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Currently, there is a lack of knowledge about the effects of co‐exposures of cannabis, contaminated with pes-
ticides like chlorpyrifos (CPF) and the toxic metabolite CPF‐oxon (CPFO). CPF/CPFO residues, and
Δ9Tetrahydrocannabinol (Δ9THC), the main component in cannabis, are known to disrupt the endocannabinoid
system (eCBS) resulting in neurodevelopmental defects. Although there are in vivo data characterizing CPF/
CPFO and Δ9THC, there are mechanistic data gaps and deficiencies. In this study, an investigation of open
access CompTox tools and ToxCast/Tox21 data was performed to determine targets relating to the modes of
action (MOA) for these compounds and, given the available biological targets, predict points of departure
(POD). The main findings were as follows: 1) In vivo PODs for each chemical were from open literature, 2)
Concordance between ToxCast/Tox21 assay targets and known targets in the metabolic and eCBS pathways
was evaluated, 3) Human Equivalent Administered Dose (EADHuman) PODs showed the High throughput toxi-
cokinetic (HTTK) 3 compartment model (3COMP) was more predictive of in vivo PODs than the PBTK model for
CPF, CPFO and Δ9THC, 4) Age‐adjusted 3COMP HTTK‐Pop EADHuman, with CPF and CPFO ToxCast/Tox21 AC50

values as inputs were predictive for ages 0–4 when but not Δ9THC compared to in vivo PODs. 5) Age‐related
refinements for CPF/CPFO were primarily from ToxCast/Tox21 active hit‐calls for nuclear receptors,
CYP2B6 and AChE inhibition (CPFO only) associated with the metabolic pathway. Only one assay target (aryl-
hydrocarbon hydroxylase receptor) was common between CPF/CPFO and Δ9THC. While computational refine-
ments may select some sensitive events involved in the metabolic pathways; this is highly dependent on the
cytotoxicity limits, availability of metabolic activity in the ToxCast/Tox21 assays and reliability of assay per-
formance. Some uncertainties and data gaps for Δ9THC might be addressed with assays specific to the eCBS. For
CPF, assays with appropriate metabolic activation could better represent the toxic pathway.
1. Introduction

Medicinal and recreational cannabis has increased globally by 60%
in 2019 to over 275 million people using marijuana worldwide in
2021 (https://www.unodc.org/unodc/press/releases/2021/ac-
cessed1/2022) (DBH, 2022). Cannabis consumption occurs through
diverse routes (inhaled smoke, vaping of liquid extracts, resins or
waxes, lotions, edibles) (Raber et al., 2015). The primary component
in cannabis is the psychoactive delta‐9‐tetrahydrocannabinol
(Δ9THC) (ElSohly, 2002). Δ9THC is rapidly absorbed in lungs
(Musshoff and Madea, 2006) and is highly concentrated in human
breast milk (EFSA, 2015, Baker et al., 2018). Further, Δ9THC has neu-
rodevelopmental effects in rodents and humans that lead to long term
decrements in behavior, cognition, locomotor activity, birth weights
and numerous other effects (Miller et al., 2019, de Salas‐Quiroga
et al., 2020, Zamberletti and Rubino, 2021, Slotkin et al., 2020,
Fergusson et al., 2002). Cannabis smoke was listed a reproductive tox-
icant January 3, 2020, under Proposition 65 in California (epidemio-
logical studies reviewed in: OEHHA (2019); https://oehha.ca.gov/
proposition-65/proposition-65-list/; accessed 1‐2022).

While at least half of the United States has legalized medicinal and/
or recreational cannabis the use of pesticides on cannabis crops is
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unregulated because it is not federally recognized as a legal crop
(USEPA; https://www.epa.gov/pesticide-tolerances; accessed 7‐
2021). Pesticide use includes the organophosphate insecticides,
including chlorpyrifos (CPF, ethyl), malathion and dichlorvos, which
have detectable residues in cannabis plants and products (Taylor and
Birkett, 2020, Voelker and Holmes, 2015). Residues are especially
prevalent in cannabis sold on the black market without stringent qual-
ity control, or quality assurance (Stempfer et al., 2021, Wylie et al.,
2020, Dryburgh et al., 2018). Not all states that legally sell cannabis
require testing before sales, and even when testing is required, regula-
tions offer varying levels of safety (Seltenrich, 2019). CPF and the
main metabolite CPF‐oxon (CPFO) are neurotoxic through inhibition
of acetylcholinesterase (AChE) in plasma, red blood cells (RBC) and
brain, leading to cholinergic symptoms in the peripheral and central
nervous systems (Casida, 2017). It has been extensively used in agri-
cultural settings throughout much of the United States and internation-
ally (CDPR, 2018, EFSA, 2014). CPF is highly lipophilic and is readily
absorbed through the placenta and into fetal tissues, including brain,
during development (El‐Masri et al., 2016). CPF is transferred to nurs-
ing infants or neonates through the milk (Weldon et al., 2011). There
are numerous epidemiological studies describing associations between
CPF exposure during pregnancy or early childhood and effects on
learning and behavior (Rauh et al., 2015, Rauh et al., 2012), including
developmental delays related to cognition and motor function, atten-
tion deficit hyperactivity disorder, autism spectrum disorder (ASD)
and tremors (Shelton et al., 2014) associated with very low in utero
CPF exposures. Many of the cognitive and behavioral effects observed
from CPF exposure are also observed after human and rodent exposure
to Δ9THC during development (Newsom and Kelly, 2008, Trezza et al.,
2008).
2. Theory

Human health concerns involve the fact that CPF, CPFO and Δ9THC
have in common their effects on the endocannabinoid system (eCBS)
discovered in the 1990 s while investigating the Δ9THC Mode of Action
(MOA)1 (Liu et al., 2015, Nomura et al., 2008, Medina‐Cleghorn et al.,
2014, Carr et al., 2020, Di Marzo, 2011, Di Marzo et al., 2008). It is gen-
erally comprised of (1) the G‐protein‐coupled receptors (GPCR) interact-
ing with cannabinoid 1 (CB1) and CB2 receptors coupled to the Gi/o
proteins (Lüscher and Ungless, 2006) which are the most abundant in
the central nervous system (CNS) (Berghuis et al., 2007) or immune cells
and tissues (Pertwee, 2006), respectively; (2) two principal endogenous
ligands (2‐arachidonoylglycerol (2‐AG) and anandamide (AEA); and (3)
the serine hydrolases monoacylglycerol lipase (MAGL), and fatty acid
amide hydrolase (FAAH) (Di Marzo et al., 2011), as well as other signal-
ing pathways (Berghuis et al., 2007). The eCBS helps to shape neuronal
connectivity in the brain throughout development and into adulthood
(Mato et al., 2003), including the GABAergic, glutamatergic, opioid,
and dopaminergic systems (Zou and Kumar, 2018).

While CPF/CPFO and Δ9THC are agonists at the CB1 receptor, CPF
and CPFO also act by inhibiting FAAH and MAGL preventing AEA and
2‐AG breakdown (Carr et al., 2017, Di Marzo, 2011, Carr et al., 2020).
Cellular build‐up of eCBs results in inhibited release of critical neuro-
transmitters (glutamate, ɣ‐amino‐butyric acid (GABA) and dopamine)
at neuronal synapses and subsequent neurotoxicity (Zou and Kumar,
2018). Further, a strong connection between eCB and opioid systems
in the fetal brain are negatively affected by Δ9THC exposure leading
to behavioral and emotional decrements in later life (Wang et al.,
2006).
1 Mode of Action (MOA) was defined in a footnote as follows: From a risk assessment
perspective: “Mode of action reflects the key and obligatory steps through which a
chemical interacts with the organism… And the organism’s response. MOA is chemical‐
specific.” (Contemporary Issues in Risk Assessment (toxicology.org); accessed 10/2021).
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Historically, in vivo dose–response studies have been used to char-
acterize CPF/CPFO and Δ9THC effects on developmental neurotoxicity
(Carr et al., 2017, Mohammed et al., 2018, O'Shea et al., 2006). How-
ever animal studies generally lack mechanistic data that could identify
a molecular ‘tipping point’ where an organism may no longer adapt or
recover from chemical insult (Frank et al., 2018). The US EPA
cheminformatics‐based, open access computational toxicology (Comp-
Tox) tools, as part of new approach methodologies (NAMs), were
developed to supplement, support or even replace in vivo bioassays
(Williams et al., 2017). Further, the US EPA Office of Chemical Safety
and Pollution Prevention and the Office of Research and Development
have been charged to “reduce requests for, and funding of mammal
studies by 30% by 2025, and eliminate all mammal study requests
by 2035,” (US EPA, 2020b).

The primary CPF/CPFO and Δ9THC Modes of Action (MOA)1 are in-
dividually well documented, however, there are no animal study data
on the combined toxicity of CPF and THC. Therefore, it was of interest
to develop a predictive in vivo endpoint based on the signals from the
ToxCast/Tox21 assays by comparing known mechanistic activities
with those predicted through a series of increasingly refined CompTox
tools. Examples of these tools are: (1) The Toxicity Forecaster and
Tox21 (ToxCast/Tox21) database, available on the CompTox Chemi-
cals Dashboard (CompTox Chemicals Dashboard | Home (epa.gov);
accessed 10‐2021), is comprised of hundreds of assays (Williams
et al., 2017) that identify targets in metabolic pathways; (2) the Inte-
grated Chemical Environment (ICE) 3 Compartment (3COMP) or Phys-
iologically Based Toxicokinetic (PBTK) oral models incorporating the
High‐Throughput Toxicokinetics (HTTK R‐package: https://CRAN.R‐
project.org/package=httk; Wambaugh et al. (2015a); Breen et al.
(2021)) to calculate Equivalent Administered Dose in humans
(EADHuman mg/kg/day)(Pearce et al., 2017, Sipes et al., 2017, ICE,
2021, Bell et al., 2020); (3) The human population‐based HTTK oral
model that simulates internal doses by age using the Center for Disease
Control National Health (CDC) and Nutrition Examination Survey
(NHANES) data (Wambaugh et al., 2018, Ring et al., 2017).

