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Maternal marijuana (cannabis) use during pregnancy is associated with reduced fetal growth and subtle
but persistent neurodevelopmental effects. It is not possible to establish the independent risk associated
with maternal cannabis use via prospective clinical studies due to ethical considerations. In vitro and
animal studies identified (-)-A®-tetrahydrocannabinol (THC), the psychotropic component of cannabis, and
its active hydroxy metabolite, 11-OH-THC, as potential perpetrators of fetal developmental risk. The
observed toxicity to THC and 11-OH-THC may not be translated from preclinical studies to humans
without knowing the exposure of these cannabinoids during pregnancy. As such, maternal-fetal
cannabinoid (hereafter cannabinoid refers to THC and 11-OH-THC) exposure needs to be determined.
However, sampling maternal and fetal cannabinoid plasma concentrations during pregnancy is logistically
difficult or unethical. Physiological-based pharmacokinetic (PBPK) modeling and simulation can be used
to predict drug exposure in silico. PBPK modeling incorporates physiological data, such as tissue
composition and blood flows, with drug specific pharmacokinetic (PK) parameters, such as metabolism
and transport, to mechanistically predict in vivo PK of a drug. We hypothesize that we can predict
maternal and fetal THC and 11-OH-THC exposure using maternal-fetal-PBPK (m-f-PBPK) modeling and
simulation. To do so, we first quantified the pertinent mechanistic drug parameters in vitro, which included



the identification of enzymes, their contribution, and kinetics relevant to maternal THC/11-OH-THC
hepatic disposition. Next, we extrapolated the in vitro mechanistic information to in vivo and built a
THC/11-OH-THC PBPK model in nonpregnant women using PBPK software Simcyp®, and verified using
observed data. Lastly, we incorporated the gestational-age dependent physiological changes via the m-f-
PBPK model to predict THC and 11-OH-THC exposure in the maternal-fetal pair. By bridging cannabinoid
disposition data with m-f-PBPK modeling, this project translated in vitro PK mechanistic information into
predictions of maternal and fetal pharmacologically relevant cannabinoid exposure following THC
consumption. The predicted THC and 11-OH-THC concentrations during pregnancy can then be used in

preclinical studies to establish the toxicity of THC exposure during pregnancy.
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Chapter 1. Introduction



1.1. Rational and Specific Aims

The prevalence of marijuana (cannabis) use among preghant women is rising, with current
prevalence as high as 7.1% of pregnant women in the United States (Brown et al., 2017; SAMHSA,
2017). A comprehensive review from the National Academies of Science, Engineering and Medicine
identified substantial evidence that low birth weight is associated with maternal cannabis use (National
Academies of Sciences Engineering and Medicine (U.S.). Committee on the Health Effects of Marijuana,
2017). Furthermore, a meta-analysis showed that neonatal morbidity (specifically neonatal infection and
neurological morbidity) is associated with maternal cannabis use when controlling for tobacco use,
clinical, and socioeconomic factors (Metz et al., 2017). Subtle but persistent neurodevelopmental effects
are associated with maternal cannabis use, including impaired neurocognitive and executive functions,
increased hyperactivity and attention deficit, and deficits in academic achievement (Day et al., 1994; Fried
et al., 2003; El Marroun et al., 2011; Goldschmidt et al., 2012; Huizink, 2014). However, establishing the
independent risk factors of maternal cannabis use using observational studies is difficult because of
confounding factors, such as reliance on self-reporting, concurrent tobacco and alcohol use,
socioeconomic background, and types and modes of cannabis products consumed. Nevertheless,
emergent data identifies that reduced fetal growth and neurotoxicity is associated with maternal cannabis

use during pregnancy.

Preclinical studies identified (-)-A%-tetrahydrocannabinold (THC), the psychotropic component in
cannabis, as a perpetrator of the developmental adverse outcomes in the offspring associated with
maternal cannabis use. Evidence from in vitro and animal studies demonstrate that dysregulation of the
endocannabinoid system by THC and its active metabolite, 11-OH-THC, can impact early pregnancy
advancement (Paria et al., 1995; Wang et al., 2006), fetal axon growth (Tortoriello et al., 2014, de Oliveira
et al., 2019), and placentation (Costa, 2016). While the preclinical studies identify the biological
mechanism of toxicity associated with THC and 11-OH-THC exposure, it is difficult to translate the
magnitude of toxicity to humans since it is unknown how the doses/concentrations of THC used in

preclinical studies relate to those observed in-utero in humans.
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Given the confounding factors associated with observational clinical studies and difficulty in
translating toxicity observed in preclinical studies, it is unclear how THC exposure during pregnancy will
ultimately impact the development of the fetus and child. Conducting prospective studies to explore the
safety and toxicity of THC during pregnancy is ethically not possible. As such, in order to anticipate the
risk associate with maternal cannabis use, a THC and 11-OH-THC exposure-risk relationship must be
built. To build such a relationship, as a first step, the maternal and fetal THC and 11-OH-THC
concentrations must be known. As such, to further the knowledge on the risk of cannabis consumption

during pregnancy, we hypothesize that we can predict cannabinoid (hereafter cannabinoid refers to THC

and its active metabolite, 11-OH-THC) exposure in pregnant women and the fetus using maternal-fetal-

physiologically based pharmacokinetic (m-f-PBPK) modeling and simulation (M & S). PBPK incorporates

physiological data, such as tissue composition and blood flows, with xenobiotic specific pharmacokinetic
parameters, such as metabolism and transport, to mechanistically predict a xenobiotic’s disposition profile
in vivo. We focused our studies to identify and quantify the necessary PK parameters required to build the
m-f-PBPM model. In Aim 1, we identified and quantified the individual contribution (fm) of hepatic drug-
metabolizing enzymes (DMES) to the maternal disposition of THC and 11-OH-THC in vitro. In Aim 2, we
guantified the metabolic kinetics (CLint, Km, Vmax) of DMESs identified in Aim 1. In Aim 3, we built and
verified a THC/11-OH-THC PBPK model in honpregnant population using mechanistic xenobiotic
parameters from Aims 1-2 and verified using observed clinical data after intravenous (V) administration
and inhalation of THC. Finally, in Aim 4, we extrapolated THC/11-OH-THC nonpregnant disposition
model from Aim 3 to pregnancy by accounting for gestational-age dependent changes that impact drug
PK (e.g. induction of DME’s and increase in body fat) and simulated THC/11-OH-THC maternal and fetal
exposure using maternal-fetal PBPK M & S. Utilizing PBPK M & S, maternal and fetal cannabinoid
concentrations can be predicted at various gestational ages in silico. The results from this project will
inform in vitro and animal studies on the pharmacologically relevant cannabinoid concentrations to be
used when assessing the effects of fetal cannabinoid (THC and 11-OH-THC) exposure, and thus

ultimately help further knowledge on the safety and toxicity of cannabis use during pregnancy.
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1.2. Cannabis use during preghancy

Cannabis is the most used illicit drug among pregnant women in the United States. In the most
recent National Survey on Drug Use and Health (NSDUH) survey, 7.1% of pregnant women reported
cannabis use in the past-month while 3.1% of pregnant women reported daily or almost daily use of
cannabis during pregnancy (SAMHSA, 2017). The overall prevalence of cannabis use during pregnancy
has been steadily increasing (Brown et al., 2017). The prevalence of cannabis use is the highest and
lowest during the first and third trimester, respectively (Ko et al., 2015; Volkow et al., 2017). Interestingly,
the 2017 NSDUH reported a change in these trends, namely 11%, 3.9%, and 6.4% prevalence of past-

month cannabis use during the first, second, and third trimester, respectively (SAMHSA, 2017).

Reasons for using cannabis during pregnancy include to treat nausea, stimulate appetite,
manage stress, and improve mood (Chang et al., 2019). For example, up to 96% of women reported
nausea as the reason for continued use of cannabis during pregnancy (Mark et al., 2017). Indeed,
prevalence of cannabis use is higher in pregnant women suffering from nausea and vomiting in
pregnancy compared with women who do not (11.1% versus 5.8%) (Young-Wolff et al., 2018). The use of

cannabis to combat nausea reflects the higher prevalence of cannabis use during the first trimester.

One reason for the increased use of cannabis during pregnancy is a lowered risk perception
(Bayrampour et al., 2019). In one study, 78% of pregnant women perceived slight to no risk of cannabis
when used one-to-two times per week (Ko et al., 2015). The trend in risk perception can also be
somewhat attributed to the increase in cannabis legalization and uncertainty about the perinatal adverse
outcomes (Bayrampour et al., 2019). Furthermore, there is a perception that cannabis is not a “drug” but
instead is viewed as “natural”, an “herb”, and “vegan”, and thus perceived safe to use during pregnancy

(Holland et al., 2016; Cook and Blake, 2018; Bayrampour et al., 2019; Chang et al., 2019).

1.3. Fetal, child, and maternal health-outcomes associated with cannabis use during

pregnancy

As outlined by the National Academies of Science, Engineering and Medicine review, the
strongest association with maternal cannabis uses is low birth weight (National Academies of Sciences

20



Engineering and Medicine (U.S.). Committee on the Health Effects of Marijuana, 2017). A meta-analysis
study found that while statistically significant, difference in the birth weight of infants that were exposed to
cannabis during pregnancy versus those that were not was roughly 3% (Gunn et al., 2016). To note, the
metrics of neonatal risk, namely low birth weight (< 2500 gram) and preterm birth (gestational age < 37
weeks or < 32 weeks for very preterm), are associated with motor and cognitive developmental delays,
and while infants eventually catch up during childhood and adolescence, there is large variability in the
overall developmental trajectories (Oudgenoeg-Paz et al., 2017). As such, the observed birth weight
difference is unlikely to be a major contributor to longitudinal adverse outcomes (see discussion below).
The meta-analysis by Gunn et al. cannot delineate the impact of cannabis alone since studies where both
alcohol and tobacco were consumed were included. Interestingly, a different meta-analysis study showed
the observed neonatal risk disappeared when adjustments were made for tobacco use (Conner et al.,
2016). In another study, neonatal morbidity (specifically neonatal infection and neurological morbidity)
were significantly associated with maternal cannabis use (Metz et al., 2017). The study by Metz et al.
controlled for tobacco use, clinical, and socioeconomic factors as well as assessed cannabis exposure
via toxicology tests, thus providing better evidence of direct impact of prenatal cannabis use on neonatal
outcomes. Lastly, one study found that birth weight was lower for infants whose mothers used cannabis
throughout pregnancy compared to mothers who used only during early pregnancy (El Marroun et al.,
2009). Furthermore, the meta-analysis by Conner et al. showed that infants whose mothers used
cannabis weekly or more during pregnancy were at higher risk for low birth weight and preterm birth when
compared to mothers that used cannabis less than weekly (Conner et al., 2016). These data elude to the
cannabis exposure-risk relationship, in that, early pregnancy and sustained in utero exposure to cannabis

is associated with higher neonatal risk.

Several longitudinal studies assessed the long-term impact of prenatal cannabis exposure on
child development, however the conclusions are inconsistent (Huizink, 2014; Stickrath, 2019). The three
most extensive studies (OPPS — started in 1978, MHPCD - started in 1982, and Generation R — started
in 2001), while mixed in the pattern of their findings, generally showed subtle neurodevelopmental effects

(Huizink, 2014). This includes impaired executive functions (Fried et al., 2003), decreased memory and
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verbal skills (Day et al., 1994), increased hyperactivity and attention deficit (El Marroun et al., 2011), and
lower academic achievement (Goldschmidt et al., 2012). One set of studies observed that cognitive
effects were more pronounced in children that were exposed to cannabis in the first trimester

(Goldschmidt et al., 2012).

Maternal outcomes associated with cannabis use during pregnancy are also inconsistent. For
example, a meta-analysis found an increased odds ratio of anemia for women that used cannabis during
pregnancy versus those that did not (Gunn et al., 2016), however the association went away after
adjusting for tobacco use, clinical, and socioeconomic factors (Metz et al., 2017). There are several case-
reports of cannabinoid hyperemesis syndrome (CHS) during pregnancy (Alaniz et al., 2015; Andrews and
Bracero, 2015; Lambert TE, 2016; Kim et al., 2018). CHS, a rare condition that can occur in heavy and
long-term cannabis users, presents as severe nausea and episodic cyclic vomiting that can be
temporarily relieved by hot showers and topical capsaicin (Pergolizzi, 2018). Discontinuation of cannabis
use stops CHS symptoms. CHS can become problematic in the extreme cannabis users since cannabis
is typically used as an antiemetic during pregnancy yet continued use will exacerbate CHS symptoms.

The impact of CHS on fetal outcomes has not been studied.

As outlined thus far, there is ambiguity on the independent risk factor of cannabis exposure during

pregnancy. There are several reasons that likely confound the results:

o Self-report versus toxicological testing. Majority of studies rely on self-reports of cannabis use,
however, self-reporting severely underestimates cannabis exposure during pregnancy (Young-W olff
et al., 2017). For example, Metz et al. used both self-reporting and toxicological testing to assess
cannabis exposure and found that of women with positive cord homogenate, 7% self-reported
cannabis use, and among women that self-reported cannabis use, 8% tested positive (Metz et al.,
2017). This demonstrates the unreliability of self-reports.

e Poly-drug use. There is variation in the exclusion criteria regarding use of alcohol, tobacco, and
other illicit substances in the various clinical studies, making interpretation of the independent risk
factor of cannabis use difficult. For example, between 2005 and 2014, 3.3% of women reported past-

month use of tobacco and cannabis but only 1.0% of women reported past-month cannabis use only
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(Coleman-Cowger et al., 2017). Based on this data and the NSDUH prevalence of pregnant women
that self-report cannabis use, roughly 2.2% of women use only cannabis during pregnancy. The
meta-analysis by Conner et al. found that the neonatal adverse outcomes associated with cannabis
exposure are no longer significant when adjusting for tobacco use (Conner et al., 2016). However,
when adjusting for tobacco use and utilizing both self-report and toxicological testing, maternal
cannabis use remains associated with neonatal morbidity (Metz et al., 2017).

Socioeconomic differences. Pregnant women that use cannabis are more likely to be of younger
age (<25 years), non-Hispanic black, earn less than $20,000 annually, have lower education levels,
smoke tobacco, and use alcohol and other illicit drugs (ElI Marroun et al., 2009; Ko et al., 2015; Metz
et al., 2017; Volkow et al., 2017). As such, these factors may contribute to the adverse outcomes
observed, independent of cannabis use. However, several studies still obverse neonatal adverse
outcomes associated with maternal cannabis use when adjusting for clinical and socioeconomic
factors (Metz et al., 2017).

Changing composition of cannabis. The results of longitudinal studies may vary depending on the
year when the studies were conducted because the composition of cannabis has changed (e.g.
OPPS started in 1978 versus Generation R which started in 2001). Specifically, the concentrations of
(-)-AS-tetrahydrocannabinold (THC), the psychotropic component in cannabis, have increased (Figure
1.1). For example, the average THC concentrations in confiscated cannabis specimens were 1.3% in
1980 and 11.8% in 2014 (ElSohly et al., 2000; EISohly et al., 2016). Furthermore, commercially
available cannabis strains vary widely in their THC content. For example, the median THC levels
ranged 18%-23% in Washington state (depending on the lab where testing was conducted) and was
18%, 19%, and 21% for popular strains Blue Dream, Girl Scout Cookies, and Gorilla Glue #4,
respectively (Jikomes and Zoorob, 2018). THC and its active metabolite, 11-OH-THC (Figure 1.2) are
partial agonists of cannabinoid receptor 1 (CB1) and this interaction has been highlighted as a
potential mechanism responsible for neurodevelopmental outcomes in children exposed to cannabis

in utero (explained more in Section 1.4) (Alpar et al., 2016).
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Figure 1.1. Concentrations (% weight/weight) of THC in confiscated cannabis (plants).
Figure adapted from EISohly et al., and 2000; EISohly et al., 2016.

e Route of administration. None of the clinical studies controlled for the cannabis administration
mode. For example, the most popular administration modes are smoking (e.g. using joints — 89% of
users, bong/waterpipe/hookah — 49% of users, bowl/pipe — 48% of users), oral administration (edibles
and drinks — 30% of users), and vaporization (typically using an electronic device — 6% of users)
(Schauer et al., 2016). The modes of cannabis administration among pregnant women are unknown.
The route of administration may be important in the observed adverse outcomes since, for example,
smoking cannabis will generate carcinogenic polycyclic aromatic hydrocarbons (PAHs) whereas
ingesting cannabis infused edibles will not. Indeed, in utero exposure to PAHs are associated with
negative fetal outcomes, both for women that smoke tobacco and non-smokers during pregnancy
(Machado et al., 2014; Polanska et al., 2014; Banderali et al., 2015). Interestingly, in a survey of
cannabis dispensaries in Colorado, the use of cannabis infused edibles was more frequently
recommended compared to inhalation (51% versus 38%) for pregnant women in the first trimester

(Dickson et al., 2018).

It is difficult to decipher the independent risk factor of in utero exposure to cannabis from the
observational clinical studies given the reasons listed above. Nevertheless, there is a consensus that
maternal cannabis use leads to lower birth weight and subtle neurodevelopmental impacts in the

offspring. Prospective clinical studies are ideal to establish the fetal risk associated with maternal
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cannabis use; however, these are virtually impossible due to ethical and logistical reasons. An alternative
is to establish the fetal exposure-risk relationship of the perpetrators within cannabis that lead to
developmental deficits at different stages throughout pregnancy. Insults to the endocannabinoid system
during fetal development by THC and its active hydroxy metabolite, 11-hydroxy-THC (11-OH-THC)
(Figure 1.2) have been hypothesized to mediate fetal risk (Alpar et al., 2016; Grant et al., 2017). There is
preclinical evidence (described in Section 1.4) that demonstrates the negative impact of THC on
embryonic developmental, placental integrity, and fetal neurodevelopment. However, it is difficult to
translate the toxicity observed in the preclinical studies to humans since the in-utero exposure to THC is
unknown. As such, prospective predictions of fetal THC and 11-OH-THC exposure at different
gestational-ages using PBPK M & S is a crucial step in determining the pharmacologically relevant
cannabinoid concentrations that are needed to be used in in vitro and animal studies in order to establish

the fetal safety and toxicity of maternal cannabis use (described further in Section 1.5).

THC 11-OH-THC COOH-THC

Figure 1.2. THC metabolic scheme.
In vivo, THC is hydroxylated to 11-OH-THC, the primary and psychoactive metabolite. 11-OH-THC is
oxidized to COOH-THC, a nonactive metabolite that is the major circulating cannabinoid metabolite found
(as the glucuronide conjugate) in blood and urine.

1.4. Preclinical evidence of THC and 11-OH-THC mediated fetal toxicity

The endocannabinoid system is comprised of endogenous lipid-based ligands (e.g. anandamide
and 2-arachidonoylglycerol) that bind to G protein-coupled receptors, mainly cannabinoid receptor 1 and
2 (CB1and CBg, respectively). The endocannabinoid system is expressed ubiquitously and plays a role in
central and peripheral nervous system signaling, including mediating brain reward systems and stress

response, maintaining metabolic/energy homeostasis, and regulating the immune system response
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(Chanda et al., 2019). The phototropic effects of cannabis is due THC and 11-OH-THC engaging with
CBu in the brain (Grotenhermen, 2003; Huestis, 2007). During pregnancy, the endocannabinoid system
plays an important regulatory role during implantation, decidualization, placentation, and parturition (Sun
and Dey, 2012; Correa et al., 2016). As such, dysregulation of the endocannabinoid system at any stage

during pregnancy may lead to deleterious fetal outcomes.

THC is a partial agonist of CB1 and CB: with K values (affinities) in the low nM range and a
higher affinity for CB1 compared to CB:2 (Pertwee, 2008). THC but not CBD (a CB1/CB: antagonist)
inhibited the development of blastocysts in mice in a concentration and CB1 dependent manner (THC
concentrations: 6.4 — 160 nM) (Paria et al., 1995). Continuous infusion of THC (5 mg/kg per day) resulted
in oviductal retention in mice. This effect was reversed with a CB1 antagonist and did not occur with
administration of CBD (Wang et al., 2006). These results demonstrate THC can mediate fetal toxicity
during early pregnancy via dysregulation of CB1. While animal studies have not been conducted with 11-
OH-THC, the toxicity via CB: interaction is likely to be like that of THC when tested at comparable
concentrations. This is because 11-OH-THC exerts similar psychoactive effects as THC when
administered at the same dose in humans (Perez-Reyes et al., 1972) thus demonstrating similar CB1

affinity. As such, fetal toxicity is driven by the combined exposure of THC and 11-OH-THC.

In primary human trophoblast cells, < 25 yM THC prevented cell death, increased cell metabolic
activity, and impaired syncytialization, whereas = 50 yM THC led to decrease in cell viability (Costa et al.,
2015). The proliferation of BeWo cells, a cytotrophoblast cell model, was inhibited by = 15 yM THC
(Khare et al., 2006). Furthermore, 15 yM THC modulated the expression of several genes relevant to
placental integrity, including increase and decrease in histone deacetylase 3 (HDAC3) and thyroid
hormone receptor 1 (TRB1) expression, respectively (Khare et al., 2006). Folic acid uptake by human
cytotrophoblast cells was inhibited 38% by 0.1 yM THC (Keating et al., 2009), and uptake of a-
aminoisobutyric acid and valine by human placental slices was inhibited by = 10 yM THC (Fisher et al.,
1987). Lastly, 40 uM THC increased anandamide levels in human placental villous explants (Maia et al.,
2019). These data demonstrate that THC exposure can interfere with proper placental development by
impacting trophoblast viability and differentiation, nutrient transport, and endocannabinoid homeostasis. It
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should be noted that the concentration of THC utilized in the above experiments are much higher than
observed total (bound and unbound) concentrations in plasma (in vitro experiments used THC in the uM
range while in vivo (bound and unbound) concentrations are in the nM range, see Table 1.1), and as
such, may not translate to placental toxicity in vivo, as long as plasma THC concentrations are reflective
of placental concentrations. This limitation yet again highlights the necessity of THC and 11-OH-THC

exposure predictions during pregnancy via m-f-PBPK M & S.

Animal studies that assessed the neurodevelopment toxicity due to fetal exposure to THC mirror
the results observed in human clinical studies, mainly negative impacts on learning and memory,
reduction in skilled motor activity and increased prevalence of seizure, inhibited social behavior, anxiety-
like symptoms, and altered physical activity levels (Grant et al., 2017). One of the molecular mechanisms
for fetal neurotoxicity is alterations to the endocannabinoid system in the fetal brain. For example,
regulation of microtubule turnover by SCG10/stathmin 2 in the mouse fetal neuron is impacted by THC (3
mg/kg) activation of CB1 in utero (Tortoriello et al., 2014). The maternal-fetal PBPK model previously
developed in our lab includes fetal brain (Zhang et al., 2017a; Zhang and Unadkat, 2017), and as such,

prospective predictions of THC and 11-OH-THC fetal brain concentrations may be made.

As evidenced by the preclinical studies, dysregulation of the endocannabinoid system is a
biological mechanism that may explain some of the adverse fetal outcomes observed in humans. Since
the concentrations of the perpetrators drive the magnitude of fetal toxicity, the fetal concentrations of THC

and 11-OH-THC need to be elucidated.

1.5. Maternal-fetal PBPK modeling and simulation

Due to ethical and logistical constraints that make measuring in utero drug concentrations
impossible, in silico tools, such as PBPK M & S, offer a non-invasive alternative. PBPK modeling
incorporates physiological data, such as tissue composition and blood flows, with drug specific PK
parameters, such as metabolism and transport kinetics data, to mechanistically predict xenobiotic
disposition profile in vivo. The backbone of PBPK M & S is making in vitro to in vivo extrapolation (IVIVE)

of drug enzyme and transporter clearance based off in vivo enzyme and transporter tissue expression.
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Particularly for pregnancy, where animal models are inadequate due to high interspecies differences, in
vitro tools are critical. In vitro clearance is typically measured in microsomal, cytosolic, and S9 fractions
(for metabolism) and transfected cell lines and vesicles (for transporters), which is then scaled up to in
vivo activity based off in vitro enzyme and transporter expression. This approach is well verified for
metabolism IVIVE (Rostami-Hodjegan and Tucker, 2007) and is in the process of being verified for
transporters (Kumar et al., 2015; Ishida and Unadkat, 2016; Kumar et al., 2016). The challenge with this
approach is that all enzymes and transporters that determine a xenobiotic’s disposition as well as the
expression of these enzymes and transporters in vivo must be known for proper in vitro to in vivo
extrapolation (IVIVE) (see Aim 1-2 in Section 1.7 and Chapters 2-3). The next steps during PBPK model
development is to refine the initial PBPK model using a training clinical dataset, verify using an
independent clinical dataset, then extrapolate the PBPK model to different populations or scenarios
(Kuepfer et al., 2016). As outlined in Section 1.7, in Aim 3 and Chapter 4, the THC/11-OH-THC PBPK
model was built and verified in a nonpregnant population using observed clinical data after IV
administration and inhalation of THC, and in Aim 4 and Chapter 5, the PBPK model was extrapolated to

pregnancy.

Our lab, in collaboration with Certara (Simcyp®), has developed and verified a pregnancy PBPK
model that includes time-dependent physiological and DME changes (Ke et al., 2012; Ke et al., 2014b).
The latter is important to include because several hepatic cytochrome P450 (CYPs) are induced or
repressed during pregnancy (Anderson, 2005; Ke et al., 2014b). Utilizing this PBPK model, the exposure
of drugs such as midazolam, indinavir, and glyburide have been successfully predicted for pregnant
women in their third trimester (Ke et al., 2012; Ke et al., 2014a). This PBPK model has been further
expanded to simulate placental and fetal drug exposure via the addition of placental and fetal time-
dependent physiological and drug-dependent information (Zhang et al., 2016). The maternal and fetal
concentrations at term were successfully predicted for drugs that passively diffuse across the placenta:

midazolam, theophylline, and zidovudine (Zhang and Unadkat, 2017).

Maternal drug concentrations drive fetal drug exposure. The maternal THC and 11-OH-THC
exposure is determined by the PK of these cannabinoids, namely absorption, distribution, metabolism,
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excretion, and transport (ADMET) processes (described in Section 1.6). Since the PK of THC and 11-
OH-THC in pregnant women is unknown, the disposition of these cannabinoids needs to be extrapolated
from a nonpregnant population. Absorption, distribution, and excretion patterns in nonpregnant population
is collected from observed clinical PK studies (summarized in Section 1.6) or determined using in silico
prediction tools, such as the Rowland and Rodgers method for predicting tissue distribution. Since
metabolism and transport clearance may be different between nonpregnant and pregnant women due to
changes to enzymes expression during pregnancy, detailed mechanistic information is necessary. Such
mechanistic information includes theidentification and contribution of relevant enzymes (described in
Chapter 2) and their nonlinear kinetics (CLint, Vmax, Km) (described in Chapter 3). In Chapter 4, the
disposition of THC and 11-OH-THC in nonpregnant population was predicted by PBPK M & S using the
mechanistic PK information presented in Chapters 2 and 3. The predicted concentrations of THC and 11-
OH-THC were verified by comparing the predicted concentrations and PK parameters (such as clearance
(CL), volume of distribution at steady state (Vss) and area under the curve (AUC)) with those from
cannabinoid clinical PK studies. Lastly, in Chapter 5, using the data in nonpregnant population from
Chapter 4, maternal-fetal exposure to cannabinoids was extrapolated using the m-f-PBPK model

established in our laboratory.

1.6. THC and 11-OH-THC PK

1.6.1. Absorption and distribution

The concentration — time profiles of THC and its metabolites, 11-OH-THC and COOH-THC (non-
psychoactive metabolite) are similar between intravenous (IV) and inhalation but differ after oral
administration of THC (Figure 1.3, Table 1.1). Of note, Table 1.1 shows information pooled from clinical
studies for metabolites 11-OH-THC and COOH-THC (Figure 1.2) but only the 11-OH-THC information
will be described in text since COOH-THC is not a psychoactive metabolite or CB1 agonist and thus not

the focus of this project.
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Figure 1.3. Representative concentration-time profiles of THC and its metabolites in vivo.
Profiles of THC and its metabolites after A) IV administration of 0.053 mg/kg THC — figure adapted from
Naef et al. 2004; B) smoking a cannabis cigarette containing 54 mg THC — figure adapted from Schwope
et al. 2011; C) ingestion of 50 mg THC brownie — figure adapted from Vandrey et al. 2017.

Plasma conc. (ng/ml)
(=
o
|
Plasma conc. (ng/ml)
Plasma conc. (ng/ml)

o
e
o
N -
IN
o
©

On average, time to peak plasma concentrations (tmax and Cmax respectively) for THC is 8 minutes
versus 1.9 hours following inhalation and oral administration of THC, respectively (Table 1.1). Similar
patterns for tmax are observed for 11-OH-THC. Due to the differences in tmax, onset of psychoactive effect

is much longer after oral administration compared to inhalation of THC (Lemberger et al., 1972b).

The average dose-normalized THC Cmax and AUC are 6.6 — and 2.0 — fold lower after oral
administration when compared to inhalation, respectively (Table 1.1). Furthermore, THC bioavailability
after inhalation and oral administration ranges from 2-56% (Ohlsson et al., 1980; Agurell et al., 1986) and
4-20% (Ohlsson et al., 1980; Wall et al., 1983), respectively. During inhalation, about 23-30% THC is lost
via pyrolysis (measured using a cigarette-smoking machine and water-pipe smoking) and 40-50% by
side-stream smoke (smoke that is produced but not inhaled — measured using a cigarette-smoking
machine) and so approximately only about 20-37% of the original THC dose in the cannabis cigarette is
inhaled (Perez-Reyes, 1990). Furthermore, depth of inhalation, puff duration, breathhold, and interval
between breathhold influence inhalation bioavailability (Azorlosa et al., 1995; McClure et al., 2012), and
thus gives rise to large interindividual variability of smoking topography. The above data suggest that
incomplete absorption from the cannabis cigarette and significant hepatic first-pass metabolism are likely

the reasons for the low bioavailability following inhalation and oral administration of THC, respectively.
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Table 1.1. Pooled analysis of cannabinoid PK properties after various routes of administration

Route of
administration

PK Parameter

Cannabinoid

THC

11-OH-THC

COOH-THC

Dose range (mg)
Cmax/Dose (nM/mg)

05-5
133 [90.0 — 197]

4.68[2.71 - 8.08]

23.4[15.5 — 35.4]

Intravenous  tmax (hours) — — —
AUC/Dose (min/L) 1.47 [0.90 — 2.41] 0.147 — 0.496" N/A
tu2 (hours) 29.5[19.4 — 44.8] 15-33° 25 — 55P
Dose range (mg) 89-70 — —
Cmax/Dose (nM/mg) 9.93 [7.00 — 14.1] 0.65[0.50-1.05] 3.73[2.31-6.00]
Inhalation tmax (hours) 0.13 [0.10 — 0.16] 0.25[0.19-0.34] 0.55[0.41-0.74]
AUC/Dose (min/L) 0.14 [0.10 — 0.21] 0.03[0.02-0.05] 0.33[0.20-0.55]
tu2 (hours) 98.42 N.R. N.R.
Dose range (mg) 25-90 — —
Cmax/Dose (nM/mg) 1.50[1.32 — 1.71] 1.10[0.90-1.34] 13.3[9.74-18.0]
Oral tmax (hours) 1.93 [1.59 — 2.34] 2.36[1.95-2.87] 3.10[2.53-3.79]

AUC/Dose (min/L)
tu2 (hours)

0.07 [0.05 — 0.10]
8.67 [5.42 — 16.6]

0.14[0.12 — 0.16]
12.4 [10.7 — 14.5]

3.73[2.19 - 6.34]
25— 37V

Data shown is geometric mean and 95% confidence interval of the average PK parameters from individual
PK clinical studies (detailed in Supplementary Tables 1-3). Cmax and AUC of 11-OH-THC and COOH-THC
are normalized to the administered THC dose. Only studies with > 8 hour sampling time were used for
calculating average ti2. N.R. — not reporting because studies had sampling time was < 8 hours 2 Average
ty2 from Johansson et al. 1988 that had 360 hour sampling time ® Range of average PK parameters from
one or two studies.

