactivation
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and detoxification approaching saturation. Overall, our findings show that the reverse
dosimetry approach combining in vitro data and the TEF-coded PBK models provides a

promising tool to predict in vivo dose-response curves for OP-induced AChE inhibition.

The obtained kinetic data revealed that, for both rat and human, CYP450-catalysed conversion
of DZN results primarily in detoxification to IMHP rather than giving rise to bioactivation to
DZO, which is in line with the conclusion from other studies (Mutch and Williams 2006; Poet
et al. 2003; Sams et al. 2004). The Km values for these CYP450-mediated conversions
appeared to be substantially lower than what was reported before (Poet et al. 2003), a
discrepancy most likely due to the concentration ranges used to define the kinetic parameters.
In the present study, Km values were determined using a range of DZN concentration (1 pM
to 250 uM) that allowed to fully capture both initial kinetics at low concentrations as well as
the saturation phase, while in the literature (Poet et al. 2003), the Km was defined based on the
activity measured only at concentrations (80 uM to 800 uM) exceeding the actual Km, thus
resulting in inaccurate Km values. For PONI-mediated detoxification, there were no
differences in kinetic parameters for liver and plasma samples of rat or human, indicating that
the PON1 activities in these two tissues display similar kinetics, an observation in line with the
fact that PONI in blood originates from synthesis in and release from the liver (Pyati et al.

2015).

Detailed comparison of the species differences between rat and human reveal that rat display a
faster metabolic rate for CYP450-mediated bioactivation and detoxification of DZN than
human, indicating that at the same exposure level, and assuming similar bioavailability, levels
of DZN will be lower in rat than human. This is one of the reasons why differences in kinetics
cause a species difference in in vivo toxicity. In addition, PON1-mediated detoxification of
DZO to IMHP is faster in rat than human in both liver and blood, counteracting the faster DZO
formation from DZN in rat than human. Clearly the PBK models provide a way to evaluate the
combined influence of all these differences in kinetics on the ultimate in vivo toxicity. The
interspecies kinetic differences in CYP450-mediated conversions may be explained by
different CYP450 involved in DZN metabolism in rat and human liver. For rat, metabolism of
DZN to DZO and IMHP are mainly catalysed by CYP1A2, CYP2C11, CYP3A2, and
CYP2B1/2 (Fabrizi et al. 1999; Ueyama et al. 2007), while in human, the metabolism is mainly
mediated by CYP1A1, CYP1A2, CYP2B6, CYP2C19 and CYP3A4 (Ellison et al. 2012;
Kappers et al. 2001; Mutch and Williams 2006; Sams et al. 2004). Although the detoxification
of DZO in rat and human are both mediated by PON1, in the present study, the rat appeared to
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be a faster DZO metaboliser than human, which could be explained, at least partly, by higher
PONT1 activity in rat than human (Berry et al. 2009; Kaliste-Korhonen et al. 1996; Makhaeva
et al. 2009). This observation is in line with data reported by Makhaeva et al. (2009) for another
OP, indicating an approximately 4-fold faster PON1 mediated-hydrolysis of paraoxon by rat

than human plasma samples.

To assess the inhibitory capability of DZO on human RBC AChE, the in vitro human AChE
inhibition assay was conducted using thAChE. thAChE has been widely used to assess AChE
inhibition (Amitai et al. 1998; Kaushik et al. 2007; Li et al. 2019; Sultatos 2007), and the IC50
value of DZN obtained using thAChE in the present study of 14.26 uM is comparable to the
value reported previously for natural human RBC AChE (IC50=24.45 uM) (Fakhri-Bafghi et
al. 2016). Therefore, the use of rhAChE is expected to be adequate to describe the inhibitory
profile of DZN and DZO on human RBC AChE. It is also of interest to note that there was no
interspecies difference in the in vitro DZO-induced AChE inhibition between rat and human in
the present study, and a similar conclusion has been previously reported for dichlorvos, another

OP (MacGregor et al. 2005).

In the present study, a TEF-coded PBK model was used to describe free blood concentrations
of DZO plus DZN expressed in DZO equivalents at the target sitt RBC AChE. The results
reveal that the free blood concentration of DZN contributes substantially to the DZO
equivalents, indicating it is of critical importance to take internal free DZN concentrations into
account when conducting DZN risk assessment. The use of the TEF approach is based on the
assumptions that 1) DZN and DZO initiate toxicity via the same mode of toxic action (AChE
inhibition); ii) their concentration-response curves are parallel; iii) their toxicity is additive
(Starr et al. 1999; Watt et al. 2016). The first assumption is supported by the fact that both DZN
and DZO induce inhibition of AChE activity. The second assumption was supported by
statistical comparison of the hillslope values describing the steepness of the concentration-
response curves of DZN and DZO in both human and rat. The comparison showed that the
hillslope values of DZN and DZO are similar in both human and rat, with p values of 0.0797
and 0.1504, respectively, indicating the DZN and DZO curves are parallel in both species. In
terms of assumption three, the combined effect of DZN and DZO was assessed by incubating
rthAChE with DZO only or an equipotent mixture of DZO+DZN in which the concentration of
DZN and DZO were selected in such a way that each compound would contribute 50% to the
AChE inhibition based on the TEF values of DZN and DZO derived in the present paper. The

results (Supplementary material IV) obtained showed that the curves coincided indicating the
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combined effect of DZN and DZO to be additive. This additive combined effect between DZN
and DZO was also observed in the study of Colovi¢ et al. (2011). Different from the
conventional TEF approach that defines TEF values based on dose-response curves from in
vivo models (USEPA 2016), the TEF values derived in the present study were based on IC50
values derived from in vitro concentration-response curves. This implies that the TEF values
do not include the contribution of in vivo toxicokinetics, including absorption, distribution,
metabolism, and excretion. These aspects are accounted for by the PBK model itself when
performing reverse dosimetry. Using TEF in a toxicokinetic-toxicodynamic (TK-TD) model
has been successfully applied in a previous study to predict internal concentrations of a metal

mixture and its resulting toxicity (Gao et al. 2016; Gao et al. 2018).

To evaluate whether the currently developed TEF-coded PBK model-facilitated reverse
dosimetry approach can be used to determine POD values for DZN risk assessment, BMDL 1o
values obtained from the predicted dose-response curves were compared with EPA reported
BMDLo values for both pups and adult rat, showing that the approach provided a reasonable
estimation of the BMDL 0.

Although the currently developed method is promising to be used in future risk assessment, it
is of importance to also mention its limitations. The first is that interindividual variations have
not (yet) been taken into account. Previously reported studies indicated potentially large
interindividual variations in the expression of enzymes involved in DZN metabolism. For the
biotransformation of DZN to DZO, this includes an up to 20-fold variation in CYP2C19 human
hepatic expression levels, an up to 100-fold variation in CYP2B6 human hepatic expression
levels, and an up to 40-fold variation for CYP3A4 expression in liver and small intestine donor
tissues (Ellison et al. 2012; Koukouritaki et al. 2004; Lamba et al. 2002; Lang et al. 2001; Tracy
et al. 2016; Westlind et al. 1999). Such interindividual variability in CYP450 was reflected by
data on DZO formation from DZN showing a 6- to 59-fold difference between 15 human liver
samples (Kappers et al. 2001). Similarly, a substantial about 40-fold interindividual human
variation in the activity of PON1, the key enzyme for detoxification of DZO, has been observed
(Costa et al. 2006). Given that the present study focussed on the average adult population using
kinetic data defined with pooled human samples, a further study of the consequences of these
interindividual differences for the predicted AChE inhibition remains an interesting topic for
future research. The second limitation relates to the reverse dosimetry approach. This PBK
based approach does not account for dynamic changes in AChE activity due to for example

AChE regeneration, aging, degradation, and inhibition. This implies that it can predict acute
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toxicity but may be less appropriate for prediction of toxicity upon repeated exposure, resulting
in inhibition of RBC AChE activity and neurotoxicity of DZN (Hernandez et al. 2005). This is
further illustrated by the fact the BMDL1o values for this subchronic exposure related AChE
inhibition are generally lower than the ones reported for inhibition of RBC AChE upon single
dose exposure (USEPA 2016). In addition, the potential protective effects of other B-esterases
enzymes such as BuChE and CaE were not included in the current study. As reported in
previous studies, B-esterases like BuChE and CaE might influence the OP induced AChE
inhibition, by binding the OP so that less oxon-metabolites are available in the circulation to
inhibit AChE in vital tissues (Chanda et al. 2002; Chanda et al. 1997; Costa 2001; Costa 2006;
Jokanovi¢ 2009). Such a potential protective role of BuChE and CaE has been investigated
especially in animals. Raveh et al. (1997) reported that pretreatment of monkeys with human
plasma derived BuChE can protect against toxicity induced by a lethal dose of the OP ethyl-S-
(2-diisopropylaminoethyl) methyl-phosphonothiolate. Similarly, a study from Duysen et al.
(2011) showed that exposure to 3 mg/kg bw of the OP soman coumarin can be lethal to mice
deficient in plasma CaE but not to the wild type mice, indicating a possible potential protective
role of CaE. However the role of BuChE and CaE in OP toxicity in human is still not well
known (Chanda et al. 2002; Jokanovi¢ et al. 2020). The potential protective effect of BuChE
and CaE might depend on: 1) the affinity between the enzymes and the respective OP (Chanda
et al. 2002); 2) the endogenous level and activity of the enzymes (Chanda et al. 2002; Jokanovi¢
et al. 2020); 3) the genotype of the enzymes (Eaton et al. 2008). In the present study this
potential protective role of the B-esterases was not specifically considered. This may in theory
result in an over-estimation of the predicted dose-dependent AChE inhibition. However, the
QIVIVE values in the present study do not seem to overpredict the toxicity as reflected by the
good match between the predicted dose-response curves for AChE inhibition in rat and the
actual in vivo data available from literature (Figure 8), suggesting the influence of the B-

esterases to be limited if any.

In spite of these limitations the results of the present study show that the DZN TEF coded-PBK
model together with QIVIVE appeared a suitable method to predict RBC AChE inhibition upon
acute oral exposure to DZN in human and rat. The obtained results indicate an interspecies
difference in toxicokinetics of DZN, resulting in the predicted BMDL 10 of human to be around
6-fold lower than that of rat, indicating that the default uncertainty factor of 10 for interspecies
extrapolation might be overprotective. Given the fact that this method is based on mainly an

in silico and in vitro approach, it provides an alternative method reducing animal testing for
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setting PODs in human risk assessment. Furthermore, by replacing relevant parameters (e.g.
the absorption and excretion constants) with the data derived based on in silico and in vitro
assays, a PBK model for human can be defined and used to derive a POD for human risk

assessment without the need for in vivo studies.
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Chapter 5

Abstract

The present study compares two approaches to evaluate the effects of inter-individual
differences in the biotransformation of chlorpyrifos (CPF) on the sensitivity towards in vivo
red blood cell (RBC) acetylcholinesterase (AChE) inhibition and to calculate a chemical
specific adjustment factor (CSAF) to account for inter-individual differences in kinetics
(HKaF). These approaches included use of a Supersome™ cytochrome P450 (CYP)-based and
a human liver microsome (HLM)-based physiologically based kinetic (PBK) model, both
combined with Monte Carlo simulations. The results revealed that bioactivation of CPF
exhibits biphasic kinetics caused by distinct differences in the Km of CYPs involved, which
was elucidated by Supersome™ CYP rather than by HLM. Use of Supersome™ CYP-derived
kinetic data was influenced by the accuracy of the intersystem extrapolation factors (ISEFs)
required to scale CYP isoform activity of Supersome™ to HLMs. The predicted dose-response
curves for average, 99" percentile and 1% percentile sensitive individuals were found to be
similar between the two approaches when biphasic kinetics was also included in the HLM-
based approach, resulting in similar benchmark dose lower confidence limits for 10% inhibition
(BMDL10) and HK ar values. The HK A values at the 99' percentile were around 1.4-fold higher
than those at the 95™ percentile, and were even slightly higher than the default uncertainty
factor of 3.16, reflecting possible inadequate protection by the default factor for the extremely
sensitive individuals. Given that the HLM-based approach may miss the biphasic kinetics, it is
concluded that the Supersome™ CYP-based approach appeared more adequate for identifying

inter-individual variation in biotransformation of CPF and its resulting RBC AChE inhibition.
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1. Introduction

Chlorpyrifos (CPF) is the organophosphate most studied in the past decades due to its intensive
use as an insecticide in nearly 100 countries (The Dow Chemical Company). Inhibition of
acetylcholinesterase (AChE) following irreversible binding of the potent metabolite of CPF
chlorpyrifos-oxon (CPO), has been characterized as the main cause of acute CPF exposure-
related (neuro)toxicity (Satoh and Gupta 2011). On 10 January 2020, The European
Commission formally adopted regulations that revoke the renewal of approval for CPF
(European Commision 2020) because: 1) the potential genotoxicity of CPF remained unclear,
leading the European Food Safety Authority (EFSA) to conclude that no toxicological
reference dose could be derived, hampering the risk assessment for consumers, operators,
workers, bystanders and residents; ii) developmental neurotoxicity has been observed in
epidemiological studies; and iii) CPF is classified as reproduction category 1B (regarding
developmental toxicity) (EFSA 2019). Recently, although more and more countries ban the use
of CPF or allow its use only under certain restrictions, CPF residues are still frequently and
widely found in food, and in some samples residue levels have been reported to exceed the
European Union Maximum Residue Levels (EUMRL) or to result in exposures above the acute
reference dose (ARfD) (EFSA 2020; HEAL and PAN Europe 2019; Hongsibsong et al. 2020).
Given that measuring the AChE inhibition in the nervous system is not straightforward,
measurement of red blood cell (RBC) AChE inhibition has been widely used as a surrogate
endpoint to derive points of departure (PODs) in human risk assessment for organophosphate
pesticides (OPs) including CPF (EFSA 2014; USEPA 2014). Also in the present study, RBC

AChHE inhibition was used as critical adverse effect for the assessment.

The metabolic pathways of CPF (Figure 1) have been well characterized and include: 1)
bioactivation of CPF to the potent AChE inhibitor CPO by cytochrome P450 (CYP) (pathway
1) (Foxenberg et al. 2007; Sams et al. 2004); ii) detoxification of CPF to 3,5,6-trichloro-2-
pyridinol (TCPy) and diethyl thiophosphate (DETP) by CYP (pathway 2) (Foxenberg et al.
2007; Sams et al. 2004); iii) detoxification of the bioactive metabolite CPO to TCPy and diethyl
phosphate (DEP) by paraoxonasel (PONT1) present in liver (pathway 3) and in plasma (pathway
4) (Furlong et al. 1989; Timchalk et al. 2002). Available data (Foxenberg et al. 2007) indicate
that the bioactivation reaction is mainly mediated by the isoforms CYP2B6, CYP1A2 and to a
lesser extent by CYP2C19, CYP3A4, CYP3AS and CYP3A7, while the detoxification reaction
is mainly catalyzed by CYP2C19 and CYP1A2, and to a lesser extent by CYP2B6, CYP3A4
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as well as CYP3AS. Additionally, Foxenberg et al. (2007) also pointed out that the Michaelis-
Menten constant (Km) of CYP1A2, CYP2B6, CYP2C19 towards CPF is one to two orders of
magnitude lower than that of CYP3A4, indicating the possible primary roles of CYP1A2,
CYP2B6, CYP2C19 in CPF biotransformation at low level exposure.

Previous studies have shown that the expression and activity of enzymes involved in CPF
biotransformation are highly variable among the general human population (Lang et al. 2001,
Tracy et al. 2016; Westlind-Johnsson et al. 2003). For example, a 100-fold difference in protein
levels of CYP2B6 between human individuals (Lang et al. 2001), a 40-fold inter-individual
variation in protein levels of CYP3A4 (Westlind-Johnsson et al. 2003) and up to 20-fold
variation in CYP2C19 expression within different individuals (Ellison et al. 2012;
Koukouritaki et al. 2004) have been shown. Moreover, PON1 shows a 40-fold inter-individual
variation in activity (Coasta et al. 2006). Such inter-individual variability in the expression of
CPF biotransformation-related enzymes may ultimately lead to inter-individual differences in
sensitivity toward CPF poisoning, because the susceptibility of human individuals towards CPF
poisoning is determined by the balance between bioactivation of CPF and detoxification of

CPF and CPO in the human body (Poet et al. 2003; Timchalk et al. 2002).

To address inter-individual human variation in metabolism upon exposure to different
compounds, so called physiologically based kinetic (PBK) model has been used. A PBK model
enables translation of external exposure into internal concentrations of a chemical based on
physico-chemical, physiological, and kinetic parameters (Boonpawa et al. 2015; Ning et al.
2019; Poet et al. 2017; Smith et al. 2014; Strikwold et al. 2017). A PBK model can describe
the absorption, distribution, metabolism and excretion (ADME) of a compound in an organism,
and by integrating Monte Carlo simulations into the PBK model, it provides the opportunity to
investigate the effect of inter-individual differences in toxicokinetics. To apply this approach
for CPF, the related biotransformation parameters and their inter-individual variability must be
quantified. This can be done using either Supersome™ CYP (from now on written as
Supersome™, genetically engineered enzyme systems with a relatively high catalytic activity
of an individual CYP) or human liver microsome (HLM). In the present study, both methods
were applied to allow a comparison. The kinetic parameters derived by either Supersome™ or
HLM in vitro were used as input for the PBK model to further assess the inter-individual
variation in metabolism of CPF and the resulting susceptibility towards CPF exposure-induced
RBC AChE inhibition. Theoretically, the HLM-based PBK model approach can capture and

represent variation in hepatic CYP-mediated metabolism in different human individuals well
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since variation of HLM is described based on kinetic data obtained from individual HLMs.
However, this approach normally requires large number of individual HLMs to capture the
variation representative for the population as a whole, and the obtained kinetic data cannot be
used as a basis for extrapolation when deriving the distribution of other age, gender and
ethnicity groups (Foxenberg et al. 2007; Knaak et al. 2004). To circumvent these limitations,
the Supersome™-based PBK approach can be used, as it is based on the combination of the
intrinsic activity of CYP isoforms for the compound of interest and intersystem extrapolation
factors (ISEFs), to scale CYP isoforms activity in the Supersome™ toward HLMs, and
subsequent multiplication with the hepatic abundance of CYPs representative for the target
individuals of interest (i.e. with regard to age, gender, ethnicity, etc) (Proctor et al. 2004). Such
an approach thus provides the possibility to extrapolate in vitro-derived metabolic kinetic
constants from a set of relevant CYP Supersome™ toward in vivo values for various target

groups.