Previous work reported a case study for prioritizing chemicals by
compiling ToxCast/Tox21 data using all assays for each of 448 chem-
icals, estimating activities at the 50th (approximating a lowest‐
observed‐effect levels: LOEL) and 95th percentile (approximating a
no‐observed‐effect level: NOEL). These in vitro values were converted
by in vitro to in vivo extrapolation (IVIVE) to predict PODs for potential
use in risk assessment (Friedman et al., 2019). POD predictions were
then compared to open assess in vivo LOEL/NOELs (Martin et al.,
2009; Williams et al., 2017) compiled for each chemical to calculate
PODs at the 5th percentile. The predictions were compared to the
in vivo data. Their results indicated that the lowest chemical concentra-
tions leading to in vitro bioactivities could potentially correspond to a
threshold for downstream in vivo toxicity. Suggested next steps were to
perform modifications of the IVIVE approach and refine the utility of
their model.

This case study then used similar CompTox tools to estimate CPF/
CPFO and Δ9THC PODs focusing on in vitro targets in the known and/
or presumptive Mode of Action (MOA) for comparison with measured
in vivo points of departure (POD: mg/kg/day) relating to disruptions in
the eCBS (Carr et al., 2020, Carr et al., 2017, Di Marzo, 2011, Huestis,
2005, Testai et al., 2010, Dinis‐Oliveira, 2016). Hence, the goals were:
(1) identifying areas of concordance between ToxCast/Tox21 assay
targets and existing in vivo data relating to known metabolic pathways
or common targets affecting eCBS pathways, (2) calculating EADHuman

via ICE (version 3.5) 3COMP and PBTK oral models to evaluate which
model is most concordant with the in vivo PODs, (3) calculating oral
age‐adjusted HTTK‐Pop EADHuman using the most predictive HTTK
model (i.e., 3COMP or PBTK) to see if the further refinement produces
greater concordance with in vivo PODs; and (5) determining biological
relevance of the findings in the context of risk assessment, based on
the computational tools available.

https://www.epa.gov/pesticide-tolerances
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3. Methods

3.1. Open access literature selection

The in vivo studies for each chemical were selected from open liter-
ature based on neurodevelopmental parameters related to the eCBS
after CPF, CPFO and Δ9THC treatment. The process involved selection
of studies that: 1) were (as closely as possible) designed to investigate
the effects of each chemical on parameters associated with the eCBS
during development; 2) used standard strains of laboratory rat (i.e.,
Sprague‐Dawley or Wistar); 3) used technical grade of administered
chemicals, as was also used in the ToxCast/Tox21 assays; and 4) had
lowest‐observed‐effect levels (LOEL) associated with the eCBS. The
in vivo studies and LOELs provided the foundation for comparisons
with the modeled predictions.

3.2. Interspecies scaling versus default interspecies extrapolation

The in vivo studies were performed in rodents, while the ToxCast/
Tox21 assays used mainly human tissues/proteins. The HTTK 3COMP
and multi‐compartment PBTK and HTTK‐Pop models used human tox-
icokinetic parameters from oral exposure to predict human EADs (Ring
et al., 2017, Bell et al., 2018, Sipes et al., 2017, Wambaugh et al.,
2015b, Wambaugh et al., 2018). To account for the interspecies (rat
to human) toxicokinetics, allometric scaling (AS: 0.162) or a default
interspecies extrapolation uncertainty factor (UF: 10‐fold) were calcu-
lated for comparisons between EAD Human and in vivo rodent PODs
(Eqs. (1) and (2)) (Nair and Jacob, 2016, WHO, 2017). While the inter-
species extrapolations are not exact, they provided a conservative esti-
mation of data uncertainty (WHO, 2017).

In Vivo Interspecies Allometrically Scaled LOEL or
ELOEL Based on Body Weight ¼ ðAS LOEL or AS ELOELÞ x ð0:162Þ

ð1Þ

In Vivo Interspecies Extrapolation ¼ LOEL or ELOEL
Default UF10

ð2Þ
2 The cytotoxicity limit is set by taking the median AC50 for all of the cytotoxicity assays
for the chemical of interest and moving about a factor of 10 lower (3 standard deviations
of the average spread of cytotoxicity assays calculated across all chemicals). If an assay is
below the cytotoxicity limit, it will most likely be below where cytotoxicity is seen for any
cytotoxicity assay for that chemical. Therefore, most cytotoxicity assay AC50 values will be
above the cytotoxicity limit (Personal Communication: Richard Judson, PhD, US EPA
National Center for Computational Toxicology.
3.3. ToxCast/Tox21 in vitro assays

ToxCast/Tox21 results on the CompTox Chemicals Dashboard char-
acterized CPF, CPFO and Δ9THC interactions with intended target fam-
ilies (e.g., DNA binding, CYP [P450s], receptor‐ligand binding, etc.)
and their biological molecular targets, as concentration at 50% maxi-
mum activity (AC50) (Judson et al., 2011). These chemical interactions
provided support for the known MOAs and mechanisms potentially
related to the eCBS (e.g., ɣ‐amino butyric acid [GABA], dopamine or
opioid receptors). ToxCast/Tox21 data were from in vitro high
throughput screening assays from numerous vendors and platforms
(CompTox Chemicals Dashboard | Home (epa.gov); accessed 7‐
2021). Notably, the metabolic pathways for CPF, CPFO and Δ9THC
activate similar nuclear receptors and elements (e.g. aryl hydrocarbon
receptor: Ahr; constitutive androstane receptor: CAR; farnesoid‐X‐
receptor: FXR; liver‐X‐receptor: LXR; peroxisome proliferator activated
receptors: PPAR; pregnane‐X‐receptor element: PXRE; PXR; retinoid‐X‐
receptor: RXR), CYPs (CYP1A2, 2B6, 3A4, 2C19; 3A7) and transferase
(UGT1A1) (Huestis, 2005, Testai et al., 2010, Dinis‐Oliveira, 2016).

Biomolecular interactions in the ToxCast/Tox21 assays were mea-
sured for several intended target families (e.g., esterase, CYP, trans-
ferase, etc.) and target enzymes or proteins (e.g., esterase: AChE;
CYP: cytochrome P450 CYP1A1; transferase: UDP‐
glucuronosyltransferase UGT1A1, glutathione‐s‐transferase GSTA2 &
M3, sulfotransferase SULTA). Assay results on the CompTox Dash-
board had been filtered through 7 levels in the ToxCast Pipeline that
included caution flagging on curve fitting (Level 6, indications of false
3

positives) (Filer et al., 2017). Assays were downloaded from the Comp-
Tox Chemicals Dashboard (Supplemental Tables 1‐3), then examined
for active hit‐calls, AC50 values, cytotoxicity limits (unique to each
chemical), cautionary flags, and relevance to MOA/eCBS (Judson
et al., 2016, Williams et al., 2017). The cytotoxicity limit occurs in a
narrow range of concentrations coinciding with a sharp increase in
active hit‐calls (Judson et al., 2016). Within a region of ‘cytotoxicity‐
associated burst,’ leading up to the ‘concentration threshold/limit,’
the observed assay active hit‐calls are potentially due to cell stress
and cytotoxicity rather than compound‐specific activity (Judson
et al., 2016).2

3.4. High throughput toxicokinetics

The ICE 3COMP and PBTK oral models (https://ice.ntp.niehs.nih.-
gov/; version 3.5; accessed 1/2022; Bell et al. (2020a)), were tested
for their ability to predict in vivo PODs by in vitro to in vivo extrapola-
tion (IVIVE). The oral models were selected since this is the most likely
exposure route based on the PODs selected from animal studies. The
open access “httk” R Package (https://CRAN.R‐project.org/pack
age=httk; Breen et al. (2021)) in the ICE program (https://ice.ntp.
niehs.nih.gov/; version 3.5; accessed 1/2022; Bell et al. (2020a) uses
ToxCast/Tox21 AC50s as the data inputs. The HTTK‐based 3COMP
and PBTK programs allow the incorporation of chemical‐specific TK
characteristics (e.g., metabolic properties) based on in vitro measure-
ments and/or in silico predictions (Bessems et al., 2014). Visual depic-
tions of and calculations for each model are detailed in Pearce et al.
(2017). Toxicodynamic parameters (i.e., intraspecies extrapolations)
are not integrated into the 3COMP, PBTK or HTTK‐PopHuman models
because they are reliant on dynamic chemical interactions at a target
site to initiate a specific toxicologically significant response (e.g.,
estrogen receptor and endocrine disruption) (Choi et al., 2004). This
is important to note because a given ToxCast/Tox21 assay may not
have the metabolic capability or design to capture a representative
in vivo toxicodynamic interaction.

The 3COMP oral model has perfusion rate‐limited compartments
(i.e., equilibrium is achieved rapidly for tissue, RBC and plasma com-
pared to flow of blood) comprised of gut, liver, and rest‐of‐body (e.g.,
fat, brain, bones). The “Solve_3comp” model from the open access ICE
tool calculates plasma concentration over time. Hepatic metabolism
and passive glomerular filtration of chemicals is the assumed form of
elimination (https://CRAN.R‐project.org/package=httk; Wambaugh
et al. (2015a); Breen et al. (2021)).

The ”Solve_pbtk” multicompartment (gut, artery, vein, lung, liver,
kidney, rest‐of‐body) function in the open access ICE tool calculates
Cmax for oral exposure at the 50th percentile using the average values
for the PKTK parameters over time. Each compartment is perfusion
rate‐limited and has mass balance differential equations describing
rate of change for quantity of chemical (https://CRAN.R‐project.org/
package=httk); Wambaugh et al. (2015a); Breen et al. (2021)); calcu-
lations in Supplemental Table 4).

Both the “Solve_3comp” and Solve_pbtk” models, used the Cmax in
reverse dosimetry calculations as follows:

EADHuman
mg
kg

�
d

� �
¼ AC50 μMð Þx 1

mg
kg

�
d � �Cmax

mg
kg

�
d

� �
ð3Þ
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3.5. Population-based high throughput toxicokinetics

The HTTK‐Pop method simulates human physiological variability
by Monte Carlo sampling of the model parameters (e.g., liver flow,
glomerular filtration rate, liver volume, concentration at steady state
[Css], hepatic clearance, plasma protein binding) and reverse dosime-
try to predict a human EAD (mg/kg/day) (Ring et al., 2017). Refine-
ments incorporated by use of TK can decrease EAD Human variability
by approximately 12% when compared to simpler in vitro to in vivo
extrapolation models (Ring et al., 2017, Ring et al., 2021). The meth-
ods of deriving age‐specific physiological parameters (e.g., hepato‐
cellularity and liver mass) in the TK model “httk‐pop” package have
been detailed in Ring et al. (2017). The HTTK‐Pop model uses regres-
sion equations from literature (McNally et al., 2014) and the biomet-
rics of actual individuals (e.g., body weight) obtained from the
National Health and Nutrition Examination Survey (NHANES;
NHANES – National Health and Nutrition Examination Survey Home-
page (cdc.gov); accessed 8/2021) to predict the age‐specific physiolog-
ical parameters employed in the TK models. However, the age‐
adjusted refinements were not designed to model all
pharmacokinetic/pharmacodynamic parameters that might occur dur-
ing development.