After inhalation of THC, the average dose-normalized 11-OH-THC Cmax and AUC are 15 — and
4.7 — fold lower than THC. However, after oral administration of THC, 11-OH-THC Cnmax is approximately
that of THC whereas 11-OH-THC AUC is 1.9 — fold larger. Furthermore, 11-OH-THC AUC is 0.21 - fold of
THC AUC after inhalation but 2-fold larger than THC AUC after oral administration. This indicates that
much more 11-OH-THC is formed upon hepatic compared to pulmonary first — pass metabolism.
Furthermore, these data exemplify the importance of 11-OH-THC, particularly after oral administration of

THC, when considering the cannabis exposure — risk relationship during pregnancy.

Table 1.1 shows pharmacologically relevant plasma concentrations of THC and 11-OH-THC after
administration of contemporary doses of THC and thus this information was used to guide in vitro studies
outlined in Chapter 2-3. The average THC concentrations in cannabis plants are 12% (weight/weight)
(ElSohly et al., 2016) and the average joint weight is 660 mg (Mariani et al., 2011). Based on Table 1.1,

the average Cmax for THC and 11-OH-THC after smoking a joint of contemporary THC concentration (~79
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mg THC per joint) are 786 nM and 52 nM, respectively. The standard serving of a cannabis edible is 10
mg THC but THC content in cannabis edible products range from 2 — 1000 mg (Vandrey et al., 2015;
Barrus et al., 2016). Based on Table 1.1, the average Cmax for THC and 11-OH-THC after ingesting a
standard serving of cannabis edible are 15 nM and 11 nM, respectively. To note, the selected THC doses
varies widely among individuals and is driven by factors such as the experience of the users

(Grotenhermen, 2003).

THC has a large steady-state volume of distribution (Vss) of 3.4 - 10 L/kg (Hunt and Jones, 1980;
Wall et al., 1983). The Vss of 11-OH-THC has not been reported, but it is likely large, like THC Vss, due to
similar physicochemical properties. THC and 11-OH-THC are highly lipophilic compounds with logP of
6.97 and 5.99, respectively (Thomas et al., 1990). This leads to extensive protein binding in plasma -
measured fup range <1% — 5% (Garrett and Hunt, 1974; Widman et al., 1974; Klausner et al., 1975;
Fanali et al., 2011). Majority of THC is bound to lipoproteins, primarily to low density lipoprotein (LDL)
(Wahlgvist et al., 1970; Klausner et al., 1975). Both THC and 11-OH-THC have little distribution to red
blood cells (9%) (Widman et al., 1974). As such, the blood to plasma ratio (B:P) of THC and 11-OH-THC
has been measured to be 0.39 — 0.67 and 0.53 — 0.63, respectively (Widman et al., 1974; Giroud et al.,
2001; Schwilke et al., 2009). Due to their lipophilic nature, THC and 11-OH-THC sequester into fatty
tissues, particularly in adipose, liver, and lung, as shown in human (Kudo et al., 1995; Gronewold and
Skopp, 2011; Kemp et al., 2015; Saenz et al., 2017) and animal (Kreuz and Axelrod, 1973; Brunet et al.,
2006) studies, thus leading to large volume of distribution. In humans, 11-OH-THC is found in in the

greatest amounts in bile, urine, and liver (Gronewold and Skopp, 2011; Saenz et al., 2017).

In regards to distribution during pregnancy, one human clinical study observed that the THC
concentrations in umbilical cord blood were 0.16 — 0.38 — fold the concentrations in maternal blood
(Blackard and Tennes, 1984). This trend is observed in rhesus macaques where the fetal-to-maternal
(F/M) AUC ratio was 0.3 (Bailey et al., 1987). Since the F/M ratio is less than one, this suggests
impediment of THC transfer from the mother to the fetus, either due to activity of placental efflux
transporters or placental and/or fetal metabolism. No information on 11-OH-THC distribution during
pregnancy is available.
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1.6.2. Metabolism and elimination

THC is hydroxylated at the C11 position to produce 11-OH-THC (Figure 1.2), at the C8 position
on the alicyclic ring and at all positions of the pentyl chain, resulting in biotransformation to multiple
metabolites (Dinis-Oliveira, 2016). 11-OH-THC is the predominate primary metabolite formed in vitro
using human liver microsomes (HLMs) as well as the major primary circulating metabolite in vivo (Agurell
et al., 1986). Cytochrome P450 2C9 (CYP2C9) catalyzes the metabolism of THC to 11-OH-THC, as
evidenced by studies with recombinant enzymes and HLMs (Bornheim et al., 1992; Watanabe et al.,
1995; Bland et al., 2005; Watanabe et al., 2007). Supporting this conclusion, CYP2C9 deficient carriers
(CYP2C9*3/*3) have a 3-fold higher THC plasma AUCo-int When administered a single oral dose of 15 mg
THC (Sachse-Seeboth et al., 2009). Recombinant CYP3A4, CYP2C19, and CYP2D6 also metabolize
THC (Stout and Cimino, 2014). Other THC metabolites are 8a/3-OH-THC, which have been observed to
form at significant amounts in HLMs and be mediated by CYP3A4 (Bornheim et al., 1992; Watanabe et
al., 2007). Therefore, CYP2C9, 2C19, 2D6, and 3A4 are the DMEs that account for the depletion of THC,

while all of the listed DMEs except for CYP3A form 11-OH-THC.

42-50% of the radiolabeled THC dose is excreted in the first three days after IV administration of
THC, mainly as metabolites (Wall et al., 1983). Detection of THC and its metabolites persists for >30 days
(Karschner et al., 2016). Less than 5% of THC is excreted unchanged in the urine or feces. Roughly 20%
of the radiolabeled THC IV dose is excreted in the urine, mostly as conjugated COOH-THC. The
remaining 80% of THC IV dose is excreted in the feces, as COOH-THC (28%), polar acids (26%),
unchanged 11-OH-THC (20%), and 8a/B-OH-THC, 8B3-11-di-OH-THC (26%) (Wall and Perez-Reyes,

1981).

Besides biotransformation of 11-OH-THC to COOH-THC (Figure 1.2), further hydroxylation of 11-
OH-THC yields 8B-11-di-OH-THC or other dihydroxylated THC metabolites (Dinis-Oliveira, 2016). A
thorough investigation on the P450 enzymes that metabolize 11-OH-THC has not been conducted in
vitro, however in vivo evidence suggests that CYP2C9 and CYP3A4 metabolize 11-OH-THC (Stout and

Cimino, 2014). In recombinant enzymes studies, UGT1A9 and UGT1A10 conjugate 11-OH-THC (Mazur

33



et al., 2009a). To note, the study by Mazur et al. did not observe THC conjugation by any of the tested

UGT enzymes, however, a THC glucuronide was detected in human urine (Desrosiers et al., 2014).

70-80% of radiolabeled 11-OH-THC IV dose is excreted within the first seven days after IV
administration of 11-OH-THC< with 20-25% of the 11-OH-THC dose recovered in the urine, mainly as
acid metabolites, and 70-75% of the dose is recovered in the feces (Lemberger et al., 1973). Less than
5% of the 11-OH-THC dose is excreted unchanged in urine. Of the 11-OH-THC dose excreted in the
feces, ~42% is unchanged 11-OH-THC, ~37% is 83-11-di-OH-THC, and ~21% is conjugated 11-OH-THC
(Lemberger et al., 1972a). The large fraction of 11-OH-THC in the feces may be due to deconjugation of
the 11-OH-THC glucuronide in the intestines or significant transport of these 11-OH-THC into the bile by

the canalicular transporters (e.g. P-gp, BCRP or MRP2) (see below for further discussion).

The plasma concentration-time profiles of THC and 11-OH-THC can be described by two- (Wall
et al., 1983; Awasthi et al., 2018) or three-compartment kinetics (THC only) (Hunt and Jones, 1980;
Heuberger et al., 2015) (also see Figure 1.3). The initial half-life of THC after inhalation has been
estimated between 1.4 — 12.8 min (Hunt and Jones, 1980; Chiang and Barnett, 1984; Strougo et al.,
2008) while the terminal half-life has been estimated between 20-36 hours (Huestis, 2007; Heuberger et
al., 2015). The initial half-life is indicative of the fast metabolism of THC whereas the long terminal half-life
is due to slow redistribution of THC and 11-OH-THC from fatty tissues. Indeed, measured THC plasma
clearance after IV administration is 11.2 £ 5.7 ml/min/kg (Naef et al., 2004), indicating THC is a fast
clearance compound. After IV administration of 11-OH-THC, the 11-OH-THC plasma profile and half-life
is like that of THC — about 22 hours (Lemberger et al., 1972a; Lemberger et al., 1973). The terminal half-
life of THC appears to differ with administration route (Table 1.1). For example, THC ti2 was 20 hours (48
hour sampling time) (Ohlsson et al., 1982) after IV administration, 98 hours (360 hour sampling time) after
inhalation (Johansson et al., 1988), and 7.5 hours (72 hour sampling time) after oral administration
(Sachse-Seeboth et al., 2009). Given the long absorption time of THC after oral administration (tmax of 1.9
hours -Table 1.1), the difference in half-lives after inhalation versus oral administration might be a

distributional phenomenon and severely impacted by sampling time.
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After IV and inhalation of administration of THC, the terminal half-life of 11-OH-THC is similar or
slightly larger compared THC, suggesting formation limited kinetics (Naef et al., 2004; Kauert et al., 2007;
Toennes et al., 2008; Toennes et al., 2011). However, after oral administration, 11-OH-THC half-life is
larger than of THC (8.67 hours versus 12.4 hours —Table 1.1). This data would suggest 11-OH-THC is
elimination rate-limited. Again, distributional kinetics as well as sampling time may mask the true half-life
of THC and 11-OH-THC between the different administration routes. Further discussion of 11-OH-THC

elimination kinetics can be found in Chapter 4.

1.6.3. Transport

Based on animal studies, THC is a substrate of efflux transporters, P-gp and BCRP. Abcbla/b
and Abcg2 knock-out mice had up to 4.2- and 6.1-fold increase in the brain/blood THC ratio compared to
wild-type mice, respectively (3 mg/kg THC administered intraperitoneally) (Spiro et al., 2012b). After oral
administration of 25 mg/kg THC to CF1 mice, which lack P-gp, the AUC of THC in CF1 mice was 2.2-fold
higher than in wild-type mice (Bonhomme-Faivre et al., 2008). There is no information on the transport of
11-OH-THC. Therefore in vitro studies are need to confirm THC and establish 11-OH-THC P-gp- or

BCRP-mediated transport, using transporter membrane vesicles or transporter transfected cells.

THC has been observed to impact in vitro and in vivo P-gp transporter activity. THC (50 uM)
weakly inhibited P-gp mediated calcein-AM transport and BCRP mediated mitoxantrone in HEK293-
MDR1 and HEK293-BCRP cells, respectively (Tournier et al., 2010). Acute exposure of 10 uM THC for 4
hours but not 1, 8, or 48 hours caused an increase in MDR1 mRNA and decrease in Rhodamine 123 (P-
gp substrate) intracellular accumulation in the T lymphoblastoid leukemia cell line CEM/VLB1oo (Holland et
al., 2006; Arnold et al., 2012). In mice treated with 1 mg/kg THC daily for 14 days followed by a 14-day
wash-out, there was an increase of P-gp expression (assessed using immunofluorescence) in brain
microvessels and 25-50% decrease in brain accumulation of risperidone, a schizophrenic drug
(Brzozowska et al., 2017). However, in vitro incubation of >1 yM THC for 72 hours decreased P-gp
expression up to 50% in a dose-dependent manner in CEM/VLB:10o cells (Holland et al., 2006). Pooled
together, acute and chronic exposure of THC appears to enhance and decrease P-gp activity,

respectively. The mechanisms of the observed P-gp induction by THC are not known.
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Limited in vitro evidence shows THC may inhibit BCRP and MRP1. THC (2 uM) increased
intracellular accumulation of the BCRP probe substrate mitoxantrone in the MEF3.8/Bcrpl cell line and
inhibited basal and substrate-stimulated ATPase activity of wild-type human ABCG2 (Holland et al.,
2007). Furthermore, THC increased the intracellular accumulation of MRP1 substrates Fluo3 and

vincristine in the cell line 2008/MRP1 with ICso = 107 — 161 yM (Holland et al., 2008)..

Collectively, these data suggest that THC can inhibit the efflux activity of P-gp, BCRP, and MRP1,
and on chronic administration decreases protein expression of P-gp. Conversely, acute exposure of
cannabinoids may enhance P-gp expression. However, the THC concentrations/doses used in these
studies (UM range) were much higher than those likely to be observed in vivo in humans (nM range —
Table 1.1). As such, these data demonstrate that THC is a substrate of P-gp and BCRP, which are both
efflux transporters expressed at the placental barrier, and unlikely to inhibit efflux activity of these

transporters at the plasma concentrations observed in vivo.

1.7. Executive summary

Prospective clinical studies to assess the maternal and fetal safety and toxicity of cannabis are
difficult due to ethical and logistical constraints. Furthermore, confounding factors, such as self-reporting,
polydrug use, socioeconomic background, changing composition of cannabis, and mode of cannabis
administration make it difficult to investigate the independent risk factor associated with maternal
cannabis use using observations studies. Cannabinoids THC and 11-OH-THC are perpetrators of fetal
risk due to their interaction with the endocannabinoid system which leads to adverse fetal outcomes. In
vitro and animal studies are useful in interrogating the effects of THC and 11-OH-THC exposure during
different stages of pregnancy. However, the magnitude to effect/risk cannot be translated from preclinical
studies to humans without knowledge of the maternal and fetal drug concentrations in humans. Due to
the limitations, the independent risk of maternal cannabis use can be established through the maternal
and fetal THC/11-OH-THC exposure-toxicity relationship. However, assessing the maternal and fetal
concentrations of THC/11-OH-THC in vivo is not possible due to logistical and ethical considerations. An
alternative is to make in silico predictions using PBPK M & S. PBPK models incorporates physiological

data, such as tissue composition and blood flows, with mechanistic drug PK parameters, such as
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metabolism and transport, to mechanistically predict in vivo disposition of a xenobiotic. Utilizing PBPK M

& S, the objective of this dissertation project is to prospectively predict cannabinoid (THC and its active

metabolite, 11-OH-THC) exposure in pregnant women and the fetus. This non-invasive approach was

able to simulate maternal-fetal cannabinoid exposure for varying THC doses, administration routes, at
different gestational ages, as well as different populations (e.g. nonpregnant versus pregnant). Maternal-
fetal cannabinoid exposure predictions in vivo can inform preclinical and animal studies on which
pharmacologically relevant cannabinoid concentrations to use when establishing cannabinoid exposure —
fetal risk relationship in preclinical studies. Additionally, this information will help design better clinical
trials, predict drug-cannabinoid interaction in both pregnant and nonpregnant populations, and predict

impact of genetic polymorphism on cannabinoid exposure.

The aims and results of this project were as follows:

1. Identify the drug metabolizing enzymes (DMEs) and the fraction metabolized (fm) by these
enzymes at THC/11-OH-THC plasma concentrations observed in vivo.

1.1. Use recombinant P450 and UGT enzymes to identify the enzymes important in disposition of
THC/11-OH-THC. The identity of maternal, placental, and fetal enzymes that are involved in the
biotransformation of THC and 11-OH-THC need to be established for inclusion in the PBPK
model. A reaction phenotyping study using recombinant P450 and UGT enzymes was conducted
and the depletion of THC/11-OH-THC and formation of 11-OH-THC was monitored. Maternal
DMEs involved in THC and 11-OH-THC metabolism identified from the reaction phenotyping
studies were CYP2C9, 3A, 2C19, 2D6, 1A1/2, UGT1A9 and 2B7. Placental/fetal DMEs identified
from the reaction phenotyping studies that may be of importance were CYP1A1, 3A7 and
UGT1A9 and 2B7.

1.2. Quantify fm using pooled HLMs at THC and 11-OH-THC concentrations observed after smoking
cannabis of contemporary concentrations. Since maternal drug exposure drives fetal exposure, it
is important to identify contributions of the relevant DMEs to maternal cannabinoid disposition.
Using pharmacologically relevant concentrations of THC and 11-OH-THC, fm values were
estimated in pooled HLMs using chemical inhibitors and adjusting for enzyme cross-inhibition.
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CYP2C9 was identified as the major enzyme responsible for the depletion of THC and formation
of 11-OH-THC. The remaining THC depletion was via CYP2D6. 11-OH-THC was depleted

mainly by UGTs (UGT1A9 and UGT2B7), CYP3A, and CYP2C9.

Studies described above in Aims 1.1-1.2 are described in detail in Chapter 2.

2. Quantify metabolic kinetics of THC/11-OH-THC in HLMs

2.1. Quantify kinetic parameters (Vmax, Km, CLin)) of THC depletion and 11-OH-THC depletion and
formation in pooled HLMs. Identifying the depletion and formation kinetics (Vmax, Km, CLint) Of
THC and 11-OH-THC disposition is necessary to predict cannabinoid exposure at different
doses, different administration routes, as well as for extrapolating metabolic clearance from
nonpregnant to pregnant population based on enzyme abundance. The kinetics of P450
depletion of THC/11-OH-THC, formation of 11-OH-THC/COOH-THC, and UGT depletion of 11-
OH-THC was quantified in pooled HLMs.

2.2. Estimate kinetic parameters of relevant enzymatic pathways involved in the sequential
metabolism of THC/11-OH-THC using in vitro modeling. Since multiple metabolites of THC and
11-OH-THC are formed, the kinetic parameters in Aim 2.1 are of multiple enzymatic pathways,
and as such represent aggregated kinetics. For PBPK M&S, information via a particular
enzymatic pathway is necessary. Using information about the relevant DMEs from Aim 1,
depletion and formation kinetics of THC/11-OH-THC was monitored in the presence of chemical
inhibitors of CYP2C9 and CYP3A4, then a sequential P450 and UGT kinetic model was fitted to
the in vitro concentration-time curves to estimate kinetic parameters via individual enzymatic
pathways. Vmax, Km, CLint, and fm estimates for CYP2C9, 3A4, 2D6 and UGT enzymes are

presented.

Studies described above in Aims 2.1-2.2 are described in detail in Chapter 3.

3. Build and verify a THC/11-OH-THC PBPK in nonpregnant population using mechanistic drug

parameters from Aim 1-2.
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3.1

The mechanistic drug information generated in Aims 1-2 (fm, Vimax, Km, CLint, fup) was
extrapolated to in vivo and incorporated into a linked THC/11-OH-THC PBPK model using
nonpregnant population. Additional drug information, such as physicochemical properties
(summarized in Section 1.6), from published studies was incorporated to establish the
cannabinoid nonpregnant PBPKmodel. The THC/11-OH-THC PBPK model was verified using
clinical PK studies after IV THC administration (for THC disposition) and inhalation of THC (for

11-OH-THC disposition).

Studies described above in Aim 3 are described in detail in Chapter 4.

4. Simulate THC/11-OH-THC exposure during pregnancy using maternal-fetal PBPK M&S

4.1.

4.2

Identify and quantify placental metabolism of THC/11-OH-THC. Studies in Aim 1.1 identified
several DMEs that may metabolize THC and 11-OH-THC in the placenta. Disposition of THC
and 11-OH-THC was monitored in placental microsomes from first, second, and third trimesters.
Limited depletion was observed, and thus it was concluded that there is negligible placental
metabolism of THC and 11-OH-THC.

Extrapolate THC/11-OH-THC exposure from Aim 3 at various gestational-ages using maternal-
fetal PBPK modeling and simulation. Using an established maternal-fetal PBPK model (Zhang et
al., 2017a; Zhang and Unadkat, 2017), the disposition of THC in nonpregnant population
(established in Aim 3) was extrapolated based on pregnancy-induced physiological changes,
such an induction of CYP3A4 and 2C9. Since the observed F/M THC ratio is <1 in humans, the
activity of placental efflux transporters (as characterized using total fraction transported via P-gp

and BCRP) was simulated in order to recapitulate the observed distribution in vivo.

Studies described above in Aims 4.1 — 4.2 are described in detail in Chapter 5.

The final results from this project are a linked THC/11-OH-THC PBPK model in nonpregnant and

pregnant populations. The nonpregnant PBPK model can be advanced by including mechanistic

information on extrahepatic metabolism (e.g., lung and intestines) to simulate THC and 11-OH-THC

concentrations after inhalation and oral administration of THC. Mechanistic studies on the transport of
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THC and 11-OH-THC at the placental barrier are needed for inclusion in the m-f-PBPK model. Lastly, the
maternal-fetal PBPK predictions need to be verified using in vivo data of paired maternal and umbilical

(fetal) concentrations at term. A summary of general conclusions and future directions are detailed in

Chapter 6.
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Supplementary Table 1.1. Mean PK endpoints for THC and its metabolites following intravenous administration of THC.

i THC 11-OH-THC COOH-THC
Dose Sampling
(mg) duration = Cmax = Tmax AUC Tz  Cmax  Tmax AUC Tz  Cmax = Tmax AUC T Reference
(hr) (nM) = (hr) | (ng*min/ml) (hr) (nM) (hr) | (ng*min/ml) (hr) (M)  (hr)  (ng*min/ml) (hr)
_ _ _ _ _ _ o o . . . (Lemberger et al.,

0.5 72 57 1970

— — _ _ _ _ . . . . . (Lemberger et al.,

0.5 72 28 e

— — _ _ _ _ _ . - . (Hunt and Jones,
2 24 334 20 1980)
— _ _ _ _ _ _ . . . (Ohlsson et al.,
5 48 228 5460 1082)
2.2 48 270 — 12100 29 115 — — 33 | 69.7 — — 24 (Wall et al., 1983)
4 48 226 — 16800 36 112 — — 15 110 — — 55 (Wall et al., 1983)
_ _ _ _ . . . - . (Ohlsson et al.,
5 48 193 5180 20 1082)
— _ _ _ . . . . . (Morrison et al.,

25 2 562 2047 13.3 2000)

2.5 2 480 — 1753 — — — — — — — — — | (Barkus et al., 2011)
r?]'g/iz 8 84 — 9951 122 275 — 1508  — 107 — _ — (Naefetal, 2004)
r%g/?(:; 8 864 — 4103 122 275 — 622 — 107 — — — (Naef et al., 2004)

_ _ _ _ _ - . . . (Wall and Perez-

4.5 72 197 10.3 41 Reyes, 1981)

— _ _ _ _ . . . . (Ohlsson et al.,
5 3 696 4330 1.42 1980)

— _ _ _ _ . . . . . (Lindgren et al.,
5 2 916 4300 1081)

— _ _ _ . . _ (Lindgren et al.,
5 2 960 6040 _ 1081)

— _ _ _ . . . (Kelly and Jones,
5 8 1228 7094 1.56 126 149 1992)

— _ _ _ . . . (Kelly and Jones,
5 8 1392 9908 1.95 110 125 1092)
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Supplementary Table 1.2. Mean PK endpoints for THC and its metabolites following administration of THC by smoking (inhalation)

b Dose Sampling THC 11-OH-THC COOH-THC
ose
(mg) % duration Cmax  Tmax AUC Twz Cmax  Tmax AUC Tz Cmax | Tmax AUC Tz Reference
mg
(wiw) (hr) (nM) | (hr)  (ng*min/ml)  (hr) (nM) (hr) (ng*min/ml) (hr) (nM) (hr) (ng*min/ml) (hr)
8.94 1.0% 2 287 — 1611 28 —  — — —_- - = — — (Barnett et al., 1982)
(Perez-Reyes et al.,
9.7 1.3% 6 300 — 4079 —_ = = — — 916 — 6231 —
1982)
(Ohlsson et al.,
10 1.3%2 48 509 — 1420 —_- - = — —_- - = — —
1982)
(Ohlsson et al.,
10 1.3%2 48 103 — 2450 —_ = = — —_ - = — —
1982)
(McBurney et al.,
10.5 1.3%2 22 270 — — — 573 — — — 105.1 — — —
1986)
(Lindgren et al.,
12.7 1.6% 2 312 — 2160 —_ = = — —_ - = — —
1981)
(Perez-Reyes et al.,
12.8 2.0% 6 342 — 4253 —_- - = — — 1251 — 7474 —
1982)
(Ohlsson et al.,
13 2.0% 3 245 — 1960 —_ = = — —_- = = — —
1980)
(Lindgren et al.,
13.4 1.6% 2 213 — 1420 —_ - = — —- - = — —
1981)
(Johansson et al.,
15 1.9%2 360 31.8 — — 98 — — — —_ - = — —
1988)
15.8 1.8% 168 268 — — — 203 — — — 711 — — — (Huestis et al., 1992)
(Perez-Reyes et al.,
16 2.5% 6 493 — 5566 —_ = = — — 132 — 8728

1982)




0.25mg/kg  2.3%?

0.4 mg/kg  3.2%?
29.3 9.8%
29.3 2.9%
33.8 3.6%

0.5 mg/kg  4.6%?
49.1 16.4%
49.1 4.9%
50.6 6.9%
50.6 6.9%
54 6.8%
54 6.8%
54 6.8%
69.4 23.1%
69.4 6.9%
70 7.0%

3.5

3.5

22

30

30

152

357

430
394
516
252
645
534

954

362

242

53.1

152

735
605

66.5

0.25

1350

5286

4584

2418
6786

15

1.6

7.57

511

27.8

22.7

10.9
49.6

38.9

10.3

30.3

16.4

31.8

47.8

5.45

276

1866

1452

480
2202

1140

684

3900

2424

2.2

2.1

39.5

386

88.3

157

67.9
173

195

54.0

141

158

22.4

2394 3.7 (Kauert et al., 2007)
(Toennes et al.,
22056 5.5
2011)

5412 (Hunault et al., 2008)
— — (Hunault et al., 2014)
— — (Huestis et al., 1992)

4008 3 | (Kauert et al., 2007)

8982 (Hunault et al., 2008)
— — (Hunault et al., 2014)

(Newmeyer et al.,
2017b)
(Newmeyer et al.,
2017b)
(Schwope et al.,

12600 —

2011)
(Desrosiers et al.,
12180 =
2014)
(Desrosiers et al.,
73860 —
2014)
9654 — (Hunault et al., 2008)

— — (Hunault et al., 2014)
(Brenneisen et al.,
2010)

Formulation: all studies used cannabinoid spiked cannabis cigarettes except for (Hunault et al., 2008), (Toennes et al., 2011), and (Hunault et al.,
2014), where cannabis cigarettes + tobacco (300 mg cannabis + 700 mg tobacco) were used. 2 800 mg cannabis cigarette weight was assumed
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Supplementary Table 1.3. Mean PK endpoints for THC and its metabolites following oral administration of THC

b Sampling For- THC 11-OH-THC COOH-THC
ose
(ma) duration  mu- Cmax  Tmax AUC Tz Cmax = Tmax AUC Tz | Cmax  Tmax AUC Tz Reference
mg .
(hr) lation (nM) @ (hr) (ng*min/ml) (hr) (nM)  (hr)  (ng*min/ml) (hr) (nM) (hr) (ng*min/ml) (hr)
2.5 12 F 420 — 173 — — — — —_ = = — —  (Marinol, 2017)
(Parikh et al.,
4.25 48 F 576 — 225 541 7.66 — 642 116 — — — —
2016)
4.25 48 F 483 — 546 9.35 3.72 — 757 11.2 — — — —  (Ohetal., 2017)
5 12 F 941 — 370 — — — — — | = | — — — (2017)
(Klumpers et al.,
5 8 I 9.29 — 189 119 14.2 — 648 327 — | — — —
2012)
(Karschner et al.,
5 10.5 F 149 3.2 1836 — 9.08 33 888 — 201 44 34896 —
2011)
(Parikh et al.,
5 48 F 7.00 — 231 2.68 9.93 — 798 118 — — — —
2016)
5 48 6.96 — 266 4.82 9.44 — 670 125 — — — — (Ohetal., 2017)
5 48 F 8.27 — 628 104 6.54 — 890 111 — — — — (Ohetal., 2017)
(Klumpers et al.,
6.5 8 I 141 — 287 1.33 18.0 — 849 531 — — — —
2012)
(Klumpers et al.,
8 8 I 149  — 377 1.32 185 — 1087 523 — — — —
2012)
10 12 F 251 — 912 — | = — — — | = | = — — (2017)
(Nadulski et al.,
10 24 C 129 1.1 358 — 148 15 928 — 103 124 14596 —
2005)
(Vandrey et al.,
10 130 E 82 — — — 540 — — — 565 — — —
2017)

44




10

10

10

15

15

15

15

16.5

20

20

20

20

20

20

24

24

72

72

10.5

12

24

24

72

10

24

10

41.6

12.9

16.8

29.9

8.59

45.5

15.9

31.0

29.6

445
14 -
35

15.9

22.8

19.1

2.0

1.0

1.0

3.4

15

450

564

9600

966

3012

16000

1020

25

7.5

25

14.8

17.4

17.9

8.47

33.6

9.08

25.4

26.6

20.0

21.1

1.37

1.38

3.4

1003

1118

1440

2544

12

103

88.4

197

74.6

388

218

189

258

218

115

95

4.9

14983

11652

40020

60954

37

25

(Fusar-Poli et al.,
2009)
(Nadulski et al.,
2005)
(Nadulski et al.,
2005)
(Wall et al., 1983)
(Sachse-Seeboth
et al., 2009)
(Karschner et al.,
2011)

(Lile et al., 2013)
(Ménétrey et al.,
2005)

(Wall and Perez-
Reyes, 1981)
(Wall et al., 1983)
(Ohlsson et al.,
1980)
(Agurell et al.,
1981)
(Ménétrey et al.,
2005)
(Agurell et al.,
1981)
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20

25

30
45

45.7

50

50.6

50.6

50.6

50.6

60
75
90

10

130

12
12

24

130

3.5

3.5

50

50

12
12
12

F
F
F

25.4

28.5

31.8
57.2

68.5

26.9

127

82.4

132

66.9

143
127
165

17.8

151
30.3

69.2

17.3

40.5

27.6

44.3

30.3

33.3
45.4
60.5

167

519

230

313

306

(Agurell et al.,
1981)
(Vandrey et al.,
2017)

(Lile et al., 2013)
(Lile et al., 2013)
(Ménétrey et al.,
2005)
(Vandrey et al.,
2017)
(Newmeyer et al.,
2017b)
(Newmeyer et al.,
2017b)
(Newmeyer et al.,
2017a)
(Newmeyer et al.,
2017a)

(Lile et al., 2013)
(Lile et al., 2013)
(Lile et al., 2013)

a Formulation: A — corn oil encapsulated in gelatin capsule

cookie; E — brownie; F — Dronabinol; G — coconut oil; H — milk decoction; | — Namisol

; B — sesame oil encapsulated in gelatin capsule; C — cannabis extract; D — chocolate
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Chapter 2. Hepatic enzymes relevant to the disposition of THC and its psychoactive metabolite,

11-OH-THC

The work in this chapter was previously published

Drug Metabolism and Disposition. 2019, 47(3): 249-256
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21. ABSTRACT

Cannabis use by pregnant women is increasing. To predict developmental risk to the offspring
from such use, in-utero fetal exposure to (-)-A%-tetrahydrocannabinol (THC), the main psychoactive
cannabinoid in cannabis and its active psychoactive metabolite, 11-OH-THC, needs to be determined.
Since such measurement is not possible, PBPK modeling and simulation can provide an alternative
method to estimate fetal exposure to cannabinoids. To do so, PK parameters for the disposition of THC
and 11-OH-THC need to be elucidated. Here, we report a first step to estimate these parameters, namely
those related to maternal metabolism of THC/11-OH-THC in HLMs at plasma concentrations observed
after smoking cannabis. Using recombinant P450 and UGT enzymes, CYP1A1, 1A2, 2C9, 2C19, 2D6,
3A4, 3A5, 3A7, and UGT1A9 and UGT2B7 were found to be involved in the disposition of THC/11-OH-
THC. Using pooled HLMs, the fraction metabolized (fm) by relevant enzymes was measured using
selective enzyme inhibitors then adjusted for enzyme cross-inhibition. As previously reported, CYP2C9
was the major enzyme responsible for depletion of THC and formation of 11-OH-THC with fm of 0.82 and
0.99, respectively (mean = SD), whereas CYP2D6 and CYP2C19 were minor contributors. 11-OH-THC
was depleted by UGT and P450 enzymes with fm of 0.60 £ 0.05 and 0.40 + 0.05, respectively (mean =
SD), with UGT2B7, UGT1A9, CYP2C9, and CYP3A4 as contributors. These mechanistic data represent
the first set of drug-dependent parameters necessary to predict maternal-fetal cannabinoid exposure

during pregnancy using PBPK modeling.