The aim of the present study was to compare the applicability and outcome of the Supersome™
-based PBK model approach and the HLM-based PBK model approach to characterize inter-
individual variability in metabolism of CPF and its resulting RBC AChE inhibition, and
calculate a chemical specific adjustment factor (CSAF) for the inter-individual variation in
kinetics (HKar) for CPF. To this end, experiment-derived and literature-obtained kinetic
parameters of Supersome™, HLM and human plasma (HP) were collected and used as input
for the Supersome™ -based PBK model and HLM-based PBK model, which were both
developed based on the previously developed CPF PBK model (Zhao et al. 2019). Furthermore,
the two models were extended to include Monte Carlo simulations and coefficients of variation
(CVs) for each kinetic parameter, to predict inter-individual kinetic variation. Finally, PBK
model-based reverse dosimetry was applied to predict in vivo dose-response curves for RBC
ACHhE inhibition by translating in vitro recombinant human AChE (thAChE) inhibition data

for the average and sensitive subgroups within the adult population.
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Fig 1. Proposed metabolic pathways of chlorpyrifos in human

2. Materials and methods

2.1 Chemicals and biological materials

CPF, TCPy, acetylthiocholine iodide (ATC), 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB),
bovine serum albumin (BSA), tetraisopropyl pyrophosphoramide (iso-OMPA), reduced
nicotinamide adenine dinucleotide phosphate (NADPH), sodium phosphate dibasic dihydrate
(Na2HPO4*2H20), sodium phosphate monobasic dihydrate (NaH2PO4*2H20), phenacetin,
acetaminophen, bupropion, (£)-hydroxybupropion solution, 4-hydroxymephenytoin,
testosterone, 6B-hydroxytestosterone solution, and trizma®base were purchased from Sigma-
Aldrich (Zwijndrecht, The Netherlands). (S)-mephenytoin was purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). CPO was purchased from TRC-Canada (Toronto,
Ontario, Canada). Magnesium chloride hexahydrate (MgCl2*6H20), hydrochloric acid (HCI),
sodium hydroxide (NaOH), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA),
trifluoroacetic acid (TFA), formic acid and calcium chloride dihydrate (CaCl2*2H20) were
purchased from VWR International (Amsterdam, The Netherlands). Acetonitrile (ACN,
UPLC/MS grade) and methanol (UPLC/MS grade) were purchased from Biosolve
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(Valkenswaard, The Netherlands). Pierce™ BCA protein assay kit was purchased from
Thermo Fisher Scientific (Rockford, IL, USA).

HLM (pooled from 150 donors, mixed gender), human Supersome™ (human
CYP1A2+reductase, human CYP2B6+reductase+cytochrome b5, human
CYP2C19+reductaset+cytochrome b5, human CYP3A4+reductaset+cytochrome b5) were
purchased from Corning (Amsterdam, The Netherlands). 25 Individual HP samples of
Caucasian origin (13 males and 12 females within the age range from 25 to 75 years old) were
purchased from Biol VT (West Sussex, UK). rhAChE was purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA), and in solutions the enzyme was stabilized with 1 mg/ml BSA (Kaushik
et al. 2007).

2.2 Outline of PBK-based reverse dosimetry approaches with Monte Carlo

simulation

PBK-based reverse dosimetry linked with Monte Carlo simulations was applied to predict the
effect of inter-individual human kinetic variation in CPF metabolism for the inter-individual
differences in RBC AChE inhibition following CPF exposure. Two approaches were used to
define the metabolic variation in the PBK model, namely a Supersome™-based PBK model
approach and an HLM-based PBK model approach. The whole procedure consisted of the
following steps: 1) Establishment of an in vitro concentration-response curve for CPO in the
AChE inhibition assay using rhAChE, 2) Collection of kinetic parameters (the maximum
velocity (Vmax) and Km) for each metabolic pathway for the two approaches either from
literature or from experiments, 3) Development of PBK models, and performance of Monte
Carlo simulations by including kinetic data obtained in step 2, and CVs for each variable input
parameter (Vmax, Km for HLM and abundance of each CYP isoform for Supersome™ )
obtained from either the literature or the experiments of the present study, and calculation of
an HKar, 4) PBK model-based reverse dosimetry to extrapolate the in vitro concentration-
response curve to in vivo dose-response curves, 5) BMD analysis of the predicted in vivo dose-
response curves and evaluation. In step 3, inter-individual variation was introduced by
including the CVs of the CYP abundances from the Simcyp Simulator (V18 Releasel Certara,
Sheffield, UK), the CVs on HLM-related kinetic data (n=30) from Smith et al. (2011), and the
CVs on plasma-related kinetic data (n=25) from the present study. The outline of the whole

procedure is schematically presented in Figure 2.
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Establishment of in vitro concentration-response curve of CPO in the rhAChE =
inhibition assay
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Fig 2. Schematic presentation of the two approaches that were applied in the present study to assess inter-
individual variation in the biotransformation of CPF and its resulting HK or values as well as dose-response curves
for CPF-mediated RBC AChE inhibition. CYP is Cytochrome P450, CPF is chlorpyrifos, HLM is human liver
microsomes, HP is human plasma, CVs is coefficients of variation, HKar is the chemical-specific adjustment
factor (CSAF) for human variability in toxicokinetics of chlorpyrifos, MPL is liver microsomal protein scaling
factor, ISEF is the inter-system extrapolation factor for each CYP derived based on differences in activity between
Supersome™ and HLM by incubating them with each relevant CYP specific probe substrate, BMD is benchmark
dose, “X” means the approach was terminated.
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2.3 In vitro AChE inhibition assay to derive CPO concentration-response
curves

In the present study, the inhibitory effect of the active CPF metabolite CPO on RBC AChE
was measured using rhAChE, as a proxy for RBC AChE, using the method previously
published (Zhao et al. 2021), based on the method from Ellman et al. (1961). The working
solutions were prepared by diluting a series of increasing concentrations of CPO (in ethanol)
50-fold in 100 mM sodium phosphate (pH=7.4) containing 0.1 mg/ml BSA. In a similar fashion,
a 5000 uM CPO solution in ethanol (positive control) and a 100% ethanol solution (solvent
control) was diluted. The rhAChE activity experiment was conducted in 96 well-plates. In each
well, 44 pl 100 mM sodium phosphate (pH=7.4) containing 0.1 mg/ml BSA, with 5 ul of CPO
working solution (final concentrations 0.05, 0.1, 0.5, 1, 2.5, 5, 10, 25 and 50 nM), or 5 pul
positive control (CPO at a final concentration of 10000 nM) or 5 ul solvent control (resulting
in a final ethanol concentration of 0.2%) was added. The inhibition reaction was initiated by
adding 1 ul rhAChE, resulting in a total incubation volume of 50 pl. The whole plate was

incubated at 37°C for 15 minutes. Subsequently, the inhibition reaction was terminated by

adding 150 pl reaction reagents (mixture of ATC at a final concentration of 150 pM and DTNB
at a final concentration of 75 uM) into each well to yield a final volume of 200 pl in each well
(final enzyme concentration is 0.6 mU/ml). Finally, the solutions in the 96-well plate were

measured continuously for 10 minutes at an absorbance of 412 nm at 37°C to quantify the

rhAChE activity.

The thAChE activity was expressed as the remaining rhAChE activity relative to the solvent
control (100% activity) and the positive control (0% activity) based on equation 1 (Eql):

A412(t10 — t0)Test Compound — A412(t10 — t0)Positive Control

hAChE activity% =
r activity% A412(t10 — t0)Solvent Control — A412(t10 — t0)Positive Control

*100% (Eq1)

where the A412(t10 - t0)Test Compound is the change in the absorbance at A412 nm between

0 min and 10 min for the test compound, the A412(t10 - t0)Positive Control is the change in
the absorbance at A412 nm between 0 min and 10 min for the CPO sample at the final
concentration of 10000 nM, and the A412(t10 - t0)Solvent Control is the change in the

absorbance at A412 nm between 0 min and 10 min for the 0.2% ethanol sample.

Concentration-response curves were constructed and the half maximal inhibitory

concentrations (IC50) for CPO were derived, applying a non-linear regression model for Dose
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Response-Inhibition-Variable, with the equation log(inhibitor) vs. response-variable slope
(four parameters) in GraphPad Prism 5, version 5.04 (GraphPad software, San Diego California

USA), with 95% confidential interval.
2.4 Collection of in vitro kinetic parameters for the PBK models

2.4.1 Supersome™-based PBK model

2.4.1.1 Pathway 1 and Pathway 2

Metabolic kinetic constants (Vmax and Km) of the hepatic CYP-catalyzed biotransformation
of CPF (pathway 1 and pathway 2) (Figure 1) were generated using the four CYP isoform
Supersome™ (CYP1A2, CYP2B6, CYP2C19 and CYP3A4) known to be the most dominant
CYPs in the metabolism of CPF on the basis of the results from Foxenberg et al. (2007).
CYP3AS5 and CYP3A7 that were included in Foxenberg et al. (2007) were not included in the
present study due to their limited contribution to the conversion of CPF. The in vitro kinetic
incubations were conducted based on the method reported by Foxenberg et al. (2007) with
some modifications. In detail, preliminary experiments were performed first to optimize the
formation of metabolites to be linear with time and amount of Supersome™ protein (data not

shown) for each CYP seperately.

The final incubations were carried out in 50 mM Tris-HCI (pH 7.4) containing 5 mM MgCla,
I mM EDTA (as an A-esterase PON1 inhibitor) (Bizon and Milnerowicz 2018), 50 uM iso-
OMPA (as a B-esterases inhibitor) (Lane et al. 2006), Supersome™ isoform (at final
concentration of 0.005 nmol CYP/ml for 1A2, 0.001 nmol CYP/ml for 2B6, 0.01 nmol CYP/ml
for 2C19, and 0.01 nmol CYP/ml for 3A4) and CPF at different final concentrations (0.05, 0.1,
0.25,0.5, 1, 5 and 10 uM for 1A2, 0.05, 0.1, 0.25, 0.5, 1, 5 10 and 25 uM for 2B6, 1, 2.5, 5,
10, 25 and 50 uM for 2C19, and 0.5, 1, 2.5, 5, 10, 25 and 50 uM for 3A4), which were added
from 100 times concentrated stock solutions in ACN. After 1 minute preincubation in a 37°C
water bath, 5 ul NADPH (final concentration 1 mM) was added to the incubation system.
Control incubations were performed by replacing NADPH with the same amount of Tris-HCl
buffer (pH 7.4). The total volume of the incubation mixtures was 200 pl. The incubations
lasted for 2 min at 37°C and were terminated by addition of 50 pl ice cold ACN and subsquently

put on ice. After that, samples were centrifuged at 16000 g (4°C) for 5 minutes and supernatants

of samples were separated into two equal portions for Ultra-Performance Liquid

Chromatography- Photodiode Array (UPLC-PDA) and Liquid Chromatography Mass
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Spectrometry (LC-MS/MS) analysis, respectively. For the samples that were measured by
UPLC-PDA for quantification of TCPy formation, no further dilution was required, but for
samples that were analyzed by LC-MS/MS to quantify CPO formation (limit of detection (LOD)
= 3.1 nM), the one that originally contained 2.5, 5, 10, 25, 50 uM of CPF were diluted 2.5x,
5x, 10x, 25x and 50x, respectively in a mixture of ACN and 50 mM Tris-HCI (pH 7.4) (ratio
1:4, v/v).

2.4.1.2 ISEF (intersystem extrapolation factors)

To normalize for differences in intrinsic CYP activity between Supersome™ and pooled HLMs
and enable scaling of the activities to the in vivo situation, CYP specific ISEF values need to
be established. The ISEF determination for each CYP was performed using Supersome™ and
pooled HLMs-derived Vmax values for metabolite formation of probe substrates (specifically
metabolized by a single CYP), being phenacetin (CYP1A2), bupropion (CYP2B6), (S)-
mephenytoin (2C19) and testosterone (3A4) (Chen et al. 2011; Faucette et al. 2000). The
incubation conditions used for these studies are summarized in Table 1. These incubation
conditions were optimized and selected with respect to linearity for the formation of the
metabolite of the CYP-specific probe substrate using both Supersome™ and pooled HLMs
(data not shown). The incubation method was similar as used for the CPF kinetic incubation
assay described above, except that certain incubation conditions were replaced by the
conditions listed in Table 1. The samples obtained were analyzed by UPLC-PDA for
acetaminophen, 4-hydroxymephenytoin, and 6B-hydroxytestosterone formation catalyzed by
1A2, 2C19 and 3A4, or LC-MS/MS for (+)-hydroxybupropion formation catalyzed by 2B6.
For the samples that were analyzed by LC-MS/MS for quantification of (+)-hydroxybupropion
formation, the ones that contained 100, 250, 500, 1000, 1500 and 2000 pM bupropion were
further diluted 2x, 5x, 10x, 20x, 40x and 40x, respectively in a mixture of ACN and 50 mM
Tris-HCl (pH 7.4) (ratio 1:4, v/v). LC-MS/MS was used for quantification of (%)-
hydroxybupropion formation because it is allowing low levels of (£)-hydroxybupropion

(LOD= 15.5 nM) to be detected.
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Table 1. Selected probe substrate for each CYP and their corresponding incubation conditions used to derive ISEF

Pooled HLMs
CYP Probe . . Pooled HLMs Substrate Incubation
. Specific metabolite concentration concentration . .
isoform substrate time (min)
(mg/ml) range (WM)
1A2 phenacetin acetaminophen 0.5 10,25, 52(’) é 00,250, 40
()- 5, 10, 25, 50, 100,
2B6 bupropion hvdroxvbupropion 0.05 250, 500, 1000, 20
ycroxybuprop 1500, 2000
(S)- 4-
. . 5, 10, 25, 50, 100,
2C19 rnephgnytm hydroxynlllephenytm 0.5 300, 500 40
6p- 10, 25, 50, 100, 250,
3A4 testosterone hydroxytestosterone 0.2 500 >
Supersome™
™
CYp Probe . . Supersome. Substratf: Incubation
isoform substrate Specific metabolite concentration concentration time (min)
150 (pmol CYP/ml) range (uM)
1A2 phenacetin acetaminophen 0.01 10,25, 52(’) é 00,250, 20
. (£)- 5,25, 50, 100, 250,
2B6  bupropion /4 ybupropion 0.01 500, 1000, 2000 10
(S)- 4-
. . 5, 10, 25, 50, 100,
2C19 mephsnytm hydroxyrrrllephenytm 0.01 300, 500 20
6pB- 10, 25, 50, 100, 250,
3A4 testosterone hydroxytestosterone 0.005 500 2
2.4.1.3 Pathway 3

For the hepatic PON1-mediated detoxification of CPO (pathway 3), the previously established
kinetic parameters (Vmax and Km) by Zhao et al. (2019) using pooled HLMs were used.

2.4.1.4 Pathway 4

The metabolic parameters of the PON1-catalyzed detoxification of CPO in plasma (pathway 4)
were obtined by incubating different concentrations of CPO with 25 individual HP samples.
Pilot studies were conducted to optimize the metabolite formation to be linear with the in vitro
plasma concentration and time of incubation (data not shown). Briefly, the incubations were
carried out in 50 mM Tris-HCl (pH 7.4) containing 2 mM CaCl. and CPO at final
concentrations of 10, 50, 100, 250, 500 and 1000 uM (added from 100 times concentrated stock
solutions in ACN). After 1 minute preincubation in a shaking 37°C water bath, 1ul of

individual HP was added into the incubation system. Control incubations were performed by
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replacing plasma with the same amount of 50 mM Tris-HCl (pH 7.4). The total volume of the
incubation mixtures was 200 ul. The incubation lasted for 1.5 min at 37°C and was terminated
by addition of 200 pl ice cold ACN and subsquently put on ice. Samples were subsequently
centrifuged at 16000 g (4°C) for 5 minutes and analyzed by UPLC-PDA.

2.4.2 HLM-based PBK model

2.4.2.1 Pathway 1 (contains two scenarios)

The previously published kinetic parameters (Sams et al. 2004) for bioactivation of CPF
obtained using incubations with pooled HLMs were employed in the present study (scenario 1,
non-biphasic) (Figure 2). In this study (Sams et al. 2004), the CPF concentration range used (3
uM to 100 uM) covered the Km of CYP3A4, as reflected by consistency in the apparent Km
obtained in pooled HLMs from Sams et al. (2004) (29.8 uM) and that in Supersome™ CYP3A4
reported by Foxenberg et al. (2007) (27.3 uM) and obtained in the present study (29.8 uM )
(Table 3). On the other hand, this CPF concentration range far exceeds the Km of CYP1A2,
CYP2B6, CYP2C19 reported to amount to 0.38 uM, 0.81 uM, 1.23 uM (Foxenberg et al. 2007),
or 0.61 uM, 0.14 uM, 1.89 uM (the present study, Table 3), respectively. Use of CPF
concentrations far exceeding the Km may inadequately describe the high affinity kinetic phase
mediated by these high affinity (low Km) CYPs at low concentrations (<3 puM). Therefore, to
identify the importance of including such high affinity kinetics in PBK model descriptions of
the bioactivation of CPF to CPO, a second kinetic scenario (biphasic) was defined for the HLM
approach (Figure 2). This biphasic scenario includes a high affinity kinetic phase in addition to
the low affinity (high Km) kinetic phase. To describe the high affinity kinetics of the HLM, the
apparent Km and Vmax defined at the low concentration range of 0.02 uM to 10uM in pooled
HLMs as reported by Buratti et al. (2003) were used. In this way, the biphasic kinetics of the
bioactivation of CPF at both low and high concentration ranges could be fully captured.
Application of biphasic kinetics is further supported by the scaled Supersome™ kinetic data
presented below in the Result section. Also, Ma and Chambers (1995) reported biphasic
kinetics for bioactivation of CPF by rat liver microsomes, reflected by a high affinity and a low
affinity metabolic phase, with the Km value for the high affinity phase being 50-fold lower
than that for the low affinity phase.
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2.4.2.2 Pathway 2

To describe the detoxification of CPF by pooled HLMs (Pathways 2 in Figure 1), the previously
published monophasic kinetic parameters of Sams et al. (2004) were used. Applying
monophasic kinetics, and not biphasic kinetics as applied for Pathway 1, is based on the data
from the present study (see Result section), showing that for this reaction the conversion at low

concntrations was not dominated by a high affinity CYP.

2.4.2.3 Pathway 3 and Pathway 4

In the HLM-based PBK model, for the PON1-mediated detoxification of CPO in liver and
plasma, respectively, the same kinetic parameters as described in the section “Supersome™.-
based PBK model, Pathway 3” and section “Supersome™-based PBK model, Pathway 4” were

used.

2.4.3 Determination of total protein concentration in individual human

plasma samples

The total protein concentration of the 25 individual HP samples was measured using a Pierce™
BCA protein assay kit (ThermoFisher Scientific 2020), enabling scaling of the kinetic
parameters measured for pathway 4 from per mg protein to per ml plasma. The experiment was
performed based on the manufacturer’s protocol. In detail, 25 pl sample or protein standard
solution at concentrations of 0.025, 0.125, 0.25, 0.5, 0.75, 1 and 2 mg/ml were added and

incubated with 200 pl working reagents at 37°C for 30 minutes in a 96-well plate. After that,

the plate was cooled to room temperature, and each sample and each protein standard was
measured at 562 nm (absorbance). The total protein concentration of each unknown sample
was calculated based on the calibration curve (protein concentration versus 562 nm absorbance

value) generated with the protein standards.

2.4.4 Calculation of kinetic parameters

As mentioned before, the in vitro apparent kinetic parameters (Vmax and Km) for pathway 1

and pathway 2 in the HLM-based approach, and pathway 3 in both approaches were all
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obtained directly from reported studies using pooled HLMs (Buratti et al. 2003; Sams et al.
2004; Zhao et al. 2019). Therefore, no extra calculations were required to define these
parameters. The kinetic parameters for the ISEF calculation, pathway 1 and 2 in the
Supersome™-based approach, and pathway 4 in both approaches (25 individuals) were all
obtained by fitting the experimental data to the Michaelis-Menten model using GraphPad
(GraphPad Prism 5.0 software, San Diego, CA, USA). It should be noted that the kinetic
parameters for pathway 4 used in the two approaches were calculated as mean of the kinetic
parameters (Vmax and Km) obtained using 25 individual HP samples (with correction for total

protein concentration of each plasma sample).

2.4.5 Quantification of metabolites of CPF, CPO and probe substrates by
UPLC-PDA and LC-MS/MS

The analysis method, gradient elution and retention time for each compound by UPLC-PDA
or LC-MS/MS are described in Supplementary material 1.