The initial R computer codes for HTTK‐Pop EADHuman were kindly
provided by Dr. John Wambaugh, PhD, US EPA and then modified for
this study (described in Supplemental Materials 1). To facilitate the
computation of age‐specific HTTK‐EADHuman values for each of the
ToxCast/Tox21 assays, the R codes were modified to incorporate in sil-
ico data (Sipes et al., 2017) into the built‐in HTTK TK data set as well
as to utilize the two TK models available in the httk package: 3COMP
and PBTK models. Predictions are programmed to occur based on age
(0–80) at 5‐year intervals (adjusted for liver to body weight) (Ring
et al., 2017, Tan et al., 2007, Breen et al., 2021). The HTTK‐Pop
EAD Human in young children is predicted to be higher than adults
due to a higher clearance per kilogram body weight at ages 2–10
(Ginsberg et al., 2002, Ginsberg et al., 2004). Metabolic enzyme onto-
geny and physiology in that age range contribute to the increased
clearance. Isozyme levels and activities are shown to be close to adult
levels by 1 year of age such that the intrinsic clearance rate in children
is equal to that of adults (Ginsberg et al., 2004). In addition, children
have larger livers and greater blood flow per kilogram body weight
than adults. The approximate human age equivalent of rat treatment
was 0–4 years, and this was the selected age range used to generate
the HTTK‐Pop EADHuman.
3.6. Evaluation of oral HTTK-Pop EAD Human Predictions

Predictability of HTTK‐Pop EADHuman values were examined by
several steps:

1) Virtual population generator for HTTKpackage (HTTK‐Pop) was
used to derive HTTK‐Pop EAD Human values for ages 0–4 using the
MOA‐related ToxCast/Tox21 AC50s. Specifically, the 3COMP and
PBTK models available within the httk package (Wambaugh et al.,
2021) were run for each selected ToxCast/Tox21 assay with compo-
nents/targets (e.g., esterase: AChE; CYP: CYP1A1; transferase:
UGT1A1) related to the known MOAs and the eCBS.

2) The fold differences were determined between HTTK‐Pop
EAD Human (derived either from 3COMP or PBTK) and adjusted AS‐
ELOEL/LOELs (Nair and Jacob, 2016) or default UF‐ELOEL/LOELs
(WHO, 2017)). These fold differences were used to access the predic-
tivity of different model‐adjustment factor combinations: 3COMP:AS‐
ELOEL/LOEL, 3COMP:UF‐ELOEL/LOEL, PBTK: AS‐ELOEL/LOEL, and
PBTK: UF‐ELOEL/LOEL. Because all PK parameters are “human,”
(Pearce et al., 2017), the fold‐differences between predicted (HTTK‐
Pop EAD Human) and the adjusted ELOEL/LOELs can potentially be
attributed to individual variability. All the fold differences from
4

various model‐scaling factor combinations were visualized using the
method described in Pallmann and Hothorn (2016).

3) After selecting a suitable model‐scaling factor combination, as a
further measure of predictability, for each compound, a ToxCast/
Tox21 assay with an active hit‐call, but unrelated to the MOA, was
selected (ATG_Oct_MLP_CIS_up, TOX21_DT40, and TOX21_DT40 for
CPF, CPFO, and Δ9THC, respectively; Supplemental Table 5). Each
unrelated assay had one or fewer cautionary flags and a high AC50,
beyond the cytotoxicity limit, indicating borderline activity. HTTK‐
Pop EAD Human were calculated for these AC50s and fold‐differences
between those and HTTK‐Pop EAD Human related to the MOA were
determined (i.e., “MOA Cut‐off”). If the MOA‐related fold‐difference
was less than the unrelated fold difference, then the HTTK‐Pop
EAD Human results could be considered predictive to the chemical's
MOA. All the fold differences were presented graphically using the
method by Pallmann and Hothorn (2016).

HTTK‐Pop EAD Human for each compound were calculated and the
most predictive PODs were based on:

• Fold‐differences with in vivo POD
• Fold differences between Predicted EADHuman POD from assays
unrelated to the MOAs compared to predicted EADHuman from
MOA targets (Supplemental Table 7).

4. Results

4.1. Open access literature: in vivo study selections

In vivo targets involved with metabolic activation that are common
among CPF, CPFO and Δ9THC were the focus of comparisons with the
in vitro/computational mechanistic predictions. Targets related to the
eCBS, also common among the 3 chemicals, was of interest since this
is an area not previously studied by use of CompTox tools. Since there
were no regulatory LOELs based on eCBS effects, they were estimated
from available open literature. In vivo studies were performed using
technical grade CPF, CPFO and Δ9THC, standard strains of rat
(Sprague‐Dawley or Wistar), and treatments occurring within a similar
age‐range during early development (pre‐weaning) to adolescence
(Carr et al., 2020, Cha et al., 2006, Dow‐Edwards and Zhao, 2008,
Mohammed et al., 2018, O'Shea and Mallet, 2005, US EPA, 2011,
Trezza et al., 2008). The MOA target activities are known to change
(i.e., enzymes, nuclear receptors, etc.), depending on the developmen-
tal stage (Fernandez et al., 2011, Sadler et al., 2016, Tamási et al.,
2003, Vyhlidal et al., 2006, Badée et al., 2019). Therefore, the rele-
vance of the ToxCast/Tox21 assay targets for each chemical MOA is
dependent on their activities during the developmental stage at treat-
ment converted to human age (Table 1; Sengupta (2013): 1 human
year = Rat days 26.7 (pre‐weaning), 8.6 (weaning), 110.5 (pre‐
pubertal) and 34.8 (adult).
4.1.1. Chlorpyrifos
CPF directly affects the eCBS by significantly inhibiting FAAH

resulting in an increase in AEA at a LOEL of 0.5 mg/kg/day in
preweaning rat pups (Carr et al., 2020, Carr et al., 2017). Male and
female Sprague‐Dawley rat pups were treated by gavage (corn oil vehi-
cle) post‐natal days (PND) 10–16, (Human equivalent age:
0.73–1.17 years) (Carr et al., 2017, Sengupta, 2013). The time frame
in rodents corresponds to a period of rapid human brain maturation
involving increased myelination, synaptogenesis, and apoptosis (Tau
and Peterson, 2010). It also corresponds to a developmental period
when children may experience exposures to CPF through agricultural
spray drift or hand‐to‐mouth soil ingestion from treated turf (CDPR,
2018), through contaminated Δ9THC in utero or as second hand
smoke/vaping. FAAH decreases and AEA increases were accompanied
by behavioral effects at doses below the threshold for AChE inhibition
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in rat brain (∼1.0 mg/kg/day). Based on these data, 0.5 mg/kg/day
was selected as the eCBS LOEL for CPF (Table 1).

4.1.2. Chlorpyrifos-oxon
Although CPF generally requires metabolic activation to form

CPFO, in chlorine‐treated drinking water, 100% converts to CPFO
(US EPA, 2020a). Drinking water was a regulatory concern for the
US EPA in their CPF human health risk assessment, especially for chil-
dren and adolescents. Medina‐Cleghorn et al. (2014) and Nomura et al.
(2008) compared CPFO doses affecting the eCBS versus AChE inhibi-
tion in brain after intraperitoneal (i.p.) in vivo treatment. In each study,
the effects on MAGL were approximately 3‐fold lower than CPFO inhi-
bition of brain AChE. CPFO brain AChE inhibition in post‐natal day
(PND) 11 (Human equivalent age: 0.8 years) Sprague‐Dawley rats
achieved a Benchmark Dose (BMD; BMR 10%) of 1.06 mg/kg/day.
An uncertainty factor (UF) of 3 was used to extrapolate from brain
AChE inhibition BMD10 (1.06 mg/kg/day) to the 3‐fold lower effects
on eCBS (FAAH and MAGL) inhibition (BMD10: 1.06 mg/kg/day ÷ 3 =
Estimated LOEL [ELOEL] 0.35 mg/kg/day) (Table 1). While this value
is not an exact measurement of eCBS effects from CPFO treatment, it
provides a reasonable estimation.

4.1.3. Δ9Tetrahydrocannabinol
Δ9THC developmental studies were available over a range of ages

that covered the same preweaning test age as CPF and CPFO. These
studies all resulted in behavioral effects that occurred at the same
LOELs. For example, Wistar dams treated by gavage GD 15‐PND 9 at
2.5 or 5.0 mg/kg/day (human equivalent age: GD 49–0.66 years;
Sengupta (2013)) had pups with increased ultrasonic vocalizations at
PND 12‐day at 5.0 mg/kg/day. At PND 35 the pups had inhibited
social interaction and anxiety at 5.0 mg/kg/day (Trezza et al.,
2008). O'Shea and Mallet (2005) treated Wistar male rat pups PND
4–14 (human equivalent age: 0.29–1.02 years) with Δ9THC at
5.0 mg/kg/day (intraperitoneal: i.p.) resulting in a decrease in percent
correct choices in the delayed alternation test. Dow‐Edwards and Zhao
(2008) treated weanling Sprague‐Dawley pups by gavage with Δ9THC
PND 22–40 (human equivalent age: 1.61–2.93 years) at 1.0 and
5.0 mg/kg/day. Locomotor activity and active avoidance were
decreased at 5.0 mg/kg/day. Further, Cha et al. (2006) treated male
adolescent Sprague‐Dawley rats (PND 30; human equivalent age:
2.19 years) i.p. injection at 2.5, 5.0 and 10 mg/kg resulting in cogni-
tive decrements in cognition at 5.0 mg/kg Δ9THC. Reports have docu-
mented effects from human exposure to Δ9THC at each of the above
developmental stages resulting in long‐term behavioral effects (Fried
and Smith, 2001, Rubino et al., 2009). Therefore, within the age range
of gestational to adolescent exposures, 5.0 mg/kg/day was selected as
the LOEL for Δ9THC during development (Table 1). Effects from Δ9THC
were assumed to be due to the eCBS disruption.