2.2, INTRODUCTION

As mentioned in the Chapter 1, up to 7.1% of pregnant women in the United Stated used
cannabis at some point during pregnancy (SAMHSA, 2017). Furthermore, the prevalence of cannabis use
by pregnant women has been increasing (Brown et al., 2017). The average concentrations of the
psychoactive cannabinoid in cannabis, (-)-A%-tetrahydrocannabinol (THC) have been steadily increasing,
with the most recent content (weight/weight) estimated at 12% (EISohly et al., 2016). To estimate fetal
exposure (and therefore risk) to THC and its psychoactive metabolite, 11-OH-THC (Figure 1.2), maternal-
fetal exposure to these compounds needs to be measured or predicted. Conducting PK studies in

pregnant women is not possible due to ethical and logistical reasons. Maternal exposure to drugs drives
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drug fetal exposure. Therefore, an alternative is to predict the maternal-fetal exposure to these
cannabinoids during pregnancy using physiologically-based pharmacokinetic (PBPK) models where
gestational-age dependent changes in expression of hepatic drug metabolizing enzymes (DMEs) and
transporters can be incorporated (Ke et al., 2012; Ke et al., 2014a; Zhang et al., 2017b; Zhang and
Unadkat, 2017). The latter is important as activity of many cytochrome P450 enzymes is either induced or

repressed during pregnancy (Anderson, 2005; Ke et al., 2014b).

In order to predict the disposition of THC/11-OH-THC during pregnancy, amongst other
parameters, one must first identify the DMEs involved in the biotransformation of THC and 11-OH-THC
and the fraction metabolized (fm) via these pathways. In vitro studies have identified CYP2C9, 3A4, 2C19
and 2D6 as DMEs responsible for the formation of THC metabolites (Stout and Cimino, 2014). Of these,
CYP2C9 and CYP2C19 are the hepatic DMEs responsible for the formation of 11-OH-THC (Bland et al.,
2005; Watanabe et al., 2007). Through in vivo studies, CYP2C9 and CYP3A4 have been identified as
important DMEs involved in 11-OH-THC clearance (Sachse-Seeboth et al., 2009; Stott et al., 2013).
Additionally, UDP-glucuronosyltransferase (UGT) enzymes, UGT1A9 and UGT1A10 are the hepatic

DMEs responsible for the glucuronidation of 11-OH-THC in vitro (Mazur et al., 2009b).

Despite the above data, there are key drug parameters missing that are necessary for PBPK
modeling and simulation (M & S). In vitro metabolic studies have focused on THC metabolite formation
rather than on THC depletion. As such, there may be additional enzymes responsible for the clearance of
THC. In addition, the enzymes involved in depletion of 11-OH-THC have not all been identified.
Furthermore, the fm via each enzyme, a necessary parameter for PBPK M & S, is missing. Lastly, most in
vitro studies have examined the metabolism of supraphysiological cannabinoid concentrations which may
not be representative of enzyme contributions at cannabinoid concentrations observed in vivo. Therefore,
the aims of Chapter 2 were to profile the hepatic metabolic pathways of THC and 11-OH-THC by: 1)
identifying the relevant recombinant enzymes (both P450s and UGTSs) capable of metabolizing these
compounds, and 2) using the results from the above studies as a guide to quantify the fm via the
identified enzymes in pooled HLMs at plasma concentrations of THC and 11-OH-THC observed after
smoking cannabis. The results from these studies are the first step in generating the maternal
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mechanistic PK parameters necessary to build a linked THC/11-OH-THC PBPK model (see Chapter 4)

that can be used to predict maternal-fetal exposure to THC/11-OH-THC (see Chapter 5).

2.3. MATERIALS AND METHODS

2.3.1. Chemicals and reagents.

(-)-AS-THC (1 mg/ml), () 11-OH-THC (0.1 mg/ml), and (%) 11-nor-9-carboxy-A9-THC (COOH-
THC) (0.1 mg/ml) DEA-exempt methanol stocks and deuterated internal standards [(-)-A°-THC-D3, (+) 11-
OH-THC-D3, (¥) COOH-THC-D3] were purchased from Cerilliant (Round Rock, TX). Low-binding (LB)
microcentrifuge tubes (made of chemical-resistant polypropylene), bovine serum albumin (BSA) (fraction
V - heat-shock treated), acetonitrile, and formic acid (liquid chromatography-mass spectrometry (LC/MS)
grade) were purchased from Fisher Scientific (Hampton, NH). Amber silanized glass vials were
purchased from Waters Corporation (Milford, MA). B-Nicotinamide adenine dinucleotide phosphate
(NADP+), D-glucose 6-phosphate (G6P), glucose-6-phosphate dehydrogenase (G6PDH), uridine 5’-
diphosphoglucuronic acid (UDPGA), and all chemical inhibitors and probes were purchased from Sigma-
Aldrich (St. Louis, MO). Milli-Q water was used in all preparations. All other chemicals and reagents were

obtained at the highest quality available commercially.

2.3.2. Recombinant enzymes and HLMs.

Recombinant cytochrome P450 (CYP19, 1A1, 1A2, 2A6, 2B6, 2C8, 2C9*1 (Argl44), 2C19,
2D6*1, 2E1, 3A4, 3A5, 3A7) and UDP-glucuronosyltransferase (UGT1A4, 1A9, 1A10, and 2B7)
expressed in baculovirus infected insect cells (SupersomesTM) and pooled adult HLMs (n=50, equal

mixed gender) were purchased from Corning (Corning, NY).

2.3.3. Cannabinoid in vitro assay experiment optimization.

THC has low solubility, high protein and non-specific binding to plastic and glassware (Garrett
and Hunt, 1974). Due to these reasons, experimental reactions were optimized for cannabinoid
adsorption, solubility, and extraction. To limit adsorption, initial studies were performed in amber silanized

glass. Due to practical and economic reasons, later studies were performed in LB microcentrifuge tubes.
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Depletion kinetics of THC was similar in silanized glass versus LB tubes (data now shown). BSA was
added to reactions to combat low solubility and limit adsorption. This analytical strategy has been
previously suggested for improving radioimmunoassay of THC (Cook et al., 1976). To improve recovery
of cannabinoids from reactions, a freeze-liquid technique previously described by Prasad and Singh,

2009 was used (Prasad and Singh, 2009).

2.3.4. Reaction phenotyping using recombinant enzymes.

In silanized amber glass vials, to 0.1 M potassium phosphate buffer (pH 7.4), the following was
added (shown as final concentrations): either 500 nM THC or 100 nM 11-OH-THC, recombinant
cytochrome P450 (rCYP) enzyme (2 — 40 pmole), and BSA so the final total protein concentration (BSA +
rCYP) was 0.2 mg/ml. Mixtures were pre-incubated in a shaking-block heater for 10 minutes at 37°C and
300 RPM. Reactions were initiated with NADPH regenerating system (final concentrations: 1.3 mM
NADP+, 3.3 mM G6P, 3.3 mM MgCI2, 0.4 unit/ml G6PDH). Reactions using recombinant UGT enzymes
were set up as above with the following changes: recombinant UGT enzymes (0.05-0.75 mg/ml), 0.2%
BSA, 5 mM MgCl2, 25 ug/ml alamethicin. Reactions were incubated for 15 minutes on ice to allow for
pore-formation by alamethicin, then pre-incubated at 37°C as described above. Reactions were initiated
by adding UDPGA (2.5 mM — final concentration). Negative control reactions were set up the same as
above and initiated with buffer instead of co-factors. At designated time points, 50 uL of reaction mixture
was terminated by adding to 100 yL ice-cold acetonitrile containing internal standards (IS; THC-D3, 11-
OH-THC-D3, COOH-THC-D3) in LB tubes. Samples were centrifuged at 10,000 x g for 5 minutes to pellet
the protein content. Supernatant was removed and incubated at -20°C for >1 hour to separate the
aqueous and organic layers. The top organic layer was removed, placed in LC glass insert vials, and

stored at -20°C until analysis by LC-MS/MS. Two independent experiments in duplicate were performed.

2.3.5. Reaction phenotyping using HLMs.

In LB tubes, to 0.1M potassium phosphate buffer (pH 7.4) containing 0.2% BSA either 1) 500 nM
THC and 0.02 mg/ml HLM or 2) 50 nM 11-OH-THC and 0.1 mg/ml HLM was added (showing final

concentrations). The cannabinoid concentrations were chosen to represent clinically observed
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concentrations after smoking cannabis (Hunault et al., 2008). Assay conditions were optimized to keep
HLM concentration low (<0.5 mg/ml) and sampling time short (<30 min), as previously suggested (Jones
and Houston, 2004), as well as keep the maximum substrate depletion at ~75% in order to limit errors
when fitting models to data (Nath and Atkins, 2006). Negative control reactions were initiated with buffer
instead of co-factors. THC or 11-OH-THC was incubated in the presence and absence of selective P450
inhibitors: 10 uM sulfaphenazole (CYP2C9), 2 uM itraconazole (CYP3A), 30 uM omeprazole (CYP2C19),
1 uM quinidine (CYP2D6), 10 pM furafylline (CYP1A). 11-OH-THC was additionally incubated in the
presence and absence of selective UGT inhibitors: 2.5 yM niflumic acid (UGT1A9) and 2 mM fluconazole
(UGT2B7). All inhibitors, except for furafylline, were added prior to initiating reaction with co-factor. Since
furafylline is a mechanism-based inhibitor, the reaction mixture was pre-incubated in the presence of
NADPH regenerating system for 15 minutes at 37°C with shaking and reaction was initiated by the
addition of THC. Organic solvent content was <0.75% v/v except for incubations with fluconazole where
organic content was 3%. Control reactions had matching organic content. Reactions were terminated and
processed as described for reactions using recombinant enzymes. Calibration curves for THC, 11-OH-
THC, and COOH-THC were prepared in buffer with 0.2% BSA and incubated and processed in an

identical fashion as the reactions. Three independent experiments, each in duplicate, were performed.

2.3.6. Cross-inhibition of selective enzyme inhibitors.

Each selective P450 inhibitor was incubated in 0.1M potassium phosphate buffer (pH 7.4)
containing either 1) 0.5 mg/ml HLM, 0.2% BSA, and 40 pM (S)-mephenytoin (CYP2C19 probe) or 2) 0.1
mg/ml HLM, 0.2% BSA, and a cocktail containing the following P450 probes: 5 uM diclofenac (CYP2C9),
10 uM testosterone (CYP3A), 5 uM dextromethorphan (CYP2D6). Incubations (50 L final volume) were
initiated with NADPH regenerating system. Reactions were terminated with addition of 100 L ice-cold
acetonitrile contain tolbutamide as the IS. The formation of 4-OH-mephenytoin (4-OH-MEP) at 30
minutes, or formation of 4-OH-diclofenac (4-OH-DCL), 63-OH-testosterone (63-OH-TES), and
dextrorphan (DXO), at 20 minutes was monitored. The P450 probe cocktail was adapted from Chen et al.,
2016 and was checked for protein and time linearity. While the time and HLM concentrations for the P450
probe cocktail incubation were chosen to best represent the cannabinoid reaction phenotyping using
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HLMs set up, the quantification limitation of S-mephenytoin necessitated higher HLM concentration and
longer incubation time. The selective UGT inhibitors were incubated as described in HLM reaction
phenotyping section with a cocktail which (among other UGT probes) included 20 uM propofol (UGT1A9)
and 10 uM naloxone hydrochloride (UGT2B7). The UGT cocktail has been previously described by Bhatt
et al., 2018. Reactions (50 uL) were terminated by adding 100 pL ice-cold acetonitrile containing
androsterone glucuronide as the IS. The formation of metabolites propofol-glucuronide (PPF-gluc) and
naloxone-3-glucuronide (NLX-3-gluc) at 30 minutes was monitored. Three independent experiments,

each in triplicate, were performed.
2.3.7. LC-MS/MS analysis.

Samples were analyzed with Acquity ultra-performance liquid chromatography (UPLC) system
(Waters Corporation, Milford, MA) coupled to an AB Sciex Triple Quad 6500 (SCIEX, Framingham, MA)
using Acquity UPLC BEH C18 column (1.7 yM 2.1 x 50 mm) with attached C18 x 2mm guard column. LC-
MS/MS method for quantification of cannabinoids, P450, and UGT probes was adapted from Hudson et
al., 2003, Chen et al., 2016, and Bhatt et al., 2018, respectively. The LC flow gradient and multiple
reaction monitoring parameters and are listed in Supplementary Table 2.1 and, Supplementary Table

2.2, respectively.
2.3.8. Analysis of kinetic parameters.

The depletion rate-constant (kdep) was obtained by fitting the THC or 11-OH-THC concentration-
time profile with a first-order monoexponential decay equation (Eq. 1), where C: is the concentration of

substrate remaining at a given time point (t) and Co is the substrate concentration at t=0.

_ —Kgep*t
C,=C,e )

The 11-OH-THC formation rate-constant (krrm) Was obtained by fitting the 11-OH-THC
concentration-time profile using Eq. 2 where M: and Mmax are metabolite concentrations at a given time
point (t) and maximum metabolite formed, respectively. Mmax was bound to not exceed the input THC

concentrations of 500 nM. To note, there was no significant depletion of 11-OH-THC at 0.02 mg/m| HLM
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(data not shown), and as such, Eq. 2 includes only the formation and not the depletion rate-constants of
11-OH-THC. Furthermore, while COOH-THC was monitored in all reactions, there was no observed

formation of COOH-THC (see Section 2.4) so no formation kinetics was established for COOH-THC.

*korm*t
M =M., 1-e™

(2)
Depletion clearance (CLdep) of THC or 11-OH-THC and formation clearance (CLorm) of 11-OH-
THC were calculated as shown in Eq. 3-4, where [HLM] and [rCYP] are the protein or recombinant
enzyme concentrations (mg/ml or pmol/ml).
k
Cles = TYPorHLM
(3)
CLform = |I-(|f|<:r|r\n/|
(4)
Fraction metabolized (fm) was calculated from kaep Or kiorm in the presence and absence of
inhibitor (i) as shown in Eg. 5.
fm _ 1_ [kdeporform,i ]
dep or form (5)

2.3.9. Adjusting fm for inhibitor cross-inhibition.

The cannabinoid fm values were adjusted for P450 and UGT inhibitor cross-inhibition (Eq. 6) as

previously described (Njuguna et al., 2016).

a'11 a12 a'13 a14 Xl bl
a'21 a‘22 a‘23 a'24 * X 2 _ b2
a31 a32 a33 a'34 X3 b3
a,, a, a, a X b

I
IN

(6)

For example, Eq. 6 solves x=A-1*b where x is the adjusted P450 fm matrix (see Table 2.4), A is the P450
cross-inhibition matrix (see Table 2.2), and b is the experimentally observed P450 fm (non-adjusted)

matrix (see Table 2.1). To adjust for the cross-inhibition of UGT inhibitors a 2x2 cross-inhibition (ai1-az2)
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(see Table 2.3) and 2x1 experimental fm (b1-b2) matrix was used. A stochastic simulation approach for
error propagation of the adjusted fm values was used. Briefly, a truncated normal distribution (with
bounds 0<u<1) using the mean and standard deviation (SD) of each measured cross-inhibition (e.g. ai1-
aas) or experimental fm (e.g. bi-bs) parameter was simulated and Eq. 6 was solved by choosing randomly
from the normal distributions. The mean and SD from 1000 iterations are reported in Table 2.4. If the

solution for the adjusted fm values was negative, the fm was labeled as negligible.

2.3.10. Data analysis.

Integration of the chromatographic peaks was performed using Analyst v1.6 (Framingham, MA).
Model fitting of concentration-time curves and all plotting was performed using GraphPad Prism 7 (La

Jolla, CA). Adjustment of fraction metabolized was performed using MATLAB R2016b (Natick, MA).

24, RESULTS

2.4.1. Reaction phenotyping using recombinant enzymes

THC (500 nM) was depleted by recombinant CYP1A1, 1A2, 2C9, 2C19, 2D6, 3A4, 3A5, and 3A7
(Figure2.1A). CYP1Al and CYP2C9 had the highest THC depletion clearance. Recombinant CYP19,

2A6, 2B6, 2C8, and 2E1 did not significantly deplete THC.

11-OH-THC was formed from THC (500 nM) by recombinant CYP1A2, 2C9, 2C19, and 2D6
(Figure 2.1B). CYP2C19 and CYP2C9 had the highest 11-OH-THC formation clearance. 11-OH-THC
was not formed by recombinant CYP1A1, 3A4, 3A5, and 3A7 even though these enzymes turned over
THC. In the chromatographs of THC incubations with recombinant CYP1A1, 2D6, 3A4/5/7, there was a
peak that co-eluted with 11-OH-THC in the 331> 313 m/z transition at a consistent retention time (data
not shown), indicating formation of an additional monohydroxylated THC metabolite. No formation of

COOH-THC was detected in the aforementioned experiments.
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Figure 2.1 Reaction phenotyping using recombinant enzymes.
A) Depletion clearance of THC (500 nM) and B) formation clearance of 11-OH-THC from THC (500 nM) by
recombinant P450 enzymes. C) Depletion clearance of 11-OH-THC (50 nM) by recombinant P450
enzymes. D) Enzyme — concentration dependent depletion of 11-OH-THC (50 nM) by recombinant UGT
enzymes at 30 minutes. There was no depletion of THC by recombinant UGT enzymes at the highest
enzyme concentrations tested (data not shown). Data shown are mean of duplicate determinations (no
standard deviation was able to be calculated).

11-OH-THC (50 nM) was depleted by recombinant CYP1A1, 2C9, 2C19, 2D6, 3A4, and 3A5
(Figure 2.1C). Recombinant CYP1A1l and CYP3A4 had the highest 11-OH-THC depletion clearance.
Recombinant CYP19, 1A2, 2A6, 2B6, 2C8, 2E1, and 3A7 did not significantly deplete 11-OH-THC.

Recombinant CYP2C9 and CYP2C19 were the only enzymes that formed COOH-THC (data not shown).

THC was not significantly depleted by any of the recombinant UGT enzymes tested (data not
shown). In contrast, 11-OH-THC (50 nM) was depleted in an enzyme-concentration dependent manner

by recombinant UGT1A9 and UGT2B7 but not by UGT1A10 and UGT1A4 (Figure 2.1D).
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2.4.2. Reaction phenotyping using pooled HLMs

Reaction phenotyping at a concentration of THC (500 nM) observed after smoking cannabis
(Hunault et al., 2008), was performed in pooled adult HLMs using selective P450 inhibitors for the
relevant hepatic enzymes identified from recombinant reaction phenotyping assays (Figure 2.2). In
control reactions (no inhibitor), CLaep of THC was 3.65 + 0.36 ml/min/mg and CLform of 11-OH-THC was
1.74 + 0.42 ml/min/mg. Based off the formation clearance of 11-OH-THC in control reactions,
approximately 48% of THC was metabolized to 11-OH-THC. THC depletion was inhibited 78 + 3% by
sulfaphenazole (10 yM) and <25% by itraconazole (2 uM), omeprazole (30 uM), and quinidine (1 yM)
(Figure 2.2A). The depletion clearance of THC in the presence of furafylline (10 yuM) was larger than in
control reactions and as such, furafylline was found not be an inhibitor of THC depletion. The reason for
this faster depletion is likely due to initiation of reactions with THC, rather than NADPH, and thus not

allowing time for protein and non-specific binding of THC.

11-OH-THC formation was inhibited 90 + 0.94% and 54 + 7.0% by sulfaphenazole (10 uM) and
omeprazole (30 pM), respectively and <25% by itraconazole (2 uM) and quinidine (1 uM) (Figure 2.2B).
There was no COOH-THC detected in any of the aforementioned experiments, likely due to assay
detection limitations. There was no THC depletion via UGT enzymes in pooled HLMs (tested using 0.25

mg/ml HLM), confirming previous results observed in recombinant UGT enzymes (data not shown).

Reaction phenotyping at a concentration of 11-OH-THC (50 nM) observed after smoking
cannabis (Hunault et al., 2008), was performed in pooled adult HLMs using selective P450 and UGT
inhibitors (Figure 2.3). In control reactions, 11-OH-THC was depleted by UGT and P450 enzymes with
CLuagep Of 0.458 + 0.025 mI/min/mg and 0.299 + 0.096 ml/min/mg, respectively. As such, UGT and P450
enzymes accounted for 60 + 4.5% and 40 + 4.5% of 11-OH-THC depletion in HLMs, respectively (Figure
2.3A). In P450-mediated reactions, 11-OH-THC depletion was inhibited 37 + 8.3% and 61 + 12%, by
sulfaphenazole (10 uM) and itraconazole (2 uM), respectively (Figure 2.3B). Omeprazole (30 yM) and
quinidine (1 uM) did not significantly inhibit depletion of 11-OH-THC (data not shown). COOH-THC was

not detected in any of the aforementioned experiments. In UGT-mediated reactions, 11-OH-THC
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depletion was inhibited 60 + 5.5% and 67 + 3.6% by fluconazole (2 mM) and niflumic acid (2.5 pM),

respectively (Figure 2.3C).
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Figure 2.2. THC reaction phenotyping using pooled adults HLMs.
Representative depletion of A) 500 nM THC, a concentration observed after smoking cannabis, and
formation of B) 11-OH-THC from THC (500 nM) was monitored in the presence and absence of selective
P450 inhibitors. Sulfaphenazole (10 uM) inhibited THC depletion and 11-OH-THC formation by the greatest
extent, indicating CYP2C9 is the major enzyme responsible for THC turnover to 11-OH-THC. Panels show
data from one representative experiment with duplicate determinations and fit with a model (Eq. 1 and 2
for kaep and krorm, respectively) that includes the observed time lag. The fm mean = SD calculated using
CLaep and CLrorm (Eq. 3 and 4) from three independent experiments are shown in Table 2.1.
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Figure 2.3. 11-OH-THC reaction phenotyping using pooled adult HLMs.

A) Representative depletion of 50 nM 11-OH-THC, a concentration observed after smoking cannabis, is
greater by UGT then P450 enzymes. B) Itraconazole (2 uyM) and sulfaphenazole (10 uM) inhibited the
depletion of 11-OH-THC, indicating CYP3A4 and CYP2C9 are both important in the turnover of 11-OH-
THC. To note, no COOH-THC formation was observed in any of the HLM assays. C) Fluconazole (2 mM)
and niflumic acid (2.5 yM) inhibited UGT depletion of 11-OH-THC to a similar degree, indicating that
UGT2B7 and UGT1A9 are equally important in the depletion of 11-OH-THC. High and low % organic
solvent controls were conducted because of the differential organic solvent content in the presence of the
UGT inhibitors. Panels show data from one representative experiment with duplicate determinations and fit
with a monoexponential decay curve (Eq. 1 for Kdep). The fm mean + SD calculated using CLdep (Eq. 3) from
three independent experiments are shown Table 2.1.
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Table 2.1. Cannabinoid fm values? in HLMs determined using selective P450 or UGT inhibitors and
guantified by monitoring either THC/11-OH-THC depletion or formation of 11-OH-THC from THC

Selective Enzvme THC 11-OH-THC 11-OH-THC
Inhibitor y depletion formation depletion
Sulfaphenazole (10 uM) CYP2C9 0.78 £ 0.03 0.90 £ 0.01 0.15+0.04
ltraconazole (2 yM) CYP3A 0.22 + 0.05 -0.11 £ 0.09 0.24 + 0.06
Omeprazole (30 uM) CYP2C19 0.13+0.11 0.54 + 0.07 negligible
Quinidine (1 uM) CYP2D6 0.15+0.10 0.18 £ 0.20 negligible
Fluconazole (2 mM) UGT2B7 negligible N/A 0.36 + 0.05
Niflumic acid (2.5 uM) UGT1A9 negligible N/A 0.41+0.04

HLM incubations were conducted with observed concentrations of THC (500 nM) and 11-OH-THC (50 nM)
after smoking cannabis. Inhibition of 11-OH-THC depletion by omeprazole and quinidine was negligible
(data not shown). Data shown are mean * SD of three independent experiments with each experiment
conducted in duplicate. @ data not corrected for cross-inhibition of enzyme by the inhibitors.

2.4.3. Cross-inhibition of selective enzyme inhibitors

To accurately determine the fractional contribution of enzymes involved in cannabinoid
disposition, the cross-inhibition of the selective P450 and UGT inhibitors was determined. While the
inhibitors used efficiently inhibited their respective probe (82-99% inhibition — see bolded valued in Table
2.2), there was also significant cross-inhibition, ranging from 2 — 75% (see Table 2.2). For example,
sulfaphenazole (10 uM) inhibited CYP3A4-mediated 63-OH-TES formation by 28 + 12% while
itraconazole (2 yM) inhibited CYP2C9-mediated 4-OH-DCL formation by 44 £ 12%. Omeprazole (30 pM)
showed the highest degree of cross-inhibition (range 27 — 75%) while quinidine (1 uM) showed the least

degree of cross-inhibition (range -33 — 13%).

There was severe cross-inhibition by the UGT selective inhibitors (Table 2.3). Fluconazole (2
mM) inhibited UGT1A9-mediated formation of PPF-gluc by 27 + 14% while niflumic acid (2.5 yM) inhibited

UGT2B7-mediated formation of NLX-3-gluc by 49 + 33%.
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Table 2.2. Fractional cross-inhibition of P450 enzymes by P450-selective inhibitors in HLMs

Inhibitor

Selective Probe

4-OH-DCL 6B-OH-TES 4-OH-MEP DXO
CYP2C9 CYP3A CYP2C19 CYP2D6
Sulfaphenazole (10 pM) 0.99 + 0.00 0.28 £0.12 0.02 £0.07 0.18 £ 0.17
Itraconazole (2 uM) 0.44 £0.12 0.98 + 0.00 0.13+0.07 0.27 £0.18
Omeprazole (30 uM) 0.75+0.01 0.68 £ 0.07 0.82+£0.07 0.27 £ 0.16
Quinidine (1 uM) 0.13+0.05 0.12+0.19 -0.33+£0.26 0.90 + 0.03

Bolded values represent the fractional inhibition of enzymes by their corresponding selective inhibitor. Data
shown are mean * SD of three independent experiments with each experiment conducted in triplicate.

Table 2.3. Fractional cross-inhibition of UGT enzymes by UGT-selective inhibitors in HLMs

Selective Probe

Inhibitor

NLX-3-gluc PPF-gluc

UGT2B7 UGT1A9
Fluconazole (2 mM) 0.65+0.19 0.27 £0.14
Niflumic acid (2.5 pM) 0.49 +£0.33 0.89 £ 0.02

Bolded values represent the fractional inhibition of enzymes by their corresponding selective inhibitor. Data
shown are mean + SD of three independent experiments with each experiment conducted in triplicate.

2.4.4. Adjusted cannabinoid fm values

Using a previously established methodology described by Njuguna et al., 2016, the fm values
determined using selective inhibitors (unadjusted) in Table 2.1 were adjusted for their P450 and UGT
inhibitor cross-inhibition shown in Table 2.2 and Table 2.3, respectively, using Eq. 6. Table 2.4 shows
the adjusted fm values and SD using error propagation via stochastic simulation. CYP2C9 and CYP2D6
were the major and minor (fm = 0.82 £ 0.08, 0.17 + 0.15, respectively) DMEs responsible for THC
depletion. CYP2C9 was the major DME that formed 11-OH-THC (fm = 0.99 + 0.10); however, there was a
minor contribution from CYP2C19 and CYP2D6 (fm = 0.07 + 0.18 and 0.24 + 0.22, respectively). Of the
total UGT depletion of 11-OH-THC, UGT2B7 and UGT1A9 fm values were 0.67 + 4.14 and 0.33 + 3.98,

respectively. Of the total P450 depletion of 11-OH-THC, CYP3A and CYP2C9 fm values were 0.69 + 0.28
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and 0.31 + 0.18, respectively. When combining UGT and P450 mediated 11-OH-THC depletion, UGT2B7

was the major DME (fm = 0.45 * 2.78) followed by CYP3A (fm = 0.20 = 0.08). The sum of the adjusted fm

values approximates 1 for THC and 11-OH-THC depletion, but is larger than 1 for the 11-OH-THC

formation (Figure 2.4).

Table 2.4. Cannabinoid fm values in HLMs adjusted for inhibitor cross-inhibition

THC 11-OH-THC 11-OH-THC

Enzyme . . .
depletion formation depletion

CYP2C9 0.82 £ 0.08 0.99 £ 0.10 0.09 £ 0.05
CYP3A negligibled negligibled 0.20 + 0.08
CYP2C19 negligible2 0.07 £0.18 negligible®
CYP2D6 0.17 £0.15 0.24 £ 0.22 negligible®
UGT2B7 negligible® N/A 0.45+2.78
UGT1A9 negligibleP N/A 0.22 £ 2.65

Data shown are mean = SD of fm values from Table 2.1 adjusted for inhibitor cross-inhibition (P450
enzymes —Table 2.2. and UGT enzymes —Table 2.3) using Eq. 6. 2 fm values are set to negligible because
the adjusted fm result was negative (THC depletion fm: CYP3A = -0.12 + 0.16, CYP2C19 = -0.53 = 0.19;
11-OH-THC formation fm: CYP3A = -0.48 + 0.19). b no observed depletion of THC by UGT enzymes. € no
significant inhibition of 11-OH-THC depletion observed in the presence of omeprazole and quinidine. N/A
— not applicable since UGT enzymes did not form 11-OH-THC.