2.5 Development of the PBK model, Monte Carlo simulations and

establishment of chemical-specific adjustment factors (CSAFs)

2.5.1 Model development

In the present study, our previously developed PBK model for CPF (predicting total blood
concentrations of CPO) in Caucasian (Zhao et al. 2019) was used as a starting point for the
PBK model, which is used for evaluation of inter-individual variation in metabolism of CPF
and the consequences of this variation for the induced RBC AChE inhibition. Compared to the
PBK model of Zhao et al. (2019), only the fractional absorption (fa) was changed to 0.462,
which is the mean value of reported fa values from Timchalk et al. (2002) (fa=0.224) and Nolan
et al. (1984) (fa=0.7), while for the other model parameters (non-kinetic), the mean values as

reported in Zhao et al. (2019) were used.
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2.5.1.1 Supersome™-based PBK model

Compared to the model of Zhao et al. (2019), in the Supersome™-based PBK model approach,
the kinetic parameters of pathway 1 and pathway 2 were replaced from HLM-derived values
to Supersome™-derived values, while the kinetic parameters of pathway 3 were kept the same.
For pathway 4, instead of using the reported kinetic parameters from Mosquin et al. (2009), the
calculated mean values of kinetic parameters obtained based on 25 individual HP samples
derived by the present study were used. The kinetic equation that was applied for each

metabolic pathway in the PBK model is indicated below:

2.5.1.1.1 Pathway 1 and Pathway 2
The overall kinetic parameters of four CYP isoforms (CYP1A2, CYP2B6, CYP2C19 and
CYP3A4) in liver were described by equation 2 (Eq 2) (Foxenberg et al. 2007):

Vmax; * [S]
™ =

(Km; + [S]) > (Eq2)

A%
overall supersome

where Voverall supersome™ 18 the overall (summed) in vivo metabolic rate for all four CYP isoforms
(umol/hr); 1 represent different CYPs isoform (CYP1A2, CYP2B6, CYP2C19 and CYP3A4),
[S] is the blood concentration of CPF (uM), Vmaxi and Kmj are in vivo maximum velocity
(umol/hr) and the Michaelis-Menten constant (uM) for each respective CYP isoform in either
pathway 1 or pathway 2. The in vivo Kmi values were assumed to be equal to the apparent
Kmipp) values (uM) obtained in the in vitro incubations, while the in vivo Vmax; for each CYP
isoform was derived from their corresponding apparent CYP isoform VmaxXieapp)

(pmol/min/pmolCYP) using equation 3 (Eq 3):

Vmax;gp,) * CYP; abundance * ISEF * 60 + MPL * 1000 * VL
Vmax; = 1000000 (Eq3)

In the equation CYP; abundance is the average endogenous abundance (pmolCYP/mg
microsomal protein, represent the amount of the respective CYP per mg of microsomal protein)
of CYP isoform i (CYP1A2=52, CYP2B6=16, CYP2C19=5.4 and CYP3A4=137) in HLM
obtained from Simcyp (Simcyp Simulator V18 Release 1, Certara, Sheffield, UK), 60 is to
account for the unit change from min to hr, MPL is the microsomal protein yield of 32 mg/g
liver (Barter et al. 2007), 1000 is to account for the unit change from g to kg, VL is the weight
of the liver tissue (kg), 1000000 is to account for the unit change from pmol to pmol, and ISEF;
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is the intersystem extrapolation factor for the CYP isoform i, which were determined based on
the ratio between the apparent Vmax of metabolite formation for each CYP-specific probe
substrate in pooled HLMs and the respective Supersome™ (with correction for the average

CYP abundance in HLM), according to equation 4 (Eq4):

Vmax probe 2(pooled HLMs) * 1000

ISEF; = (Eq4)

Vmax probe ™) * CYP; abundance

z(Supersome

In which z represent the probe substrate (phenacetin, bupropion, (S)-mephenytoin and
testosterone), Vmax probe z (pooled HLM) 1S the apparent maximum rate (nmol/min/mg microsomal
protein) for the kinetic conversion of probe substrate z obtained using pooled HLMs, and Vmax
probe z (supersome™) is the apparent maximum rate (pmol/min/pmol CYP) for the kinetic
conversion of probe substrate z obtained using Supersome™, 1000 is to account for the unit
change from pmol/min/pmolCYP to nmol/min/pmolCYP, and the CYP; abundance (pmol

CYP/mg microsomal protein) is defined as above.

2.5.1.1.2 Pathway 3 & Pathway 4

The metabolic reactions for pathway 3 and pathway 4 were described by equation 5 (Eq5):

Vmax HLM * [S

] Vmaxyp * [S
(Km gy + [S])

Vmaxyp « [S]
(Kmyp + [S])

or Vvyp = (Eq5)

VHLM =

Where viLm and vup represent the in vivo rate of the metabolic reaction (umol/hr) of pathway
3 or pathway 4, S represents the blood concentration of CPO (uM), Vmaxurm and Kmurm are
the in vivo maximum velocity (umol/hr) and the Michaelis—Menten constant (WM) of pathway
3, and Vmaxyp and Kmpyp are the in vivo maximum velocity (umol/hr) and the Michaelis—

Menten constant (WM) of pathway 4.

In pathway 3, the in vivo Vmaxurm (wmol/hr) was extrapolated from its corresponding apparent

Vmaxuomapp) (In nmol/min/mg microsomal protein) using equation 6 (Eq6):

Vmax yympp) * 60 * MPL + 1000 * VL
\% = Eq6
A mum 1000 (Eq6)

In this equation, 60 is to account for the unit change from min to hr, MPL is the microsomal
protein yield of 32 mg/g liver (Barter et al. 2007), 1000 is to account for the unit change from
g to kg or nmol to umol, and VL is the weight of the liver tissue (kg).
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In pathway 4, the in vivo Vmaxyp (umol/hr) was extrapolated from its corresponding mean of

the apparent Vmaxup(app) (nmol/min/ml plasma) of 25 individuals HPs using equation 7 (Eq7):

Vmaxypapp) * 60 * 1000 * VB * 0.55
Vmax ,, = 1000

(Eq7)

In this equation 60 is to account for the unit change from min to hr, 1000 is to account for the
unit change from mL to L, VB is the volume of the blood (L), 0.55 represents the plasma to
blood volume ratio used to scale the unit of Vmax of PON1-mediated conversion (Pathway 4)
from per ml plasma to the whole plasma of blood compartment, based on the fact that the PON1
is present in plasma and the human plasma volume amounts to 55% of the blood volume (Li et

al. 2005; O'Neil 1999).

The in vivo Km values for both pathway 3 and pathway 4 were assumed to be equal to their

corresponding apparent Km values obtained in the in vitro incubations.

2.5.1.2 HLM-based PBK model

For the development of the HLM-based PBK model, scenario 1 (non-biphasic) was excluded
due to the inadequate kinetic description of CPO formation at low dose levels (see Results
section “Bioactivation and detoxification of CPF in Supersome™ enzymes”). For scenario 2
(biphasic), the kinetic parameters of pathway 1 used in the original model described by pooled
HLM (Zhao et al. 2019) were replaced by reported kinetic parameters for the high affinity
phase (Buratti et al. 2003) and the low affinity phase (Sams et al. 2004), while those for
pathway 2 were replaced by data from Sams et al. (2004). The kinetic parameters of pathway
3 and pathway 4 used for the HLM-based PBK model were the same as the ones used for the
Supersome™-based PBK model. The kinetic equation for each pathway in the human model

was described as presented below:

2.5.1.2.1 Pathway 1

The total velocity for hepatic bioactivation of CPF was described by biphasic kinetics using

equation 8 (Eq8) (Venkatakrishnan et al. 2001):

Vmaxpigh affnity * [S] ~ VMaXiow affinity * [S]
(Kmhigh affinity + [S]) (Kmlow affnity + [S])

Voverall HLM = (Eq8)
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where Voverall HLM (umol/hr) is the overall in vivo metabolic rate of pathway 1 (including both
the high and low affinity phase); [S] is the blood concentration of CPF (uM), Vmaxhigh affinity
and Kmhigh affinity are the in vivo maximum velocity (umol/hr) and the Michaelis—Menten
constant (LM) of the high affinity phase, while Vmaxiow affinity and Kmiow affinity are those of the
low affinity phase. The in vivo Km values were assumed to be equal to the apparent Km values
obtained from the in vitro experiments, and the in vivo Vmax for both the high and low affinity
phase were extrapolated from their corresponding apparent Vmax values obtained in the in

vitro experiments using Eq6

2.5.1.2.2 Pathway 2

The hepatic reaction of pathway 2 was described using Eq5 and Eq6.

2.5.1.2.3 Pathway 3 & Pathway 4

The metabolic reactions of pathway 3 and pathway 4 were described in the same way as done
for the Supersome™-based PBK model approach (see section “Model development,

Supersome™-based PBK model, pathway3 & pathway4”).

2.5.2 Model evaluation

The performance of the Supersome™-based PBK model and HLM-based PBK model
(biphasic) were evaluated by comparing their predicted time-dependent TCPy and CPF blood
concentrations including the maximum total (bound and unbound) blood concentration (Cmax)
or time-dependent blood concentration, and the cumulative time-dependent urinary TCPy
excretion with corresponding available in vivo data (Drevenkar et al. 1993; Nolan et al. 1984;
Timchalk et al. 2002) upon similar dosing regimens or estimated dose level. The time-
dependent CPF concentration data from Drevenkar et al. (1993) relate to concentrations in
plasma. To allow comparison to PBK model-based predicted blood concentrations, these
plasma concentrations of CPF were converted to a blood concentration by multiplying with the
blood to plasma ratio for CPF of 1.3 (the ratio of the CPF concentration in blood to the CPF
concentration in plasma), which was estimated using Simcyp (2016a) based on CPF LogP of

4.784 (ChemAxon) and a fraction unbound of 0.021 for plasma (Simcyp 2016b)). Drevenkar

183




Chapter 5

et al. (1993) reported these time-dependent CPF concentration for a poisoning victim who
drunk 30-60 ml of pesticide product Chromorel D®. Given that the concentration of CPF in
Chromorel D® s 500 g/l (see https://www.agroklub.ba/poljoprivredni-
oglasnik/oglas/chromorel-d/16769/), the CPF intake for this victim was assumed to be 30-60
ml of 500 g CPF/I corresponding to 15,000 to 30,000 mg CPF. The corresponding estimated
dose was calculated on the basis of a body weight of 70 kg, to amount to 214 - 429 mg/kg bw.

2.5.3 Sensitivity analysis

The sensitivity analysis was performed as described by Zhao et al. (2019) to identify model
parameters that influence the predicted free blood Cmax of CPO at single oral dose levels of

CPF (0.5 mg/kg bw and 180 mg/kg bw).

2.5.4 Monte Carlo simulations

To include the inter-individual variation in the biotransformation reactions of CPF in human in
the model-based predictions, a Monte Carlo simulation using the CV of the kinetic parameters
for each metabolic pathway in the Supersome™-based PBK model and the HLM-based PBK
model (biphasic) was incorporated into the PBK models. More specifically, in the
Supersome™-based PBK model, kinetic variation in pathway 1 and 2 was described based on
kinetic data (Vmax and Km) from Supersome™ together with reported CV in CYP abundance,
while in the HLM-based PBK model (biphasic), the variation in these two pathways was
described based on pooled HLM kinetic data (Vmax and Km) together with reported CV for
these pathways obtained from HLM kinetic data from 30 individuals (Smith et al. 2011). Both
in the Supersome™-based and the HLM-based PBK model, variation in pathway 3 was based
on pooled HLM kinetic data (Vmax and Km) together with reported CV for this pathway
observed in 30 individuals (Smith et al. 2011), while variation in pathway 4 was based on the
mean values of kinetic data of CPO detoxification in plasma measured for 25 individual HP

samples together with their corresponding CV values derived in the present study.

Since it is the goal of the present study to compare two approaches for assessing the inter-
individual variation in the metabolism of CPF and the consequences of this variability for the

inter-individual differences in the sensitivity toward CPF exposure-induced RBC AChE
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inhibition, no other parameters than variation in CYP abundance and the kinetic parameters

(Vmax and Km) were taken into account in the Monte Carlo analysis.

The input parameters (CYP abundance, Vmax and Km) were assumed to follow a lognormal
distribution. Given that Berkeley Madonna only offers the ‘NORMAL' distribution function
for sampling random numbers and not a lognormal function, the mean (px) and standard
deviations (ox) from these lognormally distributed parameters (Vmax or Km or abundance of
relative CYP) were first transformed to parameters following a normal distribution using

equation 9 (Eq9) (Zhang et al. 2007):

Hx
=In|———=| and o¢% =In(1+ CV?) (Eq9
where x is the mean of Vmax or Km or abundance of the respective CYP, and CVx is the
coefficient of variation for each of the values, after which the exponential function (equation
10 (Eq10)) on the normally distributed pw and ow was applied to obtain the lognormally
distributed input parameters in the model (Li et al. 2017):

lognormal (,, o,) = exp(Normal (y,,, 0,,)) (Eq10)

A summary of the mean and the CV values that define the distributions for the input parameters
Vmax, Km and CYP abundance used for the Monte Carlo simulation in the two models is
shown in Table 2. It should be noted that the parameters obtained using pooled HLMs were
considered to represent a mean value (Table 2). Different than CYP1A2 and CYP3A4 for
which only one phenotype is known, more than one phenotype is known for CYP2B6 and
CYP2C19. Therefore, in the Supersome™-based PBK model, the variation in the activity of
CYP2B6 and CYP2C19 was characterized by considering different phenotype abundances and
relative frequencies in the general population obtained from Simcyp (Simcyp Simulator V18

Release 1, Certara, Sheffield, UK) in the Monte Carlo analysis.
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Table 2. A summary of the mean values and coefficient of variation (CV) for Vmax, Km, CYP abundance of each

CYP phenotype and their relative frequency in the general population.

Supersome™ -based PBK model

Pathway 1 & Pathway2 (CYP abundance)

Parameter Mean® CvV Frequency Reference

1A2 (EM ®) 52.0 0.67 1.000 Simcyp !

2B6 (EM ®) 17.0 1.22 0.890 Simeyp !

2B6 (PM ©) 6.0 2.00 0.110 Simeyp !

2C19 (EM Y) 4.4 0.71 0.590 Simcyp !

2C19 (PM ©) 0.0 0.00 0.092 Simeyp !

2C19 (UM 9) 8.7 0.71 0.318 Simcyp !

3A4 (EM®) 137 0.41 1.000 Simcyp !
Pathway 3 (Vmax, Km)

Parameter Mean Reference CVEk Reference

Vmax 37.980°¢ Zhao et al. (2019) 0.57 Smith et al. (2011)
Km 627.900° Zhao et al. (2019) 0.39 Smith et al. (2011)
Pathway 4 (Vmax, Km)

Parameter Mean Reference Cv Reference
Vmax 1844.0001 Calculated J 0.29 Calculated |

Km 290.000 f Calculated J 0.33 Calculated J

HLM-based PBK model (biphasic)

Pathway 1 (Vmax, Km)

Parameter Mean* Reference CVk Reference

Vmax (high affinity) € 0.275 Buratti et al. (2003) 0.59 Smith et al. (2011)
Km (high affinity) " 0.270 Buratti et al. (2003)  0.61 Smith et al. (2011)
Vmax (low affinity) ¢ 0.353 Sams et al. (2004) 0.59 Smith et al. (2011)
Km (low affinity) f 29.800 Sams et al. (2004) 0.61 Smith et al. (2011)
Pathway 2 (Vmax, Km)

Parameter Mean* Reference CVk Reference

Vmax © 0.653 Sams et al. (2004) 0.53 Smith et al. (2011)
Kmf 12.000 Sams et al. (2004) 0.89 Smith et al. (2011)

Pathway 3 & Pathway 4 (Vmax, Km)
Same as the values reported in Supersome™-based PBK model for Pathway 3, Pathway 4

 pmol CYP/ mg microsomal protein

® EM = extensive metabolizer

¢ PM =poor metabolizer

4 UM = ultra-rapid metabolizer

¢ Vmax obtained using a high concentration range (3uM to 100uM) of CPF, in nmol/min/mg microsomal protein

f Km obtained using a high concentration range (3uM to 100uM) of CPF, in uM
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£ Vmax obtained using low concentration range (0.02uM to 10uM) of CPF, in nmol/min/mg microsomal protein
" Km obtained using low concentration range (0.02uM to 10uM) of CPF, in pM
! nmol/min/ml plasma

i the value is calculated using the kinetic data from 25 individual HP samples characterized in the present study,

the detailed results are presented in the section “Supplementary IV”

k data obtained from Smith et al. (2011) for CV calculation, based on the fact that the metabolic reactions of CPF
bioactivation, CPF and CPO detoxification are not age-dependent in HLM when expressed on the basis of per mg

microsomal protein

'Simcyp (Simcyp Simulator V18 Release 1, Certara, Sheffield, UK)

In total 10000 simulations were performed for the Monte Carlo analysis. In each simulation,
the parameter values were randomly taken from the distributions of the input parameters. To
avoid sampling unrealistic values, a minimum and maximum value for each parameter
distribution was established by applying a cut-off value corresponding to + 3 ow of the mean
puw (Strikwold et al. 2017). It is of important to mention that no correlation was assumed
between different metabolic pathways of CPF in the present study. As mentioned above, some
CYP isoforms contained different sub-phenotypes, therefore the Monte Carlo analysis for the
Supersome™-based PBK model took different phenotypes and their corresponding frequencies
(include in Table 2) in the general population into account. In total, there were six possible
combinations of different CYP phenotypes (1A2EM, 2B6EM, 2C19EM, 3A4EM; 1A2EM,
2B6EM, 2C19PM, 3A4EM; 1A2EM, 2B6EM, 2C19UM, 3A4EM; 1A2EM, 2B6PM, 2C19EM,
3A4EM; 1A2EM, 2B6PM, 2C19PM, 3A4EM; 1A2EM, 2B6PM, 2C19UM, 3A4EM). To
obtain the overall frequency distributions for the entire population, the six possible
combinations were run independently for 10000 runs, and their resulting distributions were
corrected with the corresponding frequency of the phenotype of the respective CYPs in the

general population (Table 2), and summed together at the end.

The HKar of CPF at a dose of 0.47 mg/kg bw was calculated as the ratio between the 95" or
99t percentile of CPO formation and the geometric mean (GM) for the whole population (IPCS
2005). Use of a dose level of 0.47 mg/kg bw for this calculation was based on the fact that it
represents the benchmark dose lower confidence limits for 10% inhibition (BMDL1o), which

is used as the POD for setting a health based guidance value (USEPA 2014).
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2.5.5 Reverse dosimetry to extrapolate in vitro AChE inhibition data to in vivo dose-

response curves

In the present study, PBK model-based reverse dosimetry was applied to translate the in vitro
rthAChE inhibition concentration-response curve into in vivo RBC AChE inhibition dose-
response curves first for the average adult population. To this end, in vitro effective
concentrations of CPO were set equal to the in vivo free blood Cmax values of CPO in the PBK

model according to the following equation 11 (Eql11) (Shi et al. 2020):

C total in vitro * FUCP Oy, vitro = C total in vivo * fUCPOjy, vivo(blood) (Eq11)

Herein the C total in vitro represents the total concentration of CPO in the in vitro assay and
fuCPOin vitro 1s the unbound fraction of CPO in the vitro assay. In the present study, the fuCPOin
vitro was assumed to be 1, which is based on the observation from Heilmair et al. (2008) that the
presence of only a low level (0.1 mg/ml) of albumin in the in vitro medium as routinely used
to stabilize the enzyme does not substantially affect the free fraction of CPO. C total in vivo
represents the total concentration of CPO in human blood. To obtain the corresponding
unbound blood concentrations, the C total in vivo was multiplied with the unbound fraction of CPO
in blood (fuCPOin vivo(blood)), Which was obtained by dividing the unbound fraction of CPO in
plasma (fuCPOin vivo(plasma)) by the ratio of the CPO concentration in blood to the CPO
concentration in plasma, the CPO blood to plasma ratio (BPCPO), as below (Eq12) (Shi et al.
2020):

fuCPOin vivo(plasma)
BPCPO

fuCPO;y, vivo(blood) = (Eq12)

The BPCPO value of 2.7 was estimated by Simcyp (Simcyp 2016a) based on the logP value
(3.89) of CPO from ChemAxon (ChemAxon) and the unbound fraction of CPO in plasma
(fuCPOin vivo(plasma)=0.15) from Heilmair et al. (2008).