4.2. ToxCast/Tox21 active Hit-Calls

The number of active hit‐calls for each chemical on the CompTox
Chemicals Dashboard indicated the comparative toxicity (High
CPFO> CPF > Δ9THC Low) as tested by 14 vendors (CompTox Chem-
icals Dashboard | Home (epa.gov); accessed 8/2021) (Williams et al.,
2017). The cytotoxicity limit for each compound, however, affects the
number of active hit‐calls that are potentially true actives based on
AC50s below the cytotoxicity limit (CPFO: 11.72 µM; CPF: 15.74 µM;
Δ9THC: 6.77 µM; Further description is presented in Judson et al.
(2016)). In addition, the number of assays performed for CPF (854)
and CPFO (978) was much greater than the number tested with
Δ9THC (79), indicating that the targeted assays for Δ9THC/eCBS path-
ways may not currently be available. Table 2 presents a summary of 1)
the critical components of the eCBS, CPF/CPFO and Δ9THC pathways;
2) whether those components had assays in ToxCast/Tox21; 3) if so,
how many were tested and of those, how many were active for each
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chemical and, 4) references associated with the pathway component.
This summary provides a clearer overview of the specific assays with
key components in the metabolic pathways for each chemical. There
is some overlap in nuclear receptors and CYPS among the chemicals
but the eCBS pathway is notably missing tests for essential targets
(e.g., CBRs, FAAH, MAGL, adenylyl cyclase: ADYC, N‐acyl‐
phosphatidylethanolamine phospholipase D: NAPE‐DL, diaceylglyc-
erol lipase: DAGL, and others listed in Table 2) (Ahn et al., 2008,
Benard et al., 2012, Berghuis et al., 2007, Berridge et al., 2010, Di
Marzo et al., 2011, Djeungoue‐Petga and Hebert‐Chatelain, 2017,
Fortin and Levine, 2007, Haj‐Dahmane and Shen, 2010, Howlett
et al., 2002, Iannotti and Vitale, 2021, Katona and Freund, 2012,
Kirilly et al., 2013, Korpi et al., 2015, Pertwee et al., 2010, Snider
et al., 2010, Viswakarma et al., 2010, Wang et al., 2003, Woods
et al., 2007, Zendulka et al., 2016, Zou and Kumar, 2018). The lack
of assays related to the eCBS indicated that it is currently not possible
to test Δ9THC with the critical parameters in the eCBS pathway.

Assays developed for various targets are determined by the ven-
dors. Most of the active hit‐calls had cautionary flags (potential false
positives) reported as noisy (low signal‐to‐noise ratio), low efficacy
(i.e., capacity of a drug to activate or inactivate a receptor), borderline
active (only at highest concentration above baseline), or ‘potentially
confounded by overfitting the data’. Active hit‐calls with cautionary
flags were selected for 3COMP, PBTK and HTTK‐Pop modeling given
the following considerations: (1) Appearance of the dose–response
curve; (2) relevance of the assay to the primary MOA, as well as pre-
sumptive secondary pathways associated with the eCBS; (3) an AC50

value greater than the lowest concentration screened (Friedman
et al., 2019). Potential false positives, assays for viability parameters
and/or not involved with the MOA or the eCBS were excluded from
further analysis.

4.3. ToxCast/Tox21 targets and developmental age

While many target enzymes and proteins produced active hit‐calls
for each compound, the relevance of their activities was
dependent on their age‐related developmental stage. The nuclear
receptors/elements (e.g. Ahr, CAR, FXR, LXR, PPAR, PXRE, PXR,
RXR) associated with cytochrome P450 (CYP) regulation, are gener-
ally common to the metabolic pathways for CPF/CPFO and Δ9THC,
(Huestis, 2005, Testai et al., 2010, Dinis‐Oliveira, 2016), but only
CPF and CPFO had active hit‐calls for these targets. Human neonatal
activities for the nuclear receptors and CYPs may be 0–60% of adult
values depending upon the CYP subfamily, inter‐ and intraindividual
variability, assay test methods and available specimens (Allegaert
and van den Anker, 2019, Sadler et al., 2016, Vyhlidal et al., 2006).
Prenatal CYP3A7 is absent at birth and CYP1A1 achieves adult levels
at 6–12 months. CYP1A2, 2B6, 3A4, 2C9 and 2C19 are steady through-
out development and CYP3A4 increases postnatally. All reach adult
levels at about 1–10 years of age (Ginsberg et al., 2002, Ginsberg
et al., 2004). CPF/CPFO and Δ9THC metabolism are primarily with
CYP3A and 2C9 (Huestis, 2005, Testai et al., 2010, Dinis‐Oliveira,
2016). The primary Phase II metabolic pathway with an active hit‐
call common to all three chemicals was glucuronidation by UGT1A1.
Based on protein expression during development UGT1A1 reaches
adult levels by 3–6 months (Badée et al., 2019). CPF and CPFO were
active with glutathione‐s‐transferase (GSTA2) and CPFO was active
with GSTM3 and sulfotransferase (SULT2A1) (Table 3). These Phase
II enzymes reach adult levels in humans at approximately 2 weeks
(GST) and >3 months (SULT2A1) (Hines, 2008). A dynamic balance
between Phase I and Phase II metabolism determines the impact of
chemical exposure on the developing fetus, child, and adolescent.

The eCBS is involved in the earliest stages of fetal brain develop-
ment, including the GABAergic, glutamatergic, dopaminergic, and opi-
oid receptor pathways (Fride, 2008, Wang et al., 2006). In relation to
the eCBS, of the 129 G‐protein coupled receptor (GPCR) assays on the



Table 1
In Vivo Endpoints for Chlorpyrifos, Chlorpyrifos-oxon and Δ9Tetrahydrocannabinol.

Animal Strain Rat Age Treated (Age
Tested)

Approximate Human
Yearsa

Effects Measured
Endpoints

Scaled
Interspeciesb

Default
Interspeciesb

Refc

mg/kg/day

Chlorpyrifos
Pup: Sprague-Dawley Rat M/F Gavage PND 10–16 0.73–1.17 years ↓ FAAH & MAGL

↑Levels of AEA & 2-AG
LOEL 0.5 0.08 0.05 1

Chlorpyrifos-oxon
Pup: Sprague-Dawley Rat M Gavage PND 11 0.80 years ↓ Brain AChE activity ELOEL 0.35d 0.057 0.035 2
Adult: Swiss-Webster Mice M i.p. acute NA ↓FAAH/MAGL activity
Δ9Tetrahydrocannabinol
Dam: Wistar Rat

Pup: M
Gavage GD 15-PND 9 GD 49–0.66 years ↓Activity

↑Stretch-attend postures
& anxiety

LOEL 5.0 0.81 0.5 3

Neonatal Pup Wistar M i.p. PND 4–14 0.29–1.02 years ↓ Cognition LOEL 5.0 (only
dose)

0.81 0.5 4

Weanling Rat Pup: Sprague-
Dawley M/F

Gavage PND 22–40 0.52–12 ↓Activity LOEL 5.0 0.81 0.5 5

Adolescent Sprague-Dawley
Rat M

i.p. PND 30 9.08 ↓ Cognition LOEL 5.0 0.81 0.5 6

Abbreviations: ELOEL: Estimated LOEL; F: Female; LOEL: Lowest-observed-effect-level; M: Male; PND: Postnatal Day.
Sengupta (2013): 1 human year = Rat days 26.7 (pre-weaning), 8.6 (weaning), 110.5 (pre-pubertal) and 34.8 (adult).
Lowest effect levels (ELOEL or LOEL) were scaled rat to human× 0.162 based on body weight or interspecies extrapolation was based on a default 10x uncertainty
factor.
References: 1. Medina-Cleghorn et al. (2014), Nomura et al. (2008), US EPA (2011); 2. Carr et al. (2017), Buntyn et al. (2017), Carr et al. (2020); 3.Trezza et al.
(2008); 4. O'Shea and Mallet (2005); 5. Dow-Edwards and Zhao (2008); 6. Cha et al. (2006).
CPFO inhibited MAGL in brain (Medina-Diaz et al., 2017, Nomura et al., 2008) at about 3-fold lower than brain AChE inhibition. An ELOEL = brain AChE
inhibition Benchmark Dose (10% response) = 1.06 mg/kg/day in rat pups US EPA (2011) ÷ (3-fold uncertainty factor to extrapolate from AChE inhibition to
FAAH/MAGL inhibition) = 0.35 mg/kg/day.
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CompTox Chemicals Dashboard, none was for CB1 GPCR (activated by
eCBs) and of the four available glutamate assays, none was active with
CPF, CPFO or Δ9THC. Assays with active hit‐calls associated with the
eCBS were for GABA, dopamine, and opioid receptors involved with
neuronal pathways affected throughout brain development (Berghuis
et al., 2007, Wang et al., 2006). Each of the neurotoxicity assays poten-
tially associated with the eCBS was performed in the cell‐free Novasc-
reen (NVS) platform which measures effects of a chemical on a target
protein, without whole‐cell influences, such as metabolic activation.
4.4. ToxCast/Tox21 targets and Chlorpyrifos and Chlorpyrifos-Oxon

4.3.1. Metabolic pathway targets
The CPF MOA includes CPFO, and as the toxic metabolite, CPFO

had more active hit‐calls (Testai et al., 2010). Nuclear receptors/ele-
ments (i.e., CAR, LXR, PXRE, PXR; RXR, PPARɣ), CYPs (CYP1A2,
2B6, 3A4, 2C19; 3A7) and transferase (UGT1A1) and glutathione‐s‐
transferase (GSTA2) target activities overlapped between CPF and
CPFO, as might be expected (Table 3). The intended target families
active with the CPFO metabolic pathway included nuclear receptors
(PPAR, PXR, FXR, RXR and CAR) (Chang et al., 2003, Holick, 2005,
Li et al., 2017, Michalik et al., 2006, Wang and Negishi, 2003, Chiu
et al., 2021, Herriage et al., 2022, Viswakarma et al., 2010, Woods
et al., 2007), CYPS (CYP2C19, CYP2B6, CYP1A2) (Foxenberg et al.,
2011, Foxenberg et al., 2007, Mutch and Williams, 2006, Sams
et al., 2000) and AChE (Testai et al., 2010). PXRE and PXR are associ-
ated with generalized liver metabolism and CYP induction (Wang and
Negishi, 2003). The cell‐free Novascreen assay for butyryl cholinester-
ase inhibition (NVS_ENZ_hES) had an active hit‐call with CPF,
although it is primarily inhibited by CPFO (Testai et al., 2010). Arylhy-
drolase receptor (Ahr) is associated with CYP1A2 in the CPF metabolic
pathway (Foxenberg et al., 2007, Nebert et al., 2004). The lack of
chemical specificity supports the evidence that CPF generally needs
metabolic activation to the CPFO to achieve toxicity (Testai et al.,
2010). Phase II GSTM3 and sulfotransferase (SULT2A1) were active
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with CPFO, along with UGT1A1 and GSH2A1, as mentioned previously
(Medina‐Díaz et al., 2011, Slotkin and Seidler, 2009, Testai et al.,
2010).
4.3.2. Targets related to neurotoxicity or endocrine effects
The CPF active hit‐call with the GABA receptor (NVS_LGIC_rGA

BAR_NonSelective) indicated a potential link to the eCBS which con-
trols development of the GABAergic system (Berghuis et al., 2007).
CPF affects GABA release through inhibition of FAAH in the eCBS
(Berghuis, 2005, Carr et al., 2020, Pallotta et al., 2017). This cell‐
free assay was performed with extracted gene proteins from whole
rat brain. An active hit‐call was notable because the AC50 was below
the CPF cytotoxicity limit (15.74 µM) and there were no cautionary
flags (Table 3). However, of a total of 9 GABA receptor assays on
the CompTox Dashboard, NVS_LGIC_rGABAR_NonSelective was the
only one tested with CPF, therefore, it is difficult to draw a direct asso-
ciation of pathway perturbation based on a single result in a cell‐free
assay.