2.5. DISCUSSION

The aims of this work were to 1) investigate the recombinant enzymes that can metabolize THC
and 11-OH-THC and 2) use this information as a guide to quantify the fm of the relevant maternal hepatic
enzymes at concentrations of THC and 11-OH-THC observed after smoking cannabis. The mechanistic
data generated represents the first set of drug-dependent parameters necessary to build a linked
THC/11-OH-THC PBPK model to prospectively predict maternal-fetal cannabinoid exposure during

pregnancy.
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Figure 2.4. Final hepatic enzyme contributions to THC and 11-OH-THC disposition.
The sum of fm values for THC and 11-OH-THC depletion after cross-inhibition adjustment is close to 1
but the sum for 11-OH-THC formation is greater than 1 (likely due to error propagation caused by the
cross-inhibition adjustment). Data shown are mean fm values after cross-inhibition adjustment (Eq.
6,Table 2.4). Of note, while the UGT2B7 and UGT1A9 fm values were estimated with poor confidence
(see Table 2.4) due to severe cross-inhibition of the selective inhibitors, the total UGT contribution (fm =
0.60 + 0.05) was estimated with confidence. Clinical data supports our fm estimates. For example,
CYP2C9 fm for THC depletion must be at least 0.66 since there was a 3-fold increase in THC AUC in
CYP2C9 polymorphic subjects after oral administration of THC (Sachse-Seeboth et al., 2009). Further
discussion can be found in text.

THC is metabolized to more than 40 metabolites (Agurell et al., 1986). Standards for most of
these metabolites are not readily available, therefore, to elucidate the enzymes important in the
disposition of THC and the 11-OH-THC, one needs to conduct substrate depletion studies as well as
monitor the formation of 11-OH-THC from THC. Furthermore, to capture enzyme contributions that are
clinically relevant, the concentration of substrate chosen in depletion experiments needs to be
representative of those observed in vivo. After smoking a cannabis cigarette containing 9.8%, 16.4%, and
23.1% weight/weight THC, the maximum THC plasma concentrations (Cmax) values were 430 nM, 645
nM, and 735 nM while the 11-OH-THC Cmax values were 28 nM, 50 nM, and 48 nM, respectively (Hunault
et al., 2008). The average THC potency was 12% in 2014 (EISohly et al., 2016). Therefore, the chosen
500 nM THC and 50 nM 11-OH-THC reflect plasma concentrations after smoking cannabis of

contemporary potency. Furthermore, the chosen THC concentration was lower than the estimated Km for
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THC depletion of 3.76 + 1.28 yM (Benito-Gallo et al., 2016) and the estimated Km for 11-OH-THC

formation of 0.80 + 0.12 yM (Bland et al., 2005).

Our reaction phenotyping studies with recombinant enzymes generated novel data that CYP1A1,
1A2, 3A5, and 3A7 depleted THC but of these enzymes, only CYP1A2 formed 11-OH-THC. Our data
corroborates previous reports that found CYP2C9, 2C19, 2D6, and 3A4 are important in the metabolism
of THC (Watanabe et al., 2007). Interestingly, the THC depletion clearance of CYP1A1 was higher than
CYP2C9, the major DME of THC (Figure 2.1A). While the contribution of CYP1A1 is negligible in the
liver, CYP1ALl, the major DME in the lung (Zhang et al., 2006), may be important for cannabinoid lung
disposition. There is no current direct evidence of lung cannabinoid metabolism in human, however,
biotransformation of THC to 11-OH-THC is observed in rat lung homogenate and dog and guinea pig
perfused lung (Nakazawa and Costa, 1971; Widman et al., 1975; Halldin et al., 1984). Since metabolism
of THC by the human lung may be an important drug parameter in the cannabinoid PBPK, further studies
need to be conducted to establish the contribution of lung metabolism to THC disposition, especially if

CYP1ALl is induced by smoking cannabis.

Maternal THC exposure drives fetal THC exposure. Therefore, we used the recombinant enzyme
data to guide reaction phenotyping studies of hepatic enzymes that are responsible for the maternal
hepatic clearance of THC. Our data corroborates previous studies that demonstrate CYP2C9 is the major
DME responsible for THC metabolism in HLMs (Bornheim et al., 1992; Bland et al., 2005; Watanabe et
al., 2007). We adjusted the apparent fm determined via selective inhibitors (Table 2.1) with the inhibitor
cross-inhibition (Table 2.2 and Table 2.3). This was to account for potential overestimation of fm values
when the inhibitor selectivity is not optimum. After adjusting for inhibitor cross-inhibition, CYP2C9 was the
main DME responsible for THC depletion (fm = 0.82 £ 0.08) with the remaining contribution from CYP2D6
(Table 2.4). While there was turnover of THC by CYP3A4 and CYP2C19 in recombinant enzymes, as
well as significant inhibition by itraconazole and omeprazole (22 + 5% and 13 + 11%, respectively), this
inhibition was primarily due to cross-inhibition of CYP2C9 (44 + 12% and 75 * 1%, respectively, Table
2.2). It should be noted that due to error propagation, there is less confidence when estimating small fm
values, such as those for CYP2D6, 3A4, and 2C19.
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The formation fm of enzymes responsible for the formation of 11-OH-THC, the main and active
metabolite of THC, were reflective of THC enzyme contributions. After adjusting for inhibitor cross-
inhibition, CYP2C9 was the main DME responsible for 11-OH-THC formation (fm = 0.99 £ 0.10) with
minor contributions from CYP2D6 and CYP2C19. The sum of the 11-OH-THC formation fm values was
greater than 1 (Figure 2.4). This may be due to the error propagation during fm adjustment, particularly

for the smaller fm values for CYP2D6 and CYP2C19.

Reaction phenotyping studies were extended to include the depletion of 11-OH-THC. All the P450
enzymes that metabolized THC also turned over 11-OH-THC except for CYP1A2 and CYP3AY. Like
THC, recombinant CYP1A1 had the largest 11-OH-THC depletion clearance (Figure 2.1C). A previous
extensive screen using recombinant UGT enzymes found that only UGT1A9 and UGT1A10 are relevant
to the formation of 11-OH-THC-glucuronide (Mazur et al., 2009b). As such, we verified the 11-OH-THC
depletion by UGT1A9 and UGT1A10, and we additionally included UGT1A4, an enzyme that is inducible
during pregnancy (Anderson, 2005; Ke et al., 2014b), and UGT2B7, the major UGT expressed in the liver
(Achour et al., 2014). We tested 11-OH-THC depletion at protein concentrations five times higher for
UGT1A10 compared to UGT1A9 because in the previous study by Mazur et al., 2009, the clearance of
11-OH-THC (Vmax'Km) by UGT1A9 was approximately five-fold higher than UGT1A10. Even so, we did not
observe significant depletion of 11-OH-THC by UGT1A10. Unlike the previous report, we observed
depletion of 11-OH-THC by UGT2BY7. In HLMs, UGT enzymes depleted 11-OH-THC at a greater extent
than P450 enzymes (fm = 0.60 + 0.05 vs. 0.40 + 0.05). In contrast to THC, CYP3A has a larger
contribution to 11-OH-THC depletion than CYP2C9 (fm 0.20 + 0.08 vs. 0.09 + 0.05) (Table 2.4).
Furthermore, the reaction phenotyping studies in HLMs identified UGT2B7 as the major DME (fm = 0.45 +
2.78). It should be noted that there was significant cross-inhibition of the UGT selective inhibitors (Table
2.3). Because of this, there was a large uncertainty associated with the adjusted UGT2B7 and UGT1A9
fm values (Table 2.4). Selective inhibitors of UGTs are needed to better define these fm values. As such,
the total UGT contribution (fm = 0.60 + 0.05) rather than the individual UGT fm values should be used for

PBPK M & S.
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Clinical data further confirms that CYP2C9 and CYP3A4 are major contributors in the disposition
of THC and 11-OH-THC. After oral administration of 15 mg THC in CYP2C9*3/*3 homozygotes, which
confers decreased CYP2C9 function, there is a three-fold increase in THC AUC.inf and no change in 11-
OH-THC AUCo-inn when compared to wild-type (Sachse-Seeboth et al., 2009). CYP2C9 inhibition leads to
an increase in the combined THC/11-OH-THC exposure because CYP2C9 forms and depletes 11-OH-
THC. When a oromucosal spray containing 10.8 mg THC/10 mg CBD is co-administered with
ketoconazole (CYP3A inhibitor), the THC and 11-OH-THC AUC«-in is increased 1.84 and 3.62-fold,
respectively (Stott et al., 2013). CYP3A THC fm in the liver is insignificant but may be significant in the gut
where expression of CYP3A is much greater than CYP2C9. As such, the THC drug-drug interaction with
ketoconazole may be due to pre-systemic interactions. Unlike inhibition of CYP2C9, inhibition of CYP3A4
significantly increases 11-OH-THC AUC because CYP3A4 depletes but does not form 11-OH-THC. In
both examples, the inhibition of CYP2C9 and CYP3A4 led to changes in the pharmacodynamic effect
(increased sedation and euphoric mood). Because 11-OH-THC is equally or even more potent than THC
(Perez-Reyes et al., 1972), the combined exposure of THC/11-OH-THC needs to be considered when

establishing cannabinoid dose-risk relationship during pregnancy.

The reported cannabinoid metabolic profiling can be extrapolated to pregnant women. During
pregnancy, CYP3A4 and CYP2C9 mediated clearance is increased 2 and 1.6-fold, respectively, UGT2B7
activity does not change, and UGT1A9 changes are unknown (Anderson, 2005; Ke et al., 2014b). The
changes to DME expression and activity during pregnancy are likely to increase THC clearance and 11-
OH-THC formation/clearance. The fetal-to-maternal (F/M) concentration ratio of THC in chronic cannabis
users ranged from 0.16 — 0.38 (Blackard and Tennes, 1984). Because the F/M ratio is less than 1, there
may be extraction of cannabinoids by the placenta or the fetal liver or both. As such, placental CYP1A1l,
UGT2B7, and fetal CYP3A7 may limit fetal exposure of THC and 11-OH-THC. Of particular interest is the
contribution of placental CYP1A1 to cannabinoid fetal exposure since cannabis tar induces CYP1A1
MRNA (Roth et al., 2001). Studies need to be conducted with placental microsomes/S9 fractions to
elucidate the contribution of placental metabolism of THC/11-OH-THC in fetal exposure to these drugs

(see Chapter 5).
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The relevant hepatic enzymes and the corresponding fm values have been established for THC
and 11-OH-THC. CYP2CS9 is the most important DME for THC depletion and formation of 11-OH-THC,
while UGT enzymes represent the major pathway of 11-OH-THC depletion (Figure 2.4). In Chapter 3,
the kinetics (CLint, Vmax, and Km) of the main enzymatic pathways, as determined in this Chapter via
recombinant enzymes and fm in pooled HLMs, are quantified. The mechanistic information presented in
Chapters 2 and 3 is necessary to build a THC/11-OH-THC PBPK model in nonpregnant women (see
Chapter 4) that then can be used to predict cannabinoid exposure during pregnancy (see Chapter 5).
Studies need to be conducted to determine the contribution of other enzymes in lungs or the placenta in
the clearance of THC/11-OH-THC. In addition, to build a PBPK model of these cannabinoids after oral
administration of THC, studies to determine the contribution of intestinal enzymes in the first pass
metabolism of THC/11-OH-THC will need to be conducted. However, the goal of this project is to predict
THC/11-OH-THC exposure after intravenous administration and inhalation, and as such, the

aforementioned studies remain to be conducted.
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2.6. SUPPLEMENTAL INFORMATION

Supplementary Table 2.1. LC flow gradient

Time Water + 0.1% formic acid Acetonitrile + 0.1% formic acid Flow rate
(min) (%) (%) (ml/min)
Cannabinoid studies
Initial 40 60 0.3
0.5 40 60 0.3
3.8 5 95 0.3
4.3 5 95 0.3
4.7 40 60 0.3
6.0 40 60 0.3
CYP probes cocktalil
Initial 95 5 0.6
1.0 95 5 0.6
2.0 5 95 0.6
25 5 95 0.6
2.6 95 5 0.6
3.2 95 5 0.6
UGT probes cocktail
Initial 97 3 0.3
1.0 97 3 0.3
4.5 5 95 0.3
5.5 5 95 0.3
5.7 97 3 0.3
7.0 97 3 0.3
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Supplementary Table 2.2. MS/MS parameters

Analyte Parent lon Product lon DP CE
(m/z) (m/z) (eV) V)
Cannabinoid studies
THC 315.2 193.3 100 33
123.2 100 45
11-OH-THC 3314 313.4 150 21
193.3 150 35
COOH-THC 345.3 327.3 150 23
299.3 150 27
THC-D3 (1S) 318.3 196.3 100 33
123.3 100 45
11-OH-THC-D3 (IS) 334.4 316.3 150 21
196.3 150 35
COOH-THC-D3 (IS) 348.3 330.3 150 23
302.3 150 27
CYP probe cocktail
4-OH-Diclofenac 312.0 231.0 40 27
6B-OH-Testosterone 305.3 269.1 90 30
4-OH-mephenytoin 235.0 150.1 45 24
Dextrorphan 258.1 157.0 95 47
Tolbutamide (IS) 271.3 155.0 70 25
UGT probe cocktail
Naloxone-3-glucuronide 504.0 310.0 70 30
212.0 70 55
253.0 70 44
Propofol-glucuronide 353.0 177.0 -70 -30
113.0 -70 -30
Androsterone-glucuronide (IS) 449.1 255.2 70 25
273.2 70 30
467.3 255.2 70 35

IS — internal standard. The first listed transitions were used for quantification
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Chapter 3. Quantifying hepatic kinetics of THC and its psychoactive metabolite, 11-OH-THC,

through in vitro modeling

The work presented in this chapter has been submitted

to

Drug Metabolism and Disposition
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3.1. ABSTRACT

Fetal exposure to the psychoactive cannabinoids in cannabis, THC and its active hydroxy
metabolite, 11-OH-THC, may lead to negative fetal outcomes. Physiologically-based pharmacokinetic
(PBPK) modeling can predict maternal-fetal exposure of cannabinoids, thus bypassing logistical and
ethical hurdles associated with conducting clinical studies during pregnancy. To build a maternal-fetal
cannabinoid PBPK model, mechanistic information, such as the drug-metabolizing enzymes (DMES),
fraction metabolized (fm), and kinetic parameters (CLint, Vmax and Km) of cannabinoid hepatic metabolism
are necessary. We previously identified and quantified the fm’s of DMEs involved in hepatic depletion of
THC and 11-OH-THC (Chapter 2). Here, we extend this work to characterize the enzyme kinetics of THC
and 11-OH-THC by monitoring their depletion and formation of some of their metabolites in pooled human
liver microsomes. A P450 and UGT kinetic model was fitted to the concentration-time depletion/formation
profiles to establish the contribution and kinetics of the individual DME pathways. CYP2C9 pathway was
the major pathway for depletion of THC and formation of 11-OH-THC (fm = 0.91, Kmu = 2.91 nM). The
remaining THC depletion pathway was attributed to CYP2D6. 11-OH-THC was depleted by UGTs (fm =
0.67 and Kmu = 39.0 nM), CYP3A4 (fm = 0.18, Kmu =824 nM) and CYP2C9 (fm = 0.15, Kmu = 32.7 nM).
Our data predict that the disposition of THC will be nonlinear at the higher doses of THC. These
mechanistic data will be used to predict THC/11-OH-THC exposure during pregnancy via PBPK modeling

and simulation.

3.2. INTRODUCTION

The prevalence of cannabis use during pregnancy is increasing (Brown et al., 2017; SAMHSA,
2017). Studies on fetal risks from cannabis use during pregnancy can be inconclusive or contradictory
because many studies rely on self-report of cannabis use and are confounded by factors such as use of
other drugs of abuse (e.g. tobacco) and socioeconomic factors (Gunn et al., 2016). When adjusted for
tobacco use, clinical, and socioeconomic factors as well as objective assessment of maternal cannabis
use, Metz et al., found that such use is associated with increased neonatal morbidity (Metz et al., 2017).
While the causative factors for this morbidity are unknown, through animal studies, the psychoactive

components of cannabis, THC and its psychoactive metabolite, 11-OH-THC (Figure 1.2), have been
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found to cause fetal toxicity (Paria et al., 1998; Wang et al., 2006; Tortoriello et al., 2014; Grant et al.,
2017). Therefore, fetal risks from maternal cannabis use will depend on the extent of fetal exposure to
these cannabinoids. Determining maternal-fetal THC/11-OH-THC exposure, in humans, at different
gestational ages is impossible due to ethical concerns and logistical hurdles. Therefore, an alternative is
to predict gestational-age dependent maternal and fetal cannabinoid exposure through modeling such as

physiologically-based pharmacokinetic modeling and simulation (PBPK M&S).

PBPK M&S requires mechanistic (e.g. drug metabolizing enzymes (DME) involved) and
guantitative information (e.g. CLint and fraction metabolized (fm) via an enzyme) on the disposition of the
cannabinoids. Once such information is available, the PK of cannabinoids in nhonpregnant women can be
extrapolated to that in pregnant women by adjusting for pregnancy-induced physiological changes, such
as induction or repression of DMES, plasma protein binding, and body (e.g. fat) composition (Anderson,
2005; Ke et al., 2014b). Then, the predicted maternal cannabinoid plasma concentrations can be used to
predict fetal plasma concentrations, as we have successfully done for a variety of drugs (Zhang et al.,

2017a; Zhang and Unadkat, 2017).

The adult hepatic enzymes important in THC and 11-OH-THC disposition and the fraction
metabolized (fm) via these enzymes at physiologically relevant concentrations of 500 nM and 50 nM,
respectively were identified in Chapter 2 (Patilea-Vrana et al., 2018). For successful PBPK M&S of
maternal concentrations of THC/11-OH-THC at varying doses of THC, the kinetics (i.e. Vmax, Km, CLint) Of
these nonlinear processes need to be well characterized. The formation of 11-OH-THC (Bornheim et al.,
1992) and depletion of THC (Benito-Gallo et al., 2016) in HLMs have been previously reported. However,
the aforementioned reports did not correct for the extensive nonspecific binding of THC and 11-OH-THC
to glassware and plasticware (Garrett and Hunt, 1974). Hence, the reported Km and CLint values may not
to be reliable (Obach, 1997). Therefore, the aims of Chapter 3 were to 1) determine the depletion and
formation kinetics (Vmax, Km, CLint) of THC and 11-OH-THC using pooled HLMs that are corrected for
nonspecific binding of these highly lipophilic drugs (logP of 6.97 and 5.33 for THC and 11-OH-THC,
respectively (Thomas et al., 1990)) and 2) fit a P450 and UGT kinetic model to the in vitro concentration-
time profiles to estimate the kinetic parameters via specific enzymatic pathway. The second aim of
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Chapter 3 was guided by results from Chapter 2, where the most important DMEs of THC/11-OH-THC
were identified, that is CYP2C9, CYP3A4 and UTG enzymes, and their fm was quantified (Patilea-Vrana
et al., 2018). The mechanistic kinetic parameters generated in Chapter 2 and 3 are then extrapolated to
in vivo and used to predict, through PBPK M&S, in vivo maternal exposure to THC/11-OH-THC after
consumption of cannabis of varying THC content (see Chapter 4). Then, the predicted maternal THC/11-
OH-THC exposure can be used to predict fetal exposure (Chapter 5) which can help establish fetal

exposure-risk relationship for the cannabinoids.

3.3. MATERIALS AND METHODS

3.3.1. Chemicals and reagents.

(-)-AS-THC (1 mg/ml), () 11-OH-THC (0.1 mg/ml), and () 11-nor-9-carboxy-A%-THC (COOH-
THC) (0.1 mg/ml) DEA-exempt methanol stocks and deuterated internal standards [IS; (-)-A%-THC-D3, ()
11-OH-THC-D3, () COOH-THC-D3] were purchased from Cerilliant (Round Rock, TX). (-)-A%>-THC (50
mg/ml) was purchased from Cayman Chemicals (Ann Arbor, MI). Micro ultracentrifuge (UC)
polycarbonate tubes and Dulbecco’s phosphate-buffered saline (DPBS) were purchased from Thermo
Scientific (Asheville, NC). Low-binding (LB) microcentrifuge tubes (made of chemical-resistant
polypropylene), bovine serum albumin (BSA) (Fraction V - heat-shock treated), acetonitrile, and formic
acid (liquid chromatography-mass spectrometry (LC/MS) grade) were purchased from Fisher Scientific
(Hampton, NH). B-nicotinamide adenine dinucleotide phosphate (NADP+), D-glucose 6-phosphate (G6P),
glucose-6-phosphate dehydrogenase (G6PDH), uridine 5’-diphosphoglucuronic acid (UDPGA),
itraconazole, and sulfaphenazole, were purchased from Sigma-Aldrich (St. Louis, MO). Milli-Q water was
used in all preparations. All other chemicals and reagents were obtained at the highest quality available

commercially.

3.3.2. Biological materials.

Pooled adult HLMs (n=50, equal mixed gender) were purchased from Corning (Corning, NY).

Frozen human plasma from a single healthy donor was purchased from Bloodworks (Seattle, WA).

3.3.3. Cannabinoid HLM incubations.
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For P450-mediated depletion, reaction mixtures (500 uL final volume) in LB tubes contained
either 1) 0.010 — 14.3 yM THC and 0.02 mg/ml HLM or 2) 0.013 — 60 yM 11-OH-THC and 0.1 mg/ml HLM
in 0.1 M potassium phosphate buffer (pH 7.4) containing 0.2% BSA. In a separate set of experiments,
0.02 -2 uM THC or 0.5 - 5 yM 11-OH-THC was incubated in the presence and absence of 10 uM
sulfaphenazole (CYP2C9 selective inhibitor) and 2 uM itraconazole (CYP3A selective inhibitor) as
described above. The THC and 11-OH-THC concentration range differed in the presence vs. absence of
inhibitors because the former was limited to the nonlinear concentration range. Reactions mixtures were
pre-incubated at 37°C for 10 minutes in a heated shaking block to allow for protein and nonspecific
binding. P450-mediated depletion was initiated with a NADPH regenerating system (final concentrations:
1.3 mM NADP+, 3.3 mM G6P, 3.3 mM MgCI2, 0.4 unit/ml G6PDH). For UGT-mediated depletion, the
mixtures contained 0.013 — 60 uM 11-OH-THC, 0.1 mg/ml HLM, 5 mM MgCI2, and 25 ug/ml alamethicin.
Reactions mixtures were incubated for 15 minutes on ice to allow for pore formation then pre-incubated
as described above. UGT-mediated depletion was initiated with 2.5 mM UDPGA. The incubation period
for each cannabinoid concentration was optimized to achieve ~75% substrate depletion in order to
minimize errors associated with estimation of kinetic parameters (Vmax and Km) when using the substrate
depletion approach (Nath and Atkins, 2006). As such, the lowest and highest cannabinoid concentrations
had up to 4- and 90-minute incubation period, respectively. At designated time points, depletion of the
cannabinoids was stopped by taking a 50 L aliquot of the reaction mixture and adding it to 100 uL ice-
cold acetonitrile containing the IS (THC-D3, 11-OH-THC-D3, COOH-THC-D3) in LB tubes. Samples were
centrifuged for 5 minutes at 10,000 x g, the supernatant was removed, and placed at -20°C for >1 hour to
separate organic and aqueous phases. The top organic layer was added to LC glass inserts and stored at
-20°C until analysis by LC-MS/MS. Four independent experiments for THC depletion and three

independent experiments for 11-OH-THC depletion, each with duplicate determinations, were performed.

3.3.4. Incubation protein binding.

Microsomal binding of THC and 11-OH-THC at Cmax concentrations observed after smoking
cannabis of contemporary THC content (Hunault et al., 2014) was measured using the tube adsorption

method as previously described (Ishigam et al., 2001; Isoherranen et al., 2004). Briefly, in LB tubes, 500
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nM or 50 nM 11-OH-THC were incubated in either 0.1 M potassium phosphate buffer (group 1) or buffer
containing 0.2% BSA and 0.02 or 0.1 mg/ml HLM for THC and 11-OH-THC, respectively (group 2).
Mixtures were incubated for 20 minutes at 37°C with shaking to allow for protein and nonspecific binding,
then either 100 uL of ice-cold acetonitrile containing IS was added to 50 pL of mixture (subgroup A) or 50
pL aliquot of mixture was removed and added to 100 pL ice-cold acetonitrile containing IS (subgroup B).
Samples were centrifuged and processed for LC-MS/MS as described above. We assumed that addition
of acetonitrile to the mixture solution desorbs and solubilizes all cannabinoid adsorbed to LB tubes. As
such, in group 1 (buffer only) and group 2 (buffer + BSA + HLM), C1A and C2A are the concentration of
total unbound cannabinoid in buffer or total bound and unbound cannabinoid in the presence of proteins
after desorption from the LB tube surface, respectively. C1B and C2B are the concentration of total
unbound cannabinoid in buffer or total bound and unbound cannabinoid in the presence of proteins after

adsorption to LB tube surface, respectively. The partition ratio, R, of unbound cannabinoid in buffer to LB

surface wall was calculated using Eq. 7.

cl,

R=—— "8
C1, —Cl, @)

The unbound concentration of cannabinoid in incubation mixtures containing protein (fuinc) was
calculated using Eq. 8. Four independent experiments with four to six replicates per group were
performed.

c2, —C2, ]

fuinc = R *
c2,

(8)
3.3.5. Plasma protein binding.

Although attempts were made to measure the plasma protein binding of THC and 11-OH-THC
using the tube adsorption method, their high plasma protein binding made it difficult to quantify the
fraction adsorbed to the LB tubes in the presence of plasma proteins. Therefore, as an alternative,
ultracentrifugation was used to measure THC and 11-OH-THC plasma protein binding. Diluted plasma
(10-fold dilution with DPBS) was incubated with 500 nM THC or 50 nM 11-OH-THC in ultracentrifugation
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tubes (150 pL final volume) for 20 minutes at 37°C with shaking to allow for protein and nonspecific
binding. Samples were centrifuged using Sorval Discovery M150 SE centrifuge and S100-AT3 rotor
(Thermo Scientific) at 435,000 x g for 90 minutes at 37°C. The middle aqueous layer was sampled to
obtain the unbound cannabinoid concentration. The total bound and unbound cannabinoid concentration
was sampled from control incubations that were incubated similarly but not centrifuged. The fraction
unbound in plasma (fup) was extrapolated using Eq. 9 (Schuhmacher et al., 2000), where fugq is the
fraction unbound in diluted plasma and plasma DF is the dilution factor of 0.1.

DF *fu,

fu, = ———4
P 1—fu, * 1-DF

9)
3.3.6. LC-MS/MS analysis.

Acquity UPLC BEH C18 column (1.7 yM 2.1 x 50 mm) attached to C18 x 2mm guard column was
used for chromatographic separation. Samples were analyzed with Acquity ultra-performance liquid
chromatography (UPLC) system (Waters Corporation, Milford, MA) coupled to an AB Sciex Triple Quad
6500 (SCIEX, Framingham, MA). Acetonitrile or water containing 0.1% formic acid was used as organic
and aqueous mobile phases, respectively. LC flow gradient and multiple reaction monitoring parameters
used were as previously described (Patilea-Vrana et al., 2018). Integration of the chromatographic peaks

was performed using Analyst v1.6 (Framingham, MA).
3.3.7. Data analyses using substrate depletion and metabolite formation approach.

The depletion rate constant, kaep, at different concentrations of THC and 11-OH-THC was
obtained by fitting a monoexponential decay curve (Eq. 10) to the THC or 11-OH-THC concentration-time
curves where C: is the substrate concentration at a given timepoint (t) and Co is the substrate

concentration att = 0.

(10)
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Using the substrate depletion approach (Nath and Atkins, 2006), Kdep(s] —0), the depletion rate
constant at infinitesimal substrate concentrations, and Km, the Michaelis-Menten constant, was obtained
by fitting Eq. 11 to kdep versus THC or 11-OH-THC concentrations [S]. Vmax, the maximal reaction rate,

was obtained using Eq. 12 where [HLM] is the HLM concentration in mg/ml.

S
kdep = kdep S—0 [l_
Ky+ S (11)
Vmax _ kdep S—0 * m
HLM (12)

Formation kinetic parameters (Vmax and Km) of 11-OH-THC were obtained by fitting the Michaelis-
Menten relationship (Eq. 13) to the 11-OH-THC formation rate (V) versus THC concentration [S].

~ Vmax* S

A substrate inhibition model was used to fit COOH-THC formation rate (V) versus 11-OH-THC

concentration [S] as shown in Eq. 14.

\ *S
V= max -
s o 2]
! (14)
The total depletion or formation intrinsic clearance (CLin)) was calculated using Eq. 15.
Clu =
uinc m (15)

Data was analyzed using GraphPad Prism 7 (La Jolla, CA).
3.3.8. Modeling of in vitro data.

A P450 kinetic model was built to estimate the P450-mediated kinetics of THC, 11-OH-THC, and
COOH-THC and a UGT kinetic model was built to estimate the UGT-mediated depletion of 11-OH-THC.

We previously showed that CYP2C9 and CYP2D6 deplete THC with fm of 0.82 + 0.08 and 0.17 + 0.15,
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respectively, and CYP2C9 forms 11-OH-THC with fm = 0.99 + 0.10. CYP2C9, CYP3A4, and UGTs
(UGT1A9 and UGT2B7) deplete 11-OH-THC with fm of 0.09 £ 0.05, 0.20 £ 0.08, and 0.60 + 0.05,
respectively (Patilea-Vrana et al., 2018). Using the previous data as a guide, the P450 kinetic model was
set up as follows: the biotransformation of THC to 11-OH-THC was assigned to CYP2C9 with the
remaining THC depletion pathway assigned to CYP2D6. The biotransformation of 11-OH-THC to COOH-
THC was assigned to CYP2C9 with two additional 11-OH-THC depletion pathways mediated by CYP2C9
and CYP3A4. We assumed that COOH-THC formation and the additional 11-OH-THC CYP2C9 depletion
pathway had the same Km value. Additionally, based on our previous observations, we assumed COOH-
THC was not depleted in the HLM system. While we tested the activity of ALDH enzymes to turn over 11-
OH-THC in cytosolic and S9 fractions, we saw minimal depletion (data not shown), and as such,

restricted the 11-OH-THC depletion model to P450 and UGT enzymes only.

We chose selective inhibitors of CYP2C9 (sulfaphenazole) and CYP3A (itraconazole) to elucidate
the fm and enzyme kinetic parameters (CLint, Km, Vmax) Via each pathway. Since these inhibitors are not
entirely selective, their previously determined inhibition of CYP2C9, CYP3A4, and CYP2D6 (Patilea-
Vrana et al., 2018) was incorporated into the P450 kinetic model. We assumed both sulfaphenazole and
itraconazole were competitive inhibitors of the P450 enzymes. The UGT kinetic model was not split into
specific pathways because we previously were unable to establish UGT1A9 and UGT2B7 fm with

confidence due to poor selectivity of UGT inhibitors.