The external dose values thus obtained together with corresponding inhibitory effects were
used to construct RBC AChE inhibition dose-response curves for the average population. The
dose-response curves for the most sensitive individuals (99" percentile) and least sensitive
individuals (1° percentile) were derived by applying the obtained HK ar (99" percentile) or the
ratio between the 1% percentile and the GM of CPO formation distribution of the whole

population to the dose-response curve of the average population.
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2.5.6 BMD analysis and evaluation of the PBK model-based reverse dosimetry

predictions

A BMD analysis was performed to derive a POD from the predicted in vivo dose-response
curves obtained for the average population. In the present study, the BMDL1o values were used
as POD based on the fact that the United States Environmental Protection Agency (USEPA)
also used a 10% effect level to define a health based guidance value (2011; 2014). BMD
analysis was carried out using the Benchmark Dose Software version 3.1.2 (USEPA 2019),
with exponential or hill models because of their adequacy in predicting continuous data. The
BMDL1o value with the lowest AIC was chosen and further evaluated by comparing the
obtained values with reported BMDL10 by USEPA (2011; 2014).

3. Results

3.1 In vitro AChE inhibition concentration-response curve

The CPO concentration-dependent inhibition of thAChE activity is shown in Figure 3. The 50%
inhibition of enzyme activity occurred at a CPO concentration of 1.89 nM, with the 95%

confidence interval ranging from 1.65 nM to 2.16 nM.

100

N
(3]
1

rhAChE inhibition (%)
o 3

0 0.1 1 10 100
Concentration of CPO (nM)

Fig 3. Effect of increasing concentration of CPO on recombinant human acetylcholinesterase (thAChE) activity

at 37 °C. Each value represents the mean + SD of five independent experiments.
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3.2 Kinetic data, ISEF and total protein concentration

3.2.1 Bioactivation and detoxification of CPF in Supersome™ enzymes

The CPF concentration-dependent increase in the rate of bioactivation of CPF to CPO and
detoxification of CPF to TCPy obtained with different Supersome™ is presented in
Supplementary material II. The apparent Vmax, Km and the CE (calculated as Vmax/Km)
derived from these in vitro data are shown in Table 3. Overall, the Supersome™ data reveal
that the four CYPs known to be active in CPF to CPO conversion vary in their velocity and
affinity, with CYP2B6 showing the highest CE for bioactivation of CPF, and CYP2C19
showing the highest CE in terms of detoxification. CYP3A4 has the lowest CE for both
pathways.

In the next step, the CYP-specific ISEFs were defined. The ISEFs were calculated based on
the measured apparent Vmax in incubations with Supersome™ and pooled HLMs and are
presented in Table 3. The highest ISEF value was found for CYP2B6 (0.48) and the lowest one
for CYP1A2 (0.07).
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Table 3. Kinetic parameters for biotransformation of CPF in incubations with Supersome™, and ISEFs for hepatic
CYP-mediated biotransformation of probe substrates as determined based on incubations with pooled HLM or

Supersome™. Data represent mean of two experiments for each parameter.

Biotransformation of CPF

CYP1A2 CYP2B6 CYP2C19 CYP3A4
Pathway 1
Km(app) * 0.61 0.14 1.89 29.77
Vmax(app) ° 3.96 7.76 2.74 17.78
CE° 6.49 55.43 1.45 0.60
Scaled Vmax(app) ¢ 51.81 203.94 10.81 910.77
Scaled CE © 84.93 1456.70 5.71 30.59
Pathway 2
Km(app) ® 1.25 1.28 1.37 18.13
Vmax(app) ° 2.96 5.49 17.51 23.86
CE*® 2.37 4.29 12.78 1.32
Scaled Vmax(app) ¢ 38.73 144.28 69.06 1222.21
Scaled CE © 30.98 112.72 50.41 67.41
ISEF determination
CYP1A2 CYP2B6 CYP2C19 CYP3A4
Probe substrate phenacetin bupropion (S)-mephenytoin testosterone
CYP abundance * 52.00 15.80 5.40 137.00
Vmax (pooled HLMs) & 0.15 0.31 0.02 17.29
Vmax (supersome™) 39.06 40.77 20.59 1179
ISEFi 0.07 0.48 0.21 0.11
*uM
> pmol/min/pmolCYP

¢ CE = in vitro catalytic efficiency (pul/min/ pmol CYP) calculated as Vmax (appy/Km app)

4 scaled Vmax (umol/hr), calculated based on Eq 3,

¢ scaled catalytic efficiency (I/hr), calculated as scaled Vmax (app)/Km (app)

fCYP abundance (pmol CYP/mg microsomal protein) is the average endogenous abundance of each CYP isoform
in HLM, which is obtained from Simcyp (Simcyp Simulator V18 Release 1, Certara, Sheffield, UK)

£ nmol/min/mg microsomal protein

" pmol/min/pmol CYP

'ISEF calculated on the basis of Eq4
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To gain a better insight in the contribution of each CYP to the metabolism of CPF in vivo at
different concentrations of CPF, the apparent Supersome™ kinetic data were scaled toward the
whole liver according to Eq3. The corresponding Michaelis-Menten plot for each CYP upon

extrapolation is presented in Figure 4.
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Fig 4. Concentration-dependent metabolic velocity of each CYP in whole liver for (A) bioactivation of CPF to
CPO and (B) detoxification of CPF to TCPy. Since different concentration ranges were used in the different CYP

incubations, the velocity of concentrations exceeding the incubation concentration range of each CYP were set
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equal to its corresponding Vmax value, to facilitate the graphical comparison. The insert presents the data at the

lower concentration range (up to 1uM in A, and S5uM in B) in some more detail.

Figure 4A shows that at a low concentration (<1uM), CYP1A2 and especially CYP 2B6 play
the primary role in bioactivation of CPF to CPO. However, with increasing concentration,
CYP1A2 and CYP2B6 approach saturation while the 3A4-mediated conversion starts to
become an important contributor to CPO formation from concentration levels higher than 10
uM onwards. CYP2C19 appears to have only a minor contribution at both low and high
concentrations. These findings indicate that there are high affinity components (low Km for
CYP1A2, 2B6 and 2C19) and a low affinity component (high Km for CYP 3A4) to be taken
into account to adequately describe the bioactivation of CPF, resulting in biphasic kinetics. The
one to two orders of magnitude lower Km for CYP1A2, 2B6 and 2C19 compared to the Km
for CYP3A4 (Table 3) reflect this biphasic behavior. Differently, in detoxification of CPF
(Figure 4B), CYP3A4 plays a main role in the formation of TCPy at low concentrations, and it
is becoming even more pronounced at CPF concentrations higher than 1 uM, with CYP 1A2,

CYP2B6 and CYP2C19 being involved in the detoxification pathway to a more limited extent.

Thus, the Supersome™ data depicted in Figure 4 indicate biphasic kinetics to occur in the
CYP-mediated bioactivation pathway, which is supported by the Eadie—Hofstee plot
(Supplementary material III) for the summed enzyme velocities of the individual CYPs for
pathway 1. However, the CYP-mediated detoxification pathway of CPF does not show such
distinctive biphasic behavior, in line with the fact that Figure 4b reveals that for this reaction
the conversion at low concntrations was not dominated by a high affinity CYP, resulting in a
comparable (1.4-fold difference) sum of the scaled catalytic efficiency (CE) of the four
individuals Supersome™ in pathway 2 at low and high concentration ranges, allowing the

kinetics for this reaction to be described in a monophasic way.

To evaluate the performance of the Supersome™ together with the ISEF to predict the
bioactivation of CPF, the sum of the scaled CE of the four individual Supersome™ was
compared to the CE obtained for the pooled HLMs (for both non-biphasic and biphasic
scenarios). The comparison reveals that the summed scaled CE of Supersome™ (CE= 1578
I/hr) is in line with that of pooled HLMs when biphasic kinetics was taken into account
(CE=3600 1/hr), but is not comparable when the high affinity phase was excluded (CE=41 l/hr),
indicating it is of critical importance to include the high affinity phase when characterizing a

metabolic conversion that is catalyzed by two or more CYP isoforms with distinct affinities.
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Given these results, the non-biphasic HLM-based approach was excluded in later steps

presented below because of its incomplete characterization of CPF bioactivation.
3.2.2 In vitro metabolic conversion of CPO to TCPy in plasma

The apparent and scaled Vmax, Km, and CE for detoxification of CPO in plasma as well as the
determined total protein concentration of plasma samples of 25 individuals are presented in
Supplementary material IV. In general, the difference between the highest and the lowest CE
is around 2.6-fold. This difference is mainly caused by individuals 15 and 16, due to a 1.5-fold
lower apparent Km in individual 15 and a 2-fold lower apparent Vmax in individual 16
compared to the mean Km (290 uM) and Vmax (1844 nmol/min/ml plasma or 320937 pmol/hr),
respectively (Table 2). The calculated CV of the Vmax amounted to 0.29, and the CV for the
Km was 0.33 (Table 2). The results also show that the 25 individuals have relatively
comparable total protein concentrations in plasma, showing an only 1.3-fold difference

between the highest and the lowest value (Supplementary material V).
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3.3 PBK model evaluation

A

® Timchalk et al. (2002) 1 mg/kg TCPy individual 1
®  Timchalk et al. (2002) 1 mg/kg TCPy individual 2
- Supersomem-based PBK model

— HLM-based PBK model (biphasic)

O Timchalk et al. (2002) 1 mg/kg CPF individual 1
O Timchalk et al. (2002) 1 mg/kg CPF individual 2
il Supersomew'—based PBK

- -+ HLM-based PBK model (biphasic)

Blood concentration (uM)

0 30 60 90 120 150 180
Time (hr)

w

v Timchalk et al. (2002) 2 mg/kg TCPy individual 3
TCPy ¢ Timchalk et al. (2002) 2 mg/kg TCPy individual 4
A Timchalk et al. (2002) 2 mg/kg TCPy individual 5

Supersomew-basedPBK model
— HLM-based PBK model (biphasic)

V Timchalk et al. (2002) 2 mg/kg CPF individual 3
¢ Timchalk et al. (2002) 2 mg/kg CPF individual 4
A Timchalk et al. (2002) 2 mg/kg CPF individual 5
- Supersomew'-basedPBK model

--- HLM-based PBK model (biphasic)

Blood concentration (uM)
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0 30 60 90 120 150 180

Time (hr)

Drevenkar et al. (1993)
(214 mg/kg bw to 429 mg/kg bw)

Supersomem-based PBK model
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(214 mg/kg bw)
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Fig 5. Comparison between reported in vivo data and PBK model predictions for time-dependent blood
concentrations of CPF and time-dependent blood concentrations of TCPy at 1 mg/kg bw (A), and 2 mg/kg bw
(B) (Timchalk et al. 2002), and 214 mg/kg bw (solid line) to 429 mg/kg bw (dash line) (C) the latter equal to the

estimated dose range, for the estimated intake dose of poisoning victim A (Drevenkar et al. 1993).
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The performances of the Supersome™ and HLM-based PBK models were evaluated against
available in vivo data obtained from the literature (Figure 5 and Supplementary material V).
The data in the Supplementary material V reveal that the two models adequately predict the
TCPy blood concentration, the predicted Cmax value was 2.2-fold different from the mean value
of Cmax in in vivo data (Nolan et al. 1984) and the urinary TCPy excretion upon oral
administration of 0.5 mg/kg bw is predicted to result in a concentration at 120 hr that is 0.8-
fold different from the in vivo value (Nolan et al. 1984). Similar results were observed when
comparing the predicted Cmax of TCPy from the two models with in vivo data from 5 individuals
(Timchalk et al. 2002) (Figure 5 A, and B), with the predictions being 1.3-fold to 4.0-fold
different from the in vivo values. Apart from that, the two models were further evaluated by
comparison of the predicted CPF blood concentration with the corresponding in vivo data from
the 5 individuals. As illustrated in Figure 5, an either 0.04- to 0.99-fold difference or 0.02- to
0.44-fold difference was found when comparing the predicted blood concentration of CPF by
the Supersome™-based PBK model or the HLM-based PBK model, respectively to the
reported blood concentration data. To better evaluate the time-dependent CPF concentration in
blood, the predictions were also compared with CPF blood concentration data from Drevenkar
et al. (1993) for poisoning victim. The results show that, at the estimated dose range of 214 to
429 mg/kg bw which reflects the estimated intake range of poisoning victim, the CPF blood
concentrations predicted by the Supersome™ and HLM-based PBK models are in line with the

reported CPF blood concentration of poisoning victim (Drevenkar et al. 1993).

3.4 Sensitivity analysis

In the present study, the impact of each parameter of the Supersome™-based model and the
HLM-based PBK model (biphasic) on the model output (free blood Cmax of CPO) was
determined by performing a sensitivity analysis. Only the parameters with normalized
sensitivity coefficient higher than 0.1 (absolute value) are shown in Supplementary material
VI. In general, no large difference was found in the sensitivity analysis of the two approaches.
At low dose levels (0.5 mg/kg bw), the model output was mainly influenced by body weight,
volume of liver, volume of blood, cardiac output, blood flow to liver and rapidly perfused tissue,
absorption rate constants, fraction of dose absorbed, liver microsomal protein yield scaling
factor, the unbound fraction of CPO in vivo as well as blood to plasma ratio of CPO. In addition

to that, the free blood Cmax of CPO appears also to be significantly affected by the kinetic
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parameters of CPO detoxification in both approaches, and to a lesser extent by CYP2B6-
derived kinetic parameters of CPO bioactivation in the Supersome™-based model. At the
exposure dose of 180 mg/kg bw, similar results were obtained, except that the parameters such
as volume of liver, absorption rate constants, fraction of dose absorbed, and liver microsomal
protein yield scaling factor had less influence on the model output. In contrast, CYP-derived
kinetic parameters of CPO bioactivation (especially CYP3A4) and its related parameters (ISEF
and CYP abundance) in the Supersome™-based model, and HLM-derived kinetic parameters
of CPO bioactivation in HLM-based PBK model (biphasic) became influential on the model

output.

3.5 Monte Carlo simulation and CSAF (HKar)

The frequency distributions of the predicted Cmax of CPO obtained using the Supersome™-
based PBK model approach and the HLM-based PBK model approach including biphasic
kinetics are presented in Supplementary material VII, and the corresponding GM, 95" and 99
percentile values of the distributions are shown in Table 4. Supplementary material VII and
Table 4 together reveal that there are no substantial differences in the frequency distributions
of the predicted Cmax of CPO obtained by the two approaches, resulting in more or less similar
GM, 95" and 99'" percentile values between the two approaches (maximum 1.2-fold different).
These values were used to calculate the HKar values, which were obtained by dividing the 951
or 99™ percentile of the general population by the GM of the general population. As presented
in Table 4, a slight difference was observed between both approaches when using the 95
percentile providing a HKar of 2.6 and 2.5 for the Supersome™- based PBK model and the
HLM-based PBK model, respectively. When using the 99™ percentile, the calculated HK ar

values were consistent, amounting to 3.6 for both approaches.
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Table 4. Geometric mean values, the 95th and the 99th percentile values of the distribution for the predicted free
blood maximum concentration (Cmax) of CPO after a single oral CPF dose of 0.47 mg/kg bw in Monte Carlo

simulations, and its resulting CSAFs in the Supersome™- based PBK model and the HLM-based PBK model

approach.
™
Supersome " '- based PBK HLM-based PBK model
model
CSAF(HKp)*
P95/GM 2.6 2.5
P99/GM 3.6 3.6
Total runs 58792 9712

 Chemical specific adjustment factor (CSAF) for human variability in toxicokinetics (HK r)

3.6 Reverse dosimetry to extrapolate in vitro AChE inhibition data to in vivo
dose-response curves
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Fig 6. Comparison of the prediction for the CPF dose-dependent total Cmax of CPO by the different approaches

For further evaluation of the newly defined PBK models, Figure 6 shows a comparison of the
CPF dose-dependent predicted total blood Cmax of CPO using the PBK models developed in
the present study. The comparison reveals that the predictions by especially the non-biphasic
HLM-based model deviates from the predictions by the other models, while the data provided
by Supersome™-based PBK model and those obtained with HLM-based PBK model (biphasic)

were found to be similar, with a difference of 1.1-fold to 1.6-fold, increasing with the dose.
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Fig 7. The predicted in vivo dose-response curves for AChE inhibition upon CPF exposure in human using the
Supersome™-based PBK model (green solid line for average population, green dash line for 99" percentile
sensitive individuals, and green dot line for 1% percentile sensitive individuals), the HLM-based PBK model (non-
biphasic, blue solid line) and the HLM-based PBK model (biphasic, red solid line for average population, red dash
line for 99™ percentile sensitive individuals, and red dot line for 1 percentile sensitive individuals) for the reverse
dosimetry. The individual data points represent available in vivo data for RBC AChE inhibition in human upon

oral exposure to CPF at different dose levels as reported by USEPA (1999) and Timchalk et al. (2002).

Finally Figure 7 illustrates that when using the different PBK models to translate the in vitro
concentration-response curve for CPO-mediated inhibition of rhAChE inhibition to in vivo
dose-response curves using reverse dosimetry, the predicted dose-response curves for the
average population by the Supersome™-based PBK model and HLM-based PBK model
(biphasic) were in line with in vivo data points, while the curve obtained with the HLM-based
PBK model (non-biphasic) appeared to inadequately describe the actual inhibition reported at
low dose levels for some individuals. Additionally, Figure 7 presents the dose-response curves
predicted for the 99™ percentile and 1% percentile of the population, reflecting the possible
inter-individual variation in the RBC AChE response predicted by the Supersome™-based
PBK model approach and the HLM-based PBK model approach (biphasic). The curves
obtained for 99™ percentile and 1°t percentile individuals by the Supersome™-based PBK
model are similar to those predicted by the HLM-based PBK model (biphasic), except for the
fact that the curves obtained with the HLM-based biphasic approach are somewhat steeper than

those obtained with the Supersome™-based approach.
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3.7 BMD analysis and evaluation of the PBK model-based reverse dosimetry

predictions

Figure 8 and Supplementary material VIII, present the BMDL1o values derived as PODs from
the dose-response curves for the average population presented in Figure 7. From these results
it can be derived that the POD values obtained with the PBK model defined in the present study
by the Supersome™-based PBK model and the HLM-based biphasic PBK model for the
average population were comparable to the reported human model-derived BMDL1o values
(1.9-fold and 1.8-fold lower, respectively) (USEPA 2014). However, when the high affinity
component was excluded in the non-biphasic HLM-based PBK model, the predicted BMDL 1o
values was found to be 3.3-fold higher than the reported human model-derived BMDL1o values
(USEPA 2014).

USEPA (derived from human PBPK/PD model) |
SupersomeTM-based PBK model+ |
HLM-based PBK model (non-biphasic)

HLM-based PBK model (biphasic)+ |

KR S

Dose (mg/kg bw)

Fig 8. Comparison of predicted BMDL values by the present study to reported BMDL, values established by
USEPA (2014).