Neurodevelopmental toxicity involving dopamine was shown after
CPF (hence, CPFO) treatment during development (Aldridge et al.,
2005, Slotkin and Seidler, 2007). CB1 receptors interact with
dopaminergic neurons affecting eCB production during early develop-
ment (Berghuis et al., 2007). Although a dopamine target (DRD1:
NVS_GPCR_hDRD1) AC50 was below the CPFO cytotoxicity limit
(11.72 µM) (Table 3), it was the only active hit‐call of 2 dopamine
assays tested (of a total of 4 on the Dashboard). These results are insuf-
ficient to draw a direct association between dopamine as a CPF/CPFO
target. However, in vivo an increase in N‐methyl‐D‐aspartate receptor
(NMDAR) subunits (NR1, NR2A and NR2B) at 0.1 mg/kg/day was
reported in male rat pups treated with CPF in diet GD 7‐PND 21
(Gomez‐Gimenez et al., 2018). The NMDAR pathway in the hippocam-
pus, activated by glutamine, leads to dopamine release in nucleus
accumbens, affecting voluntary locomotor activity (Peleg‐Raibstein
and Feldon, 2006). When dopamine levels are depleted or when cells



Table 2
Components in the Endocannabinoid, CPF/CPFO and Δ9-THC pathways in
ToxCast/Tox21.

a-“Yes” indicates there are assays in the CompTox Chemicals Dashboard and
“No” indicates there are no assays (current as of the December 8, 2021:
CompTox Chemicals Dashboard News (epa.gov); “()” indicates the number of
assays available for testing. Note: Not all assays were tested for each chemical.

b- 1. Pertwee et al. (2010), 2. Berridge et al. (2010), 3. Korpi et al. (2015), 4.
Di Marzo (2011), 5. Howlett et al. (2002), 6. Berghuis et al. (2007), 7. Benard
et al. (2012), 8. Djeungoue-Petga and Hebert-Chatelain (2017), 9. Iannotti and
Vitale (2021), 10. Kirilly et al. (2013), 11. Ahn et al. (2008), 12. Haj-Dahmane
and Shen (2010), 13. Fortin and Levine (2007), 14. Katona and Freund (2012),
15. Viswakarma et al. (2010), 16. Wang and Negishi (2003), 17. Woods et al.
(2007), 18. Zendulka et al. (2016), 19. Snider et al. (2010), 20. Zou and
Kumar (2018), 21. Chiu et al. (2021), 22. Herriage et al. (2022), 23.
Foxenberg et al. (2007), 24. Nebert et al. (2004), 25. Testai et al. (2010), 26.
Sams et al. (2000), 27. Mutch and Williams (2006), 28. Medina-Díaz et al.
(2011), 29. Slotkin and Seidler (2009), 30. Dinis-Oliveira (2016).
Abbreviations: ADYC: Adenyl cyclase; ACh/AChE: acetylcholine/esterase;
Ahr: arylhydrocarbon hydroxylase receptor; AMPA: α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid BuChE: butyryl cholinesterase; CAR: con-
stitutive androstane receptor; CB1R/CB2R: cannabinoid receptors 1 & 2; CYP:
p450 isozymes; DAGL: diaceylglycerol lipase; DRD: dopamine; FAAH: fatty
acid amid hydrolase; GABAR: ɣ-amino butyric acid receptor; GluR: glutamate
receptor; GSH: Glutathione-s-transferase; GPCR: G-coupled protein receptor;
MAGL: monoacylglycerol lipase; MAPK: mitogen-activated protein kinase;
miR22: micro RNA 22; Mito: mitochondria; Mito CB1R: mitochondrial CB1
receptor; NAPE-LD: N-acyl-phosphatidylethanolamine phospholipase D;
NMDAR: N-methyl- D-aspartic acid receptor; NT: not tested by CPF/CPO or
Δ9-THC; p53: tumor protein 53; PLC: phospholipase C; PON1: paraoxonase 1:
PPAR: peroxisome proliferator-activated receptor; PPRE: PXR: pregnane-x-
receptor; PXRE: pregnane-x-receptor element; RXR: retinoid-x-receptor;
SIRT1: NAD-dependent deacetylase sirtuin-1; SLC6A2: norepinephrine trans-
porter; SULTA: sulfotransferase; UGT: UDP-glucuronosyltransferase.
Green boxes: ToxCast/Tox21 assays available and reported on CompTox
Chemicals Dashboard (epa.gov) (December 8, 2021 version); Red boxes: no
available tests on the CompTox Chemicals Dashboard; “—” = No ToxCast/
Tox21 assay for this component; “X” = Chemical not tested in the assay.
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cannot synthesize it, motor control in the cerebellum or other motor
control areas of the CNS, cannot function normally.

The opioid receptor assays (NVS_GPCR_rOpiate_NonSelective, NVS_
GPCR_rOpiate_NonSelectiveNa) performed with rat forebrain mem-
brane proteins and CPFO had AC50s of 12 µM (cusp of the cytotoxicity
limit: 11.72 µM) and 21 µM, respectively (Table 3). In vivo activity at
this receptor showed prenatal Δ9THC treatment in rats resulted in
changes in µ‐opioid receptor binding and increased morphine and her-
oin self‐administration in F1 females (Vela et al., 1998). Effects were
also observed in opioid gene expression in human fetal brains associ-
ated with marijuana use in the mothers (Wang et al., 2006). Given
the fact that CPF/CPFO disrupt the eCBS during development, there
is potential for accompanying developmental effects on associated
neurotransmitter systems (Alugubelly et al., 2021).

Mitochondria assays had active hit‐calls with CPF and CPFO. Mito-
chondrial targets are of interest because CPF suppresses mitochondrial
oxidative phosphorylation in dopaminergic neurons during develop-
ment (Singh et al., 2018). CPF and CPFO decreased mitochondrial
length, number, and transport in cultured cortical neurons of PND 1
Sprague‐Dawley rats (Middlemore‐Risher et al., 2011). These effects
may occur through the mtCB1 receptor thus involving the eCBS. How-
ever, of the 25 ToxCast/Tox21 assays available, CPF (tested in 7
assays) had only a single active hit‐call (NCCT_MITO_max_resp_rate_
OCR_dn) and CPFO (tested in 13 assays) had only 2 active hit calls
(NCCT_MITO_basal_resp_rate_OCR_dn, and NCCT_MITO_max_resp_rat
e_OCR_dn). The AC50s were above the cytotoxicity limit, indicating
only a weak interaction.

In judging whether the GABA, dopamine, opiate or mitochondrial
pathways are active with CPF or CPFO based on ToxCast/Tox21 assay
results, there are a few issues to consider: 1) the USEPA considers that
a chemical should be active in at least 5 pathway‐mapped assays to
have a positive pathway association (Judson et al., 2010); 2) each of
the CNS‐associated assays was a NovaScreen cell‐free assay, meaning



Table 3
Fold Difference between CPF, CPFO or Δ9THC In Vivo and 3 Compartment or PBTK-Modeled Endpoints.

Abbreviations: CYP: Cytochrome P450; DB: DNA binding; EADHuman: Equivalent Administered Dose (human); ES: Esterase; GPCR: G-Protein coupled
receptor; IC: Ion Channel; Mito: Mitochondria; NR: Nuclear Receptor; PBTK: Physiologically Based Toxicokinetic model; TF: Transferase; UF:
Uncertainty Factor.
a- Bold text in the assay description indicates target enzyme, protein, or receptor of interest.
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b- Bolded Red AC50 values are below the cytotoxicity limits: CPF = 15.74 µM; CPFO = 11.72 µM; Δ9THC = 6.77 µM.
c- Fold-difference between the predicted EADHuman (mg/kg/day) and the in vivo scaled LOEL (CPF = 0.081 & Δ9THC = 0.81 mg/kg/day) or scaled ELOEL
(CPFO = 0.057 mg/kg/day) or default interspecies 10x UF LOEL (CPF = 0.05 & Δ9THC = 0.5 mg/kg/day) or UF ELOEL (CPFO = 0.035 mg/kg/day) rounded to
the nearest two digits. Green: ≤10-fold difference; Yellow: >10 ≤ 100-fold difference and Red: >100-fold-difference.
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that they were ligand binding in the absence of cellular effects and 3)
there were no assays for many of the eCBS components listed in Table 3
available that could support an association between these active hit‐
calls and targeted eCBS effects. While there is a link between CPF/
CPFO and eCBS pathways affecting dopamine, GABA and opiate recep-
tors in the brain (Aldridge et al., 2005, Eaton et al., 2008, Leung et al.,
2019, Alugubelly et al., 2021, Slotkin and Seidler, 2010), the data
from ToxCast/Tox21 do not directly support an association of either
chemical with these pathways.