A P450 or UGT kinetic model was fitted to the in vitro concentration-time profiles of THC and 11-
OH-THC in the presence and absence of sulfaphenazole and itraconazole. The P450 kinetic model was
fitted to COOH-THC concentration-time profile only in the absence of inhibitors since we did not
thoroughly establish the identify and fm of DMEs responsible for COOH-THC formation, as done for 11-
OH-THC. Since CYP2C9*3/*3 subjects had a 3.2-fold lower COOH-THC AUC -inn compared to wild-type
subjects with no significant change in 11-OH-THC AUC (Sachse-Seeboth et al., 2009), we attributed
biotransformation of COOH-THC to CYP2C9 pathway. We used a naive pooled approach implemented in
Phoenix® 8.1, Certara (Princeton, NJ) to model the in vitro data since the biological source in all
experiments was the same pool of HLMs. The general ordinary differential equations (ODE’s) are shown
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below (Eqg. 16-20), where INHpr4s0 enzyme represents the fractional inhibition of enzyme activity by
sulfaphenazole and itraconazole as previously measured using P450 enzyme probes (Patilea-Vrana et

al., 2018). The governing ODE’s are further explained in Section 3.6 SUPPLEMENTARY

INFORMATION.

dC Vmax *C Vmax

THC _dep 11-OH-THCgypace THC
Vine = +
dt 1

*
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*
V. CICCOOH—THC _ VmaXCOOHfTHCCszcg C11—OH—THC
11-OH-THC -
dt Kmll—OH—THCfdepcypzcg +C11—OH—THC
(19)
*
\V} dcll—OH—THC_dep_UGTs _ Vmaxll—OH—THC_depUGTS Cll—OH—THC
11-OH-THC -
dt Kmll—OH—THCfdepUGTS +C11—OH—THC (20)

Since THC and 11-OH-THC incubations used different HLM concentrations (0.02 mg/ml and 0.1 mg/ml,
respectively), Vuc and Vii-on-tHc Were normalized by HLM concentration used, namely 0.05 L/mg and
0.01 L/mg, respectively. The normalized volume (L/mg) was multiplied by the starting cannabinoid
concentrations (uM) to derive the respective cannabinoid incubation dose (in pmol/mg). For the P450
kinetic model, the datasets of when THC was dosed (THC depletion and 11-OH-THC formation
concentration-time profiles) were simultaneously fitted with the datasets of when 11-OH-THC was dosed
(11-OH-THC depletion and COOH-THC formation concentration-time profiles). This simultaneous fitting
approach allowed for parameter estimation of 11-OH-THC formation and depletion kinetic parameters.
When fitting the models to the data, the kinetic parameters from Table 3.2 were used as initial estimates
(obtained as described under the preceding section). Various structural and error models were tested.
Model performance was tested via goodness-of-fit and residual plots. Model validation was performed
using Montel-Carlo simulations using the final P450 kinetic model and an independent dataset not used

during model development.

3.4. RESULTS
3.4.1. Nonspecific, HLM incubation, and plasma protein binding of THC and 11-OH-THC

In the absence and presence of proteins (HLM and BSA), >85% and >90% of THC (500 nM) and
11-OH-THC (50 nM) was bound to the surface of the LB tubes and proteins, respectively (Table 3.1). The
fraction of THC and 11-OH-THC unbound in plasma (fup) was similar but lower than the cannabinoids’

corresponding fuinc (Table 3.1).

Table 3.1. Non-specific, HLM incubation, and plasma protein binding of THC and 11-OH-THC

Cannabinoid fadsorbed® fUinc® fup®
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THC 0.927 £ 0.041 0.040 £ 0.015 0.011 £ 0.001

11-OH-THC 0.864 + 0.049 0.061 + 0.025 0.012 + 0.002

@—The fraction of THC or 11-OH-THC non-specifically bound to the LB tube surface in buffer was calculated
using R, the LB surface partition ratio (Eq. 7) as fadsorbed = 1-R/(R+1). ® — Tube adsorption method was used
to measure fraction unbound in incubations (fuinc) of THC (500 nM) and 11-OH-THC (50 nM) in the presence
of 0.2% BSA and 0.02 or 0.1 mg/ml HLM for THC and 11-OH-THC, respectively. ¢ — Ultracentrifugation with
diluted plasma was used to measure plasma protein binding (fup) of THC (500 nM) and 11-OH-THC (50
nM). Data shown are mean + SD of three independent experiments with four — six replicates per experiment.

3.4.2. Estimates of THC, 11-OH-THC, and COOH-THC depletion and formation kinetics using

substrate depletion and metabolite formation approach

The kinetic profiles THC/11-OH-THC depletion and 11-OH-THC/COOH-THC formation in pooled
HLMs are shown in Figure 3.1. Kinetic parameter estimated using substrate depletion and metabolite
formation in the presence and absence of sulfaphenazole and itraconazole are shown in Table 3.2.
While Kmu of THC depletion and 11-OH-THC formation were nearly identical (7.37 £ 4.91 nM and 7.54 +
3.19 nM, respectively), the THC depletion Vmax was ~4-fold larger than Vmax for the formation of 11-OH-
THC (Table 3.2). Based on the mean CLint values, 26% of THC was metabolized to 11-OH-THC (Table
3.2, Figure 3.1A-B). Formation of COOH-THC was not detected in the aforementioned experiments. Per
average, THC depletion and 11-OH-THC formation CLint decreased 88% and 92% in the presence of

sulfaphenazole, respectively (Table 3.2, Figure 3.2A-B).
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Figure 3.1. In vitro cannabinoid kinetic profiles

Representative kinetic profiles cannabinoid kinetics of A) THC depletion, B) 11-OH-THC formation, C) 11-
OH-THC depletion by UGT and P450 enzymes, and D) COOH-THC formation in pooled HLMs from one
(of three to four) independent experiments, each with duplicate determinations. Depletion rate-constant
(kaep) and formation rate (V) were obtained from cannabinoid concentration-time profiles (see
Supplementary Figure 3.1 for representative profiles). Substrate depletion (Eq. 11) and metabolite
formation (Eq. 13) were used to determine kinetic parameters (Vmax and Km). A substrate inhibition model
(Eg. 14) was used to model COOH-THC formation kinetics. Kinetic parameters estimated from these data
were used as initial estimates for the subsequent modeling of cannabinoid depletion and formation
kinetics using the P450 and UGT kinetics models shown in Figure 3.3.

UGT enzymes had a higher affinity (Km) but lower capacity (Vmax) whereas the P450 enzymes had a lower
affinity but higher capacity for 11-OH-THC depletion (Table 3.2, Figure 3.1C). Furthermore, the CLint of
UGT enzymes was ~ 2-fold larger than CLint of P450 enzymes (Table 3.2). Substrate inhibition (estimated
by Ki) of COOH-THC formation was observed at >10 yM 11-OH-THC concentrations (Figure 3.1D).
Based on the mean CLint values, COOH-THC formation accounted for 2.1% of P450-mediated depletion
of 11-OH-THC (Table 3.2). Per average, 11-OH-THC P450 depletion CLint decreased 34% and 53% in

the presence of sulfaphenazole and itraconazole, respectively (Figure 3.2C). Per average, COOH-THC
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formation CLint decreased 93% in the presence of sulfaphenazole but was not affected by itraconazole

(Table 3.2, Figure 3.2D).
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Figure 3.2. Impact of CYP2C9 and CYP3A4 inhibition on cannabinoid kinetic profiles
Representative kinetic profiles of A) THC depletion, B) 11-OH-THC formation, C) 11-OH-THC depletion by
P450 enzymes, and D) COOH-THC formation in the presence and absence of sulfaphenazole (CYP2C9
inhibitor) and itraconazole (CYP3A inhibitor) from one (of three) independent experiments, each with
duplicate determinations. Inhibition studies were performed over a range of cannabinoid concentrations
that spanned the nonlinear kinetic range (see Figure 3.1). Substrate depletion (Eq. 11) and metabolite
formation (Eq. 13) were used to determine kinetic parameters (Vmax and Km). Representative concentration-
time curves are shown in Supplementary Figure 3.2.
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Table 3.2. Kinetic parameters quantified using the traditional substrate depletion and metabolite formation approach in pooled HLMs

) Vmax Kma Km,ub CLint
Pathway Inhibitor pmol/min/mg UM nM ml/min/mg
None 3150 + 1310 0.18+0.10 7.37+£491 435 + 217
THC depletion
Sulfaphenazole (10 yM) 1064 + 580 0.57 £ 0.47 24.1+21.3 50.9 +22.2
None 803 + 162 0.18 + 0.05 7.54 +3.19 111 +48.8
11-OH-THC formation
Sulfaphenazole (10 M) 515+ 136 142 +0.13 60.0 +21.2 8.66 + 2.88
None 2550 + 107 11.0+0.58 669 + 296 3.82+1.68
11-OH-THC depletion (P450s) Sulfaphenazole (10 uyM) 1701 +96.0 105+ 1.07 679 + 242 2.52+0.88
Itraconazole (2 uM) 194 + 111 1.74+£1.09 112 +£79.8 1.79 + 0.63
None 7.95+0.60 1.51+0.34c 91.8+45.3 0.088 £ 0.041
COOH-THC formation Sulfaphenazole (10 M) n.d. n.d. n.d. 0.006 + 0.003d
Itraconazole (2 uM) 4.57 +0.97 0.98 + 0.55 63.3+415 0.094 + 0.068
11-OH-THC depletion (UGTSs) None 910+ 99.0 1.87+0.24 114 +52.0 8.11 + 3.85

a — not adjusted for incubation binding (fuinc); ° — adjusted for incubation binding (fuinc); ¢ — COOH-THC formation was fitted using a substrate
inhibition model (Eq. 14) Ki was 52.1 + 14.3 uM; ¢ — CLint was determined from the linear slope of [11-OH-THC] vs. velocity of COOH-THC
formation; n.d. — not determined. Inhibition by sulfaphenazole did not lead to saturation of COOH-THC formation and as such, Vmax and Km could
not be determined. Data shown are mean + SD of three to four independent experiments with duplicate determinations per experiment. Error

propagation was applied to the standard deviation of Km,u and CLint using

X

S

- [sx
SZ:Z B
y

y

]2
where X +

y .S
xand ¥ + % represents the mean +

SD of fuinc and Km or CLint,u, respectively. The values shown here were used as initial estimates for the P450 and UGT kinetic model (Figure 3.3).
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3.4.3. Quantifying enzyme kinetics of THC/11-OH-THC using the P450 and UGT kinetic models

Based on kinetic parameters in Table 3.2. the formation of metabolites (11-OH-THC and COOH-THC) do
not completely account for the depletion of their respective parent compounds (THC and 11-OH-THC).
Furthermore, phenotyping data detailed in Chapter 2 demonstrate that multiple DMEs are involved in the
disposition of these cannabinoids. That is, the depletion kinetics of THC and 11-OH-THC in Table 3.2
represent aggregated kinetics of multiple enzymatic pathways and multiple metabolites formed. In order
to tease out the metabolic kinetics via specific enzymatic pathways, we formulated the P450 and UGT
kinetic models (Figure 3.3) using previous data on the identity and fm of the DMEs responsible for the

disposition of THC and 11-OH-THC as shown in Chapter 2 (Patilea-Vrana et al., 2018).
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Km THC_CYP2D6 max COOH-THC_CYP2C9

Km 11-0H-THC_dep_cYP2ce

P

B)
Vmax 11-OH-THC_dep_UGTs

Km 11-0H-THC_dep_UGTs

11-OH-THC >

Figure 3.3. In vitro (P450 and UGT) kinetic models.
The A) P450 kinetic model was developed to account for individual depletion (dep) or formation P450
pathways using previous data that identified the enzymes and their respective fm values that are relevant
to THC and 11-OH-THC disposition in pooled HLMs as described in Chapter 2, Table 2.4. The UGT
kinetic model was not split up to account for individual UGT pathways due to lack of selective UGT
inhibitors (see Chapter 2). The P450 and UGT kinetic models were fitted to the concentration-time
profiles of THC, 11-OH-THC, and COOH-THC after incubation with either THC (green arrow) or 11-OH-
THC (blue arrow) in the absence of presence of sulfaphenazole (SLF, CYP2C9 inhibitor) and itraconazole
(ITZ, CYP3A inhibitor). Kinetic models were fit to data from three to four independent experiments. Kinetic
parameters from Table 3.2 were used as initial estimates. Description of the governing ordinary
differential equations can be found in Section 3.6 SUPPLEMENTARY INFORMATION.
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We used the data from Table 3.2 as initial estimates in the kinetic P450 and UGT kinetic models.
While COOH-THC showed substrate inhibition at 11-OH-THC concentrations greater than 10 uM (Figure
3.1D, Table 3.2), including substrate inhibition in the model did not have a significant decrease in the -
2LL or AIC values (data not shown). Therefore, COOH-THC formation was modeled without substrate
inhibition. Because the identity and fm of DME’s responsible for COOH-THC formation are not relevant to
the depletion kinetics of THC and 11-OH-THC, they were not characterized. Thus, only the formation of
COOH-THC in the absence of inhibitors was modeled. The absence of COOH-THC concentration-time
data did not affect 11-OH-THC parameter estimation in the presence of inhibitors since formation of

COOH-THC accounted for only a small percentage of 11-OH-THC depletion (data not shown).

Goodness-of-fit plots of the P450 and UGT kinetic models show good fit to the observed
concentration-time profiles of THC depletion, 11-OH-THC formation/depletion, and COOH-THC formation
(Figure 3.4). Furthermore, the observed vs. predicted concentrations closely follow the line of unity

(Supplementary Figure 3.3).

The final parameter estimates and CV% of the estimates from the P450 and UGT kinetic models
are summarized in Table 3.3 and Figure 3.5. Final fm estimates using the CLin estimates from the P450
and UGT kinetic models are summarized in Table 3.4. The overall THC depletion CLint was 236
ml/min/mg with 11-OH-THC formation (CLint = 214 ml/min/mg) by CYP2C9 accounting for 91% of THC
depletion. CYP2D6 mediated the remaining 9% of THC depletion. To note, since CYP2D6 is highly
polymorphic enzyme, the CYP2D6 fm would decrease in CYP2D6 poor metabolizers while CYP2C9 fm
would approach 1. THC affinity (Km,u) for CYP2C9 was 79-fold larger than that for CYP2D6. The final CLint
parameter estimates for THC depletion and 11-OH-THC formation are ~2-fold smaller and larger,
respectively, when compared to the kinetic parameters estimated using substrate depletion and
metabolite formation approach in Table 3.2.

The overall 11-OH-THC depletion CLint was 12.9 ml/min/mg. P450 and UGT enzymes accounted
for 23% and 67% of total 11-OH-THC depletion CLin, respectively. 11-OH-THC Km,u for CYP2C9 was
lower than that for CYP3A4 (32.7 nM vs. 824 nM). Nevertheless, due to the difference in Vmax value of the
enzymes, CYP2C9 and CYP3A4 contribution to the total P450-mediated 11-OH-THC depletion was 45%
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and 55%, respectively. COOH-THC formation accounted for 3.7% of overall 11-OH-THC P450-mediated
depletion. The final CLint parameter estimates for 11-OH-THC depletion are comparable to the kinetic
parameters estimated using substrate depletion approach in Table 3.2. Furthermore, the fm values
estimated using in vitro modeling are comparable to adjusted fm measured using selective inhibitors as

shown in Chapter 2, Table 2.4.

A) — : , B) C)
L e — E—— 10 1
; ':___'::'_-__—_-_‘—-_::.________-___-3 ; =
- —f— — 1 — E 2
T RS E Q
REE] o N o 04 1 F
T BRI~y ~ T T
- e ~ ~ feina o
0.01 2 %) 0.01 i =
0.001 F L . 0.001 L . 0.001 ! .
0 20 40 60 0 20 40 60 0 20 40 60
Time (min) Time (min) Time (min)
D) E) F)
T T 100
1- -
o o1 ; 1 g 5
I o 8 I I
= 9 of ég oy =
T o880 — T 01 T
Q o0f i 2 3
- ° - =
b= gfi/y T oofiiad b=
0.001 L L 0.001° 0.001 L . L . L
0 20 40 60 0 15 30 45 60 75 90 0 15 30 45 60 75 90
Time (min) Time (min) Time (min)
G) H) ]
100 T T T T T 100 T T T T T 01
v v ¥
- ¥ ¥
= M J S I =
= ——t — - s =
¢ M—u— 5 1 g9 — 2
I 1 I 3 T L
E 2 L\'\i\’\' = 001
T . 3 T I
5 Ferees G o0 1 3
T o0} 1 = h,\'\N i S
0.01 v 1
0.001 L \ f i L F"‘!\l\. | 5 1 0.001 Al ] i L 1
0 15 30 45 60 75 90 0 15 30 45 60 75 90 0 15 30 45 60 75 90
Time (min) Time (min) Time (min)

Figure 3.4. Goodness-of-fit plot of in vitro kinetic models.

Observed (dots) and model fit (lines) of in vitro concentration-time profiles of THC in the A) absence and
B) presence of sulfaphenazole, 11-OH-THC formation in the C) absence and D) presence of
sulfaphenazole, 11-OH-THC depletion by P450 enzymes in the E) absence and presence of F)
sulfaphenazole and G) itraconazole, H) 11-OH-THC depletion by UGT enzymes and I) and COOH-THC
formation in the absence of inhibitors. Each line represents a different incubation concentration of THC or
11-OH-THC. Additional goodness-of-fit graphs are shown in Supplementary Figure 3.3.



The P450 kinetic model was validated using an independent data set and Monte-Carlo
simulations (Supplementary Figure 3.4). Using the final P450 kinetic model parameter estimates, ten
individual Monte-Carlo simulations of THC concentration-time profiles were generated and compared with
observed data from an independent incubation of 500 nM THC with HLMs. The simulations were in good

agreement with the observed data (Supplementary Figure 3.4).

Table 3.3. Kinetic parameters estimate and CV% using in vitro kinetic modeling

Pathway Enzyme(s) Vinex Ken K CLint
pmol/min/mg uM nM ml/min/mg
THC depletion? P450s — — — 236 (48%)
11-OH-THC formation CYP2C9 624 (1.5%)  0.07 (3.6%) 2.91 (36%) 214 (34%)
Unknown®? CYP2D6 4905 (17%)  5.48 (20%) 231 (44%)  21.3 (34%)
11-OH-THC depletion? P450s/UGTs — — — 12.9 (26%)
COOH-THC formation CYP2C9 4.83(1.7%) 0.50 (3.7%) 32.7 (44%)  0.15 (34%)
Unknownb CYP2C9 54.4 (5.6%)  0.50 (3.7%) 32.7 (44%)  1.70 (34%)
Unknownb CYP3A 1826 (6.3%)  12.8(8.1%) 824 (59%)  2.21 (34%)
Unknownb UGT2B7/1A9 343 (3.7%)  0.64 (4.4%) 39.0 (44%)  8.80 (44%)

a Depletion of THC or 11-OH-THC signifies total (aggregated) depletion and is reported as the sum of the
CLint values of the various enzymatic pathways. ® Metabolite formed not-measured. The P450 and UGT
kinetic models were fitted to data from three to four independent experiments (see Section 3.3
METHODS and for description of the kinetic models). Kinetic parameters shown in Table 3.2 were used
as initial estimates. Data shown are parameter estimate and the confidence in these estimates (CV%).
Kmuuand CLint parameter estimates and CV% were corrected for incubation binding using fuinc (Table 3.1).

Table 3.4. Fractional metabolism (fm) estimated using the in vitro kinetic models

Enzvme THC 11-OH-THC 11-OH-THC
y depletion formation depletion
CYP2C9 0.91 (0.4%) 1 (fixed) 0.15 (3.6%)
CYP3A 0 (fixed) 0 (fixed) 0.18 (3.0%)
CYP2D6 0.09 (4.4%) 0 (fixed) 0 (fixed)
UGTs 0 (fixed) 0 (fixed) 0.67 (12%)

fm values were calculated using CLint values (see Table 3.3). Data shown are parameter estimates and

CV% of the estimates.

87




THC

N\
CYP2D6 CYP2C9
Kne=231nM K, ,=2.91nM
f,= 0.09 fn= 0.91
11-OH-THC
UGT enzymes CYP3A4 CYP2C9
(UGT2B7and 1A9) K, ,=824nM K, ,=32.7nM
Ky =39nM f,=0.18 fn=0.15
f,=0.67
l f,=0.08
COOH-THC

Figure 3.5. Enzymatic pathways and kinetics of THC, 11-OH-THC, and COOH-THC in HLMs.

3.5. DISCUSSION

We previously identified that CYP2C9 is the most relevant P450 enzyme to the depletion and
formation of THC and 11-OH-THC, respectively, while UGT enzymes, CYP3A4, and CYP2C9 are the
most relevant DMEs to the depletion of 11-OH-THC (Patilea-Vrana et al., 2018). However, we previously
determined cannabinoid fm values using maximum plasma concentrations (Cmax) observed after smoking
cannabis, i.e. 500 nM THC and 50 nM 11-OH-THC (Hunault et al., 2014). Since THC concentrations
quickly decline after inhalation Cmax has been reached, it is necessary to elucidate the enzyme kinetics
that drive cannabinoid disposition at various concentrations. Here, we extend our previous work detailed
in Chapter 2 and provide kinetic parameter estimates (Vmax, Km, CLint) Of the relevant enzymatic pathways
responsible for THC and 11-OH-THC disposition. These parameters, in addition to estimates of plasma
protein binding (fup), provide the hepatic metabolism parameters necessary to eventually predict

cannabinoid exposure during pregnancy via PBPK M & S (see Chapter 4).

We quantified the metabolic kinetics of THC and 11-OH-THC using the substrate depletion and

metabolite formation approach in pooled HLMs (Figure 3.1). However, the depletion approach cannot
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account for nonlinearity in the concentration-time profile when fitting the data using a monoexponential
decay curve (usual practice) nor can the metabolite formation approach account for subsequent
metabolite depletion. Furthermore, since THC and 11-OH-THC are metabolized by multiple enzymes, the
metabolic kinetics are representative of total, or aggregated, enzyme kinetics. To accurately estimate the
relevant kinetic parameters, we fitted a sequential P450 and UGT kinetic model simultaneously to THC
depletion, 11-OH-THC formation, and 11-OH-THC depletion concentration-time profiles using a naive-
pooled approach (Figure 3.3). The modeling approach improved parameter estimate by accounting for
the aforementioned limitations. For example, based off CLint values in Table 3.2, 11-OH-THC formation
accounted for 26% of THC depletion, however, CLin estimates using the P450 model in Table 3.3
estimate that 91% of THC is metabolized to 11-OH-THC. Indeed, previous studies has shown 11-OH-
THC is the major metabolite of THC (Agurell et al., 1986) and furthermore, at THC concentrations less
than Km, 11-OH-THC formation accounted for majority of THC depletion (Supplementary Table 3.1).
Lastly, previously established cross-inhibition of sulfaphenazole and itraconazole was incorporated into
the P450 kinetic model, thus improving the accuracy of the estimated enzyme kinetic parameters.

The microsomal protein binding of drugs in HLM incubations is an important parameter for
correctly estimating the vitro Km and CLint and therefore accurate prediction of in vivo hepatic clearance
of THC/11-OH-THC (Obach, 1997). THC and 11-OH-THC are lipophilic compounds with logP of 6.97 and
5.33, respectively (Thomas et al., 1990) and as such, have high microsomal protein and non-specific
binding. In the absence of microsomal proteins, THC and 11-OH-THC were extensively (>85%) bound to
the LB tubes (Table 3.1). Indeed, others have also reported that polycarbonate and polypropylene
containers show extensive nonspecific THC binding (up to 80%) (Garrett and Hunt, 1974). Silanized glass
can reduce nonspecific binding of drugs, however, we found that the THC depletion kinetics were
comparable between silanized glass and LB tubes (data not shown). Therefore, due to ease of use, we
adopted to use the LB tubes for all subsequent studies. In our studies, THC and 11-OH-THC fuinc was
0.040 + 0.015 and 0.061 + 0.025, respectively (Table 3.1). This binding was dependent on BSA
concentrations when tested between 0.02 — 2% BSA but independent of the microsomal concentration
(0.02 and 0.1 mg/ml) when 0.2% BSA was included (data not shown). Lastly, we measured plasma

protein binding at a single concentration of THC (500 nM) and 11-OH-THC (50 nM) because a previous
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study reported that this binding is linear across THC concentrations spanning 0.00318 — 3.18 uM (Garrett

and Hunt, 1974).

Formation of 11-OH-THC by CYP2C9 (fm = 0.91) accounted for most THC depletion while the
remaining depletion pathway (fm = 0.09) was attributed to CYP2D6 (Table 3.4). This is consistent with
our in vitro results in Chapter 2 as well as PK studies in CYP2C9 polymorphic subjects (Sachse-Seeboth
et al., 2009; Patilea-Vrana et al., 2018). It should be noted that in our previous study, we also saw
metabolism of THC by recombinant CYP1A1/2, 2C19, 3A4/5, but the contributions via these enzymes
were not significant in HLMs at 500 nM THC (Patilea-Vrana et al., 2018). Metabolites from the minor THC
depletion pathway can be due to hydroxylation of THC at the C8 position on the alicyclic ring that forms
8a/B-OH-THC or positions of the pentyl chain (Bornheim et al., 1992; Watanabe et al., 2007; Dinis-
Oliveira, 2016). The total (aggregated) THC depletion CLint was 236 ml/min/mg (Table 3.3). The depletion
Km and CLint of THC in HLMs has been reported by others to be 3.76 pM and 2.24 ml/min/mg,
respectively by Benito-Gallo et al. (Benito-Gallo et al., 2016). The presence of BSA in our study which led
to THC fuinc of 0.04 is much smaller than the predicted fuinc by Benito-Gallo et al. of 0.51 and as such,
differences in protein binding may contribute to the difference in CLin. The reason for the difference in the
CLint estimate is unknown. Formation kinetics of 11-OH-THC were Kmu = 2.91 nM and CLint = 214
ml/min/mg (Table 3.3). Bland et al., found that 11-OH-THC formation from THC had an apparent Kn of
0.8 uM (tested at 0.25 — 20 yM THC), however, we cannot compare this value with the Kmu reported here

(2.91 nM) since fuinc was not reported in the aforementioned study.

Here, we provide the first report of 11-OH-THC depletion kinetic estimates. Like our previous
results in Chapter 2, UGT enzymes (fm = 0.67) have a higher contribution to 11-OH-THC depletion
compared to P450 enzymes (fm = 0.23). The affinity of CYP2C9 for 11-OH-THC is higher than that for
CYP3A4 (Kmu of 32.7 nM vs. 824 nM) but the reverse is true for CLint (CLint 0f 2.21 vs. 1.70 ml/min/mg)
indicating both enzymes will likely play a significant role in the clearance of 11-OH-THC. This conclusion
is consistent with two studies. In the first, after oral administration of THC, 11-OH-THC plasma AUC o-inf)
did not change in CYP2C9*3/*3 subjects even though THC plasma AUC«-inf) increased three-fold, thus
indicating that CYP2C9 impacts both the formation and depletion of 11-OH-THC. In the second, 11-OH-
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THC plasma AUCo-inf) increased 1.84 — fold when Sativex®, an oromucosal spray containing equal part
THC and CBD, was co-administered with ketoconazole, a CYP3A inhibitor. COOH-THC accounted for
3.7% of total 11-OH-THC depletion. Other metabolites, such as 83-11-di-OH-THC may have been
formed (Dinis-Oliveira, 2016). Indeed, when 11-OH-THC is administered 1V, 80% of the total radiolabeled
dose is excreted in feces, mainly as unchanged 11-OH-THC and 8p-11-di-OH-THC (Lemberger et al.,

1972a).

The measured THC and 11-OH-THC fup (Table 3.1) using ultracentrifugation is consistent with
previous reports of THC and 11-OH-THC plasma protein binding of <0.01 — 0.03 (Garrett and Hunt, 1974;
Widman et al., 1974; Fanali et al., 2011; Benito-Gallo et al., 2016). Adjusting the Cmax of THC and 11-OH-
THC after inhalation or oral administration of cannabis by the fup (Table 3.1), the THC and 11-OH-THC
unbound Cmax can reach 8.08 nM and 0.60 nM, and 1.82 nM and 0.24 nM for inhalation and oral
administration, respectively (Hunault et al., 2008; Lile et al., 2013). This suggests that 11-OH-THC
formation may be saturated during smoking but not oral administration because the THC unbound plasma
concentration is larger than 11-OH-THC Kmu of 2.91 nM for the former but not latter. However, the
observed data on the PK of THC are contradictory. THC and 11-OH-THC Cmax and AUCo-snr did not
increase with dose when cannabis cigarettes containing 9.8%, 16.4%, and 23.1% (weight/weight) THC
were smoked (Hunault et al., 2008). But, in a similar study design completed by the same group, the THC
Cmax values increased in proportion with dose (Hunault et al., 2014). After intravenous or inhalational
administration of THC, the plasma concentration of THC decline extremely rapidly with a half-life of 2.8
min (Hunt and Jones, 1980). Thus, for an unbound THC Cmax of 8.08 nM, it would take less than 6 min for
the unbound THC plasma concentration to drop to < 2.91 nM, the Km, for the formation of 11-OH-THC.

Thus, it is not surprising that it would be difficult to observe nonlinear PK of THC in vivo.

The metabolic parameters generated thus far (fm, CLint, Vmax, and Km) will be included in the
maternal-fetal PBPK model to predict cannabinoid exposure during pregnancy (see Chapter 5). CYP2C9,
CYP3A4, and CYP2D6 are induced during pregnancy 1.6 — 2-fold (Anderson, 2005; Ke et al., 2014b),
and thus can increase the depletion/formation of THC and 11-OH-THC. Alterations during pregnancy in
the concentration of plasma binding proteins may also impact the maternal and thus fetal cannabinoid
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clearances. Albumin concentrations decrease however lipoprotein concentration increase with gestational
age (Wiznitzer et al., 2009; Ke et al., 2014b). Using zonal ultracentrifugation, 63% of THC was associated
to the lipoprotein fraction, primarily to low density lipoprotein (LDL) (Klausner et al., 1975). Thus, the total
impact of all the above changes on maternal-fetal exposure to THC/11-OH-THC remains to be

determined via PBPK M&S.

In summary, we report the in vitro enzyme kinetics of THC and 11-OH-THC (Table 3.3, Figure
3.5). THC is mainly metabolized to 11-OH-THC by CYP2C9 with affinity (Km,u) that can be lower than
unbound plasma concentrations after inhalation but not oral administration of cannabis. While this may
lead to saturation of CYP2C9 metabolism in vivo, the fast decline in plasma concentrations due to rapid
distribution and clearance likely results in minimal or no observable THC PK nonlinearity in vivo. CYP2C9
and CYP3A both will likely contribute to the clearance of 11-OH-THC in vivo. The mechanistic information
provided here was extrapolated to in vivo and used to build and verify a PBPK model of THC and 11-OH-
THC disposition in honpregnant population (see Chapter 4). The nonpregnant THC/11-OH-THC model
was extrapolated to a pregnant population using the m-f-PBPK model and used to simulate maternal and

fetal THC and 11-OH-THC concentrations during pregnancy (Chapter 5).
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3.6. SUPPLEMENTARY INFORMATION

The cannabinoid HLM concentration-time curves were fitted using the ordinary differential
equations (ODE’s) shown below (Supplementary Eq. 21-29) (see Figure 3.3). CTR, SLF, and ITZ
subscripts represent the control (no inhibitor), sulfaphenazole, and itraconazole incubations, respectively

(see Supplementary Figure 3.1 and Supplementary Figure 3.2).

dCTHCCTR — V maXllfOHfTHCCYPZCQ X CTHCCTR _ V maXTHCCYPZDG X CTHCCTR
Ve dt K C K 1)
m m

11-OH-THCcypoco + THCcrr THCcyp2ps + THCcrr
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Vine =

dt
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X V max X
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(29)

We assumed that CYP2C9 Km for COOH-THC formation and the secondary CYP2C9 mediated

11-OH-THC depletion pathway was the same. In addition, we assumed sulfaphenazole and itraconazole

inhibit P450 enzymes competitively.
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Vrhe and Vii-on-tHe are the incubation volumes normalized for HLM protein concentration (0.02
mg/ml and 0.1 mg/ml THC and 11-OH-THC incubations, respectively). These were set at 0.05 L/mg and
0.01 L/mg, respectively. Doses were also normalized by the HLM concentration and are expressed as

pmol/mg.