4. Discussion

The present study compared the performance of two different approaches on characterization
of the inter-individual variation in metabolism of CPF and its resulting RBC AChE inhibition
using PBK-based reverse dosimetry linked with Monte Carlo simulations. In one approach,
variation in metabolism was calculated using Supersome™ together with reported variation in
CYP abundance, while in the other approach, variation was quantified using individual HLM

data from Smith et al. (2011). The obtained results revealed that both approaches adequately
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predicted the time-dependent blood concentration profile of CPF and its metabolite TCPy, and
could be used to successfully translate the in vitro concentration-response curves for RBC
ACHhE inhibition by the active metabolite CPO to corresponding in vivo dose-response curves
for CPF induced inhibition of RBC AChE activity, resulting in a derived BMDL1o value that
was comparable to the reported BMDLio value from the USEPA (2014). Additionally, the
similar results obtained from the Supersome™-based approach and the HLM-based approach
(biphasic) imply that there is a good match between the two approaches, thus also resulting in
comparable HKar values. When comparing the obtained HKar values with the default
uncertainty factor of 3.16, the HKar value derived using the 95" percentile is found to be well
covered by the default value of 3.16, while the HKar defined using the 99" percentile, was
slightly higher than 3.16, reflecting a possible inadequate protection by the default safety factor
for a small part of the population. It also needs to be considered that the HKar values obtained
account for only the variation in metabolism-related parameters, while the variability in other
kinetic parameters including absorption-, distribution- related processes are not yet taken into

account.

In the present study, the IC50 value obtained from the CPO-induced concentration-response
curve in thAChE was found to be comparable to the IC50 value of 3.1 nM (taking into account
a correction for the unbound fraction of CPF in plasma amounting to 0.15 (Heilmair et al. 2008))
reported in the study of Eyer et al. (2009). In this study the plasma samples from the patients
poisoned with CPF were incubated with uninhibited RBCs from a healthy donor. This similar
IC50 value indicates that thAChE and native human RBC have a comparable sensitivity

towards in vitro inhibition following CPO exposure.

The kinetic parameters obtained by Supersome™ incubations revealed that the bioactivation
of CPF exhibits biphasic kinetics, based on the fact that the Km of CYP1A2, CYP2B6 and
CYP2C19 were one to two orders of magnitude lower than that of CYP3A4 (Foxenberg et al.
2007). As a result, the combined kinetic data from these four main CYPs generated a
characteristic pattern of biphasic kinetic in the Eadie-Hofstee plot (Supplementary material III).
However, in incubations with HLM, only the low affinity component was identified when using
CPF at a concentration range of 3 to 100 uM (Sams et al. 2004; Zhao et al. 2019), while the
high affinity component was not. These differences indicate that identifying such multiple CYP
isoform-mediated biotransformation reactions of CPF using HLM might be problematic.
Different from the Supersome™-derived kinetic data that reflect each CYP-specific intrinsic

kinetic profile and parameters (Km and Vmax) towards the chemical of interest, the HLM-
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derived kinetic data represent the overall metabolic conversion by all relevant CYPs. Therefore,
using substrate concentration ranges that far exceed the Km of some of the CYPs involved
could lead to an incomplete capture of the kinetic phase, resulting in an under-estimation of the
metabolic rate especially at low concentrations and dose levels. In theory, this issue can be
overcome by extending the substrate incubation concentration range. In practice, however, the
quantification of formation of CPO in incubations with HLM at low substrate concentrations
(in this case CPF <1 uM) may be challenging, because of the detection limits for the metabolite
of interest. Buratti et al. (2003) employed a highly sensitive detection method for CPO (based
on AChE inhibition) for the metabolic reaction of CPF using HLM. However, the assay was
only able to identify the high affinity CYP kinetic components due to the complete inhibition
of the AChE at high substrate concentrations and high formed CPO metabolite concentrations
(Buratti et al. 2003). These observed incomplete captures of HLM kinetic data will occur less
often with Supersome™, since they have a higher catalytic activity compared with the native
CYPs present in HLM, allowing identification of both low and high affinity components using
normal enzyme incubation assay conditions and established LC-MS/MS or ULPC-PDA

detection methods.

Although Supersome™ seems a promising system for studying the metabolic turnover of
chemicals, the activities of CYP enzymes from Supersome™ are different from native sources,
as Supersome™ is a recombinant enzyme system made using baculovirus-transfected insect
cells and exhibiting very high levels of catalytic activities. Therefore use of Supersome™
requires an ISEF to correct for differeces in activity compared to the HLM, before scaling the
activities to the in vivo situatioon. Applying such an ISEF may lead to an over- or under-
estimation of metabolism, due to the possible variations in determination of ISEF values such
as variability in the commercially supplied Supersome™ and HLM systems used, the probe
substrate used, and the laboratory conditions applied (Chen et al. 2011; Proctor et al. 2004). In
the present study the variabilities and inconsistencies related to ISEF values were minimized
by using a probe substrate for the relevant CYPs in both enzyme systems to derive the ISEFs
(instead of using default ISEF values), and using the same batch of Supersome™ and HLM for
all ISEF determinations in the same laboratory. The overall extrapolated Vmax values using
ISEF values established in the present study from Supersome™ kinetic data were found to be
1.9- and 0.9- fold different from the Vmax values derived from the HLM data for the high and
low affinity component, repectively (Buratti et al. 2003; Sams et al. 2004; Smith et al. 2011;
Zhao et al. 2019), indicating the adequency of the ISEF values established in the present study.
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Different from the bioactivation of CPF to CPO (pathway 1), the detoxification of CPF
(pathway 2) was shown in the present study to be adequately described by only one set of
Vmax and Km. However, it is true that both bioactivation and detoxification of CPF were
mainly catalyzed by similar type of CYPs, therefore biphasic kinetics may in theory also be
expected to occur in the detoxification. Based on the results obtained, however, it appeared that
the detoxification reaction kinetics were dominated by the contribution of only CYP3A4 at
both low and high concentrations. Therefore, it eliminates the need for description of biphasic
kinetics in the pathway 2. A similar kinetic behavior for the conversion of CPF to TCPy was

also observed in a previous study in rat liver microsomes (Ma and Chambers 1995).

The consequences of using different in vitro kinetic data as input of model-based reverse
dosimetry were described by the BMDL1o values obtained in the present study. The BMDL1o
value (for the average population) obtained using the HLM-based approach taking biphasic
kinetics into account was found to be comparable to the BMDLio values reported by the
USEPA (2014), but was 6-fold lower than that obtained from the HLM-based approach in
which the high affinity component was not included. Such a difference is obviously due to the
fact that without including the high affinity component, the contribution of CYP1A2, CYP2B6
and CYP 2C19 at low concentrations to the bioactivation of CPF to CPO was neglected.
Therefore, it is of importance to take biphasic kinetics into account, as an incomplete kinetic
profile of bioactivation of CPF to CPO apparently results in an under-estimation of the POD
leading to an inadequate protection of human health at especially realistic low dose exposure
levels. When comparing the BMDL 1o value obtained using the HLM-based PBK model that
takes biphasic kinetics into account with the BMDL1o obtained with the Supersome™-based
PBK model for the average population, no substantial difference was observed (1.04-fold),

consistent with the comparable in vitro kinetic data predicted by the two approaches.

In the present study, for the Monte Carlo simulations, no covariation was assumed between
different pathways. This was dependent on the following considerations. Based on the previous
reported CE data for each pathway from Smith et al. (2011), the Pearson r was calculated (The
correlation analysis, GraphPad Prism 5, version 5.04), which showed only low to mediate
correlations between pathway 1 with either pathway 2 or 3 (Pearson r of Pathway 1 versus
Pathway 2 = 0.63, and Pearson r of Pathway 1 versus Pathway 3 = 0.35), and mediate
correlations between pathway 2 with pathway 3 (Pearson r =0.51). Based on the fact that a low
to moderate correlation will not substantially affect the model outcome (Bukowski et al. 1995;

Poet et al. 2017), no correlations between these three pathways were included in the present
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study. Regarding Pathway 3 and 4 (PON1-mediated detoxification of CPO in liver and plasma,
respectively), one may expect they will correlate with each other since plasma PON1 is known
to be released from the liver (Ali and Chia 2008). However, there are no data that describe such
a correlation between these two pathways. Moreover, by assuming that pathway 3 and pathway
4 completely correlate with each other, some possible combinations of kinetic data of the two
pathways might be excluded in the Monte Carlo analysis. Therefore, to be conservative, these
two pathways were treated as independent. Altogether, including no covariation between the
different pathways maximizes the variability of the predicted CPO Cmax (model output). As a

result, the derived HKar values can be regarded to represent a conservative scenario.

Altogether, both the Supersome™-based model and the HLM-based model with biphasic
kinetics appeared suitable to predict inter-individual variation in the metabolism of CPF, and
this approach can be further advanced by considering the following improvement. In the
present study, the HKar obtained relates to the general adult population, but did not yet relate
to specific sub-population groups (e.g. pregnant women, infants and children). Some data
suggest that there is a different capacity for CPO detoxification between specific sub-groups
and general adults. Ferré et al. (2006) for example reported that the metabolic capacity can be
altered during pregnancy, and that pregnancy can lead to an approximately 30% reduction in
PONI activity, which may result in a decreased capacity for CPO detoxification. In addition,
an age-dependent increase of PON1 levels and activity have been reported (Huen et al. 2010),
suggesting that human fetuses, infants, and young children may have lower capacity to detoxify
CPO than adults. This observation has been corroborated by the human plasma kinetic data
from Smith et al. (2011) reporting that Vmax values (on a per ml plasma basis) of CPO
detoxification positively correlated with age. Therefore, the HKar derived in the present study
may not provide full protection for these sensitive sub-group. In further research, the
Supersome™-based approach could be extended to also include sub-populations, allowing

definition of a more comprehensive HKar.

In conclusion, the present study demonstrates that using the Supersome™-based model and
HLM-based model (biphasic), together with Monte Carlo simulations and reverse dosimetry
can adequately predict the inter-individual variation in metabolism of CPF and its resulting
RBC AChE response, providing comparable BMDL10 and HKar values in both approaches.
Using Supersome™.-derived kinetic parameters together with corresponding CYP abundances
to describe inter-individual variability of CPF toxicokinetics enables to capture different kinetic

affinity components, which may have been problematic when using HLMs alone. On the other
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hand, using the Supersome™-based approach might be hindered by the accuracy of ISEF
values used. Overall, taking these advantages and disadvantages of the two approach into
account, the Supersome™-based approach seems more appropriate than the HLM-based
approach for identifying inter-individual variation in biotransformation of CPF and its resulting

RBC AChE inhibition.
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Supplementary materials

For convenience, Supplementary material I can be found at the following link:

https://drive.google.com/file/d/1RizsSIAUCLgP Tr8GZ619GUAZZYH4rwTK/view?usp=sharing
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pathway 2 (for both monophasic and biphasic).
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Supplementary material IV

Kinetic parameters (Vmax and Km) and catalytic efficiency (CE) (calculated as Vmax/Km) for the detoxification
of CPO to TCPy in incubations with plasma from 25 Caucasian individuals. Data represent mean of two

experiments for each parameter.

Total Vmax Scaled Scaled

Number  Gender Age protein * M(app)” wom © Vmax ¢ CE ¢ Vmax | CE ¢
1 Male 64 73.3 388.3 21.78 1596 4.1 291247 750.1
2 Male 65 71.2 3104 17.32 1233 4.0 224952 724.7
3 Male 56 75.9 379.7 32.15 2439 6.4 445176 1172.4
4 Male 52 71.1 317.1 22.39 1591 5.0 290427 915.9
5 Male 51 72.4 637.6 45.36 3284 52 599306 939.9
6 Male 57 80.9 327.1 23.22 1878 5.7 342626 1047.5
7 Female 25 80.3 152.3 14.99 1203 7.9 219543 1441.5
8 Female 38 78.0 227.8 21.31 1663 7.3 303506 1332.3
9 Female 38 78.5 282.8 27.46 2157 7.6 393583 1391.7
10 Female 32 82.0 258.7 28.9 2370 9.2 43441 1671.6
11 Female 22 75.4 205.1 17.42 1314 6.4 239710 1168.7
12 Female 46 92.0 299.3 26.75 2461 8.2 449105 1500.5
13 Female 51 72.8 225.7 20.58 1498 6.6 273437 1211.5
14 Female 75 72.8 357.5 28.36 2064 5.8 376692 1053.7
15 Female 55 74.2 187.3 24.79 1840 9.8 335867 1793.2
16 Female 53 80.8 247.7 11.28 912 3.7 166366 671.6
17 Female 50 71.4 282 32.03 2287 8.1 417377 1480.1
18 Female 58 74.6 200.7 15.18 1132 5.6 206569 1029.2
19 Male 48 73.0 249.8 18.21 1329 53 242612 971.2
20 Male 49 84.9 307.6 24.85 2111 6.9 385226 1252.4
21 Male 44 79.6 283.4 23.05 1835 6.5 334943 1181.9
22 Male 34 71.8 237.6 24.05 1726 7.3 315041 1325.9
23 Male 47 89.0 373.9 24.05 2141 5.7 390628 1044.7
24 Male 28 82.9 269.7 28.44 2357 8.7 430169 1595.0
25 Male 41 75.7 236.5 22.13 1676 7.1 305834 1293.4
2 mg/ml
b M

°nmol/min/mg plasma protein

4 Vmax (nmol/min/ml plasma), calculated by multiplying Vmax () (nmol/min/mg plasma protein) with total
protein content (mg/ml)

¢ CE = catalytic efficiency (ml/min/ ml plasma), calculated as Vmax (nmol/min/ml plasma) /Kmapp) (uM)
fScaled Vmax (umol/hr/plasma), calculated based on Eq 7

¢ Scaled CE (V/hr/plasma), calculated as scaled Vmax (umol/hr/plasma) /Kmapp) (uM)
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Sensitivity analysis for the predicted free blood Cpax concentration of CPO at a low dose level of CPF of 0.5 mg/kg
and a high dose level of 180 mg/kg bw by the Supersome™ CYP-based PBK model (A) and the HLM-based PBK
model (biphasic) (B). The parameters represent: BW body weight, VLc fraction of liver tissue, VBc fraction of
blood, QC cardiac output, QLc fraction of blood flow to liver, QRc fraction of blood flow to richly perfused tissue,
ISEFCYP2BG6 intersystem extrapolation factors for CYP2B6, ISEFCYP3A4 intersystem extrapolation factors for
CYP3A4, CYPabundance2B6 average endogenous abundance (pmol CYP/mg microsomal protein) of CYP2B6
isoform in human liver microsome, CYPabundance3A4 average endogenous abundance (pmol CYP/mg
microsomal) of CYP3A4 isoform in human liver microsome, Ka first-order rate constant for absorption CPF from
stomach into liver, fa fractional absorption, MPL liver microsomal protein yield, VmaxCYP2B6mP1 maximum
rate for conversion of CPF to CPO by CYP2B6, VmaxCYP3A4mP1 maximum rate for conversion of CPF to CPO
by CYP3A4, KmCYP2B6P1 Michaelis Menten constant for conversion of CPF to CPO by CYP2B6,
KmCYP3A4P1 Michaelis Menten constant for conversion of CPF to CPO by CYP3A4, Vmax11¢ maximum rate

for conversion of CPF to CPO at low concentration range by HLM, Vmax12c maximum rate for conversion of
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CPF to CPO at high concentration range by HLM, Km12 Michaelis Menten constant for conversion of CPF to
CPO at high concentration range by HLM, Vmax3c¢ maximum rate for conversion of CPO to TCPy by HLM,
Km3 Michaelis Menten constant for conversion of CPO to TCPy by HLM,Vmax4c maximum rate for conversion
of CPO to TCPy by HP, Km4 Michaelis Menten constant for conversion of CPO to TCPy by HP, fuCPO free
fraction of CPO in vivo, BPCPO blood to plasma ratio of CPO.
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Frequency distribution for the predicted blood free maximum concentration (Cmax) of CPO after a single oral
CPF dose of 0.47 mg/kg bw for 58792 individuals using the Supersome™ CYP-based PBK model approach (A),
and 9712 individuals using the HLM-based PBK model approach (biphasic) (B), obtained by taking variation in
the CYP abundance, Vmax and Km into account in the Monte Carlo simulation. The GM, P95 and P99 represent

the geometric mean, the 95" and the 99" percentile of the distribution.
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Supplementary material VIII

Comparison of predicted BMDL,, values from the present study to the reported BMDL( value established by
USEPA (2014)

Prediction Reported
Supersome™ CYP- H;;,r;:::ﬁd H;;)l:)’l;(l)):csl(:d EPA BMDLjo (derive from
based approach (non-biphasic) (biphasic) human PBK model)
(nlfgfl?;b‘v"v) 0.25 1.55 0.26 0.47
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Chapter 6

Overview of main findings

Organophosphate (OP) pesticides make up one of the major groups of pesticides used primarily
in agriculture, horticulture, or residential applications to control pests. As neurotoxicants, their
potential effects on the human nervous system are of concern. To safeguard public health,
numerous risk assessments have been conducted for different OP pesticides, and their
corresponding points of departure (PODs) have been derived based on red blood cell (RBC)
acetylcholinesterase (AChE) inhibition observed in experimental animals following OP
pesticide exposure as the critical endpoint for the adverse effects (EFSA 2006; EFSA 2014a;
USEPA 2016b; USEPA 2016¢). However, the question may arise as to what extent the POD
derived from an in vivo animal study, and its downstream health-based guidance value (HBGV)
obtained by applying the default uncertainty factor (UF) of 100, provides adequate protection
for the human population. Therefore, development of a method that enables predicting the POD
based on human data and deriving a chemical-specific adjustment factor (CSAF) for
calculating an HBGV is of importance in human risk assessment of OP pesticides. To this end,
the aim of the present thesis was to investigate whether new approach methodologies (NAMs)
and especially physiologically based kinetic (PBK) model-based reverse dosimetry using in
vitro and in silico data, in combination with Monte Carlo simulations or the toxic equivalency
factor (TEF) approach, can be used to derive PODs and CSAF values for characterizing inter-
ethnic (Chapter 2), inter-species (Chapter 3 and 4) and inter-individual (Chapter 5)
differences in toxicokinetics and RBC AChE inhibition following OP pesticide single acute

oral exposure.

In Chapter 2, PBK models for one of the most widely used OP pesticides, namely chlorpyrifos
(CPF) were developed for both the Chinese and Caucasian population. To do so, reported
ethnicity-specific anatomical and physiological parameters (Brown et al. 1997; NHFPC 2007a;
NHFPC 2007b; NHFPC 2014), in silico calculated physico-chemical parameters (DeJongh et
al. 1997), and experimentally derived ethnicity-specific kinetic parameters determined by in
vitro incubations with relevant tissue fractions of the two populations, were incorporated into
corresponding PBK models. These PBK models were subsequently used to convert
concentration-response curves for human RBC AChE inhibition reported by Eyer et al. (2009)
to the corresponding in vivo dose-response curves by reverse dosimetry. The results obtained
revealed a marked inter-cthnic difference in toxicokinetics of CPF, with a slower CPF

bioactivation and faster detoxification of its active metabolite chlorpyrifos-oxon (CPO) in the
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Chinese than in Caucasian population. These differences could be explained by the inter-ethnic
variation in enzyme profiles and enzyme activities involved in biotransformation of CPF and
CPO. The differences resulted in 5- to 6-fold lower POD values for the Caucasian than the
Chinese population. The difference in POD values between the two populations reflects a lower
risk of CPF for the Chinese than the Caucasian population at similar levels of exposure. The
inter-ethnic variation in toxicokinetics of CPF, also resulted in 2-fold lower cumulative urinary
levels of 3,5,6-trichloro-2-pyridinol (TCPy), used as a biomarker for CPF exposure, in Chinese
compared to Caucasians at the same dose levels, implying the importance of taking possible
inter-ethnic differences into account when characterizing CPF exposure for different ethnic

groups on the basis of their urinary biomarker levels.