Although there were active hit‐calls with the estrogen (ER), proges-
terone (PR), androgen (AR), thyroid (TR) and steroid hormone targets,
based on the weight‐of‐evidence, CPF and CPFO are not considered to
be endocrine disruptors (https://www.epa.gov/endocrine-disruption/
endocrine-disruptor-screening-program-tier-1-screening-determina-
tions-and; accessed 8‐2021). The active hit‐call aromatase inhibition
assay (TOX21_Aromatase_Inhibition) relates to CYP19A1, which is
involved with estrogen bioactivity (CYP19A1 cytochrome P450 family
19 subfamily A member 1 [Homo sapiens (human)] ‐ Gene ‐ NCBI
(nih.gov); accessed 1‐2021) but not CPFO metabolism.
4.5. ToxCast/Tox21 targets and Δ9Tetrahydrocannabinol

Δ9THC was active with the nuclear receptor Ahr
(TOX21_AhR_LUC_Agonist) which is associated with CYP1A2 in the
MOA (Huestis, 2005, Dinis‐Oliveira, 2016) (Table 3). The only CYP
activity was with aromatase inhibition (TOX21_Aromatase_Inhibition)
which is associated with estrogenic bioactivity through expression of
CYP19A1 (CYP19A1 cytochrome P450 family 19 subfamily A member
1 [Homo sapiens (human)] ‐ Gene ‐ NCBI (nih.gov); accessed 1‐2021).
Δ9THC had active hit‐calls for AR, ER, TR, and GR assays which may
relate to the adverse in vivo effects Δ9THC was shown to have on
human sperm and on the fertilization process in male and female
reproductive tracts (Table 3) (Lee et al., 2020, Payne et al., 2019).
However, because the AC50s were above the cytotoxicity limit, a target
specific Δ9THC interaction cannot be determined.

There were overall differences in the ToxCast/Tox21 assays tested
with Δ9THC, compared to CPF/CPFO. For example, only 79 assays
were performed with Δ9THC because this chemical was only tested
in the National Institutes of Health National Center for Advancing
Translational Sciences (NIH NCATS) using their assays (Tox21
National Institutes of Health Chemical Genomics Center: NCGC).
CPF/CPFO active assays were performed by numerous vendors sup-
ported by the US EPA, NIH NCATS and the NIH National Toxicology
Program (Table 3; Supplemental Tables 1‐3; vendor data available
through: CompTox Chemicals Dashboard | Home (epa.gov)).

The Tox21 (NCGC) active hit‐calls with Δ9THC were mainly cyto-
toxicity, cell stress or cell‐stress‐related interference assays and not
likely to have specific biological significance (20/34; Supplemental
Table 3). Cytotoxicity is a very high concentration effect and not target
specific toxicity which is usually driven by more specific mechanisms
at lower doses (R. Judson, PhD, USEPA, personal communication). The
14 assays that were not designed to assess cytotoxicity had no AC50s
below the cytotoxicity limit. But this is primarily due to not having
the right assays to characterize Δ9THC activity. For example, had bio-
logically significant assays for CB1 receptors been available, a Δ9THC
active hit‐call would have likely been active below the cytotoxicity
limit. Moreover, cytotoxicity varies depending on the metabolic capa-
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bility of different cell types, their growth rates and toxicokinetics asso-
ciated with toxic effects from a given chemical (Judge et al., 2016).
Since there was no metabolic activation employed in the ToxCast/
Tox21 assays (unless the cells possess intrinsic metabolic activation
capability), the formation of active metabolites is unlikely. In the
absence of assays with biological activity specific to Δ9THC, such as
a CB1 receptor assay, the available ToxCast/Tox21 assays may be
unable to provide useful information on the key steps in elucidating
MOA for Δ9THC.
4.4. HTTK 3COMP and PBTK modeled predictions compared to in vivo
scaled or default Interspecies-Adjusted ELOEL or LOEL points of departure

4.4.1. Qualitative evaluation
Fig. 1 shows the comparison between in vivo PODs derived from

experimental animal studies and model predictions (i.e., EAD Human)
using IVIVE tools available in the HTTK package (i.e., 3COMP and
PBTK oral models). Natural logarithm values (ln) were used in present-
ing the values because of the broad variation in the fold differences
(Table 3). The HTTK 3COMP and PBTK oral models predicted the
EAD Human for each chemical using ToxCast/Tox21 assay AC50 data
as model inputs (https://CRAN.R‐project.org/package=httk);
Wambaugh et al. (2015a); Breen et al. (2021)) with the intraspecies
(i.e., human) variability being generated by Monte Carlo distributions
as described in Pearce et al (2017). Prior to the comparison, the in vivo
PODs were converted into “human equivalent values” by using either
allometric scaling factor (AS) (Nair and Jacob, 2016) or traditional
interspecies uncertainty factor (UF). Instead of further adjusting the
“human equivalent values,” two horizontal lines are used to represent
the distance from “perfect match” (i.e., ln(1) = 0) to “maximum
uncertainty” (i.e., ln(10) = 2.3) due to intraspecies (human) variation
between the in vivo‐ and HTTK model‐based values. As can be seen in
Fig. 1, PBTK model predicted EAD Human values exhibited distances fur-
ther away from both the line = 0 and line = 2.3 (“blue cluster”) than
3COMP model (“pink cluster”), and allometric scaling (AS) provided a
lesser fold difference than traditional UF regardless of the HTTK mod-
els employed. For risk assessment, log fold‐differences at or below the
cut‐off (i.e., closer to log fold‐difference = 0) represent ToxCast/
Tox21 target assays that are likely the most relevant to the MOA/eCBS.
Accordingly, the 3COMP model and allometric scaling were used in
the subsequent analyses for identifying the most relevant MOA/eCBS.

Table 3 shows no Δ9THC AC50s below the cytotoxicity limit
(6.77 µM). While the fold differences were predictive for this com-
pound with the 3COMPmodel and AS‐LOEL, they were not meaningful
because the AC50s exceeded the cytotoxicity range. Therefore, further
qualitative data refinement for Δ9THC was not performed. For CPF and
CPFO, the 3COMP model with AS interspecies extrapolation generated
EADHuman values that were more predictive than the PBTK model by
AS or UF interspecies extrapolation. Fig. 2 provides a closer inspection
of the distributions of ln fold‐differences between the in vivo AS‐
ELOEL/LOELs and EADHuman values for CPF and CPFO. The dotted
lines (i.e., “MOA Cut‐Off”) in Fig. 2 approximates the ln fold‐
differences between the in vivo AS‐ELOEL/LOEL and the ToxCast/
Tox21 assays that are not related to the MOA/eCBS. Fold‐difference
above this line shows ToxCast/Tox21 assay activity that is not likely
specific to the MOA/eCBS for each chemical and below the EADHuman

values are predictive.

https://www.epa.gov/endocrine-disruption/endocrine-disruptor-screening-program-tier-1-screening-determinations-and
https://www.epa.gov/endocrine-disruption/endocrine-disruptor-screening-program-tier-1-screening-determinations-and
https://www.epa.gov/endocrine-disruption/endocrine-disruptor-screening-program-tier-1-screening-determinations-and


Fig. 1. Natural logarithm fold-differences between 3COMP or PBTK models EADHuman and in vivo PODs determined by allometric scaling (AS) or default 10-fold
uncertainty factor (UF). The dotted lines describe the “perfect match” (ln(1) = 0) and “maximum uncertainty” (ln(10) = 2.3) due to intraspecies (human)
variation between the in vivo- and httk model-based values. The vertical bars are the standard deviation of fold-differences.

Fig. 2. CPF and CPFO natural logarithm fold-differences between the EADHuman with the 3COMP model and in vivo PODs with AS interspecies extrapolation. The
dotted lines approximate the natural logarithm fold-difference between the in vivo AS-ELOEL/LOEL and the ToxCast/Tox21 assays that are not related to the MOA/
eCBS. Assays below the lines for the respective chemicals are likely to be associated with the MOA/eCBS.
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4.4.2. Quantitative evaluation
Assays (AC50s) for model inputs were selected for potential rele-

vance to MOA/eCBS (Table 3). The lower AC50 value was used when
identical ToxCast/Tox21 assays showed active hit‐calls for different
durations. For example, the CPFO AC50 for CYP2B6 at 24 h was
0.404 µM but at 48 h it was 11.2 µM so the result at 24 h was a more
sensitive interval for that assay. The heat maps in Table 3 provide a
qualitative visualization and quantitative fold‐differences between
in vivo AS or UF interspecies extrapolation and EADHuman predictions.
Quantitatively, both 3COMP and PBTK models have lower the fold‐
differences using the AS with ELOEL/LOEL PODs than for UF inter-
species extrapolation. Further the 3COMP model is quantitatively
more predictive for all compounds than the PBTK model (Table 3; Cal-
culations in Supplemental Table 4). The 3COMP/EADHuman CPF and
Δ9THC values were more predictive of in vivo AS‐adjusted PODs than
those of CPFO, where quantitative ranking of the fold difference calcu-
10
lations was categorized as: 1) Green: Fold differences within one order
of magnitude of the in vivo scaled ELOEL or LOEL (≤10‐fold); 2) Yel-
low: Fold differences within 1–2 orders of magnitude (>10 ≤ 100‐f
old) and 3) Red: Fold differences > 100‐fold.

In Table 3, fold differences indicated that the EADHuman were more
predictive for Δ9THC than for CPF or CPFO. However, fold differences
in relation to model predictability need to be interpreted with caution
because several factors influence the outcomes. For example, an assay
with an active hit‐call, must be screened for cautionary flags, should be
relevant to a mechanistic pathway, have an acceptable dose–response
curve, and have an AC50 below the cytotoxicity limit to indicate a
degree of chemical‐target specificity. The CPF LTEA_HepaRG_G-
STA2_up assay had most of the criteria, and few cautionary flags,
but the dose–response curve was visually not acceptable. Therefore,
this assay was not included for further analysis in HTTK‐Pop. Δ9THC
had no AC50s below the cytotoxicity limit. Even though the fold differ-
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ences appeared predictive, they were not because the ToxCast/Tox21
AC50s were primarily cytotoxic, and the assays were unrelated to speci-
fic biological activity in the known metabolic pathway (Table 2).

4.5. 3 COMP HTTK-Pop EAD human predictions compared to in vivo
allometrically scaled points of departure

The ToxCast/Tox21 assays in Table 4 were selected by the follow-
ing criteria: 1) targets were relevant to the MOA/eCBS; 2) AC50s were
at or below the cytotoxicity limit; 2) fold‐differences were within a
predictive (CPF: 1–5 fold) or moderately predictive (CPFO: 12–41
fold) range; 3) had fold‐differences below those of the “Unrelated”
HTTK‐Pop (age 0–4) values delineating an upper bound of activity;
and 4) had acceptable dose–response curves. Many of the assays were
for nuclear receptors (PXRE/PXR/Ahr/FXR/PPARg), although both
CPF and CPFO were active with CYP2B6 as could be expected
(Testai et al., 2010). CPF was active with a GABA receptor, however,
this association would be downstream from CPF inhibition of FAAH
(Carr et al., 2017) and subsequent inhibition of presynaptic GABA
release (Leung et al., 2019). CPFO was also active with AChE which
is a direct target for the MOA. Δ9THC results were not included
because none of the selection criteria were met (data in Supplemental
Tables 6,7).
Table 4
ToxCast/Tox21 Assays in the 3COMP HTTK-Pop Model with Associated Fold Differenc
for CPF and CPFO.