CrHeerr @and Cat-om_tHe o are the observed THC and 11-OH-THC concentrations when 0.010 —
14.3 uM THC was incubated in the absence of inhibitors. Ci1-on-THc_dep o1 @Nd Ccoon-THe 1 are the

observed 11-OH-THC and COOH-THC concentrations when 0.013 — 60 yM 11-OH-THC was incubated

with NADPH (P450 metabolism) in the absence of inhibitors. Ci1-ox-THc_dep o7 are the observed 11-OH-

THC concentrations when 0.013 — 60 yM 11-OH-THC was incubated with UDPGA (UGT metabolism).

In a limited dataset, 0.02 — 2 yM THC and 0.5 - 5 yM 11-OH-THC was incubated in the presence

of sulfaphenazole (SLF — CYP2C9 inhibitor) and itraconazole (ITZ — CYP3A inhibitor). Crrcg . and Cii-om-
THCg, ( are the observed THC and 11-OH-THC concentrations in the presence of SLF when THC was
incubated with HLMs. C11-oH-THC_dep g r @Nd C11-0H-THC_dep 1, are the observed 11-OH-THC concentrations
in the presence of SLF and ITZ when 11-OH-THC was incubated with HLMs. Since COOH-THC accounts

for <5% of 11-OH-THC P450 depletion and COOH-THC kinetics are not the focus on this study, only the

control observations were modeled.

The inhibition of SLF and ITZ has been previously established in Chapter 2 (Table 2.2). SLFzcg,
SLF2pe, and SLFzasis the sulfaphenazole fractional inhibition of CYP2C9 (SLFcvyp2co = 0.99), CYP2D6
(SLFcyp2ps = 0.18), and CYP3A4 (SLFcypsas = 0.28). ITZcypzas and ITZcyp2co and is the itraconazole
fractional inhibition of CYP3A4 (ITZcypsas = 0.98), CYP2C9 (ITZcvr2co = 0.44). Competitive inhibition of the

P450 enzymes by SLF and ITZ was assumed.

The P450 kinetic model (Supplementary Eq. 1-8) was applied by simultaneously fitting all
observed data (i.e. THC, 11-OH-THC, COOH-THC in the presence and absence of inhibitors) from
incubations mediated by P450 enzymes. The UGT kinetic model (Supplementary Eq. 9) was applied by

fitting all observed data from incubation mediated by UGT enzymes.
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Supplementary Figure 3.1. In vitro concentration-time profiles of THC and its metabolites
Representative concentration-time profiles of A) THC depletion and B) 11-OH-THC formation at different
THC concentrations in pooled HLMs. Representative concentration-time profiles of C) 11-OH-THC
depletion by P450 enzymes D) COOH-THC formation and E) 11-OH-THC depletion by UGT enzymes at
different 11-OH-THC concentrations in pooled HLMs. Depletion rate constant (kdep) Was obtained by fitting
Eq. 11 to the concentration-time curves (panels A, C, E). Formation rate (V) was obtained through linear fit
of the metabolite concentration-time profile of timepoints that corresponded to <20% parent (Panels B and
D). Data shown is representative of one (of three to four) independent experiments, each with duplicate
determinations.
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Supplementary Figure 3.2. Impact of P450 inhibition on cannabinoid disposition in vitro
Representative concentration-time profiles of A) THC depletion and B) 11-OH-THC formation at different
THC concentrations in the absence (DMSO control with no inhibitor, CTR) and presence of sulfaphenazole
(SLF; CYP2C9 inhibitor) in pooled HLMs. Representative concentration-time profiles of C) 11-OH-THC
depletion by P450 enzymes D) COOH-THC formation at different 11-OH-THC concentrations in the
absence and presence of SLF and itraconazole (ITZ; CYP3A inhibitor) pooled HLMs. These experiments
were conducted with limited THC/11-OH-THC concentrations that are within the nonlinear range (see
Figure 3.1). kaep and V were obtained as described in Supplementary Figure 3.1. Data shown is
representative from one (of three) independent experiments, each with duplicate determinations.
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Supplementary Figure 3.3. Goodness-of-fit plot of P450 and UGT kinetic models
Predicted versus observed concentrations (dots) and the line of unity for P450 (panels A-H) and UGT (panel
) kinetic models.
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Supplementary Figure 3.4. Model validation of in vitro P450 kinetic model
Monte-Carlo simulations (lines, 10 individual simulations) using P450 kinetic model estimates (Table 3.3)
shows good agreement with observed concentrations (dots) from an independent dataset with duplicate
determinations of A) 500 nM THC depletion and subsequent B) 11-OH-THC formation in pooled HLMs.

99



Chapter 4. Development and verification of a linked THC/11-OH-THC PBPK model in a healthy

nonpregnant population
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41. ABSTRACT

The prevalence of cannabis use among pregnant women is rising. The impact of increased in utero
exposure to cannabis to fetal outcomes is unknown. The psychoactive cannabinoid, THC and its active
hydroxy metabolite, 11-OH-THC, have been shown to perpetrate fetal risk in preclinical studies.
Therefore, to elucidate the impact of maternal cannabis use on fetal outcomes, the maternal THC and 11-
OH-THC exposure must be known. Since measuring cannabinoid maternal concentrations in the clinic is
logistically and ethically difficult, we used PBPK modeling and simulation as an alternative, non-invasive
approach to predict THC and 11-OH-THC concentrations throughout pregnancy. Here, we extrapolated
the in vitro mechanistic PK information outlined in Chapters 2 and 3 to build a linked THC/11-OH-THC
PBPK model in a healthy nonpregnant population and verified with observed data after IV administration
and inhalation of THC. Inhalation was chosen as the administration route since it is the most popular. The
in vitro to in vivo extrapolation (IVIVE) of both THC and 11-OH-THC disposition was successful. The
bioavailability (Finn) of THC after inhalation was higher in chronic versus casual cannabis users (Finh =
0.35 and 0.19, respectively). THC clearance was not sensitive to small alterations in intrinsic clearance
(CLint) whereas 11-OH-THC was. Based off this data, it is expected that THC exposure will not change
during pregnancy but 11-OH-THC exposure will decrease. By building and verifying the linked THC/11-
OH-THC PBPK model in a healthy nonpregnant population, a mechanistic physiological and
pharmacokinetic platform now exists that can be extrapolated for predictions beyond pregnancy, such as

impact of drug-drug interactions and genetic polymorphism on disposition of THC and 11-OH-THC.

4.2, INTRODUCTION

Epidemiological studies have shown that maternal marijuana (cannabis) use is associated with
neonatal morbidity and subtle but persistent neurodevelopmental consequences (Huizink, 2014; Gunn et
al., 2016; Metz et al., 2017; Stickrath, 2019). However, these results are confounded by factors such as
reliance on self-reporting of cannabis use, concurrent tobacco and alcohol use, socioeconomic
background, and types (e.g. joints, edibles) and modes (e.g. smoking, vaping, eating) of cannabis
products consumed. Prospective clinical studies are required to establish the independent risk associated

with maternal cannabis, however, such studies are not ethical. Animal and in vitro studies have identified
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(-)-AS-tetrahydrocannabinol (THC), the psychotropic component of cannabis, and its active metabolite, 11-
OH-THC, as potential perpetrators of fetal developmental risk (Paria et al., 1995; Wang et al., 2006;
Tortoriello et al., 2014; Costa et al., 2015). But these studies cannot be translated to humans without
taking into consideration of differences in maternal-fetal exposure to these cannabinoids. As such, in
order to anticipate the risk associated with maternal cannabis use, the THC and 11-OH-THC exposure
during pregnancy must be predicted as quantifying this exposure is logistically difficult (maternal) or not

possible (fetal).

A non-invasive approach to predicting cannabinoid exposure in such special populations is via
physiologically based pharmacokinetic modeling and simulation (PBPK M & S). PBPK models incorporate
physiological and drug dependent information to mechanistically predict drug disposition in vivo. Drug
dependent information includes the identity of the drug metabolizing enzymes (DMESs) and their kinetics.
We have previously identified the hepatic enzymes responsible for the disposition of THC and 11-OH-
THC (Chapter 2) (Patilea-Vrana et al., 2018) and their kinetics (Chapter 3). Once a PBPK model is
developed and verified in a healthy population, the model can be extrapolated to pregnant populations by
accounting for gestational-age physiological changes, such as increase in DME expression. For example,
the activity of the two major DME’s relevant to THC and 11-OH-THC disposition, cytochrome P450
enzymes CYP2C9 and CYP3A4, increase 1.5 — and 2 -fold, respectively, during pregnancy (Anderson,
2005; Ke et al., 2014b). We have previously demonstrated successful prediction of maternal and fetal
drug concentrations at term for drugs that are substrate of CYP2C9 and CYP3A4 using PBPK M & S (Ke
et al., 2012; Ke et al., 2014a; Zhang and Unadkat, 2017). Using a similar approach, extrapolations of THC

and 11-OH-THC can be made from healthy nonpregnant to pregnant populations.

Therefore, the aims of this study were to i) extrapolate the previously quantified in vitro enzyme
kinetics of THC and 11-OH-THC shown in Chapter 3 to build and ii) verify a linked THC/11-OH-THC
PBPK model after IV and inhalation of THC in a healthy nonpregnant population. The final THC and 11-
OH-THC models were verified after IV and inhalation but not oral administration of THC since mechanistic
data on extrahepatic metabolism is missing. Importantly, smoking cannabis is the most popular route of
administration, and thus relevant (Schauer et al., 2016). The predictions of THC and 11-OH-THC
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concentrations during pregnancy via PBPK M & S are a crucial component in establishing the
pharmacologically relevant concentrations necessary to use in preclinical studies, and therefore translate
preclinical fetal safety and toxicity of in utero cannabis exposure to humans. While the focus of our study
was to extrapolate cannabinoid disposition to pregnancy, the linked THC/11-OH-THC model can be
mechanistically extrapolated to predict cannabinoid disposition in other special populations, such as

disease populations, subjects with genetic polymorphism, and drug-drug interactions.

43. MATERIALS AND METHODS

4.3.1. General workflow of the linked THC/11-OH-THC PBPK model development

The workflow of the linked THC/11-OH-THC PBPK model using is depicted in Figure 4.1. The
THC and 11-OH-THC models were developed using Simcyp (Simcyp® Population-based Simulator
Version 16, Simcyp Limited, Sheffield, UK). The parent model for THC was developed first and verified
using observed data after IV administration of THC. Simulations of THC after inhalation were conducted
using the final THC IV model with in vivo estimated adsorption parameters (absorption rate constant - ka
and inhalation bioavailability - Finn) and compared to observed values. Due to lack of viable datasets
where 11-OH-THC was administered independently, the metabolite 11-OH-THC model was developed
using an IV THC training dataset where 11-OH-THC was monitored. The 11-OH-THC model was verified
using observed data after inhalation of THC. Since the purpose of the inhalation datasets was to verify
the 11-OH-THC model, THC Finn was optimized in order for the simulated THC AUCo.tand Cmax to
approximate observed values. Finally, the linked THC/11-OH-THC PBPK model was adjusted for
gestational-dependent physiological changes and used to simulate THC and 11-OH-THC disposition

during pregnancy.

The inclusion criteria for clinical studies used for model development included single dose studies
in healthy individuals of 1V and inhalation of THC and 11-OH-THC with no exclusion made for sample
size, gender, frequency of cannabis use, or bioanalytical methodology. Where available, the following
pharmacokinetic (PK) parameters were collected: area under the curve (AUC), maximum plasma

concentrations (Cmax), clearance (CL), volume of distribution at steady-state (Vss) and terminal half-life
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(tu2). If available, concentration-time profiles were digitized using the online semi-automatic tool

WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/). If the AUC was not reported but the

concentration-time profile was provide, AUC was estimated via noncompartmental analysis in Phoenix®

8.1, Certara (Princeton, NJ). The details and observed PK parameters for IV and inhalation datasets can

be found in Supplementary Tables 4.1 and 4.2, respectively.
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properties, in vitro metabolism,
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11-OH-THC Initial Model
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properties, in vitro metabolism

Refine
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[ Training: IV THC datasets

Optimize THC CL and V. profile ’
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Training: 11-OH-THC after
IV THC dataset
Use THC final IV model to
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Verify THC

[ Verification: IV THC datasets
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Simulated THC AUC, to fall
within 95% CI| of observed value

Optimize 11-OH-THC CL and V.,
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inhalation THC datasets
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inhalation model to simulate
THC concentrations
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(
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THC/11-OH-THC Final Model
in healthy subjects

Figure 4.1. General workflow of THC and 11-OH-THC PBPK model development and verification
in a healthy nonpregnant population.
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In order to assess the quality of the observed data and identify any potential outliers, the THC
and 11-OH-THC concentration-time profiles were normalized with respect to THC dose (Supplementary
Figure 4.1). As shown in Supplementary Figure 4.1A, studies that used thin layer chromatograph (TLC)
had similar trends in the initial decrease of THC concentrations but remarkably different profiles in the
elimination phase when compared to all other studies. For example, THC clearance estimated by via TLC
(Wall et al., 1983) was 12-15 L/hr whereas studies that used high performance liquid chromatography -
standard ultraviolet (HLPC- UV) (Hunt and Jones, 1980) or gas chromatograph-mass spectrometry (GC-
MS) (Ohlsson et al., 1982; Kelly and Jones, 1992; Naef et al., 2004) estimated THC clearance between
36-59 L/hr (see Supplementary Table 4.1). A similarly much longer half-life can be observed in the TLC
studies by (Lemberger et al., 1970; Lemberger et al., 1971; Lemberger et al., 1972b; Wall et al., 1983)
when compared to the remaining studies (Supplementary Figure 4.1A). It should be noted the TLC
studies were from two different groups so it is likely that the analytical methodology of TLC versus HLPC-
UV or GC-MS may contribute to the difference. As such, any TLC studies were removed and not used
during THC or 11-OH-THC model training and verification. Lastly, the study from Brenneisen et al., 2010
was removed from the inhalation datasets since both THC and 11-OH-THC concentrations were at least
an order of magnitude smaller than all other studies. The reason for this discrepancy is unknown. All of
the studies had small samples size (n = 3-22), mostly male subjects, and were of younger age. Due to
these characteristics, there is larger interindividual and interstudy variability (see Supplementary Tables
4.1-4.2). A designation of chronic and casual cannabis users was given using an arbitrary cutoff of

cannabis use more or less than twice a week, respectively (Table 4.2-4.3).

4.3.2. Model training and verification for THC

Input values for the final THC PBPK model are listed in Table 4.1. Physicochemical properties for
THC were collected from literature. To note, the THC blood-to-plasma (B:P) ratio reported by Giroud et
al., 2001 was chosen over the reported THC B:P of 0.39 by Schwilke et al., 2009 even though the latter
had a larger sample size (n = 8 versus 75) because the latter value required an adjustment of the
hematocrit to 0.61, which is outside of the range of hematocrit levels for healthy individuals (Giroud et al.,
2001; Schwilke et al., 2009). Furthermore, we originally built the initial THC model using our previously
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measured unbound fraction in plasma (fup) of 0.011 (Chapter 3, Table 3.1), but later optimized THC fup

using the Simcyp Prediction Toolbox.

Table 4.1. Drug-dependent parameters of THC and 11-OH-THC used for PBPK M & S

Parameter THC Reference 11-OH-THC Reference
Physicochemical properties
Molecular weight (g/mol) 3145 ChEMBL 330.5 ChEMBL
Log of octanol:water partition 6.97 (Thomas et al., 1990) 5.33 (Thomas et al., 1990)
coefficient (logPo.w)
Compound type Neutral ChEMBL Neutral ChEMBL
Blood-to-plasma (B:P) 0.667 (Giroud et al., 2001) 0.625 (Giroud et al., 2001)
fUplasma 0.002 Predicted in Simcyp 0.005 Optimized
Plasma binding proteins HSA (Klausner et al., 1975) HSA Assumed same as
Lipoprotein Lipoprotein THC
(63% bound) (63% bound)
Distribution — full PBPK model
Vss (L/kg) 6.5 Estimated using NLME 3.8 Predicted?®
Kp scaler 0.004 Adjusted to match Vss. Kp —
values predicted @
Lipid binding scaler — 0.059 Predicted in Simcyp
Lung ka (hr?) 12 Estimated using NLME —
Lung Finn 0.22 Estimated using NLME —
Elimination — enzyme kinetics
CYP2C9
Vmax (pmol/min/mg) (metabolite 624 Measured —
formed: 11-OH-THC)
Km (UM) (fuinc) 0.07 (0.04) Measured —
Vmaxa (Pmol/min/mg) (metabolite — 4.83 Measured
formed: COOH-THC)
Km (M) (fuinc) — 0.50 (0.06) Measured
Vmaxz (Pmol/min/mg) — 54.4 Measured
Km (M) (fuinc) — 0.50 (0.06) Measured
CYP3A4
Vmax (pmol/min/mg) 4905 Measured 1826 Measured
Km (UM) (fuinc) 5.48 (0.04) Measured 12.8 (0.06) Measured
Additional HLM CL (UGTs)®
CLint (MI/min/mg) (fUinc) — 537 (0.06) Measured
CLg (L/hr) 0 (Wall and Perez-Reyes, 0 (Lemberger et al.,
1981) 1972a)
CLyjiie (L/0r) 0 (Wall and Perez-Reyes, 0 (Lemberger et al.,
1981) 1972a)

aDistribution predicted via Rodgers and Rowland (Simcyp Method 2). ® We have previously identified
UGT1A9 and UGT2B7 deplete 11-OH-THC using recombinant enzymes, but we were unable to
differentiate their fractional contributions due to the lack of selective inhibitors (Patilea-Vrana et al., 2018).
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We have previously measured the in vitro kinetics (Vmax and Km) of THC via CYP2C9 (major
pathway, fm = 0.91) and CYP2D6 (fm = 0.09) (Chapter 3, Table 3.4). These values, which are listed in
Table 4.1, were extrapolated to in vivo using enzyme expression levels as listed in the Simcyp Virtual
Healthy Population. Renal and biliary clearance were set to 0 L/hr since less than 5% of administered

THC dose is excreted unchanged in urine and feces (Wall and Perez-Reyes, 1981).

As shown in Supplementary Table 4.1, the reported THC Vssranges from 0.6 — 8.9 L/kg (Hunt
and Jones, 1980; Kelly and Jones, 1992; Naef et al., 2004). However, the smaller Vss values also have
smaller sampling times (8 versus 24 hours). Indeed, a theoretical simulation (Supplementary Figure
4.3C) demonstrates that lower sampling times can severely underestimate the true Vss and an optimum
sampling time would have to be at least 56 hours. Because of these limitations, the observed THC Vss
was estimated by fitting a three-compartment model to the digitized concentration-time profiles after IV
administration of THC using a nonlinear mixed effects (NLME) model in Phoenix® 8.1, Certara
(Princeton, NJ) (Supplementary Figure 4.2A). The goodness-of-fit plot in Supplementary Figure 4.2B
shows good model fit of the observed THC concentrations after IV administration. The NLME Vss estimate
was 6.4 L/kg (39%). Within Simcyp, the Rodgers and Rowland (Simcyp Method 2) was selected for
predicting tissue distribution and a Kp scaler of 0.004 was used for the predicted value to match the

NLME Vss estimate.

Data from Ohlsson et al., 1982 was used as training dataset for the THC IV model. This dataset
was chosen because it had the longest sampling time of 48 hours (Ohlsson et al., 1982). As described
above, and shown in Supplementary Figure 4.2C, sampling times greater than 12 and 56 hours are
necessary to accurately estimate the THC CL and Vss. No change was made in the model for chronic

versus casual users. The THC IV model was verified using the remaining THC IV datasets.

Since there is no mechanistic information on lung disposition of THC in humans, the absorption of
THC after inhalation (ka and Finn) was estimated by fitting a three-compartment model simultaneously to
the digitized THC concentration-time profiles after IV and inhalation using NLME modeling
(Supplementary Figure 4.2A). Goodness-of-fit plots show good model fit of the observed THC

concentration after inhalation (Supplementary Figure 4.2B). The NLME estimates for ka and Finn are 12
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mint (12%) and 0.22 (33%). These parameters were incorporated into the inhalation PBPK model to

simulate THC concentrations after inhalation and compared with observed values.
4.3.3. Model training and verification for 11-OH-THC

Input values for the final 11-OH-THC PBPK model are listed in Table 4.1. As for THC,
physicochemical properties were collected from literature. Due to similar high lipophilicity, we assumed
the same percentage of 11-OH-THC bound to lipoprotein (63%) as THC. Originally, we built the initial 11-
OH-THC model using our previously measured fup of 0.012 (Chapter 3, Table 3.1), but later optimized

this value via manual sensitivity analysis. The Rodgers and Rowland method (Simcyp Method 2) using a

lipid binding scaler () was used to predict 11-OH-THC distribution. The lipid binding scaler back-

calculates the maximum extent of cellular lipid binding (Pmax) by correlating neutral lipid and neutral

phospholipid binding in red blood cells to that in tissue (Eq. 24-26).

Kpu,rbc - fIW,rbc - 0'7fNP,rbc

Prax = (24)
fNL,rbc + 0'3fNP,rbc

U0

b = e (25)

K. —f, + >>(<|w £t PxP, xfy, +(0.3xYxP,, +0.7),

p!
EW X EW

+ Ka,[PR], (26)

where Kpu, and Kpurbe are the unbound tissue and erythrocyte partition coefficient, few, fiw e, fnp.rbe, fNL e,
faL, fap are the fraction of extracellular and intracellular water, neutral phospholipids, and neutral
phospholipids in red blood cells (rbc) or tissue, Xw, Xew are the ionized drug in intracellular and
extracellular water, Karr and [PR]: are the affinity constant for and tissue concentrations of extracellular
tissue protein (albumin or protein), respectively. This is a necessary adjustment since the Rodgers and
Rowland prediction method greatly overestimates Vss for compounds with logPow > 4 (Haddad et al.,

2000; Rodgers and Rowland, 2007).
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We have previously quantified the enzyme kinetics for 11-OH-THC clearance in vitro (Table 4.1).
UGT enzymes (fm = 0.60), CYP3A4 (fm = 0.18), and CYP2C9 (fm = 0.15) are the DME’s responsible for
metabolism of 11-OH-THC (Chapter 3, Table 3.4). We have previously identified UGT2B7 and UGT1A9
are the UGT isoforms that deplete 11-OH-THC in vitro, however, we were unable to distinguish their
fractional contributions accurately due to lack of selective inhibitors (Patilea-Vrana et al., 2018). As such,
UGT CLint was listed as HLM-other in the Simcyp model. No renal or biliary clearance was selected for
11-OH-THC. There is negligible excretion of unchanged 11-OH-THC in the urine but up to 20% of
radiolabeled 11-OH-THC dose is excreted unchanged in feces (Lemberger et al., 1972a; Lemberger et
al., 1973). However, the unchanged 11-OH-THC in feces may be 11-OH-THC deconjugated by bacterial
B-glucuronidase. Furthermore, there is no current information on the transport of 11-OH-THC by biliary

efflux transporters, such as P-gp or BCRP.

Metabolite exposure (area under the curve - AUC) and the concentration-time profile will depend
on the parent AUC, the metabolite formation and elimination clearance, and Vss. As such, ideally, 11-OH-
THC elimination clearance and Vss should be first optimized and verified using data after IV administration
of 11-OH-THC. Otherwise, it is difficult to distinguish between the formation and elimination clearance of
the metabolite if using datasets where the parent drug was administered. However, the only IV
administration datasets of 11-OH-THC used TLC to quantify 11-OH-THC concentrations (Lemberger et
al., 1972a; Lemberger et al., 1973) and have been removed for reasons outlined above. As such,
optimization of 11-OH-THC AUC and concentration-time profile was performed using the final IV THC
model and data after IV THC administration from Naef et al. 2004. No other datasets of 11-OH-THC
formation after IV administration of THC were available for verification (the studies by Wall et al., 1981
and Wall et al., 1983 were removed because they used TLC as the bioanalytical method). As such, 11-
OH-THC model was verified using THC inhalation datasets after optimization of THC Finn in order to
approximate the observed THC AUCo.t. This was to ensure that THC AUC and concentration-time profile

was well simulated in order to allow for verification of 11-OH-THC disposition.
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4.3.4. Model verification and performance assessment

For each verification dataset, ten trials were run and the trial design was set to match the number
of subjects, age range, and proportion of females as shown in Table 4.2 and 4.3. In order for the THC
and 11-OH-THC models to be considered successful, the simulated PK parameters needed to be within
the 95% confidence interval of the observed value. Since all the observed studies had small sample size
less than 30 subjects, a t-distribution was used to calculate the 95% confidence interval. THC model
verification was performed using the simulated THC AUC,-t after IV administration of THC. 11-OH-THC
model verification was performed using the 11-OH-THC Cmax, 11-OH-THC AUCo-, and combined (THC +
11-OH-THC) AUC,-t after THC inhalation. To note, no success criteria was assigned to THC AUCo-tand
Cmax after THC inhalation because Finn was individually optimized in order to verify 11-OH-THC. Additional
model assessment was performed by comparing the predicted versus observed concentrations and PK
parameters. Bias and precision were calculated via the mean relative error (MRE) and relative root mean

square error (rRMSE) as shown in Eqg. 27 and 28, respectively (Sheiner and Beal, 1981).

VRE — 1 Z(Pred Obs))

= Obs,

%100 (27)

rRMSEg\/n [PrEd Obs] %100
i=1

(28)
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Table 4.2. THC IV datasets used for THC and 11-OH-THC training and verification details

Study Sampling N Females Average frequency of

name Dose time (hr) (subjects) (%) Age cannabis use® Reference
Hunt_1980 2mg 24 6 0.0 22-30 >2x weekly (chronic) (Hunt and Jones, 1980)
Ohlsson_1980 5mg 4 11 0.0 18-35 frequent and occasional (Ohlsson et al., 1980)
Lindgren_1981a 5mg 4 18 11.1 19-36 Daily (chronic) (Lindgren et al., 1981)
Lindgren_1981b 5mg 4 18 11.1 19-36 <1x month (casual) (Lindgren et al., 1981)
Ohlsson_1982a 5mg 48 5 0.0 18-35 Daily (chronic) (Ohlsson et al., 1982)
Ohlsson_1982b 5mg 48 4 0.0 18-35 <1x month (casual) (Ohlsson et al., 1982)
Kelly_1992a 5mg 8 4 0.0 24-45 Daily (chronic) (Kelly and Jones, 1992)
Kelly_1992b 5mg 4 0.0 24-45 <2-3x month (casual) (Kelly and Jones, 1992)
Naef_2004 0.053 mg/kg 8 4 50.0 26-35 naive (Naef et al., 2004)
Morrison_2009 2-1000 episodes over last 10 years .
2.5mg 2 22 0.0 28+6 (Morrison et al., 2009)
(casual)
Barkus_2011 324 exposures over last 24 years
2.5mg 2 10 0.0 264 (Barkus et al., 2011)
(casual)

a Unless designated in the reference, designation of chronic versus casual users was given arbitrarily to cannabis use of greater and less than twice
a week, respectively.
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Table 4.3. THC inhalation datasets used for THC simulations and 11-OH-THC verification

Ohlsson_1980 13 mg 3 11 0.0 18-35 frequent and occasional (Ohlsson et al., 1980)
Barnett_1981 8.94 mg 2 6 50.0 25-31 Frequent (chronic) (Barnett et al., 1982)
Lindgren_1981a 13.4 mg 2 18 111 19-36 <1x month (casual) (Lindgren et al., 1981)
Lindgren_1982b 12.7 mg 2 18 111 19-36 Daily (chronic) (Lindgren et al., 1981)
Ohlsson_1982a 10 mg 48 4 0.0 18-35 <1x month (casual) (Ohlsson et al., 1982)
Ohlsson_1982b 10 mg 48 5 0.0 18-35 Daily (chronic) (Ohlsson et al., 1982)
Perez-Reyes_1982a 9.7 mg 6 50.0 26-32 4-12x month (chronic) (Perez-Reyes et al., 1982)
Perez-Reyes_1982b 12.8 mg 6 50.0 26-32 4-12x month (chronic) (Perez-Reyes et al., 1982)
Perez-Reyes_1982b 16 mg 6 50.0 26-32 4-12x month (chronic) (Perez-Reyes et al., 1982)
Johansson_1988 15 mg 360 3 0.0 No info Daily (chronic) (Johansson et al., 1988)
McBurney_1986 0.15 mg/kg 22 10 0.0 18-30 Occasional (casual) (McBurney et al., 1986)
Huestis_1992a 15.8 mg 168 6 0.0 29-36 2-3x week (chronic) (Huestis et al., 1992)
Huestis_1992b 33.8 mg 168 0.0 29-36 2-3x week (chronic) (Huestis et al., 1992)
Kauert_2007a 0.25 mg/kg 6 10 10.0 19-21 Occasional (casual) (Kauert et al., 2007)
Kauert_2007b 0.50 mg/kg 6 10 10.0 19-21 Occasional (casual) (Kauert et al., 2007)
Hunault_2008a 29.3mg 8 18 0.0 18-33 2-9x month (chronic) (Hunault et al., 2008)
Hunault_2008b 49.1 mg 8 20 0.0 18-33 2-9x month (chronic) (Hunault et al., 2008)
Hunault_2008c 69.4 mg 8 20 0.0 18-33 2-9x month (chronic) (Hunault et al., 2008)
Toennes_2008a 0.5 mg/kg 8 12 33.3 20-27 <4x week (casual) (Toennes et al., 2008)
Toennes_2008b 0.5 mg/kg 8 12 25.0 20-31 >4x week (chronic) (Toennes et al., 2008)
Schwope_2011a 54 mg 22 10 10.0 19-46 2x month (casual) (Schwope et al., 2011)
Toennes_2011 0.4 mg/kg 4 19 26.3 19-38 <4x week (casual) (Toennes et al., 2011)
Desrosiers_2014a 54 mg 30 14 28.6 19-38 2x month (casual) (Desrosiers et al., 2014)
Desrosiers_2014b 54 mg 30 11 27.3 22-41 4.5x day (chronic) (Desrosiers et al., 2014)
Hunault_2014a 29.3 mg 18 0.0 18-45 2-9x month (chronic) (Hunault et al., 2014)
Hunault_2014b 49.1 mg 20 0.0 18-45 2-9x month (chronic) (Hunault et al., 2014)
Hunault_2014c 69.4 mg 20 0.0 18-45 2-9x month (chronic) (Hunault et al., 2014)
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Study Sampling N Females Average frequency of

name Dose time (hr) (subjects) (%) Age cannabis use? Reference
Newmeyer_2017a 50.6 mg 3.5 9 33.3 21-46 2-8x month (casual) (Newmeyer et al., 2017b)
Newmeyer_2017b 50.6 mg 3.5 11 18.2 19-38 daily (chronic) (Newmeyer et al., 2017b)

a Unless designated in the reference, designation of chronic versus casual users is given arbitrarily to cannabis use of greater and less than twice
a week, respectively.
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44, RESULTS

441. THC model development and verification

The initial THC and 11-OH-THC models were built using physicochemical properties collected
from literature, enzyme kinetics as we have previously quantified in Chapter 3, and NLME estimated in
vivo values for THC Vss, ka, and Finn (Supplementary Figure 4.2). The final model input values are
shown in Table 4.1. During model training, THC and 11-OH-THC fup were adjusted from 0.011 and 0.012

to 0.0022 and 0.005, respectively. All other input parameters remained unchanged.