To further explore whether the PBK-based reverse dosimetry could also be successfully applied
for establishment of PODs for other OP pesticides, a study was performed for another OP
pesticide, profenofos (PFF), which is described in Chapter 3. In this study the possible inter-
species differences between rat and human in PFF-related RBC AChE inhibition were assessed.
The PBK models for the two species were developed using a similar strategy as applied in
Chapter 2. The concentration-dependent inhibition of rat and human RBC AChE was
determined in vitro using recombinant human AChE enzyme (thAChE) and rat AChE enzyme
extracted from RBC. The concentration-response curves thus obtained were translated using
PBK model-based reverse dosimetry to predicted dose-dependent RBC AChE inhibition curves
for rat and human in vivo. From the predicted dose-response curves, the benchmark dose lower
confidence limits for 10% inhibition (BMDL10) values were derived by benchmark dose (BMD)
analysis as PODs. The obtained results show that the predicted POD value derived from the
human data was 45-fold lower than that derived from the rat data, indicating human to be more
sensitive than rat. Such differences appeared mainly due to marked inter-species differences in
toxicokinetics of PFF, with rat being more efficient in hepatic and plasma detoxification of
PFF than human, while the difference in toxicodynamics appeared limited as reflected by
similar in vitro concentration-response curves for RBC AChE inhibition in the two species. In
conclusion, Chapter 3 demonstrated the applicability of PBK-model based reverse dosimetry
to predict in vivo RBC AChE inhibition by PFF, providing another proof-of-principle that
integrating in vitro toxicity data and PBK model-based reverse dosimetry is a promising

strategy for non-animal-based safety assessment of OP pesticides.

Chapter 4 further challenged the applicability of PBK-based reverse dosimetry, by
investigating the possibility of using this approach to predict the inhibitory effect on RBC
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AChE for an OP pesticide for which both the parent OP pesticide and its metabolite are active
AChHE inhibitors. This required integrating the TEF methodology into the PBK model.
Diazinon (DZN) was selected as model compound based on the fact that both DZN and its
bioactive metabolite diazoxon (DZO) are able to inhibit AChE. Similar as in Chapter 3, the
possible inter-species differences in sensitivity for RBC AChE inhibition of rat and human
following DZN exposure were characterized and used to derive a POD. To enable definition
of the required TEF values, in vitro concentration-dependent inhibition curves of rat and human
RBC AChE by DZN and DZO were defined. The TEF values were calculated based on the
ratio of the half maximal inhibitory concentration (IC50) derived from these in vitro
concentration-RBC AChE inhibition curves. Moreover, the PBK models and their input
parameters for the two species were defined using in silico and in vitro methods. To further
describe the combined free blood concentration of DZN plus DZO at the target site (RBC
AChE), the free effective blood maximum concentration of DZN plus DZO was expressed in
DZO equivalents by multiplying the respective concentrations with the corresponding TEF
values, and adding up the resulting DZO equivalent values. Use of the TEF coded PBK model
enabled calculation of the external exposure dose of DZN that would produce a defined
combined free DZN plus DZO concentration expressed in DZO equivalents in human/rat blood,
and to translate the observed inhibition effects of DZO in the in vitro concentration-response
curve expressed in free in vitro DZO equivalents to the in vivo situation. From the predicted in
vivo dose-response curves, the POD (BMDL1o) values were derived using a BMD analysis.
The obtained results show that the free blood concentration of DZN contributes substantially
to the DZO equivalents, indicating it is of critical importance to take internal free DZN
concentrations into account in addition to the concentrations of its active oxon metabolite DZO
when conducting a risk assessment for DZN. Besides, although no inter-species difference was
observed in the in vitro concentration-response curves for rat or human RBC AChE inhibition,
marked inter-species differences in toxicokinetics were observed, as rat displayed a faster
metabolic rate for bioactivation and detoxification of DZN and/or DZO than human, resulting
in a 6-fold lower POD in human than in rat. Altogether, this chapter demonstrated that use of
the TEF coded PBK model-based reverse dosimetry can predict combined effect of DZN and
DZO on RBC AChE inhibition, providing a proof-of-principle for derivation of a point of
departure (POD) in risk assessment for an OP pesticide for which both the parent OP and its
oxon metabolite have the ability to contribute substantially to RBC AChE inhibition.
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In Chapter 5, the inter-individual variation in metabolism of CPF and its resulting RBC AChE
inhibition was studied in further detail. A CSAF for inter-individual differences in kinetics
(HKaF) was quantified on the basis of the PBK model for CPF developed for Caucasians
(Chapter 2), in combination with Monte Carlo simulation. To define the metabolic variation
in the PBK model, two different approaches were developed and compared, namely a
Supersome™ cytochrome P450 (CYP)-based PBK model approach and a human liver
microsome (HLM)-based PBK model approach. Supersome™ CYP-derived kinetic data
revealed that bioactivation of CPF exhibits biphasic kinetics due to distinct differences in the
Km value for CYPs involved. Therefore, to accurately predict the toxicokinetics of CPF, the
HLM-based PBK model was refined to include biphasic kinetics in the bioactivation of CPF.
In the Supersome™ CYP-based approach, the variation in conversion was calculated using
Supersome™ CYP-derived kinetic data together with reported values for the coefficients of
variation (CVs) in CYP abundance together with applying the intersystem extrapolation factors
(ISEFs) to scale CYP isoform activity in the Supersome™ to HLM and eventually to the in
vivo situation. In the HLM-based approach, the variation was described by the reported CV of
HLM-related kinetic data for CPF in 30 individuals (Smith et al. 2011). In the subsequent step,
Monte Carlo simulations were performed to generate a population distribution of maximum
free blood concentrations (Cmax) of CPO (the active metabolite of CPF). No substantial
difference was found in the predicted Cmax of CPO in the two approaches, implying that there
is a good match between the two procedures. From the concentration distributions obtained,
the HKar values were calculated by dividing the tail (95" or 99") of the distribution by its
corresponding geometric mean (GM) at an oral dose of 0.47 mg/kg bw, which represents the
BMDL1o, and is used as a POD by the United States Environmental Protection Agency
(USEPA) for setting a health based guidance value for CPF (USEPA 2014a). Comparison of
the HKar derived by the two approaches indicates no difference, with both values at the 99™
percentile being slightly higher than the default UF of 3.16, reflecting possible inadequate
protection for extreme sensitive adult individuals by this default UF. To further evaluate the
performance of the two approaches, the in vitro CPO induced concentration-dependent
rhAChE inhibition curve was extrapolated to its corresponding in vivo dose-response curves,
also taking the inter-individual differences into account, resulting in comparable predictions
when using the two approaches with an only 1.04-fold difference in the BMDLi1o values
obtained. Altogether, the results presented in Chapter 5 demonstrated that use of either a
Supersome™ CYP-based approach or an HLM-based approach, together with Monte Carlo

simulations and PBK model-based reverse dosimetry provide a promising tool for
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characterization of inter-individual variation in metabolism and sensitivity toward RBC AChE
inhibition following CPF exposure. Given that the Supersome™ CYP-based approach was able
to identify the biphasic kinetics, which appeared to be less evident when using the HLM-based
approach, it is concluded that the Supersome™ CYP-based approach seems to be the preferred

option for defining inter-individual differences in CYP-mediated kinetics.

In the following sections, the results of the present thesis, the possibilities and limitations of
using of the NAM based on PBK model-based reverse dosimetry of in vitro data to predict in
vivo dose response curves for risk assessment are discussed, and some future perspectives are

provided.

General discussion and future perspectives

Regarding the results obtained and approaches applied in the present thesis, several topics can
be considered that may be of relevance for further research on the use of NAMs in the risk

assessment of OP pesticides.
These topics include:

e The in vitro system selected for studying AChE inhibition

e The dose metric selected for performing reverse dosimetry based quantitative in vitro
to in vivo extrapolation (QIVIVE)

e The application of PBK models for assessing inter-ethnic variation

e The possibility of using TEF coded PBK models for predicting combined inhibitory
effects of an OP pesticide and its bioactive metabolite

e The comparison of Supersome™ CYP-based and HLM-based approaches for
assessing inter-individual variation

e The comparison of in vitro and in vivo results

e The implications for risk assessment

e The future perspectives

The in vitro system selected for studying AChE inhibition

The present thesis applied the in vitro AChE inhibition assay to study inhibitory effects of OP
pesticides and/or their metabolites on RBC AChE activity, which was further translated to
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describe in vivo RBC AChE inhibition in target groups by PBK model-facilitated reverse
dosimetry based QIVIVE. AChE inhibition in RBC has been widely used as a surrogate
biomarker for AChE inhibition in the nervous system to derive PODs for human risk
assessment for OP pesticides (EFSA 2014a; USEPA 2011; USEPA 2014a; USEPA 2016b;
USEPA 2016c¢). This is based on the fact that the measurement of AChE inhibition in the
nervous system (e.g. brain) is not easily experimentally accessible, and that AChE in RBC has
a high functional similarity (e.g. activity) to that in the nervous system, so that changes in RBC
AChE activity may reflect changes in brain AChE activity (King and Aaron 2015; Worek et al.
2012). To investigate the inhibitory potency of OP pesticides and/or their metabolites on RBC
AChE, relevant tissue fractions such as whole blood, isolated RBC or extracted RBC AChE
enzyme were often used (Das et al. 2006; Eyer et al. 2009; Fakhri-Bafghi et al. 2016; Kasteel
et al. 2020). It is important to mention that, in addition to these tissue fractions, rhAChE can
also be used to investigate the inhibitory potency of OP pesticides and/or their metabolites on
human RBC AChE activity. Use of thAChE is considered simple (easy to use because no lysing,
washing and extracting steps are required) and stable (the measurement of enzyme activity will
not be affected by hemoglobin which can be, in case of the human whole blood, RBC or
extracted RBC AChE enzyme) (Assis et al. 2018; George and Abernethy 1983). Besides, only
a very low level of albumin (0.1 mg/ml) was required to be added to the in vitro medium to
stabilize the thAChE when performing the assay, which was found to have no substantial
influence on the effective concentration of OP pesticides and/or metabolites (Chapter 3, 4 and
5), therefore minimizing the potential effect of protein binding on the intrinsic inhibitory
potency results. The low disturbance by protein binding in the AChE inhibition assay using
rhAChE is also reflected by the observation that the inhibitory potency of OP pesticides
measured using whole blood (Kasteel et al. 2020) is lower than what is observed when using
rhAChE (Chapter 3, 4 and 5). Such difference in potency can be offset by taking protein
binding of OP pesticides in blood into account, as demonstrated by the comparable IC50 of
different OP pesticides in incubations with thAChE (Chapter 3, 4 and 5) to their IC50s in
human whole blood (Kasteel et al. 2020). This comparison indicates that rhAChE and native
human RBC have a comparable in vitro sensitivity towards OP pesticides. Hence, use of
rthAChE is considered to be adequate for investigating and representing the in vitro intrinsic
inhibitory profile of OP pesticides on native human RBC AChE. For assessing RBC AChE
inhibition in rat, extracted rat RBC AChE was used in the present thesis because at the time of
the study, recombinant rat AChE was not commercially available. Use of extracted rat RBC

AChE is expected to have a similar effect on the concentration of test compounds in the assay
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as thAChE, since there are no blood protein components, except RBC AChE being present in
the final extracted enzyme sample. As mentioned above, the presence of hemoglobin in
extracted RBC AChE enzyme may hinder the measurement of AChE activity, but this appeared
not relevant for the rat RBC preparation applied, since no reddish color was observed in the
final obtained rat RBC AChE sample, and the background absorption in the measurement was
corrected by the absorbance value in the test samples with that of the positive control (in which
the enzyme activity was totally inhibited) during data analysis. Thus, use of extracted rat RBC

AChE in the present study was regarded as adequate.
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Fig 1. Inhibitory effect of increasing concentration of CPO (circle), DZO (diamond), PFF (square) and DZN
(triangles) on activity of rat RBC AChE (green) or rhAChE (black) at 37 °C.

To obtain an overview of the intrinsic inhibitory potency of the different OP pesticides and
their active oxon metabolites on rat RBC AChE and rhAChE, the relevant results obtained in
the present thesis (Chapter 3, 4 and 5) were summarized in Figure 1. The overview thus
obtained corroborates that the oxon metabolite (containing a P=0O moiety) formed
metabolically by CYPs is more potent than the parent OP pesticide (containing a P=S moiety),
with the IC50 values of DZO being around 300-fold lower than that of its parent OP pesticide
DZN in both rat and human. Although PFF is also a parent OP pesticide, due to the presence
of a P=0O moiety in its chemical structure, a higher inhibitory potency (47-fold in both rat and
human) was observed for PFF compared to DZN. Although not tested in the present thesis,
CPF is expected to be less potent than its metabolite CPO, while having similar potency as

DZN in human (Li et al. 2019b). Based on previous thAChE inhibition data (Li et al. 2019b),
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CPF can be regarded as equally potent as DZN, and CPO to be more than three orders of
magnitude more potent than its parent OP pesticide CPF. The overview also illustrates that
generally no inter-species differences in in vitro RBC AChE inhibition for rat and human were
observed for the different OPs and their metabolites (Figure 1). Altogether, these results
indicate that the in vitro intrinsic potency for RBC AChE inhibition decreases in the order
CPO>DZO>PFF>DZN=CPF in human and rat, and that the presence of a P=O moiety in the
chemical structure markedly increases the inhibitory ability towards RBC AChE in vitro. The
lower potency of OPs with a P=S moiety than those with a P=O moiety can be explained by
the lower electronegativity of sulfur compared to oxygen, which results in a lower polarization
of the P=S moiety than the P=O moiety, thus leading to a lower reactivity of the P=S containing
OPs with the serine hydroxyl group at the active site of AChE (Fukuto 1990). These
observations are in line with available knowledge on the structure activity characteristics of OP

pesticides (King and Aaron 2015).

As stated above, there was no inter-species difference in the in vitro concentration-response
curves for OP induced RBC AChE inhibition between rat and human (Figure 1). A similar
conclusion has been previously reported for dichlorvos, another OP pesticide (MacGregor et
al. 2005). This observation suggests that, when POD values in risk assessment for these OP
pesticides were derived using data from an in vivo rat study or in vitro rat RBC AChE inhibition,
the default UF of 2.5 for inter-species differences in toxicodynamics might be reconsidered
and/or eliminated. However, this may not hold when other species would be used for
characterizing the RBC AChE inhibitory potency of OP pesticides, for example electric eel
AChE, which was found to be more sensitive than human RBC AChE toward OP exposure
(Kasteel et al. 2020). Therefore, the CSAF for inter-species differences in toxicodynamics
(ADar) should be defined case by case to account for the differences in sensitivity toward OP
pesticides mediated RBC AChE inhibition between the species used and human RBC AChE,

to prevent under- or over-estimation of the toxicity of OP pesticides in human.

It is important to realize that the rhAChE-based in vitro inhibition assay used in the present
thesis does not reflect potential human inter-individual variability in RBC AChE inhibition
(toxicodynamics) (Chapter 5), as the rhAChE is produced by transfecting a specific human
AChE gene in human HEK293 cells (Sigma-Aldrich). Such inter-individual differences in
toxicodynamics of RBC AChE inhibition by OP pesticides might be limited, since only 2.2-
fold and 1.4-fold inter-individual toxicodynamics variability in RBC AChE inhibition were
observed for CPO and DZO, respectively, when using whole blood samples from 20
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individuals (12 male and 8 female between 24 to 68 year) (Kasteel et al. 2020). Although this
suggests that the inter-individual variability in toxicodynamics can be well covered by the
default UF of 3.16, it is also important to note that these studies relate to a relatively small
number of subjects, and did not include potentially sensitive subpopulations like for example
children. Thus, such inter-individual variability in dynamics provide an important topic for
future studies, with the in vitro assay for AChE inhibition in RBC or blood samples providing

a suitable model to quantify this variability.

Another aspect that needs to be considered is the inter-ethnic difference in RBC AChE
inhibition (toxicodynamics). In the present thesis (Chapter 2), the inhibition was assumed to
be the same for different ethnicities, because of the absence of commercial Chinese RBC AChE
relevant tissue fractions. Characterizing potential ethnic differences in RBC AChE inhibition
seems a valid topic for the future research which would require use of ethnicity-specific blood

or RBC samples.

Another factor that needs to be considered when using the in vitro AChE inhibition assay to
define the in vitro concentration-response curves for reverse dosimetry is the temperature used
for carrying out the in vitro AChE inhibition assay, as this may have a direct impact on the
results. Such potential impact can be illustrated by the results presented in Figure 2. For all
three tested OP pesticides or metabolites (Figure 2), the IC50 values obtained at 37 °C were
found to be approximately 2-fold lower than those obtained at room temperature, in line with
general observations on the effect of temperature on reaction rates (LibreTexts™ 2020;
Robinson 2015), indicating the need to use 37 °C as incubation temperature to match the human
in vivo body temperature when performing the in vitro AChE inhibition assay, as done in the

present thesis.
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Fig 2. Inhibitory effect of increasing concentration of CPO (circle), DZO (diamond) and DZN (triangle) on
activity of rhAChE at room temperature (open symbols) or 37 °C (closed symbols).

Furthermore, the AChE inhibition assay used in the present thesis is an endpoint static assay,
in which the concentration-response curve is determined using a fixed incubation time, during
which the inhibitory reaction between AChE and the inhibitor (e.g. CPO, DZO) takes place.
Available studies (Colovic et al. 2013; Krsti¢ et al. 2008) show that the irreversible inhibition
of RBC AChE by OP pesticides is time-dependent, with the amount of inhibited enzyme at a
test concentration of OP pesticides being dependent on how long the enzyme is incubated with
the OP pesticides, and the time required to reach the maximum inhibition varying with the OP
pesticide test concentration. In the present study, 15 min was used as incubation time. One may
expect the inhibition level may increase with longer incubation times, potentially resulting in
lower inhibitory potency. However, based on the data reported by Colovic et al. (2013) for
DZO, this effect appeared limited. For DZO, the inhibition was about 1.1-fold, 1.2-fold and
1.4-fold more at test concentrations of 20 nM, 30 nM and 50 nM, respectively (similar to the
concentrations used in the present study that cause approximately 30%, 40% and 50%
inhibition of enzyme), when incubated time was increased from 15 to 25 min. An even smaller
difference would be expected at the lower concentrations that would induce 10% inhibition,
the level of inhibition at which the benchmark response and POD were defined. In addition,
the adequacy of the estimation of the inhibition level for different OP pesticides obtained under
the conditions used in the present study is supported by the comparable POD values predicted
in the present thesis (Chapter 2, 3, 4 and 5) and presented in the relevant risk assessment
documents (EFSA 2006; EFSA 2014a; JMPR 2007; JMPR 2016; USEPA 2006b; USEPA 2011;
USEPA 2014a; USEPA 2016b; USEPA 2016c¢).
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In the present study, inhibition of RBC AChE enzyme activity was used as the endpoint in the
in vitro assay. Therefore, this does not account for dynamic changes over time in AChE activity
including for example AChE synthesis and degradation, implying that the in vitro data obtained
by the present thesis can be used to predict AChE inhibition following a single external dose
level but may be less appropriate for prediction of dynamic influences on the inhibition of
ACHhE activity over time upon repeated exposure. Given that the POD derived in the present
thesis is used to set an HBGV for acute exposure, the application of the in vitro assay used in
the present thesis is considered valid. For investigating possible dynamic aspects influencing
the AChE activity and its inhibition upon repeated exposure, other type of methods would be
required. One possible approach would be to build an in silico pharmacodynamic model, which
includes a batch of enzyme related parameters (e.g. synthesis rate, degradation rate, etc) to
describe dynamic changes of RBC AChE activity over time following repeated exposure
(Westerink 2013). However, use of such an in silico dynamic model is often challenged by the
availability and reliability of the parameters used in the model. As a result, such models are not
yet common practice for most OP pesticides though they have been applied for CPF and DZN
previously (Poet et al. 2004; Poet et al. 2017; Timchalk et al. 2002).