Target AC50

(µM)
3C Oral EADHuman (mg/
kg/day) Age 0–4

Fold-Differenc
EADHuman:AS-
LOEL

Chlorpyrifos
ATG_PXRE_CIS_up 6.34 0.182 2
ATG_PXR_TRANS_up 4.34 0.125 2
ATG_Ahr_CIS_up 2.35 0.068 1
LTEA_HepARG_CYP2B6_up 14 0.403 5
NVS_LGIC_rGABAR_NonSelective 12 0.354 4
Chlorpyrifos-oxon
OT_FXR_FXRSRC1_1440 0.307 0.66 12
TOX21_PPARg_BLA_antagonist_ratio 1.08 2.33 41
CLD_CYP2B6_24hr 0.404 0.87 15
NVS_ENZ_hAChE 0.323 0.70 12

Abbreviations: AS-ELOEL/LOEL: Allometrically scaled in vivo PODs (CPF 0.081 an
Administered Dose (human); UR: Assay unrelated to the CPF (ATG_Oct_MLP_CIS_u
a- Fold-difference between the HTTK-Pop predicted EADHuman (mg/kg/day; ages 0

Table 5
Summary Data Relating to Computational Tools and Concordance of Predictions.

Parameter Measured Chlorpyrifos

In Vivo Points of Departurea AS-LOEL: 0.08 mg/kg/
ToxCast/Tox21 Assaysb Active Hit-Call

Associations
Known
MOA

Possible
eCBS

Yes GABAR,
Mito

3COMP EADHuman Predictionsc Range: 0.03 to 7.02 mg
kg/day

HTTK-Pop AS-EADHuman Predicted vs. AS-ELOEL/LOEL In Vivo
Measuredd

Concordant for Selected
Assays

HTTK-Pop Fold Differenced Range: 1–5

Abbreviations: AS-LOEL/ELOEL: Allometrically Scaled LOEL/ELOEL: AR: Androgen
humans; eCBS: Endocannabinoid System; ER: Estrogen receptor; GABAR: GABA rece
Action.
a- Data in Table 1.
b- Data in Table 3.
c- Data in Table 3; Figs. 1 and 2.
d- Data in Table 4.
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4.6. Concordance between in vivo data and predictions from CompTox tools

The results of the stepwise process of gathering in vivo and in vitro
data, selecting ToxCast/Tox21 data relevant to the known MOA/eCBS
pathways, determining the most predictive HTTK model and inter-
species extrapolation method and refining the predictions based on
age by use of HTTK‐Pop Data are summarized in Table 5. ToxCast/
Tox21 results indicated a weak link between CPF and CPFO and GABA,
dopamine, opioid and mitochondrial targets that are known to be
affected by CPF treatment and associated with the eCBS (Berghuis,
2005, Berghuis et al., 2007, Fernández‐Ruiz et al., 2019, Navarro
et al., 1996, Fernández‐Ruiz et al., 2004, Bénard et al., 2012,
Djeungoue‐Petga and Hebert‐Chatelain, 2017, Fride, 2004, Wang
et al., 2006). However, the ToxCast/Tox21 results alone would not
have supported an association. Endocrine assays for Δ9THC resulted
in high AC50s and did not offer a strong support for a specific
chemical‐related association although an association has been shown
in vivo (Lee et al., 2020, Payne et al., 2019). The AS 3COMP model
was more predictive than the AS PBTK, and both models indicated
there was very likely a need for metabolic activation of CPF to CPFO
to identify biological targets. Δ9THC EADHuman was predictive but
the predictions were not biologically meaningful because the Tox-
Cast/Tox21 targets were not specific to the metabolic pathway.
es Measured Against Upper Bound Controls and Allometric Scaled ELOEL/LOELs

ea

ELOEL/
UR Reference
AC50 (uM)

UR EADHuman (mg/
kg/d) Age 0–4

Fold Differencea UR-
EADHuman:AS-ELOEL/LOEL

110 3.17 6.33
110 3.17 6.33
110 3.17 6.33
110 3.17 6.33
110 3.17 6.33

80.1 173 493
80.1 173 493
80.1 173 493
80.1 173 493

d CPFO 0.057 mg/kg/day); 3C: 3 Compartment Model; EADHuman: Equivalent
p) and CPFO (TOX21_DT40); Supplemental Table 3.
–4) and the in vivo AS ELOEL/LOEL.

Chlorpyrifos-oxon Δ9Tetrahydrocannabinol

day AS-ELOEL: 0.057 mg/kg/day AS-LOEL: 0.8 mg/kg/day
Active Hit-Call Associations Active Hit-Call Associations

Known
MOA

Possible eCBS Endocrine Pathway? eCBS

Yes DR1, Opioid,
Mito

Aromatase Inhibition, AR, ER,
TR, GR

Unknown

/ Range: 0.12 to 16 mg/kg/day Range: 1.45 to 11 mg/kg/day

± Concordant for Selected
Assays

Not Concordant

Range: 12–41 Range: 166–1221 (Supplemental Table 7)

receptor; DR1: Dopamine receptor; EADHuman: Estimated Administered Dose in
ptor; GR: Glucocorticoid receptor; Mito: Mitochondrial activity; MOA: Mode of
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HTTK‐Pop modeled refinements resulted in higher fold differences for
many assays but the results identified relevant targets associated with
CPF and CPFO for ages 0–4 (Testai et al., 2010).
5. Discussion

This case study provided an example of how open access CompTox
tools might be used to examine in vitro targets to characterize meta-
bolic pathways and to determine their EAD in humans for comparison
with in vivo measured values. Predictions in previous studies, designed
to make such comparisons for use in risk assessment, produced a CPF
POD50th percentile (∼LOEL) of 3.55 mg/kg/day and a POD95th percentile

(∼NOEL) of 1.26 mg/kg/day (Friedman et al., 2019). The LOEL predic-
tions were 44‐fold greater than the allometrically scaled LOEL for
eCBS‐related effects in preweaning rats (Carr et al., 2020, Carr et al.,
2017, Carr et al., 2014). Hence, we sought to refine the methods with
a focus on individual chemical MOAs, and elements withing these
pathways that could indicate a tipping point for adverse effects down-
stream (Saili et al., 2020).

Traditional in vivo Health Effects Test Guideline studies used for
pesticide registration were designed to reach a low or no effect dose
level and, if possible, identify a targeted system (US EPA, 1998).
CPF and CPFO were tested in traditional bioassays for risk assessment
purposes, hence these data‐rich xenobiotics are well‐characterized (US
EPA, 2020a, US EPA, 2011). Nevertheless, in vivo studies, because of
the many pathways of toxicity and difficulty in selecting optimal doses
to discover the most sensitive POD, are sometimes unreliable and/or
hard to interpret. Variability in the selected in vivo PODs is dependent
on the individual study protocols (e.g., treatment levels, dose spacing,
duration, animal strain, chemical route of administration and other
factors) determined by study authors. CPF/CPFO are well‐
characterized toxicologically as AChE inhibitors, however, a combina-
tion of their residues on cannabis crops, each affecting the dopaminer-
gic, glutamatergic, and GABAergic neurons, opioid receptors and CB1/
mtCB1 receptors, could pose significant neurodevelopmental health
risks (Djeungoue‐Petga and Hebert‐Chatelain, 2017, Fride, 2008,
Middlemore‐Risher et al., 2011, Wang et al., 2006, Berghuis, 2005,
Berghuis et al., 2007). Further research is needed in this area, espe-
cially since the eCBS is essential to development from conception to
adulthood (Fride, 2008, Mato et al., 2003).

ToxCast/Tox21 results for CPF supported the need for metabolic
activation of CPF to the toxic metabolite CPFO for an increase in assay
target activation to occur (Testai et al., 2010, Casida et al., 2008). This
was evident in that CPFO had many more active hit‐calls than CPF
with endpoints relevant to the known metabolic pathway. Since
CPF/CPFO and Δ9THC overlap in their metabolic pathways, targets
with CPF/CPFO active hit‐calls, could also affect Δ9THC metabolism.
The balance between CPF/CPFO and Δ9THC availability in the brain
after activation/detoxification, along with their exposure levels could
determine their levels of agonistic behavior at the CB1 receptor. In
addition, the main Δ9THC metabolic pathway involves CYP2C9 and
CYP3A in Phase I metabolism and glucuronidation (UGT1A1) via oxi-
dation to THC‐COOH‐glucuronide (Huestis, 2005, Mazur et al., 2009,
Dinis‐Oliveira, 2016). Where CPFO is metabolically activated by these
CYPS, Δ9THC is detoxified (Huestis, 2005, Dinis‐Oliveira, 2016). CPFO
is detoxified by PON‐1 which is not involved with the Δ9THC pathway.
The degree to which each CYP is induced is dependent on the exposure
(dose) of both chemicals. Induction of the same P450s by both chem-
icals could potentially reach a tipping point at lower doses compared
with exposure to a single compound (Saili et al., 2020). Other vari-
ables include frequency and duration of exposure because chronic
intake may lead to higher hepatic or systemic levels of the CYPs and
the sensitivity, age, genetic makeup, health status, diet and other fac-
tors relating to exposed individuals (Hewitt et al., 2007, Bernasconi
et al., 2019). These factors are often difficult to characterize in humans
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since hepatic metabolism studies are, by necessity, generally per-
formed in vitro (Bernasconi et al., 2019).

CPF had an active hit call in a GABA receptor assay, CPFO had
active hit‐calls for a dopamine receptor and two opiate receptor assays
and both compounds had active hit‐calls with mitochondrial assays.
CPF and CPFO have known in vivo associations with effects on these
targets in the brain and in the eCBS during development (Aldridge
et al., 2005, Slotkin and Seidler, 2007, Alugubelly et al., 2021, Carr
et al., 2020, Carr et al., 2014, Middlemore‐Risher et al., 2011). While
in vivo links have been shown, the data from ToxCast/Tox21 were
weak and did not directly support an association of either chemical
with these pathways. There were also no active hit‐calls for Δ9THC
for GABA, dopamine, opioid receptors, or mitochondrial targets, these
are among the most vulnerable targets affected by Δ9THC exposure
in vivo, especially during development (Berghuis, 2005, Berghuis
et al., 2007, Fernández‐Ruiz et al., 2019, Navarro et al., 1996,
Fernández‐Ruiz et al., 2004, Bénard et al., 2012, Djeungoue‐Petga
and Hebert‐Chatelain, 2017).