The observed and simulated concentration-time profiles of THC after IV administration are shown
in Figure 4.2. The IV THC training set used from Ohlsson et al., 1982 included both chronic and casual
users, however, there were no difference in the THC concentration-time profiles or AUCo-t (Ohlsson et al.,
1982). As such, no modification was made in the THC PBPK IV model for casual and chronic users.
Verification of the THC IV PBPK model is shown in Table 4.4. Overall, the predicted THC concentration-
time profiles were similar to the observed profiles with 70% of the simulated values within two-fold of the
observed values. Seven out of eight simulated THC AUCo-twere within the 95% confidence interval of the
observed value. For the Lindgren_1981a dataset, the simulated AUCot was underestimated, however it
was close to the confidence interval limit. Nevertheless, all simulated THC AUCo.t were within two-fold of
the observed value (data not shown). The bias (MRE) and precision (rRMSE) for predicted THC AUCo-t
after IV administration were -6% and 20%, respectively. Give the success criteria and bias and precision,

the THC IV model performed well.

4.4.2. Simulation of THC after inhalation of cannabis

Using the final THC IV model and the NLME estimates for inhalation absorption (ka = 12 h-* and
Finn=0.22 — Supplementary Figure 4.2), inhalation of THC was simulated and compared to the studies
shown in Figure 4.3. Of the 27 THC inhalation datasets, 13 did not meet the success criteria for AUCo-t
(data not shown). Furthermore, as shown in Figure 4.3A, seven of the 27 predicted AUCo-t were not
within two-fold of the observed value. Interestingly, there was very little bias (MRE = 1%) but poor
precision (rRMSE = 88%). This was in part because THC AUCo.tand Cmax Was generally underpredicted
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overpredicted for chronic and casual users, respectively. For any simulated value that did not originally
fall within the 95% confidence interval of the observed value, Finn was optimized via manual sensitivity in
order to approximate the observed value (Supplementary Table 4.3). As shown in Figure 4.3C, chronic

users had a higher Finn compared to casual users (mean Finn= 0.19£0.14 and 0.35+0.19, respectively).
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Figure 4.2. Observed and simulated THC and 11-OH-THC profiles after IV administration of THC.
Datasets from Ohlsson et al. 1982 (panel A-B) and Naef et al. 2004 (panel C) were used as training sets
for THC and 11-OH-THC model development, respectively, while all other datasets (panels D-K) were used
for verification of THC (11-OH-THC was verified using inhalation datasets since only one IV THC study had
measured 11-OH-THC concentrations). Markers, lines, and shaded area represent mean observed
concentrations, simulated concentrations, and the 95% confidence interval of the simulated concentrations,
respectively.
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Table 4.4. Verification of THC model using IV THC datasets

Study AUCo-+t (ng*hr/ml)
Simulated Observed 95% CI limits

Hunt_1980 32 26 17 34
Ohlsson_1980 64 60 57 64
Lindgren_1981a 64 81 65 96
Lindgren_1981b 64 58 47 68
Kelly_1992a 76 101 49 153
Kelly_1992b 76 122 48 196
Morrison_2009 28 31 28 34
Barkus_2011 28 29 24 35

Bolded numbers did not meet the success criteria (the simulated AUCo-t did not fall within the confidence
interval of observed value).
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Figure 4.3. Simulation of THC after inhalation using in vivo estimated parameters
Observed and simulated THC A) AUCo-tand B) Cmax after inhalation of THC. The final THC IV model and
NLME estimated absorption parameters (ka = 12 h't and Finn = 0.22) were used in all simulations. To note,
dashed line in panel C is at Finn=0.22. The THC AUCo-+and Cmax for casual users is typically overestimated
while the reverse is true for chronic users. This suggests that casual and chronic users require a lower and
higher Finn, respectively. While Finn of 0.22 results in little bias (MRE = 1%) and thus is acceptable to use
for general THC inhalation simulations, the large variability (rRMSE = 88%) due to difference in casual and
chronic users requires individual refinement of Finn.

44.3. 11-OH-THC model development and verification

The training for the initial 11-OH-THC model was performed using the dataset from Naef et al.,
2004 since it was the only dataset that had 11-OH-THC concentrations after IV administration of THC.
The THC and 11-OH-THC concentration training curves for the training dataset can be seen in Figure
4.2C. Model verification of 11-OH-THC was performed using THC inhalation datasets with Finn optimized

such as simulated THC AUCo.tapproximated the observed value. This was done to ensure that the AUC
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and concentration-time profile of the parent compound (THC) was well characterized in order to verify the
disposition of the metabolite (11-OH-THC). The optimize Finn and simulated THC Cmax and AUCo-for the

inhalation verification datasets are shown in Supplementary Figure 4.4.

The simulated and observed THC and 11-OH-THC concentration-time profiles after inhalation of
THC are shown in Figure 4.4. To note, only nine of the 16 the verification datasets reported the THC and
11-OH-THC concentration-time profiles. Furthermore, while it was difficult to digitize the
Desrosiers_2014a and b datasets and many of the values were below the lower limit of quantification, the
authors did report Cmaxand AUCo.t parameters (Desrosiers et al., 2014). Overall, the simulated 11-OH-
THC concentrations are comparable to the observed values, however there is variability among the
studies. Twelve out of the 16 simulated 11-OH-THC Cmax met the success criteria, whereas 12 out of 14
simulated 11-OH-THC AUCo-tmet the success criteria. When considering the combined THC and 11-OH-
THC AUCo,+, all of the verification datasets met the success criteria. To note, the two datasets from
Newmeyer et al., 2017 only reported 11-OH-THC Cmax and not AUCo-t (Newmeyer et al., 2017b). The 11-
OH-THC bias and precision was as follows: MRE = 87% and 151% for Cmax and MRE = 15% and rRMSE
= 60% for AUCo+. As shown further in Figure 4.5A, while 11-OH-THC Cmax tended to be overestimated,
majority of the values are within two-fold of the observed, except for the Newmeyer_2017a dataset.
Furthermore, as shown in Figure 4.5B, all of the simulated AUCo-twere within two-fold of the observed
values, except for the Huestis_1992b dataset. Due to these outliers, the precision for 11-OH-THC Cmax
and AUCo+ was worsened. Further inspection shows good agreement between the simulated versus
observed THC and 11-OH-THC concentrations (Figure 4.5C). Indeed, 80% and 79% of the simulated
THC and 11-OH-THC concentrations, respectively, were within two-fold of the observed value (Figure
4.5D-E). Pooling together the success criteria, the bias and precision, as well as the additional model

performance, the 11-OH-THC model performs well.

Using the final linked THC/11-OH-THC model, sensitivity analysis was performed to identify
sensitive parameters to THC CL, THC Vss, and 11-OH-THC to THC AUC ratio (M/P AUC) (Figure 4.6).
THC predicted CL was 57 L/hr, making THC a high clearance compound. As such, THC clearance is
blood-flow limited and it was not sensitive to change in intrinsic clearance (CLint), fup, Or fumic. For

117



example, a 10-fold decrease in THC overall CLint leads to a 1.6-fold decrease in THC plasma CL. THC
predicted Vss was 6.4 L/hr. As such, THC Vss was the most sensitive to distribution into the adipose and
fup. Since 11-OH-THC AUC depends both on the formation from THC and elimination from the liver,
sensitivity analysis was run for the M/P AUC. As anticipated, M/P AUC was sensitive to changes in 11-
OH-THC formation from THC (fm, THCpiasma) and changes to 11-OH-THC elimination (CLint). A sensitivity
analysis was performed for fumic since the CLin values used in the PBPK model are in vitro observed
values adjusted for microsomal binding, and therefore errors in fumic will reflect in error in CLint values. For
this simulation, fumic was changed proportionally for both THC and 11-OH-THC. As shown in Figure 4.6A,
THC CL, and therefore AUC, is not sensitive to fumic changes. Errors in fumic impact THC and 11-OH-THC
disproportionally, and therefore fumic was a sensitive parameter to M/P AUC. To demonstrate this, a
simulation was run where the total CLin: of THC and 11-OH-THC was decreased by 10 or 100-fold while
fm and the ratio of 11-OH-THC CLin formation to elimination similar was maintained the same (Table
4.6). 11-OH-THC AUC decreased proportional to its CLint whereas THC AUC did not change

proportionally to its CLint. Therefore M/P AUC was sensitive to the magnitude of 11-OH-THC CLint.
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Figure 4.4. Verification of 11-OH-THC PBPK model using THC inhalation datasets.
Due to lack of available 11-OH-THC data in the THC IV studies for verification purposes, THC inhalation
datasets were used instead. Since 11-OH-THC exposure is driven by THC exposure, Finn Was optimized
for each dataset in panels A-1 so the simulated THC AUCo-t and Cmax approximate the observed values
(see Table 5 for further details). Final simulations were run using individually optimized inhalation THC
inhalation models linked (see Supplementary Table 4.3 for details) with 11-OH-THC model optimized
using Naef et al. 2004 training set. Markers, lines, and shaded area represent mean observed
concentrations, simulated concentrations, and the 95% confidence interval of the simulated
concentrations, respectively.

Table 4.5. Verification of 11-OH-THC model using THC inhalation datasets

11-OH-THC Cmax 11-OH-THC AUCo-+ THC + 11-OH-THC AUCo-t
0, 0, 0
Study Sim. Obs. 95/00? Sim. Obs. gSAJCIb Sim. Obs. 95/00';”
range or range range

McBurney_1986 20 19 10 28 20 40 23 57 86 107 79 136
Huestis_1992a 7.6 6.7 3.3 10 9 57 NC NC 55 84 NC NC
Huestis_1992b 16 7.5 3.8 16 20 72 NC NC 117 159 NC NC
Kauert_2007a 4.2 25 1.4 3.6 5.8 46 2.7 6.5 26 27 17 37
Kauert_2007b 8.3 3.6 2.0 5.2 12 80 50 11 53 48 33 63
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11-OH-THC Cmax 11-OH-THC AUCo-+t THC + 11-OH-THC AUCo-t

Study Sim. Obs. 95%Cl t())r Sim. Obs. 95% Cl b Sim.  Obs. 95%Cl ;)r
range or range range

Hunault_2008a 11 9.2 54 13 18 24 16 32 82 101 80 121
Hunault_2008b 18 16 9.3 23 31 37 25 48 138 150 122 177
Hunault_2008c 26 16 12 20 43 40 31 49 195 191 156 226
Toennes_2008a 7.7 6.7 35 9.9 11 14 9.6 18 48 49 39 59
Toennes_2008b 15 12 54 19 23 31 16 46 107 117 80 154
Schwope_2011 16 10 4.0 16 32 19 75 42 132 129 33 177
Toennes_2011 20 17 12 22 24 31 20 42 119 119 98 140

Desrosiers_2014a 6.6 5.3 0.0 16 12 11 0.9 36 43 41 5 143
Desrosiers_2014b 22 11 3.6 26 45 65 20 106 182 243 129 480
Newmeyer_2017a? 14 1.9 0.5 8.7 16 NR NR NR 83 NR NR NR
Newmeyer_2017b? | 13 7.2 1.9 31 16 NR NR NR 81 NR NR NR

aQbserved and simulated blood Cmax and AUC P The range (min — max) of the observed parameter is listed
for the following datasets since no standard deviation was reported: Huestis et al., 1992, Schwope et al.,
2011, Desrosiers et al., 2014, Newmeyer et al., 2017. NC — 95% confidence interval not calculated since
AUC was estimated via trapezoidal rule of the digitized average concentrations. NR — parameter not
reported by Newmeyer et al,. 2017. Bolded numbers did not meet the success criteria (the simulated Cmax
or AUCo-t did not fall within the confidence interval of observed value). To note, THC profiles after inhalation
were optimized via Finn in order to ensure THC exposure approximated observed values (see
Supplementary Table 4.2 for optimized Finn values and simulated THC PK parameters for the various
verification datasets).

Table 4.6. Simulations to show impact of fumic or CLin changes to M/P AUC

THC 11-OH- Formation/ Plasma Plasma
cL CYP2C9 cL THC elimination THC 11-OH-THC M/P
nt fm nt CL. . CL AUC AUC AUC
(L/hr) (L/hn) int (ng*hriml)  (ng*hr/ml)
1X 0.91 840418 57770 13 17 3.7 0.2
0.1X 0.91 84042 5777 13 24 37 1.5
0.01X 0.91 8404 578 13 91 364 4.4

11-OH-THC but not THC plasma AUC increases proportionally to CLintbecause THC clearance (and thus
AUC) has blood-flow limitations whereas 11-OH-THC AUC does not.

120



4.5. DISCUSSION

The in vitro mechanistic PK information quantified in Chapters 2 and 3 was extrapolated to in
vivo via IVIVE and used to build a linked THC/11-OH-THC PBPK in healthy nonpregnant population. The
only parameters that required optimization were THC and 11-OH-THC fup. We had previously measured
fup using ultracentrifugation (Chapter 3). During ultracentrifugation, three distinctive layers are formed: a
top layer consisting of low-density lipoproteins (LDL) and chylomicrons, a middle layer consisting the
unbound drug, and a bottom layer containing albumin and high-density lipoprotein (HDL). For drugs that
are highly bound, it is possible to have contamination from the upper layer and thus overestimate fup
(Brockman et al., 2015). Up to 63% of THC is bound to lipoproteins in plasma, mainly to LDL (Klausnher et
al., 1975). Therefore it is likely that ultracentrifugation is not a sensitive enough method to accurately

measure THC and 11-OH-THC fup. Hence, it is not surprising that fup needed optimization.

fm*CL
The M/P AUC is defined as g = ﬁ (Pang et al., 2008). Since the mean simulated and
uCLint,_,

observed M/P AUC after inhalation of THC were the same (0.29 + 0.05 and 0.29 £ 0.15, respectively,
from Table 4.5), it means that the combination of fm, 11-OH-THC CLint and fup estimates must be correct.
Since THC CLint exceed hepatic blood flow, THC plasma CL is blood-flow limited and not as sensitive to
changes in CLint (Figure 4.6). Therefore, the in vitro estimated THC CLintcould be several folds off and the
THC PBPK model would still perform well. Furthermore, as seen in the M/P equation, the 11-OH-THC
formation clearance has blood-flow limitations (because THC CL; is blood flow limited) whereas the
elimination clearance does not. As such, even though the formation of 11-OH-THC is much greater than
its elimination (see CLint values in Table 4.6), 11-OH-THC has apparent formation-rate limited kinetics.
This helps explain why the observed M/P AUC is less than one and THC and 11-OH-THC have similar
half-lives in vivo. When considering the impact of CLint on both THC and 11-OH-THC disposition as
outlined above, we conclude that the IVIVE of the mechanistic PK information from Chapters 2-3 was

successful.

The THC and 11-OH-THC models performed well. In all verification instances, majority, if not all,

datasets met out success criteria. Given the wide interindividual and interstudy variability, this
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performance is acceptable. Overall there was little bias (MRE < 30%) for all estimates except for 11-OH-
THC Cmax after inhalation of THC. The observed maximum time to reach Cmax (tmax) is 0.08-0.50 hours and
0.1 - 0.6 hours for THC and 11-OH-THC (Supplementary Table 4.2), respectively, while the simulated
tmax Was 0.11-0.12 hours to 0.19-0.20 hours, respectively. Because of the short time to reach Cmax, it is
possible that many studies were not able to capture the true Cmax, thus leading to a model overestimation.
Furthermore, the simulated value for the dataset from Newmeyer_2017a was a clear outlier (Figure
4.5A), thus leading to increased bias. Precision was good for the THC final model (rRMSE < 20%). While
the precision for the 11-OH-THC model was less than the THC model, this was in part driven by a few
outliers. Nevertheless, majority of the 11-OH-THC PK parameter as well as the simulated concentrations
are within two-fold of the observed values (Figure 4.5). Given the interstudy variability within the

observed data, we can conclude that the 11-OH-THC model performed well.

The inhalation THC model with the in vivo estimated inhalation adsorption parameters (ka = 12h-!
and Finn = 0.22) did not perform well (Figure 4.3). The THC AUC and Cmax Was over- and underestimated
for casual and chronic users, respectively. Some have hypothesized that chronic users have an increased
rate of THC metabolism (Lemberger et al., 1971). There was no difference in the THC clearance in
chronic versus casual users in studies where THC was administered IV (Ohlsson et al., 1982; Kelly and
Jones, 1992). As shown in the THC sensitivity an increase in THC CLint would not lead to a change to
THC clearance due clearance being blood flow limited (Figure 4.6A). Studies have observed an increase
in THC AUC after inhalation of THC in chronic versus casual users (Toennes et al., 2008; Desrosiers et
al., 2014). Increase in Finn could explain this difference. Indeed, the average optimum Fin for casual and
chronic users was 0.19 and 0.35, respectively (Figure 4.3C). The overall volume of cannabis that is
smoked depends on the puff volume, breathhold duration, interval between puffs, and puff velocity
(Azorlosa et al., 1995). History of regular cannabis use is correlated with average volume inhaled per puff
and puff volumes (McClure et al., 2012). Furthermore, chronic users develop a tolerance to the
psychoactive effects of cannabis and require higher levels of THC to achieve the desired effect (Lee et
al., 2013). Therefore, the different smoking topography and tolerance between chronic and casual users

leads to the observed difference in Finn.
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A linked THC/11-OH-THC PBPK model was built and verified for IV and inhalation of THC in a
nonpregnant healthy population. This model is the necessary (mechanistic) foundation that can be used
to extrapolate THC/11-OH-THC exposure in special populations (i.e. pregnancy, disease, genetic
polymorphism) or predict drug-drug interactions. For example, the final model can be extrapolated to
pregnancy by accounting for gestational age dependent changes. Of the relevant DME’s to THC and 11-
OH-THC metabolism, the activity of CYP2C9, CYP2D6, and CYP3A4 increases up to two-fold during
pregnancy while the activity of UGT2B7 and UGT1A9 does not (Anderson, 2005; Ke et al., 2014b). Based
off the findings shown in this Chapter, these physiological changes are not expected to impact THC
clearance but increase 11-OH-THC elimination clearance. Additional information on extrahepatic
metabolism (i.e. lung and intestine) is necessary for advancing the PBPK model to inhalation and oral
administration of THC. The final THC/11-OH-THC model can also be used to predict drug-drug

interactions or impact of genetic polymorphism.
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4.6.

SUPPLEMENTARY INFORMATION

Supplementary Table 4.1. Description of collected clinical datasets after intravenous administration of THC or 11-OH-THC

THC 11-OH-THC
Dose Sampling CL Vs Crax AUC tie Crnax AUC ti Use of dataset
Compound (mg) Analytical time (hr) | (L/hr)  (L/kQ) (ng/ml)  (ng/ml*hr) (hr) (ng/ml) (ng/ml*hr) (hr) Reference
THC 0.5 TLC 72 — 9.4+2.52 — — 57+4 — — — Removed (Lemberger et al., 1970)
THC 0.5 TLC 72 — 8.5+1.12 — — 28+1 — — — Removed (Lemberger et al., 1971)
THC 0.5 TLC 30 — — — — — — — — Removed (Lemberger et al., 1972b)
THC 2 HPLC-UV 24 36+8.9 8.9+4.2 105+10 204 — — — THC verification (Hunt and Jones, 1980)
THC 5 GC/IMS — — 219 72+7.0 1.4+0.4 — — — THC verification (Ohlsson et al., 1980)
THC 5 GCIMS — — 288+119 72428 — — — — THC verification (Lindgren et al., 1981)
THC 5 GC/IMS — — 302+95 101+37 — — — — THC verification (Lindgren et al., 1981)
THC 4-5 TLC 72 — — 62+3.0 — 3.440.6 — — Removed (Wall and Perez-Reyes,
1981)
THC 5 GC/IMS 48 59+9.0 — 61+5.4 86114 20 — — — THC Training (Ohlsson et al., 1982)
THC GC/IMS 48 57112 — 7249.0 91420 — — — — THC Training (Ohlsson et al., 1982)
THC 4 TLC 48 15+#3.7 10+6.3° 71+34 28067 36 3.742.3 — 15 THC verification (Wall et al., 1983)
THC 2.2 TLC 48 12+3.0 7.5+3.1° 85+26 202+77 29 3.8+2.8 — 33 THC verification (Wall et al., 1983)
THC 5 GC/MS 8 46117 1.1+0.5 386129 118+38  1.6+0.5 — — — THC verification (Kelly and Jones, 1992)
THC 5 GC/IMS 8 47+41 1.1+0.2 438+36 165+63  2.0+0.3 — — — THC verification (Kelly and Jones, 1992)
THC 0.053 GCI/MS 8 4724 0.6+0.2 272+61 117+97 1.2 |9.1+0.8 25+15 — | 11-OH-THC Training (Naef et al., 2004)
mg/kg
THC 25 GC/IMS 2 — — 177134 34+7.1 — 4.442.1 — — THC verification (Morrison et al., 2009)
THC 25 GC/MS 2 — — 151+20 20+7.2 — — — — THC verification (Barkus et al., 2011)
11-OH-THC 1 TLC 8 — — — — — — — 22 Removed (Lemberger et al., 1972a)
11-OH-THC 1 TLC 72 — — — — — — — — Removed (Lemberger et al., 1973)

agpparent volume of distribution — Vss not reported. ? Vg— Vss not reported. Data show are mean and standard deviation (where available) of
reported parameters from clinical studies in healthy subjects where THC was administered IV. Dashed lines represent parameter was not
reported. Studies that used TLC to measure THC and 11-OH-THC concentration were removed (see Methods).
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Supplementary Table 4.2. Description of collected clinical datasets after inhalation of THC

bose | Sampling THC 11-OH-THC
(ma) Analytical time (hr) Crnax Tmax AUC Crnax Tmax AUC Use of dataset Reference
(ng/ml) (hr) (ng/ml*hr) (ng/ml) (hr) (ng/ml*hr)
10 TLC 24 — — — — — — Removed (Lemberger et al., 1972b)
13 GS/MS 3 77 (33-118) 0.05 33111 — — — Extrapolation (Ohlsson et al., 1980)
8.94 RIA 2 90+50 0.09 27+7.8 —_ —_ —_ Extrapolation (Barnett et al., 1982)
13.4 GS/MS 2 67+38 0.05 24412 — — — Extrapolation (Lindgren et al., 1981)
12.7 GS/MS 2 98+44 0.05 36117 — — — Extrapolation (Lindgren et al., 1981)
10 GS/MS 48 16+5.9 0.17 2457 — — — Extrapolation (Ohlsson et al., 1982)
10 GS/MS 48 32+6.9 0.17 41+8.8 — — — Extrapolation (Ohlsson et al., 1982)
9.7 RIA 6 100+10 0.11 6848.5 — — — Extrapolation (Perez-Reyes et al., 1982)
12.8 RIA 6 120+11 0.13 71+12 —_ —_ —_ Extrapolation (Perez-Reyes et al., 1982)
16 RIA 6 162+19 0.13 93+11 — — — Extrapolation (Perez-Reyes et al., 1982)
GS/MS 22 85145 0.08 — 19+12 0.33 — Extrapolation (McBurney et al., 1986)
15 GS/IMS 360 10 — — — —_ — Extrapolation (Johansson et al., 1988)
15.8 GS/MS 168 84(50-129) 0.14 — 6.7(3.3-10) 0.25 — Extrapolation (Huestis et al., 1992)
33.8 GS/MS 168 162(76-267) 0.14 — 7.5(3.8-16) 0.25 — Extrapolation (Huestis et al., 1992)
0.25mg/lkg GS/MS 6 48+35 0.05 23+13 2.5+1.6 0.18 4.6+2.7 Extrapolation and 11- (Kauert et al., 2007)
OH-THC verification
0.5 mg/kg GS/MS 6 79443 0.05 40+21 3.6£2.2 0.13 8.0+4.2 Extrapolation and 11- (Kauert et al., 2007)
OH-THC verification
29.3 LC-MS/MS 8 135+69 0.16 7638 9.247.6 0.42 24+16 Extrapolation and 11- (Hunault et al., 2008)
OH-THC verification
49.1 LC-MS/MS 8 203112 0.24 113453 16+15 0.37 37+24 Extrapolation and 11- (Hunault et al., 2008)
OH-THC verification
69.4 LC-MS/MS 8 231+109 0.21 150+73 16+8.8 0.42 40+19 Extrapolation and 11- (Hunault et al., 2008)

OH-THC verification

125




0.5 mg/kg
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49+24.9

121+78

2117
76(1-110)
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168+100
190107
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1.9(0.5-8.7)

7.2(1.9-31)

0.10

0.10

0.17
0.26

0.50

0.60

0.50

0.19

0.20

14+7.0

31+23

19(7.5-42)

31+22

11(0.9-36)

65(20-106)

Extrapolation and 11-
OH-THC verification
Extrapolation and 11-
OH-THC verification
Removed - outlier
Extrapolation and 11-
OH-THC verification
Extrapolation and 11-
OH-THC verification
Extrapolation and 11-
OH-THC verification
Extrapolation and 11-
OH-THC verification
Extrapolation
Extrapolation
Extrapolation
Extrapolation and 11-
OH-THC verification
Extrapolation and 11-
OH-THC verification

(Toennes et al., 2008)

(Toennes et al., 2008)

(Brenneisen et al., 2010)
(Schwope et al., 2011)

(Toennes et al., 2011)

(Desrosiers et al., 2014)

(Desrosiers et al., 2014)

(Hunault et al., 2014)

(Hunault et al., 2014)

(Hunault et al., 2014)
(Newmeyer et al., 2017b)

(Newmeyer et al., 2017b)

ablood concentration. All other measurements are plasma or serum. RIA — radioimmunoassay, TLC — thin layer chromatography. Data show are
mean and standard deviation or range (min-max) of reported parameters from clinical studies in healthy subjects where THC was inhaled. Dashed
lines represents parameter was not reported. TLC studies were removed due to analytical issues. For 11-OH-THC verification, only datasets that
measured both THC and 11-OH-THC were utilized.

126




Supplementary Table 4.3. Simulated and observed values for THC inhalation

THC Cmax (ng/ml) THC AUC (ng*hr/ml)

Study Heerype Sim. Obs. Sim. Obs. Optimum
Finn®
McBurney_1986 Casual 33 85 29 67 0.50
Kauert_2007a Casual 52 48 37 23 0.12
Kauert_2007b Casual 104 79 75 40 0.12
Toennes_2008a Casual 94 49 70 35 0.10
Schwope_2011a Casual 155 76 138 110 0.16
Desrosiers_2014a Casual 151 48 140 29 0.05
Lindgren_1981a Casual 37 67 19 24 0.22
Ohlsson_1982a Casual 28 16 26 24 0.22
Newmeyer_2017a Casual 105 44 NR NR NR
Huestis_1992a Chronic 45 84 30 79 0.45
Huestis_1992b Chronic 97 162 65 152 0.45
Hunault_2008a Chronic 80 135 64 76 0.22
Hunault_2008b Chronic 135 210 107 113 0.22
Hunault_2008c Chronic 191 231 152 150 0.22
Toennes_2008b Chronic 95 121 72 86 0.22
Toennes_2011 Chronic 72 112 46 88 0.38
Desrosiers_2014b Chronic 157 17 137 178 0.22
1980 Ohlsson Chronic 37 77 23 33 0.35
1981 Barnett Chronic 27 90 13 27 0.51
Ohlsson_1980 Chronic 35 98 18 36 0.46
Barnett_1981 Chronic 29 32 27 41 0.38
Perez-Reyes_1982a Chronic 39 120 26 71 0.65
Perez-Reyes 1982b Chronic 49 163 33 93 0.68
Perez-Reyes 1982b Chronic 30 100 20 68 0.82
Johansson_1988 Chronic 41 10 39 36 0.22
Hunault_2014a Chronic 81 124 65 69 0.22
Hunault_2014b Chronic 136 168 108 102 0.22
Hunault_2014c Chronic 192 190 153 135 0.22
Newmeyer_2017b Chronic 99 117 NR NR NR

2 For studies where the simulated THC AUCo-tdid not fall within the 95% confidence interval of the
observed value (confidence intervals not shown), Finn was optimized via manual sensitivity in order to
identify the optimum Finn for the simulated value to match the observed value. NR — AUC not reported by
authors
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Supplementary Table 4.4. THC PK parameters for optimized THC inhalation model

User THC Crmax THC AUCo:

Study type Finn? Sim.  Obs. 95% ClI Iimti)ts or Sim. Obs. 95% ClI Iimti)ts or

range range

McBurney_1986 Casual 0.50 75 85 53 117 66 67 44 90
Huestis_1992a Chronic 0.45 | 68 84 50 129 45 79 NC NC
Huestis_1992b Chronic 0.45 | 145 162 76 267 97 152 NC NC
Kauert_2007a Casual 0.12 28 48 23 73 20 23 13 32
Kauert_2007b Casual 0.12 57 79 49 110 41 40 26 55
Hunault_2008a Chronic 0.22 | 80 135 101 169 64 76 57 95
Hunault_2008b Chronic  0.22 | 135 203 150 256 107 113 88 138
Hunault_2008c Chronic 0.22 | 191 231 180 282 152 150 116 184
Toennes_2008a Casual 0.10 | 49 49 33 65 37 35 26 44
Toennes_2008b Chronic  0.22 | 110 121 71 171 84 86 52 120
Schwope_2011 Casual 0.16 | 113 76 18 110 100 110 25 135
Toennes_2001 Casual 0.38 | 147 112 89 135 95 88 70 106
Desrosiers_2014a Casual 0.05 | 35 17 5 84 31 29 3.6 107
Desrosiers_2014b  Chronic  0.22 | 151 48 26 69 137 178 109 374
Newmeyer_2017a Casual 0.22 | 105 44 1 174 67 NR NR NR
Newmeyer_2017b  Chronic 0.22 | 99 117 53 471 65 NR NR NR

aFinh Was individually optimized so simulated THC AUCo+ and Cmax approximated observed values. This
was done to ensure that the THC exposure after inhalation was simulated well in order to verify the 11-
OH-THC model. As such, the THC Cmax and AUCo listed are not part of the THC model verification. ® The
range (min — max) of the observed parameter is listed for the following datasets since no standard
deviation was reported: Huestis et al., 1992, Schwope et al., 2011, Desrosiers et al., 2014, Newmeyer et
al., 2017. NC — 95% confidence interval not calculated since AUC was estimated via trapezoidal rule of
the digitized average concentrations. NR — parameter not reported by Newmeyer et al,. 2017. Bolded
values are simulated values that did not fall within the 95% confidence interval of the observed value. To
note, Finn was optimized primarily on observed THC AUCo.t and not THC Cmax.
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Supplementary Figure 4.1 Dose-normalized IV and inhalation datasets used for THC and 11-OH-
THC PBPK model development and verification

Dose-normalized concentration-time profiles of THC (panels A and C) and 11-OH-THC (panels B and D)
after IV administration of THC (panels A and B) or inhalation of THC (panels of C and D). The markers
represent the mean concentration from each study, except for 1970 and 1971 Lemberger et al where the
markers represent individual subjects. 11-OH-THC concentrations are nhormalized by the administered THC
dose. Studies that used TLC (1970, 1971, 1971 Lemberger et al and 1981, 1983 Wall et al) have been
removed from PBPK training and verification (panels A-B). Furthermore, Brenneisen et al., 2010 dataset
was removed from inhalation verification since the dose-normalized THC and 11-OH-THC concentrations
are at least an order of magnitude less than all other studies (panels C-D). Only inhalation studies that
measured both THC and 11-OH-THC were used for verification purposes (panel D).
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Supplementary Figure 4.2. Non-linear mixed effects (NLME) model for estimating in vivo PK input
parameters for THC PBPK model development

A) Three-compartment NLME model with absorption after inhalation was fit to observed THC mean
concentrations from IV and inhalation datasets (detailed in Supplementary Tables 4.1-4.2 and shown in
Supplementary Figure 4.1). Observed versus predicted THC concentrations for B) IV and C) inhalation
datasets. C) Theoretical simulation of the impact of sampling time on AUC and AUMC measurements.
Using the final parameter estimates show in panel A, THC concentrations after IV administration were
simulated and AUC and AUMC from 0 to t were calculated using the trapezoidal rule. Due to the fast-initial
decline in concentrations (a and B half-lives were estimated as 3.5 and 42 minutes, respectively), majority
of the THC AUC will be captured within the first 12 hours. However, due to the long terminal half-life of 14
hours, much longer sampling time is necessary to fully capture the THC AUMC. As such, studies that
sampled less than 12 and 56 hours will underestimate THC CL and Vss, respectively, since less than 80%
of AUCins and AUMCint is captured.
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Chapter 5. Prospective predictions of maternal and fetal cannabinoid maternal-fetal

concentrations throughout pregnancy using PBPK M & S
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5.1. ABSTRACT

In order to assess the risk associated with maternal cannabis use, the maternal and fetal
cannabinoid (THC and 11-OH-THC) exposure must be known. Here, we extrapolate the linked THC/11-
OH-THC PBPK model in healthy nonpregnant subjects from Chapter 4. By applying gestational-age
dependent physiological changes, which includes increase in P450 activity and decrease in protein
binding proteins, the exposure (concentrations and AUC) of THC and 11-OH-THC were simulated during
the first, second, and third trimester (T1, T2, T3, respectively). Simulations show that during pregnancy,
THC AUC does not change but 11-OH-THC AUC decreased by up to 90%. However, the combined THC
and 11-OH-THC exposure decreased by 20%. As such, the exposure to the cannabinoids is similar
before and during pregnancy. Using the pregnancy THC/11-OH-THC PBPK model, a preliminary
extrapolation was made and compared to observed data of maternal THC concentrations at delivery.
Lastly, fetal (F) and maternal (M) THC concentrations were simulated using a maternal-fetal PBPK and

compared to observed F/M pairs in the presence and absence of placental active efflux.