In recent years, available studies have raised the concern that neurodevelopmental toxicity (e.g.
deficits in working memory, cognitive) may happen at concentrations below those required for
inhibiting AChE activity following repeated exposure (Burke et al. 2017), although the mode
of action and adverse outcome pathway (AOP) for these other neurodevelopmental toxicities
have not yet been elucidated. This issue has been highlighted by the European Food Safety
Authority (EFSA 2019) and the USEPA (2016a), indicating the potential inadequacy of using
RBC AChE as an endpoint to derive a POD for repeated OP exposure. Recent studies show
that use of human induced pluripotent stem cell (hiPSC)-derived neural stem cells (NSCs) may
enable detection of other endpoints for neurotoxicity and/or key neurodevelopmental processes
for human brain development, providing the possibility to elucidate the mechanisms underlying
such potential adverse outcomes upon repeated OP exposure (Barenys and Fritsche 2018; Di
Consiglio et al. 2020). However, to what extent these hiPSC models may capture the
mechanism underlying the different neurodevelopmental toxicity processes remains to be

investigated

230



General discussion and future perspectives

The dose metric selected for performing reverse dosimetry based QIVIVE

The dose metric used for the PBK model-facilitated reverse dosimetry is another item to discuss
to some further extent. The extrapolation of in vitro concentration-response curves to in vivo
dose-response curves is often based on dose metrics such as maximum blood or plasma
concentration (Cmax) or the area under the plasma/blood concentration time curve (AUC). In
general, if the effect is expected to accumulate over sub-chronic or chronic exposure, then using
the AUC may be the preferred option, while if the effect occurs following acute exposure or
when toxicity is related to exceeding an internal concentration threshold, use of Cmax may be
more appropriate (Rietjens et al. 2019; USEPA 2014b). In the present thesis, the reverse
dosimetry based QIVIVE was conducted on the basis of the predicted blood Cmax of CPO
(Chapter 2 and 5), PFF (Chapter 3) and DZO equivalents (Chapter 4) obtained from the
corresponding developed PBK models. Use of Cmax was considered an appropriate dose metric
in this case, since the in vitro effect was quantified after a fixed incubation time as a function
of the concentration tested, and the critical effect measured represented an effect observed upon
single acute exposure. The use of this approach was supported by the fact that the POD values
derived from the predicted dose-response curves for each OP pesticide (Chapter 2, 3, 4 and
5) based on Cmax were found to be comparable to their corresponding reported POD values in
the risk assessment documents (EFSA 2006; EFSA 2014a; JMPR 2007; JMPR 2016; USEPA
2006b; USEPA 2011; USEPA 2014a; USEPA 2016b; USEPA 2016c). When using the AUC
as the dose metric for the conversion, the predicted BMDL1o was far lower or higher than the
in vivo obtained BMDL 1o depending on the time taken for quantification of the AUC. For
example, the predicted BMDL1o of DZN for adult rat was 9-fold lower (based on in vivo AUC
0-o) or 8-fold higher (based on in vivo AUCo-0.25 hours, which is the AUC for the in vitro assay
incubation time) compared to that of in vivo adult rat data, indicating that conversion based on

Cmax turned out to be more appropriate.

Another important issue to discuss is the correction for protein binding applied during the
QIVIVE, since only the unbound concentration of the OP pesticide is assumed to exert the
effect. The protein binding of the OP pesticide in the in vitro medium was considered negligible
because only a very low level of albumin (0.1 mg/ml) was present in the in vitro medium to
stabilize the enzyme. The study of Heilmair et al. (2008) showed that the presence of such a
low level of albumin had no substantial effect on the effective concentration of CPO. This was
further supported by the data on the unbound fraction obtained in Chapter 4 of the present

thesis using rapid equilibrium dialysis, showing that 96% of DZO in the in vitro incubation
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medium was unbound, suggesting the influence of protein binding on the effective unbound
concentration of the OP pesticide in the in vitro medium of the AChE inhibition assay to be
negligible. Rapid equilibrium dialysis can in theory also be used to determine the unbound
fraction of the test chemical in plasma. However, this assay failed for determining the unbound
fraction of some OP pesticides and their active metabolite in plasma. For example, in case of
DZO0, only very low levels of DZO were detected in the plasma and buffer chambers. Similar
results were also reported for another tested OP pesticide (CPO) by Foxenberg et al. (2011).
Because of the high levels of paraoxonase 1(PON1) in plasma, it might be speculated that DZO
was hydrolyzed by PON1 during the DZO equilibrium dialysis. To prevent such hydrolysis,
the extra PONI1 inhibitor (ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) at
10 mM (Heilmair et al. 2008)) was added already 2 hours before and during the dialysis to
irreversibly inhibit PON1. By doing so, indeed, the levels of DZO were found to be higher in
both chambers, although the recovery was still relatively low (45%), hampering use of this
method to detect the fraction unbound of the OP pesticide. One of the possible explanations for
the low recovery even in the presence of the PON1 inhibitor could be the non-specific binding
of the OP to the reaction apparatus. However, it might not be the only reason as the protein
binding in the in vitro medium was obtained with an average recovery of 74%. Apparently,
other unknown interferences may occur, leading to the extra loss of the compound, although
no additional experiments were performed to elucidate further reasons underlying the relatively
low recovery. Instead, the unbound fraction of the OP pesticides in plasma were obtained from
the literature where the fraction of compound bound to plasma protein was calculated based on
the decrease of the eel AChE inhibition rate (Heilmair et al. 2008), or using in silico prediction
software such as Simcyp (Simcyp 2016) and pkCSM (pkCSM n.d.) on the basis of LogP and/or
pKa (ChemAxon) and/or the SMILES string of the OP pesticide under study. Such obtained
values obviously do not account for possible inter-species, inter-ethnic or inter-individual
variation in the protein binding of the OP pesticide. However, the inter-species and inter-ethnic
variation may be limited, as the albumin concentration in different species (rat and human), or
different ethnic groups (Chinese and Caucasian) is known to be quite conserved (Heilmair et
al. 2008; Tarhoni et al. 2008; Zhou et al. 1990). Also inter-individual variation in albumin
concentration may be limited with values ranging from 35 g/l to 50 g/l being reported by the
study of Weaving et al. (2016). The potential inter-individual differences induced by such
differences in plasma protein levels and resulting protein binding could be included in a future
study to refine the predictions for inter-individual variability. Despite the fact that the protein

binding of OP pesticides is mainly attributable to albumin in plasma (Heilmair et al. 2008),
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available studies (Costa 2006; Jokanovi¢ 2009) also show that OP pesticides can bind to B-
esterases like butyrylcholinesterase (BuChE) and carboxylesterase (CaE), thus reducing the
effective concentration of the OP pesticide. Such potential effect of B-esterases may depend
on: (1) the affinity between the enzymes and the respective OP (Chanda et al. 2002); (2) the
endogenous level of the enzymes (Chanda et al. 2002; Jokanovi¢ M 2020); and (3) the genotype
of the enzymes (Eaton et al. 2008). In the present thesis, this potential effect of the B-esterases
was not specifically considered. Taking this extra binding to B-esterases into account would
result in dose-dependent RBC AChE inhibition at dose levels higher than what is now predicted.
This indicates the approach now taken is conservative. However, the comparison of predicted
dose-response curves for each OP pesticide with the available in vivo data showed a good
agreement (Chapter 2, 3, 4), thus indicating the effect of B-esterases might be limited if any.
Nevertheless, it should be noted that the different B-esterase profiles (e.g. affinity, activity,
concentration level, genotypes) in different target groups may introduce additional variability
in the inter-species, inter-ethnic and inter-individual variation in sensitivity of humans to OP

pesticide induced adverse effects, which could be quantified to a further extent in future studies.

The application of PBK models for assessing inter-ethnic variation

PBK models have been applied for different purposes. This includes for example quantification
of inter-ethnic differences in the toxicokinetics and resulting toxicity of the pyrrolizidine
alkaloids lasiocarpine and riddelliine and the alkenylbenzene estragole (Ning et al. 2019a; Ning
et al. 2017). This inspired the study in the present thesis investigating the usefulness of this
approach to characterize inter-ethnic differences in the kinetics of OP pesticides as another
group of chemicals of interest. To this end, in Chapter 2, PBK model-based reverse dosimetry
was used to characterize the inter-ethnic variation in CPF-induced RBC AChE inhibition upon
acute single dose exposure of the average Caucasian and Chinese individuals. The inter-ethnic
variation in the PBK models was introduced by using ethnicity-specific physiological and
kinetic parameters. The anatomical and physiological parameters were obtained from the
literature (Brown et al. 1997; NHFPC 2007a; NHFPC 2007b; NHFPC 2014), accounting for
ethnicity-specific differences in body weight, cardiac output, tissue volumes and tissue blood
flows. Kinetic parameters were obtained using either Chinese or Caucasian pooled liver
microsomes, characterizing the possible ethnic difference in hepatic toxicokinetics of CPF. To

scale hepatic apparent kinetic data from the microsomal level to the whole liver, the scaling
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factor for mg of microsomal protein per gram of liver (MPL) obtained from Caucasian (Barter
et al. 2007) was used for both ethnicities, because of the limited information on scaling factors
for the Chinese population at that time. Recently a study reported by Li et al. (2019a) compared
the MPL values between Chinese and Caucasian, showing no difference in MPL values
between Chinese and Caucasian at age 20 to 40. However, an inter-ethnic difference was found
at ages above 40 which further increased at older age with the MPL in Caucasian being up to
approximately 1.3-fold lower than that for the Chinese. This observation was due to the age-
independent MPL values in Chinese and an age-dependent decrease at age >40 years of the
MPL values in Caucasian, which theoretically may result in an age-dependent decrease in the
maximum velocity (Vmax) value for bioactivation of CPF and detoxification of CPO for
Caucasians, leading to an even larger difference between Chinese and Caucasian at older age

than what was predicted in Chapter 2.

It is of importance to notice as well that in the PBK model the kinetic data for detoxification
of CPO by PONI in plasma for the Chinese were assumed to be equal to those of Caucasian,
due to the lack of commercial Chinese plasma samples. One study (Zhang et al. 2014) pointed
out that there is an inter-ethnic difference in allele (L and R genotype) frequencies for the
plasma PONI coding regions L55M and Q192R, with the frequency of L and R being higher
in Chinese than Caucasian, providing a potential basis for a higher PONI activity in the
Chinese population, although so far no further comparisons were made of the consequences of
these polymorphisms for the endogenous PON1 level and activity. Such a difference however
would probably be consistent with the inter-ethnic variation observed in hepatic PONI1-
mediated CPO detoxification in Chapter 2, for which the activity was higher in Chinese than
in Caucasian. This observation could be due to a relatively higher frequency of the L and R
genotype in the Chinese than Caucasian, provided these isotypes result in higher PON1 activity.
Therefore, future studies could focus on this data gap to better understand the inter-ethnic
difference in PON1 activity and its consequences for the toxicokinetics of CPF, since an
accurate description of the potential differences in detoxification of CPO are of critical
importance for the sensitivity of Chinese individuals to the OP-induced adverse effects. Such
information can aid in the risk assessment and definition of HBGV values for the Chinese

population, especially given that CPF is still being used in China.

Other parameters that were not yet taken into account but could in theory contribute to the

ethnic disparities are the absorption related parameters (e.g. fraction absorbed, absorption rate
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constant). This is especially of interest given that greater ethnic differences were observed in
the responses upon oral administration than upon intravenous administration for some drugs
(Chen 2006). In Chapter 2, the effect of the fraction absorbed on the CPF exposure-induced
RBC AChE has been well defined by including different absorption fraction scenarios (0.224,
0.462, 0.7) based on the reported in vivo data in Caucasian (Nolan et al. 1984; Timchalk et al.
2002). Due to lack of relevant information on Chinese, the same scenarios were applied for this
population. Since the different scenarios applied reflect possible scenarios that could occur in
real-life, comparison of these different scenarios for both ethnicities can provide insight in
possible inter-ethnic differences introduced by potential differences in the fraction absorbed.
For the absorption rate constant, the Caucasian in vivo data were applied for both ethnicities
due to the absence of the relevant information in Chinese, and this limitation might be
overcome in future studies by using ethnicity-specific intestinal cell models if such cell lines

would become commercially available.

In spite of the intrinsic factors (e.g. genetic variability, physiological condition), as addressed
in the International Council for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use (ICH) Harmonized Guideline (ICH 1998), the ethnic disparities can also be
caused by extrinsic factors like diet and lifestyle. It is well known that Chinese and Caucasian
historically have a marked difference in food types and cooking culture. Such differences may
affect the activity or endogenous level of enzymes (e.g. CYPs) (Harris et al. 2003) in these
populations, thus potentially contributing to the varied ethnic metabolism profile of OPs. Apart
from that, due to economic developments, differences in food availability, food habits and
lifestyle may introduce variation within and between the two populations, and overweight as
well as obesity could also be a factor of influence. The WHO (2020) reported that in 2016, 39%
of adults aged 18 years and over (39% of men and 40% of women) were overweight around
the world. Overweight and obesity can affect the physiological conditions (e.g. body weight,
metabolism rate, etc.) of people, thus ultimately introducing new uncertainties in
characterization of inter-ethnic variation, indicating that it is necessary to consider and include

such up to date variabilities in the future risk assessment to better protect public health.
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The possibility of using TEF coded PBK models for predicting combined inhibitory

effects of an OP pesticide and its bioactive metabolite

In Chapter 4, the PBK model-facilitated reverse dosimetry approach included TEF values to
address the combined effect of the parent OP pesticide DZN and its metabolites DZO, which
are both able to inhibit AChE. The use of the TEF approach is based on the fact that (1) DZN
and DZO initiate toxicity via the same mode of toxic action (AChE inhibition); (2) their
concentration—response curves are parallel; and (3) their toxicity is additive (Starr et al. 1999;
Watt et al. 2016). The combined free blood Cmax concentration of DZN and DZO in the PBK
model was expressed in free blood DZO equivalents. The TEF values of DZO and DZN were
obtained based on the IC50 values derived from concentration-response curves for RBC AChE
inhibition characterized using the in vitro AChE inhibition assay. Calculation of TEF values in
this way is possible because the in vitro concentration-dependent RBC AChE inhibition curves
of DZN and DZO are parallel reflecting that DZN and DZO only differ in potency, and that the
potency difference between DZN and DZO will always be the same no matter at what inhibition
level it is defined. Under this condition, IC50 values can be used, because these represent the
most widely used and informative measure of potency of compounds, and have been used
before to provide information on the potency of DZN and DZO in in vitro AChE inhibition
studies (Colovic et al. 2013; Li et al. 2019a). Therefore, in the present thesis, quantification of
the TEF value using the IC50 was considered appropriate.

Since DZN and CPF have a similar in vitro inhibitory potency on RBC AChE, similar chemical
structure (containes P=S moiety), and similar biotransformation pathways, in theory CPF could
also be expected to contribute to the RBC AChE inhibition in addition to CPO upon CPF
exposure. However, in the present thesis, the inhibitory effect upon CPF exposure was ascribed
to CPO solely. This was considered adequate because the in vitro intrinsic inhibitory potency
of CPO was reported to be at least three orders of magnitude higher than that of CPF (Li et al.
2019b), and the in vivo effective concentration of CPF is not substantially different compared
to that of CPO, thus resulting in a limited contribution of CPF (up to 0.2%) to the total inhibition
at target site. This observation indicates that when assessing the combined inhibitory effect of
an OP pesticide and its bioactive metabolites, their relative contributions to the in vivo RBC
AChE inhibition is dependent on the difference in their intrinsic inhibitory potency as reflected
by the TEF value, and their relative in vivo effective concentrations. Therefore, the effect of
the parent OP pesticide and its metabolite on RBC AChE activity has to be assessed case by

case, and when the differences in inhibitory potency of parent and metabolites appears to be
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substantial, while their relative internal effective concentrations are not substantially different,

the contribution of the parent OP might be negligible and can thus be considered less relevant.

It is important to notice that no inter-species differences in the TEF values for DZN relative to
DZO between rat and human were observed (only a 1.1-fold difference). This observation is in
line with the earlier conclusion that rat and human RBC AChE appear to show comparable

sensitivity towards in vitro inhibition following DZO and DZN exposure.

The comparison of the Supersome™ CYP-based and the HLM-based approaches for

assessing inter-individual variation

In Chapter 5, a Supersome™ CYP-based PBK and an HLM-based PBK facilitated QIVIVE
approach was employed to characterize the possible inter-individual toxicokinetic variability
and its consequence for inhibition of RBC AChE. The HLM-based PBK QIVIVE approach has
been used previously to evaluate inter-individual toxicokinetic variability in different studies
(Ning et al. 2019b; Strikwold et al. 2017). However, by comparing it with a Supersome™ CYP-
based PBK QIVIVE approach, as done in the present thesis, some limitations of the HLM-
based approach were elucidated. Firstly, when two or more CYP isoforms with distinct
affinities toward CPF are involved in the same metabolic conversion, use of Supersome™
CYP-derived kinetic parameters together with corresponding CYP abundances to describe
inter-individual variability in toxicokinetics enable the identification of the different kinetic
affinity components of the CYP-mediated metabolism. It was shown that the conversion rates
especially at low dose levels may be substantially under-estimated when not taking the
contribution of high affinity CYPs at low concentration into account. When using HLM,
identification of the kinetics at low substrate concentrations was hampered by the experimental
detection limits and the relatively low conversion rates in incubations with HLM at these low
concentrations compared to Supersome™ CYP, because of the lower activity of the respective
CYPs in HLM than in Supersome™ CYP. Additionally, Supersome™ CYP can provide
detailed information on the kinetic parameters for each relevant individual CYP toward the
compound of interest, while HLM represent the overall metabolic consequence of all relevant
CYPs. Moreover, the Supersome™ CYP-based approach makes it possible to take the different
CYP phenotypes and their corresponding frequency in the general population into account

when a Monte Carlo simulation is conducted, while this frequency is less likely to be
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adequately defined when using the HLM-based approach, as it would require large numbers of
different individual HLM samples to obtain the variation that can (sufficiently) represent the
whole population. On the other hand, it should be noted that the use of the Supersome™ CYP-
based approach might be hindered by the fact that different uncertainties may be involved in
the definition of the ISEF values. ISEF values are known to be dependent on the substrate probe
used, the laboratory conducting the experiment and the commercially supplied Supersome™
CYP and HLM used (Proctor et al. 2004), leading to uncertainty in the ISEF values. Therefore,
derivation of an approporite ISEF is of critical importance as it is functioning as a normalizer
to correct for the differences in intrinsic activity between Supersome™ CYP and HLM. In the
present thesis, an effort was made to minimize the possible variation in ISEF determination by
using a probe substrate for the relevant CYPs in both enzyme systems to derive the ISEFs
(instead of using default ISEF values), and using the same batch of Supersome™ CYP and
HLM for all ISEF determinations in the same laboratory. The ISEF values thus obtained were

considered appropriate.
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The comparison of in vitro and in vivo results

In the present thesis, PBK model-based reverse dosimetry was employed to predict the RBC
ACHhE inhibition induced by CPF, DZN or PFF acute single oral exposure in human and rat.