Δ9THC had only two active hit‐calls in ToxCast/Tox21 below the
cytotoxicity limit and these were related to cell stress, associated with
cytotoxicity. Most of the Δ9THC assays tested were for cytotoxicity, cell
stress or cell‐stress‐related assay interference and not specific to Δ9THC
biological activity or to the metabolic pathway. All Δ9THC assays were
performed only with the Tox21 (NCGC) vendor (Supplemental
Table 3). The lack of active hit‐calls with Δ9THC was likely due to
not having assays specific to the metabolic pathway to characterize
Δ9THC activity (e.g., CB1 receptor). Without such assays, the available
ToxCast/Tox21 assays may not provide useful information on key
mechanistic steps in the Δ9THC MOA.

It is well‐documented that Δ9THC affects the CNS in animal models
and humans throughout development and in adulthood through sev-
eral routes of exposure (Di Marzo, 2011, Di Marzo et al., 2008,
Berghuis, 2005, Berghuis et al., 2007, Bloomfield et al., 2016,
Borowska et al., 2018, Bruijnzeel et al., 2019, Calvigioni et al.,
2014, Hložek et al., 2017). However, the data for this study indicated
that Toxcast/Tox21 assays do not provide insights on the effect of
Δ9THC on the eCBS or other areas of the CNS. The lack of availability
of assays for reactions more specific to eCBS toxicity also limited data
interpretation. Δ9THC may have weak effects on male and female
reproduction acting through the eCBS (Lee et al., 2020, Payne et al.,
2019) or the effects may be non‐specific due to lipophilicity. Addi-
tional work is needed to tease out the significance of the endocrine‐
related active hit‐calls. The United States Food and Drug Administra-
tion has been studying the science of cannabis for medical uses, and
as of 2021, no marketing application for cannabis treatment for med-
ical conditions or diseases has been approved. However, one cannabis‐
derived and three cannabis‐related drugs are available only by pre-
scription from licensed health providers (FDA Regulation of Cannabis
and Cannabis‐Derived Products, Including Cannabidiol (CBD) | FDA).

The HTTK 3COMP and PBTK models were designed to provide
alternatives to animal testing for chemical safety, in support of the
US EPA drive to eliminate animal testing by 2035 (US EPA, 2020b).
They are also used to validate and support new approach methodolo-
gies (NAM) to chemical risk assessment and toxicity characterization
(Prior et al., 2019). The NAMs address ethical concerns, involving
“…implementation of the 3Rs – replacement, refinement and reduc-
tion of the use of animals,” as well as scientific, financial and regula-
tory issues (Prior et al., 2019). HTTK 3COMP and PBTK methods,
along with the NAMs provide easy‐to‐use, open access computational
tools to connect in vitro bioactivity as seen with ToxCast/Tox21 data
to PODs measured in vivo. In this study we were able to explore these
oral models to see how closely they predicted PODs observed in vivo.

Qualitatively and quantitatively the 3COMP model, with AS inter-
species extrapolation, provided the more predictive EADHuman values.
This result indicated model complexity (e.g., PBTK) did not necessarily
provide better predictions. An appropriate model at the level of
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ranking or prioritizing toxicity was provided by the simpler 3COMP
model. However, interpretation of the predictiveness of modeled
EADHuman values must take into consideration several factors, includ-
ing relevance of an assay to the MOA/eCBS, availability of metabolic
activation to generate a representative chemical‐target interaction
and AC50s value in relation to the cytotoxicity limit. Simply having a
predictive fold difference is not enough to ensure the EADHuman is
predictive.

HTTK‐Pop model estimations resulted from Monte Carlo sampling
of NHANES physiological, body weight and age‐related parameters
(Wambaugh et al., 2018, Wambaugh et al., 2019). The output of
HTTK‐Pop for a given population subgroup is the median (i.e., 50th
quantile), hence, the age specific HTTK‐Pop EADHuman has its own dis-
tribution. HTTK‐Pop EADHuman calculations were adjusted for ages
0–80, but the subpopulation under consideration for this study was
0–4 years based on the animal to human age adjustments (Sengupta
(2011), Sengupta (2013); Supplemental Table 7 HTTK‐Pop data for
all ages). HTTK‐Pop incorporated PK values and can only address
the PK differences among various population subgroups based on their
variations in metabolic capabilities. Pharmacodynamic (PD) parame-
ters (i.e., effects of a chemical on the body) measure what the body
does to a chemical that will ultimately translate into a toxicological
response (Meibohm and Derendorf, 1997). However, PD modeling
requires the toxicity mechanism to be definitively identified (e.g., cho-
linesterase inhibition), and such a model has not been developed for
endocannabinoid effects for CPF/CPFO or Δ9THC.

The HTTK‐Pop model for ages 0–4 have the same issues with data
interpretation as already described. Fewer assays had predictive PODs
with adjustments for age for CPF and CPFO and there were no predic-
tive HTTK‐Pop EADHuman for Δ9THC. This is likely due, in part to the
fact that the EAD Human in young children are predicted to be higher
than adults as was seen in this study (Supplemental Table 7)
(Ginsberg et al., 2002, Ginsberg et al., 2004). Older ages have lower
EADHuman predictions that are closer to the AS‐ELOEL/LOELs (Data
shown in Supplemental Table 7).

While the modeled EADHumans values in this study may not, in some
cases be highly predictive, it is evident that metabolic activation in
ToxCast/Tox21 assays remains an issue for some chemicals to produce
an active hit‐call below the cytotoxicity limit. It also calls attention to
the need for an increased variety of assays to assess biological activi-
ties that are not currently available on the CompTox Dashboard, as
was shown with Δ9THC. Assays for CB1 and CB2 receptors, FAAH
and MAGL, are not only important for characterizing Δ9THC but also
for assessing other cannabinoid pathways (e.g., cannabidiol: CBD)
and eCBS‐affected CPF toxicity during development (Araujo et al.,
2019, Di Marzo and Silvestri, 2019, Carr et al., 2020, Carr et al.,
2017, Carr et al., 2014). Endocannabinoids are involved in neural
development from embryogenesis through adolescence in the develop-
ing human brain (Berghuis et al., 2007, de Salas‐Quiroga et al., 2015,
de Salas‐Quiroga et al., 2020). CPF/CPFO and Δ9THC disrupt the eCBS
throughout development with neurotoxic consequences, including
decreased cognition, working memory and locomotor activity (de
Salas‐Quiroga et al., 2015, de Salas‐Quiroga et al., 2020, Grant et al.,
2018, Rauh et al., 2011, Silva, 2020). CPF exposure is also associated
with ASD in animals (De Felice et al., 2015, De Felice et al., 2014) and
in children exposed prenatally (Shelton et al., 2014). While Δ9THC is
not directly associated with ASD, when co‐exposure with CPF/CPFO
residues on cannabis occurs during development, there could be com-
bined neurotoxicity leading to ASD.

On the other hand, cannabidiol (CBD: 2nd highest concentration in
cannabis) (Atakan, 2012) has been used to treat symptoms of neuro-
toxic diseases like ASD and epilepsy (Fleury‐Teixeira et al., 2019,
Poleg et al., 2019, Pretzsch et al., 2019). CBD potentially acts through
microglia in the brain (Poleg et al., 2019, Pretzsch et al., 2019). Micro-
glia are CNS immune cells associated with mediation of neuroinflam-
mation and are instrumental in shaping and regulating neuronal
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synapses during development (Butovsky and Weiner, 2018). Disrup-
tions during development have been linked to inflammation linked
to ASD (Araujo et al., 2019). Microglia have an abundance of
immune‐response‐associated CB2 receptors that, when stimulated,
inhibit microglial activation, and promote an anti‐inflammatory, neu-
roprotective response (Stella, 2009). While there is no direct link
between eCBS and ASD, CBD has been shown to block activation of
microglia and inhibit neuroinflammation linked to seizures and ASD
(Elliott et al., 2018, Maroon and Bost, 2018, Martín‐Moreno et al.,
2011, Poleg et al., 2019, Pretzsch et al., 2019). These findings stress
the importance of developing in vitro high throughput assays to iden-
tify upstream initiating events or adverse outcome pathways to explore
disease‐related molecular events for drug development (e.g., CBD) or
for use in chemical risk assessment. Modeled predicted PODs associ-
ated with common targets within metabolic pathways (e.g., AhR
shared between CPF and Δ9THC) could provide insights into the effects
of combined exposures to pesticides and cannabis.

6. Conclusions

The CompTox tools used in this case study are versatile and allow
for a great deal of refinements for determination of EADHuman PODs
that could be used for risk assessment. It is critical however, that each
step in the evaluation be carefully reviewed for biological relevance.
As with Δ9THC, the 3COMP EADHuman PODs appeared predictive, but
were not biologically meaningful based on the ToxCast/Tox21 active
hit‐call targets that were primarily unrelated to the MOA or eCBS
and their AC50 values that exceeded the cytotoxicity limit. Neverthe-
less, it is the goal the US EPA and international regulatory bodies to
use new approach methodologies (NAM) and CompTox tools to even-
tually replace in vivo toxicity tests (US EPA, 2020b; OECD adopts new
Guideline on Defined Approaches on Skin Sensitisation | ALTEX ‐
Alternatives to animal experimentation; accessed 8/2021). A variety
of NAMs performed in cells or zebrafish, for example, skin sensitiza-
tion, and endocrine active substance tests are currently being
employed for this purpose (OECD, 2021a, OECD, 2021b). ToxCast/
Tox21 data have been used to build a vascular developmental Adverse
Outcome Pathway to predict embryonic vascular disruption (Saili
et al., 2019). Further, an interagency/international initiative was orga-
nized to use new approach methodologies such as ToxCast/Tox21,
HTTK 3COMP, PBTK and HTTK‐Pop models to predict EADHuman for
the purpose of risk assessment (Friedman, 2019, Friedman et al.,
2019). These models are presently used in combination with open
access traditional in vivo studies from sources such as the Toxicity Ref-
erence Database (ToxRefDB) and the Toxicity Value Database (Tox-
ValDB with >40 sources, including ToxRefDB) (Martin et al., 2011,
Williams et al., 2017). With the development of new assays related
to the eCBS, it could be possible to investigate common biological
components between cannabis/Δ9THC and pesticide contaminants.
With the development of new CompTox tools some of the roadblocks
to data interpretation can be resolved.
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