PFF (rat)- |
DZN (rat) |
PFF (human)- |

DZN (human)- |

CPF (human)A |

Dose (mg/kg bw)

Fig 3. Comparison of predicted POD (BMDL,y) values of different OP pesticides derived from their
corresponding predicted dose-response curves that were extrapolated from their in vitro concentration-response

curves by PBK model-based reverse dosimetry. PFF, DZN and CPF are profenofos, diazinon and chlorpyrifos.

Figure 3 presents an overview of the predicted POD (BMDL10) values of the OP pesticides

studied for rat and human RBC AChE inhibition, as obtained in the present thesis (Chapter 3,
4 and 5). Furthermore, to gain insight into the extent to which the absorption, distribution,
metabolism and excretion (ADME) of OP pesticides in vivo can alter the OP pesticide toxicity,
the potency of each tested OP pesticide in vivo (Figure 3) can be compared to the in vitro
potency (Figure 1). As indicated earlier, comparing the in vitro potency of each OP pesticide
for inhibition on RBC AChE in rat to that in human reveals the absence of an inter-species
difference (Figure 1). However, upon the QIVIVE conversion, a clear inter-species difference
in in vivo RBC AChE inhibition by PFF and DZN was observed, with human being predicted
to be more sensitive than rat (Figure 3). This comparison highlights the impact of the ADME
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characteristics on the in vivo potency of OP pesticides studied, and provides an insight into
how OP pesticide toxicity can be affected by in vivo kinetics. The results also show that in
vivo, PFF is predicted to be more potent than DZN and CPF, indicating that exposure to the
OP pesticide containing the P=O moiety may induce toxicity at lower dose levels than exposure
to the ones requiring bioactivation to a P=0O containing metabolite. The potency ranking of the
OP pesticides predicted in rat (PFF>DZN) is in line with that reported in risk assessment
documents on the basis of in vivo rat data (PFF>DZN) (EFSA 2006; EFSA 2014a; JMPR 2007,
USEPA 2011; USEPA 2014a; USEPA 2016b; USEPA 2016c¢), indicating that the PBK model-
based QIVIVE approach applied in the present thesis adequately assessed the relative in vivo
potency of the respective OP pesticides in rat. However, Figure 3 also shows that the predicted
potency difference between PFF and DZN in rats (14-fold) is substantially smaller than what
is predicted for human (210-fold), reflecting the concerns related to the use of animal derived
PODs to set HBGV for human safety evaluation, and meanwhile indicating the added value of
the application of PBK models for the extrapolation of in vitro toxicity data to the in vivo
situation. Moreover, considering the consistency of the predicted in vivo dose-response curves
and PODs for RBC AChE inhibition by PFF and DZN in rat (Chapter 3, 4) with reported in
vivo data points and PODs (JMPR 2007; JMPR 2016; USEPA 2016b; USEPA 2016¢), using
PBK model-facilitated reverse dosimetry based on in vitro and in silico data for predicting the
potency of OP pesticides in vivo appears to be valid and applicable, supporting the derivation

of PODs for human using this NAM.

The implications for risk assessment

Given that the European Union (EU) is dedicated to promote the 3Rs (replacement, reduction,
and refinement) in animal testing, and the fact that traditional risk assessment approaches using
animal data may not adequately identify and evaluate human risks, the development of NAMs,
such as in silico and in vitro testing in combination with PBK model-based reverse dosimetry
to translate in vitro data to the in vivo situation, becomes increasingly important. The present
thesis provides several proofs-of-principle that the combination of in vitro concentration-
response curves with PBK model-based reverse dosimetry can support the application of the
3R principles in risk assessment for this group of substances, and even enable predictions for
the human situation using in vitro models mainly based on human enzymes and/or cell models

and human PBK models.
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In addition to the PBK model-based reverse dosimetry for QIVIVE, in the present thesis, an
effort has also been made to study inter-species, inter-ethnic and inter-individual differences
for OP pesticide-induced RBC AChE inhibition. This provided information for the refinement
of the default UF to a CSAF. In case of CPF, the obtained CSAF for inter-individual variation
in toxicokinetics (HKar =3.6) for Caucasians (Chapter 5) was slightly higher than the default
UF of 3.16, indicating this default UF may not provide adequate protection for extreme
sensitive individuals. However, combination of the derived HKar with the reported (Kasteel et
al. 2020) inter-individual differences in toxicodynamics for CPO (HDar) of 2.2 results in an
UF of 7.9 (=3.6 x 2.2). This value is lower than the default UF of 10 for inter-individual
differences, indicating the default UF of 10 might be somewhat overprotective. This is in line
with the CSAF value of 3.4, reported by Poet et al. (2017) to account for both kinetic and
dynamic interspecies differences, which is also lower than the default UF of 10. This factor of
3.4 was derived based on kinetic and dynamic modeling. However, it should be noted that the
HKar of 3.6 defined in Chapter 5 may still have to include other parameters that have a
substantial impact on the predicted output such as body weight, absorption rate and fractional
absorption. Additionally, the HKar obtained in the present study only relates to the general
adult population, since kinetic parameters and CV values defined did not yet relate to other
potentially sensitive sub-populations (e.g. pregnant women, infants and children). Some data
suggest that there is a different capacity for CPO detoxification between these sub-groups and
general adults. For example, there is an age-dependent increase of PON1 levels and its activity
(Huen et al. 2010), or pregnancy can lead to an approximately 30% reduction in PONT1 activity
(Ferré et al. 2006). Therefore, the HKar derived in the present study may not provide a fully
adequate protection for these sensitive sub-group. In further research, the Supersome™ CYP-
based approach could be extended to also include these sub-populations, allowing definition of
a HKar that covers the different sub-groups within the population. Furthermore, given that the
POD derived for CPF in Chapter 5 is based on a human PBK model and rhAChE derived in
vitro data, which account for human specific physiology, metabolism and inhibitory effect, the
UF of 10 for inter-species differences would no longer be required. However, when taking a
POD derived using this in vitro in silico NAM approach for calculation of an HBGV, an extra
uncertainty factor may be considered to account for the fact that the in vitro in-silico QIVIVE
approach brings other uncertainties. Nevertheless, these results together provide another

possibility for the definition of UFs for deriving an HBGV.
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Regarding the inter-ethnic differences in toxicokinetics and the resulting prediction for toxicity
of CPF reported in Chapter 2, Chinese were found to be less sensitive than Caucasians (5 to
6-fold), suggesting that for CPF exposure-induced toxicity, there is a relatively lower risk for
the Chinese population. Given that Chinese are less sensitive than Caucasians, use of a POD
derived based on Caucasian RBC AChE inhibition as starting point to calculate an HBGV for
the Chinese seems more than sufficiently protective for the Chinese. However, due to the inter-
individual variation for the Chinese population remains to be quantified, use of a Chinese
specific CSAF is not indicated, and the default UF of 10 for inter-individual differences should
remain. While for reasons already indicated above, an extra uncertainty factor may be

considered to cover the potential uncertainties of the in vitro in-silico QIVIVE approach.

For the inter-species differences studied in Chapter 3 for PFF and Chapter 4 for DZN, human
was found to be 45-fold and 6-fold more sensitive than rat, respectively. These data indicate
that the default UF of 10 adequately protects the inter-species differences for DZN but not for
PFF. Thus, use of the default UF of 10 to calculate an HBGV might not cover the inter-species
differences for all OP pesticides, indicating that it is necessary to study the inter-species
differences on a case-by-case basis when defining an HBGV based on a POD value derived

from rat RBC AChE inhibition data.

Given the widespread occurrence of OP pesticide mixture residues in food (EFSA 2020;
Omwenga et al. 2020), while risk assessments of OP pesticides in human are still often
performed for individual compounds, developing a methodology that allows to evaluate the
combined effects of OP pesticides is of high relevance. To address this issue, different
international institutions (e.g. EFSA and USEPA) have made an effort to develop frameworks
for a cumulative risk assessment of pesticide mixtures by grouping different pesticides into
cumulative assessment groups (CAGs) on the basis of inducing similar toxicological effects
(e.g. acute effects on the nervous system (brain and/or RBC AChE inhibition)) or sharing an
identified common mechanism of toxicity (same toxic effect occurs in the same organ or tissue
by essentially the same sequence of major biochemical events) (EFSA et al. 2020; USEPA
2006a). However, a harmonized methodology for addressing the cumulative risk of combined
exposures to multiple pesticides for human health has not yet been implemented. To contribute
to that, the project European Test and Risk Assessment Strategies for Mixtures (EuroMix) was
launched to develop internationally harmonized new approaches and testing strategies for the
risk assessment of multiple chemical mixtures (including pesticide mixtures) on the basis of

the AOP concept, which was implemented in a web model and data toolbox called Monte Carlo
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Risk Assessment (MCRA) (Van der Voet et al. 2020). This approach enables the integration
of in silico and in vitro data in PBK model-facilitated combined risk assessment of mixtures.
The results from the present thesis might add valuable information to this test strategy, as it
demonstrates the applicability of PBK model-based reverse dosimetry for assessing
toxicokinetics of OP pesticides and for translating the in vitro data for their target effect to the
in vivo situation and external exposure levels, thus bridging the gap between external dose and
internal dose and effects. Moreover, results of the present thesis also confirm the ability of such
a PBK model-based approach for identifying the in vivo potency of different OP pesticides in
a target group of interest, and for predicting the combined effect of parent OP pesticides and
their active metabolites on target sites, while also illustrating its further possibilities for
including TEF or relative potency factors (RPF) values for the analysis of combined effects of

OP pesticide mixture exposures.

The future perspectives

The present thesis demonstrated the applicability of the use of PBK model-based reverse
dosimetry for the translation of in vitro concentration-response curves to in vivo dose-response
curves for in vivo RBC AChE inhibition following CPF, PFF and DZN exposure. However, it
remains necessary to evaluate more OP pesticides to increase the confidence and broaden the
applicability domain of such an approach. When the toxicity of more OP pesticides would be
assessed by this approach and would provide additional proofs-of-principle, this approach can

be considered for use as a regular method for OP pesticide risk assessment.

Another point that can be considered in the future is to extend the application of Supersome™
CYP for characterizing the biotransformation of different OP pesticides. In the present thesis,
Supersome™ CYP have been successfully applied to assess the metabolism of CPF. Use of
Supersome™ CYP allows quantification of the intrinsic activity and kinetic constants of
individual CYP enzymes for the conversion of the OP pesticide under study. Supersome™
CYP also enable investigation of the role of individual CYP enzyme in catalyzing a specific
metabolic conversion. All the more, it enabled capturing not only the low affinity kinetic
components but also the high affinity kinetic components of CPF bioactivation, which were
shown to be a dominant factor at CPF concentrations lower than 1 uM, a concentration that is
considered physiologically relevant. Regarding the advantage of using Supersome™ CYP, it

may be of interest to develop and include other Supersome™ enzyme models for
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characterization of biotransformation reactions. As more human enzyme abundancy data in
different population groups become available in the future, such Supersome™ enzymes (e.g.
CYP isoforms, paraoxonase 1 (PONI1), UDP-glucuronsyl transferases (UGTs), flavin-
containing monooxygenases (FMOs), monoamine oxidases (MAOQOs), sulfotransferases (SULT),
human aldehyde oxidase (AOs), soluble N-acetyltransferases (NATs), and carboxylesterases
(CESs)) would be extremely valuable for studying inter-individual, inter-ethnic, and age-
dependent variation in relation to different chemical exposures and toxicological outcomes,
and establishment of safe levels of exposure using the methods applied and shown valid in the

present thesis for the OP pesticide model compounds

To date, most regulators seem still hesitant to use NAMs to support regulatory decision-making,
due to uncertainties underlying model development and evaluation. To evaluate such
uncertainties and provide a better framework for evaluating predictive toxicity models, in
recent years, various international organizations, such as EFSA, the World Health Organization
(WHO) International Programme of Chemical Safety (IPCS), and the Organization for
Economic Cooperation and Development (OECD), have published different guidance
documents on application of PBK models using alternative data (in vitro and in silico) for a
regulatory risk assessment purpose (EFSA 2014b; IPCS 2010; OECD 2021). Despite the fact
that it might still take time to widely implement NAMs for regulatory decision-making, it can
be expected that this may gradually change when more data and proofs-of-principle for
different types of chemicals and toxicity endpoints become available, and a more harmonized
and completed framework for characterizing and validating PBK models will be generated. An
increase in the acceptance of such approaches in regulatory safety decision making would be
expected and seems essential to contribute to what is often referred to as next generation risk

assessment.

Conclusion

To conclude, the present thesis generated proofs-of-principle for the use of PBK model-
facilitated reverse dosimetry based on in vitro assays and in silico data, in combination with
Monte Carlo simulations or TEF methodology, to derive PODs and CSAF values for defining
inter-ethnic, inter-species and inter-individual differences in toxicokinetics and the resulting
RBC AChE inhibition following an OP pesticide acute single oral exposure. The data obtained

in the present thesis may assist in the application of such NAM in ongoing and future next
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generation human health risk assessments for OP pesticides, allowing prediction directly
applicable for the human situation on the basis of in vitro and in silico data, eliminating the
need for in vivo animal studies. Altogether, the current work supports the application of such
a NAM in regulatory safety decision making, and contributes to the implementation of the 3Rs

principle, ultimately promoting the development and use of next generation risk assessment.
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Chapter 7

The aim of the present thesis was to investigate whether new approach methodologies (NAMs)
and especially physiologically based kinetic (PBK) model-based reverse dosimetry using in
vitro assays and in silico data, in combination with Monte Carlo simulations or the toxic
equivalency factor (TEF) methodology, can be used to derive points of departure (POD) and
chemical-specific adjustment factors (CSAFs) for characterizing inter-ethnic, inter-species,
and inter-individual differences in toxicokinetics and red blood cell (RBC) acetylcholinesterase

(AChE) inhibition by organophosphate (OP) pesticides upon single acute oral exposure.

Chapter 1 provided an overview of relevant background information, including an
introduction of chlorpyrifos (CPF), diazinon (DZN), and profenofos (PFF) as model
compounds, their absorption, distribution, metabolism and excretion (ADME) and toxicity
profiles, as well as their reported PODs and health-based guidance values (HBGVs). The aim
of the thesis and the NAMs that were applied in the thesis (PBK model-based reverse dosimetry
solely, or combined with Monte Carlo simulations or the TEF methodology) were also

presented. At the end, the general outline of the thesis was provided.

Chapter 2 assessed the inter-ethnic differences in toxicokinetics of CPF and its resulting RBC
ACHhE inhibition between the Chinese and Caucasian populations using PBK model-facilitated
reverse dosimetry based on in vitro and in silico data. The results obtained revealed a marked
inter-ethnic difference in toxicokinetics of CPF, with a slower CPF bioactivation and faster
detoxification of its active metabolite chlorpyrifos oxon (CPO) in the Chinese than in the
Caucasian population. This could be explained by the inter-ethnic variation in enzyme profiles
and enzyme activities involved in biotransformation of CPF and CPO. The differences resulted
in 5- to 6-fold lower predicted POD values of CPF for the Caucasian than the Chinese
population, reflecting a lower risk of CPF for the Chinese than the Caucasian at similar levels
of exposure. Besides, because of inter-ethnic variation in toxicokinetics of CPF, 2-fold lower
cumulative urinary 3,5,6-trichloro-2-pyridinol (TCPy) biomarker levels were observed in
Chinese than in Caucasian at similar dose levels, implying the importance of taking possible
inter-ethnic differences into account when characterizing CPF exposure for different ethnic

groups based on their urinary biomarker levels.

Chapter 3 focused on another OP and investigated the inter-species differences between rat
and human in PFF-induced RBC AChE inhibition by PBK model-based reverse dosimetry.
The obtained results show the predicted POD of human to be 45-fold lower than that of rat,

indicating human to be more sensitive than rat to the inhibition from equivalent oral doses of
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PFF. Such differences appeared mainly due to marked interspecies differences in toxicokinetics
of PFF, with rat being more efficient in hepatic and plasma detoxification of PFF than human,
while the difference in toxicodynamics appeared limited as reflected by a similar potency of
PFF to inhibit rat RBC AChE and human recombinant AChE in vitro. In conclusion, this
chapter provided another proof-of-principle that integrating in vitro toxicity data and PBK
model-based reverse dosimetry is a promising strategy for non-animal-based safety assessment

of OP pesticides.

Chapter 4 further studied the applicability of PBK model-based reverse dosimetry to predict
the combined inhibitory effect of DZN and its active oxon metabolite diazoxon (DZO) on RBC
ACHhE inhibition by integrating the TEF approach into the model. Use of the TEF coded PBK
model enabled calculation of the external exposure dose of DZN that would produce a defined
combined free DZN plus DZO concentration expressed in DZO equivalents in human/rat blood,
and to translate the observed inhibition effects of DZO in the in vitro concentration-response
curve expressed in free in vitro DZO equivalents to the in vivo situation. The obtained results
show that DZN contributes substantially to the DZO equivalents, indicating it is of critical
importance to take DZN into account in addition to the active metabolite DZO when
conducting a risk assessment for DZN. Although no inter-species differences were observed in
the in vitro concentration-response curves for rat or human RBC AChE inhibition by DZN or
DZO, marked inter-species differences in toxicokinetics were observed, as rat displayed a
faster metabolic rate for biotransformation of DZN and DZO than human, resulting in a 6-fold
lower POD in human than in rat. In conclusion, this chapter provided a proof-of-principle for
derivation of a point of departure (POD) in risk assessment for an OP pesticide for which both

the parent OP and its oxon metabolite have the ability to contribute to RBC AChE inhibition.

Chapter S characterized the inter-individual variation in toxicokinetics of CPF and its resulting
RBC AChE inhibition. A CSAF for inter-individual differences in kinetics (HKar) was
quantified on the basis of the PBK model for CPF developed in Caucasian (Chapter 2), in
combination with Monte Carlo simulations. To define the metabolic variation in the PBK
model, two different approaches were developed and compared, namely a Supersome™
cytochrome P450 (CYP)-based PBK model approach and a human liver microsome (HLM)-
based PBK model approach. The results revealed that bioactivation of CPF exhibits biphasic
kinetics due to distinct differences in Km values for CYPs involved in the CPF metabolic
pathway, and these kinetic characteristics could be best identified by Supersome™ CYP. In

general, there is a good match between the two approaches, as no substantial differences were
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found in the predicted HKar values and the BMDL o values obtained by the two procedures.
The predicted HKar values for the 99™ percentile obtained by the two approaches were slightly
higher than the default uncertainty factor (UF) of 3.16, reflecting possible inadequate
protection for extremely sensitive adult individuals by the default UF. Altogether, this chapter
provided a proof-of-principle for assessing inter-individual variation in toxicokinetics of OP
pesticides and its resulting RBC AChE inhibition, and the Supersome™ CYP-based approach
seems to be the preferred option for defining inter-individual differences in CYP-mediated

kinetics.

Chapter 6 provided an overview of the results and main findings of the present thesis, followed
by an in-depth discussion of the results obtained, and the future perspectives. It was concluded
that the present thesis generated proofs-of-principle for the use of NAM and especially PBK
model-facilitated reverse dosimetry based on in vitro assays and in silico data, in combination
with Monte Carlo simulations or the TEF methodology, to derive PODs and CSAF values for
defining inter-ethnic, inter-species and inter-individual differences in toxicokinetics and the
resulting RBC AChE inhibition following an OP pesticide acute single oral exposure.
Altogether, the current work supports the application of such a NAM in regulatory safety
decision making on compounds, and contributes to the implementation of the 3Rs (replacement,
reduction, and refinement of experimental animal studies), thereby promoting the development

of next generation risk assessment.
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