5.2. INTRODUCTION

Pregnant women use cannabis at the highest frequency amongst all illicit drugs (SAMHSA,
2017). Furthermore, the concentrations of THC, the psychotropic component in cannabis, have steadily
been increasing over the past two decades (EISohly et al., 2016). It is not known how the increase in
frequency of use during pregnancy and potency of THC will ultimately impact maternal and fetal
outcomes. Thus, in order to anticipate the risk of maternal cannabis use, it is necessary to quantify or

predict maternal and fetal exposure to THC and its active hydroxy metabolite, 11-OH-THC.

Due to the ethical and logistical constraints, clinical studies to assess the maternal and fetal
exposure, safety, and toxicity of THC are not possible. PBPK M & S is a non-invasive alternative to make
in silico predictions of THC and 11-OH-THC maternal and fetal exposure throughout pregnancy. Our lab
has previously demonstrated the validity of using PBPK M & S to predict maternal and fetal exposure to a

variety of drugs (Ke et al., 2012; Ke et al., 2014a; Zhang and Unadkat, 2017).
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The aim of this study was to extrapolate the linked THC/11-OH-THC PBPK model in healthy
nonpregnant subjects (Chapter 4) by adjusting for gestational-age dependent physiological changes,
such as increase in CYP2C9 and CYP3A4 activity and decrease in albumin concentrations. Dynamic
predictions of THC and 11-OH-THC concentrations throughout pregnancy were made to see how the
gestational-age dependent changes impact the PK of THC and 11-OH-THC. A preliminary extrapolation
of THC concentrations was made and compared with observed maternal concentrations at delivery.
Using a maternal-fetal PBPK model previously established in our lab (Zhang and Unadkat, 2017), we
simulated the maternal and fetal THC concentrations after smoking cannabis in the presence and

absence of placental transport and compared with observed values.

5.3. METHODS

5.3.1. Disposition of THC and 11-OH-THC by placental human microsomes (HPM)

Previously prepared HPM (human placental microsomes) samples were utilized to study
placental disposition of THC and 11-OH-THC (Anoshchenko et al. — manuscript in preparation). Briefly,
preterm and term placentae from normal pregnancies were obtained from University of Washington Birth
Defect Research Laboratory (Seattle, WA) or were provided by Labor and Delivery Unit at the University
of Washington (Seattle, WA), respectively. HPMs (0.25 - 0.5 mg/ml) from T1 (n=2), T2 (n=4), or T3 (n
= 2) were incubated with 500 nM THC or 50 nM 11-OH-THC in 0.1 M potassium phosphate buffer
containing 0.2% BSA in the presence of NADPH regenerating system (CYP metabolism) or UDPGA
(UGT metabolism) using experimental conditions as previously described (Patilea-Vrana et al., 2018). In
all studies THC, 11-OH-THC, and COOH-THC was monitored via LC-MS/MS as previously described
(Patilea-Vrana et al., 2018). Two independent experiments with single or duplicate determinations

(depending on sample availability) were performed.

5.3.2. Extrapolating the linked THC/11-OH-THC PBPK model from healthy population to pregnant

women

An overview of the THC/11-OH-THC PBPK model development and extrapolation to pregnancy is
shown in Figure 5.1. Based off phenytoin (a CYP2C9 substrate) data in pregnant and nonpregnant
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subjects as well as PBPK modeling in pregnhancy previously done in our lab, CYP2C9 activity increases
40%, 50%, and 60% during the first, second, and third trimester (T1-T3), respectively (Ke et al., 2014a).
Based off midazolam (CYP3A4 substrates) in pregnant and nonpregnant subject as well as in vitro
evidence and PBPK modeling previously done in our lab, CYP3A4 activity increases 100% throughout
pregnancy (T1-T3) (Hebert et al., 2008; Ke et al., 2012; Zhang et al., 2015). There is no significant
change to zidovudine (a UGT2B7 substrate) during pregnancy, suggesting there is no increase in the
UGT2BY7 activity during pregnancy (O'Sullivan et al., 1993). There is no current data on the changes to
UGT1A9 during pregnancy (Anderson, 2005; Tasnif et al., 2016). The final linked THC/11-OH-THC model
shown in Chapter 4 was used to simulated disposition of THC and 11-OH-THC in a pregnant population
(gestational age (GW) = 40 weeks) after THC inhalation using the Simcyp Virtual Pregnancy Population.
Within the Virtual Pregnancy Population, CYP2C9 and CYP3A4 expression was increased by 40%, 60%,
and 100%, for T1, T2, and T3, respectively. The trial design consisted of 10 trials with 10 subjects per trial

of women age 20-45 aged at GW = 12, 26, and 40 weeks to represent T1, T2, and T3, respectively.

5.3.3. Simulating THC maternal and fetal concentrations in the presence and absence of

placental active efflux

Only one human clinical studied measured THC serum concentrations in maternal blood and
umbilical cord (fetal) blood at delivery (Blackard and Tennes, 1984). The study had ten subjects that
reported daily cannabis use during the third trimester. Of the total subjects, five maternal and six fetal
THC serum concentrations were below the lower limit of sensitivity (0.2 ng/ml), leaving only three viable
fetal-maternal (F/M) concentrations pairs (Subjects A, B, C). Information on the time since last smoking
cannabis is provided but the dose is not. The THC dose the subjects may have inhaled was calculated by
multiplying the average % THC (w/w) in 1984 (ElSohly et al., 2000) with the average weight of a joint
(Mariani et al., 2011). The THC dose was approximated to be 21.8 mg. Simulations were performed using
a THC dose of 21.8 mg and inhalation bioavailability of 0.35, which was calculated for chronic cannabis
users (see Chapter 4). Simulated plasma concentrations are reported since it was assumed serum and

plasma THC concentrations are similar.
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THC/11-OH-THCin THC/11-OH-THC PBPK THC/11-OH-THC PBPK
vitro mechanistic PK model in healthy model in pregnant
information subjects women

Figure 5.1. Development of the THC/11-OH-THC PBPK model during pregnancy.
The in vitro mechanistic PK information from Chapters 2 and 3 was extrapolated to in vivo to build a linked
THC/11-OH-THC PBPK model in nonpregnant population. The verified THC/11-OH-THC PBPK model for
inhalation of THC from Chapter 4 was extrapolated to pregnancy by accounting for gestational-age
physiological changes.

Fetal concentrations of THC in the presence of placental efflux transport were simulated using a
maternal-fetal model previously described (Zhang et al., 2017a; Zhang and Unadkat, 2017). Using the
observed maternal plasma concentrations from Subjects A-C, adjustments were made to the THC dose in
order for the simulated maternal THC plasma concentration to match the observed data. This was done
to ensure that the maternal plasma concentrations, which drive fetal concentrations, were well predicted.
Since THC is a highly lipophilic drug, a large placental passive diffusion clearance of 500 L/hr was
assumed (this is the same passive diffusion clearance as midazolam, which was previously used as a
calibrator in the m-f-PBPK model, see Zhang et al., 2017b for more details). Additionally, no placental or
fetal THC metabolism was assumed. The simulations were first run with no placental efflux transport. To
match the observed fetal concentrations, the fraction (ft) of active placental efflux (expressed as a fraction
of active plus passive clearance) was manually adjusted in order for the simulated fetal THC

concentration to match observed value.
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5.4. RESULTS
5.4.1. Depletion of THC and 11-OH-THC by HPMs

The depletion of 500 nM THC and 50 nM 11-OH-THC (P450 and UGT mediated) was tested in
HPMs from T1, T2, and T3 subjects (n = 10 total subjects). As shown in Figure 5.2, there was minimal
depletion of either THC or 11-OH-THC in the samples tested. This indicates minimal metabolism of THC
and 11-OH-THC in the placenta. To note, the HPM metabolic integrity was checked by monitoring the
conversion of testosterone to B — estradiol via CYP19, the majorly expressed DME in the placenta (Al-
Enazy et al., 2017). B — estradiol concentrations increased with incubation time, showing metabolic
activity in the HPMs tested (n=3, two T2 and one T3 HPM) (data not shown).
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Figure 5.2. Depletion of THC and 11-OH-THC in placental human microsomes
Depletion of A) THC, and 11-OH-THC by B) P450 and C) UGT enzyme in placental microsomes. Showing
data from two independent experiments (one with t=40 min and t=60 min) with duplicate determinations for
each experiment. T1, T2, T3 designated placental samples was from a subject in the first, second, or third
trimester. The ID of each subject is listed after trimester designation. Because of sample availability, subject
PL946 and PL5 was tested in both experiments.

5.4.2. Extrapolation of THC and 11-OH-THC concentrations during different stages of pregnancy

Gestational-age dependent changes were applied to the final linked THC/11-OH-THC PBPK
model shown in Chapter 4 and cannabinoid disposition were simulated at the end of T1 (GW = 12), T2
(GW = 26), at T3 (GW = 40). As show in Figure 5.3, the overall simulated THC concentration-time profile
or AUC did not change during pregnancy. The simulated 11-OH-THC AUC decreased 50%, 70%, and
90% during T1, T2, and T3 respectively. Overall, the simulated combined THC + 11-OH-THC AUC

decreased 10-20% during pregnancy.
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Figure 5.3. Simulation of THC and 11-OH-THC disposition during different stages of pregnancy
Simulation of THC and 11-OH-THC A) concentration-time profile and B) AUC in nonpregnant (NP) and
pregnant (T1: first trimester (GW = 12), T2: second trimester (GW = 26), T3: third trimester (GW = 40))
subjects after inhalation of THC.

To investigate the impact of the gestational-age dependent physiological changes on the
observed THC and 11-OH-THC PK changes during pregnancy, a systematic sensitivity analysis was
performed. As shown in Table 5.1, THC AUC was not sensitive to any of the gestational-age dependent
changes. 11-OH-THC AUC was most sensitive to the increase in fup (simulated fup was 0.0050 and
0.0069 for NP and T3, respectively). The next sensitive parameter to 11-OH-THC AUC was the increase
in the overall P450 enzyme depletion clearance (represented by 11-OH-THC CYP3A4 and CYP2C9
Vmax). Even though 50% increase in CYP2C9 activity led to 50% increase the intrinsic formation clearance
of 11-OH-THC (represented by THC CYP2C9 Vmax), the overall formation fm increased from 0.91 to 0.94.
As such, the increase in intrinsic formation clearance was not a sensitive parameter. Pooling the
information together, the simulated decrease in 11-OH-THC AUC during pregnancy was due to an

increase in unbound elimination clearance of 11-OH-THC.

5.4.3. Simulated maternal-fetal THC concentrations with and without placental efflux

To test if the extrapolation of THC from the nonpregnant to pregnant population, THC plasma
concentrations were simulated after inhalation of an average joint with THC concentrations reflective of
1984 versus the observed data from Blackard and Tennes, 1984 is shown in Figure 5.4. While dosing

information is missing from Blackard and Tennes, 1984, the simulated concentrations after inhalation of
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THC dose representative of THC levels in 1984 are comparable to the observed data, indicating partial

Success.

Table 5.1. Sensitivity analysis of gestational-age dependent physiological changes on THC and
11-OH-THC PK

. Percent change: output
Percent change: input parameters 9 P

parameters

THC 11-OH-THC THC 11-OH-THC
SOy |0 CTPEE A ] Cow AUCS: | Cow AUCH
— — 150% 150% — — - > 110% 110%
— — — — 1100% — > “— 120% 120%

150% — — — — — > > 110% >
— — — — — 140% — > 140% 140%

— 140% 150% — — — 110% 110% 110% —
— — 150% 150% 1100% — — > 120% 130%
150% — 150% 150% 1100% — - > 110% 120%
150% — 150% 150% 1100% 140% > — 160% 170%
150% 140% 150% 150% 1100% 140% 110% 110% 180% 180%

a Sensitivity analysis was run in a honpregnant population to demonstrate how the physiological changes
observed in pregnancy help explain the simulated change in THC and 11-OH-THC during preghancy
(Figure 5.3). The input parameters are the fold PK changes caused by gestational-age dependent
physiological changes were as follows: 50% and 100% increase in CYP2C9 and CYP3A4 activity, increase
in THC and 11-OH-THC fup from 0.0022 to 0.0039 and 0.005 to 0.0069 (as predicted by the simulation of
THC and 11-OH-THC in a pregnant population by Simcyp at GW = 40 weeks). To note, while there is an
increase in CYP2D6 activity during pregnancy (Anderson, 2005; Tasnif et al., 2016), no sensitivity analysis
was run since CYP2D6 fm is small (fm = 0.09). Furthermore, no sensitivity analysis was run on UGT-
mediated clearance of 11-OH-THC since expression of UGT2B7 or UGT1A9 does not change during
pregnancy (Anderson, 2005; Tasnif et al., 2016). Lines means input parameter was not changed.

THC plasma concentrations were simulated using the m-f-PBPK model as shown in Table 5.2.
The dose for each subject was adjusted in order for the simulated THC maternal plasma concentration to
approximate the observe value. This was to ensure that the maternal concentrations that drive fetal THC
concentrations are well predicted. The observed THC F/M range 0.17 — 0.38 (mean = 0.26). This
suggests that there is placental efflux, placental metabolism, or fetal metabolism that limits fetal exposure
to THC. Indeed, simulations were run in the absence of any placental and fetal metabolism/transport, the
simulated F/M overpredicted the observed values (Table 5.2). Since the HPM studies showed limited
depletion (Figure 5.2) and activity in recombinant CYP3A7 was low (Chapter 2 — Figure 2.1), we
simulated the impact of placental efflux. We manually adjusted the placental efflux ft (representing total

active efflux clearance) and observed that a ft of 0.88 — 0.92 (average = 0.91) was necessary to
138



recapitulate the observed fetal THC concentrations (Table 5.2). This analysis suggests that placental

efflux clearance is much higher than placental passive diffusion clearance of THC.

1004 O Observed (Blackard_1984)

— Simulated maternal THC

95% CI

Concentration (ng/ml)

Time since smoking

Figure 5.4. Extrapolation of maternal THC plasma concentrations during pregnancy and
comparison with observed data.

A) Simulated plasma THC concentrations at term (GW= 40) and observed maternal values at delivery after
smoking cannabis. To note, each marker represents observed value from a different subject (ten total
subjects, four subjects had THC levels below the lower limit of quantification (LLOQ), and one subject did
not have time after smoking information and was not included). The report by Blackard and Tennes, 1984
does not report the dose of THC used by the subjects. As such, simulations were run assuming a dose
representative of average THC concentrations in cannabis in 1984 (see Methods section).

Table 5.2. Observed and simulated maternal and fetal THC concentrations with and without
placental efflux

Observed Simulated
Hours Maternal Fetal EIM Maternal® Fetal EIM Fetal
Subject? since THC THC Ratio THC fte THC® ratio ft¢  THCY
smoking (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
A 5 6 1 0.17 6.0 0 53 09 0.88 1.0
B 10 1.2 0.3 0.25 1.2 0 2.9 24 0.93 0.3
C 19 0.8 0.3 0.38 0.8 0 3.3 41 0.92 0.3

a Serum maternal and fetal umbilical cord concentration pairs from Blackard and Tennes, 1984. ® THC dose
was adjusted manually in order for the simulated maternal THC plasma concentrations to match observed
value. To note, it was assumed THC plasma and serum concentrations were similar. ¢ Simulated fetal THC
concentrations and F/M are shown when the placental efflux ft, expressed as the fraction of total placental
efflux and passive diffusion clearance was set to zero. 9 Placental efflux ft was manually optimized in order
for simulated fetal THC concentration (and therefore F/M) to match observed value. Simulations
demonstrate that in the absence of placental efflux transport, the fetal concentrations are overestimated.
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5.5. DISCUSSION

Previous studies from our lab demonstrated successful prediction of drugs, such as midazolam,
indinavir, and glyburide, using PBPK M & S (Ke et al., 2012; Ke et al., 2014a). Using the same approach,
exposure of THC and 11-OH-THC after inhalation of THC was simulated throughout pregnancy by
extrapolating the THC/11-OH-THC PBPK model from Chapter 4 by accounting for gestational-age
dependent changes. As predicted in Chapter 4, increase in CYP2C9 activity during pregnancy did not
affect THC AUC. This is because THC clearance is blood flow limited and not sensitive to changes in
THC intrinsic clearance (CLint). 11-OH-THC AUC was predicted to decrease 90% by T3 (Figure 5.3). The
AUC of 11-OH-THC is defined as shown in Eq. 29.

fmx CLq,¢

AYCuon e = fcLing

(29)

11-OH-THC

The 50% increase in CYP2C9 caused THC CYP2C9 fm value to change from 0.91 to 0.94. If 11-OH-THC
had a smaller fm value, then the impact of CYP2C9 increased activity may be more pronounced. This
may be true for subjects with CYP2C9 genetic polymorphism that confer decreased activity (and therefore
lower fm). However, it is unknow if polymorphic CYP2C9 activity changes in a similar manner as the wild-
type allele. The preghancy-induced increase in both 11-OH-THC fu (from 0.005 to 0.0069) combined with
the increase in 11-OH-THC ClLint due to increased activity of CYP2C9 and CYP3A4 caused the overall
11-OH-THC AUC to decrease up to 90% during pregnancy. While this is a significant decrease in 11-OH-
THC exposure during pregnancy, the combined THC and 11-OH-THC AUC decreased 20%. Therefore,
the overall cannabinoid (THC and 11-OH-THC) AUC is predicted to be similar before and during

pregnancy.

The study by Blackard and Tennes, 1984 is the only available dataset of paired maternal and
fetal concentrations in humans. While lacking in dosing information, the preliminary extrapolation for THC
shown in Figure 5.4 is promising. Unfortunately, 11-OH-THC concentrations were not measured in
Blackard and Tennes, 1984 study and no other datasets exist. Further verification using observed THC

and 11-OH-THC concentrations in maternal plasma and umbilical blood is necessary.
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The observed THC F/M concentrations ratios in humans ranged from 0.17 — 0.38 (mean = 0.26)
(Blackard and Tennes, 1984). Initial simulations assuming no placental and fetal metabolism or transport
overestimated the THC F/M concentration ratio (Table 5.2). Since the observed THC F/M is less than
one, placental and fetal metabolism or placental efflux may limit exposure of THC to the fetus. Based off
recombinant enzyme studies in Chapter 2, CYP1A1, UGT1A9, and UGT2B7, enzymes that are
expressed in the placenta (assessed via protein expression) (Al-Enazy et al., 2017), turned over THC and
11-OH-THC (UGTs only). However, there was minimal depletion in the HPMs tested (Figure 5.2). To
note, there is wide interindividual variability in the activity of placental CYP1A1 and UGT2B7 (Collier et
al., 2002), and the small sample size in this study may be insufficient in detecting the turnover of THC and
11-OH-THC by HPMs. Furthermore, fetal metabolism is unlikely to be a big contributor to fetal exposure
because the fetal liver is small and the clearance of CYP3A7 observed in Chapter 2, Figure 2.1 was also
small. Another possibility for the THC F/M is active placental efflux. Indeed, THC is a substrate of P-gp
and BCRP (Bonhomme-Faivre et al., 2008; Spiro et al., 2012a). In Abcbla/b(-/-) (P-gp) and Abcg2 (-/-)
(BCRP) mice, THC had up to 4.2- and 6.1-fold increase in the brain/blood ratio compared to wild-type
mice, respectively (Spiro et al., 2012a). Based off the increase in the THC brain/blood ratio in the knock-
out versus wild-type mice, the THC P-gp and BCRP ft is as high as 0.76 and 0.83, respectively (Prasad
and Unadkat, 2015). In order to recapitulate the observed F/M ratios, we estimated the average placental
efflux ft was 0.91. While the ft via P-gp and BCRP may not be large, the ft of the combined clearances of
P-gp and BCRP may become significant (Kusuhara and Sugiyama, 2009). For example, if both the ft of
P-gp and BCRP at the placenta was 0.45 each, then the combined placental efflux ft would be 0.90. It
should be noted that the magnitude of placental diffusion clearance can also impact the F/M ratio (Zhang
et al., 2017a). However, the psychoactive effects of THC are within minutes after inhalation, thus
demonstrating good permeability across the blood-brain barrier. Alternatively, if there is significant
placental metabolism, then the placental efflux ft would be smaller than what was estimated. Due to the
small sample size of HPMs in this study, further studies are needed to confirm placental metabolism of
THC as well as efflux via P-gp and BCRP. The latter can be addressed with P-gp/BCRP single and
double knock-out animals and with the perfused human placenta with and without inhibitors of P-gp

and/or BCRP.
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Overall, THC and 11-OH-THC disposition was extrapolated from healthy subjects (Chapter 4) to
pregnancy. Simulations show that during pregnancy, THC AUC does not change, 11-OH-THC AUC
decreases up to 90%, but the combined THC and 11-OH-THC exposure did not decrease by a large
amount. Simulated THC pal concentrations after smoking a THC dose representative of THC doses in
1984 were comparable to observed values from Blackard and Tennes, 1984. However, this is not enough
to verify the THC pregnancy extrapolation. Lastly, we simulated THC fetal concentrations and estimated

the placental efflux ft necessary to recapitulate observed values.
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Chapter 6. General conclusions and future directions
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6.1. GENERAL CONCLUSIONS

Subtle but persistent neurodevelopmental effects and lower birth weight are associated with
maternal cannabis use. However, confounding factors, such as reliance on self-reporting, concurrent
tobacco and alcohol use, diverse socioeconomic background, changing composition of cannabis, and
varying cannabis administration routes make it difficult to establish the independent risk factors of
maternal cannabis use using observational studies. Prospective studies to study the safety and toxicity of
cannabis in pregnant women are not possible due to ethical considerations Preclinical studies have
identified THC, the psychoactive component in cannabis, and its active hydroxy metabolite, 11-OH-THC
can dysregulate the endocannabinoid system and lead to toxicity during early pregnancy advancement,
placentation, and fetal neurodevelopment. It is difficult to translate the magnitude of toxicity observed in
preclinical studies to humans since it is unknown how the doses/concentrations of THC used in preclinical
studies relate to those observed in-utero in humans. Measuring maternal and fetal concentrations
throughout pregnancy is not logistically or ethically possible. An alternative is to make in silico predictions
using PBPK M & S. PBPK models incorporates physiological data, such as tissue composition and blood
flows, with mechanistic drug PK parameters, such as metabolism and transport, to mechanistically predict

in vivo disposition of a xenobiotic. Utilizing PBPK M & S, the objective of this dissertation project was to

prospectively predict cannabinoid (THC and its active metabolite, 11-OH-THC) exposure in pregnant

women and the fetus. By bridging THC and 11-OH-THC mechanistic PK data with PBPK modeling, this

project provides the mechanistic foundation to dynamically predict clinically relevant predictions of

maternal and fetal THC exposure following cannabis consumption.

In the first half of project, we identified and quantified the enzyme kinetics of DMEs important in
THC and 11-OH-THC disposition. In Chapter 2, we conducted reaction phenotyping studies using
recombinant P450 and UGT enzymes to identify which DMEs deplete THC and 11-OH-THC and form 11-
OH-THC. While similar in vitro studies have been previously done, they focused on only the formation of
11-OH-THC (Bornheim et al., 1992; Watanabe et al., 2007; Mazur et al., 2009b). We confirmed previous
observations and in addition found that CYP1A1, CYP3A7, UGT1A9, and UGT2B7 metabolize THC and
11-OH-THC. These DMEs are of particular importance since they are present in the placenta and fetal
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liver (CYP3A7 only). We then quantified the fractional contribution of each DME in human liver
microsomes using selective chemical inhibitors and adjusting for enzyme cross-inhibition. Importantly, we
did these studies using pharmacologically relevant concentrations of THC and 11-OH-THC after smoking
cannabis (500 nM THC and 50 nM 11-OH-THC). We found CYP2C9 is the major DME responsible for
THC depletion and 11-OH-THC formation while 11-OH-THC depletion is split between UGT enzymes,
CYP3A4, and CYP2C9. Unlike previous studies, we found CYP3A4 contribution was negligible to THC
depletion. However, the THC concentrations used in those studies ranged from 64 — 130 uM (Bornheim
et al., 1992; Watanabe et al., 2007) and likely saturated CYP2C9. Indeed, in Chapter 3 we quantified the
kinetics (CLint, Vmax, Km) of individual enzyme pathways using in vitro modeling and found CYP2C9
becomes saturated at low yM range. In addition, we quantified the kinetics for THC depletion via CYP2C9
and CYP2D6, and 11-OH-THC depletion via CYP2C9, CYP3A, and UGT enzymes. The enzyme
fractional contributions estimated using in vitro modeling approach were comparable with our results

using chemical inhibitors shown in Chapter 2.

In Chapter 4, the mechanistic PK information provided in Chapters 2 and 3 was extrapolated to
in vivo via IVIVE and used to build and verify a PBPK model of THC and 11-OH-THC disposition in
nonpregnant population. Based off our optimization (only had to change fup), success criteria, and model
performance, we conclude the IVIVE was successful. Furthermore, we recognized that while 11-OH-THC
formation is much greater than its elimination (based of CLint), and thus would be expected to be
elimination rate-limited, it is not. This is because the apparent formation of 11-OH-THC in plasma is
driven by the blood-flow limited THC plasma clearance. This helps explain why the 11-OH-THC to THC
AUC plasma ratios are less than one and the cannabinoids have similar half-lives. We found that the
difference in THC AUCSs after inhalation were different between chronic and casual cannabis users was
because of difference in inhalation bioavailability (Finn) and not differences in THC clearance. We
estimated Finh of 0.35 and 0.19 for chronic and casual users, respectively. The difference is likely due to
user experience (e.g. chronic users have longer puff volume and duration compared to casual users) and
tolerance to THC. Overall, in this Chapter we verified a linked THC/11-OH-THC model for inhalation of

THC in a healthy nonpregnant population.
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In Chapter 5, we extrapolated the verified THC/11-OH-THC PBPK model in nonpregnant
population by adjusting for gestational-age dependent changes. This included an increase in CYP2C9,
CYP3A4, and CYP2D6 and no change to UGT expression at various stages during pregnancy. Our
simulations show that THC AUC does not change during pregnancy but 11-OH-THC AUC decreased up
to 90% by the third trimester. However, the combined cannabinoid exposure (THC + 11-OH-THC AUC)
decreased by up to 20%. While the pregnancy THC/11-OH-THC PBPK model could not be verified, a
preliminary extrapolation was made and compared to observed data of maternal THC concentrations at
delivery. Because the preliminary extrapolation was promising, THC and 11-OH-THC concentrations were
simulated for inhalation of a contemporary THC dose in chronic and casual users. Furthermore, fetal THC
concentrations in these simulations were calculated based on the observed fetal to maternal (F/M) THC
concentration ratios. The results from these simulations will inform in vitro and animal studies on the
pharmacologically relevant cannabinoid concentrations to be used when assessing the effects of fetal
cannabinoid (THC and 11-OH-THC) exposure, and thus ultimately help further knowledge on the safety

and toxicity of cannabis use during pregnancy.

6.2. FUTURE DIRECTIONS

The simulations of maternal and fetal THC and 11-OH-THC concentrations need to be verified in
humans. Ideally, verification should be done in a similar fashion as for the linked THC/11-OH-THC
nonpregnant model in Chapter 3. However, it is logistically difficult to obtain maternal samples,
particularly in this instance where cannabis is considered a controlled substance I. Furthermore, it is only
possible to obtain fetal concentrations at delivery and not any time prior. Nevertheless, opportunistic

studies could identify subjects that already use cannabis during pregnancy.

The mean observed THC F/M in humans was 0.26 (Blackard and Tennes, 1984). This suggests
that there may be placental efflux, metabolism, or fetal metabolism that limits THC fetal exposure. Our
studies in placental microsomes from first through third trimester showed minimal metabolism of THC and
11-OH-THC (Chapter 5) even though these cannabinoids are turned over by CYP1Al, UGT1A9, and
UGT2B7 (Chapter 2). THC is transported by P-gp and BCRP (Bonhomme-Faivre et al., 2008; Spiro et al.,

2012a), and the activity of these placental efflux transporters may be the reason for the observed F/M
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ratio. Therefore, the efflux of THC and 11-OH-THC by these two transporters needs to be verified in

animal studies usual dual P-gp/BCRP knock-outs and perfused placenta studies.

To dynamically predict THC and 11-OH-THC fetal concentrations via m-f-PBPK modeling (Zhang
and Unadkat, 2017), the placental metabolism of the cannabinoids needs to be verified as well as
placental efflux and passive diffusion clearance needs to be elucidated. Our previous m-f-PBPK model
calculates placental passive diffusion based off the xenobiotic’s in vitro measured permeability (Papp) to
that of midazolam’s (the model’s reference point). There is no measurement of THC or 11-OH-THC Papp in
established epithelial cell lines (i.e., Madin-Darby canine kidney and Caco-2). This is an important
parameter to establish since the placental passive diffusion impacts fetal but not maternal concentration-

time profiles, and thus the F/M ratio at a given sampling time (Zhang et al., 2017a).

The nonpregnant THC/11-OH-THC PBPK model can be extended to include oral (PO)
administration of THC as well. For this, mechanistic information on intestinal metabolism is necessary.
Based of our previous results, there may be intestinal metabolism due to CYP2C9 and UGT2B7.
Furthermore, a PO PBPK model is necessary to verify hepatic THC CLint values. As demonstrated in
Chapter 4, THC CLintis not a sensitive parameter to THC plasma clearance due to blood flow limitations.
However, during oral administration, the apparent plasma clearance is a function of hepatic clearance
and bioavailability. As such, changes in CLint should be reflective in changes to THC AUC. Indeed, when
given THC orally, CYP2C9 deficient carriers (CYP2C9*3/*3) have a three-fold higher THC plasma AUCo-int
(Sachse-Seeboth et al., 2009). Lastly, 11-OH-THC AUC is approximately twice as large as THC AUC
after oral administration of THC, and therefore will contribute more to the combined effect, and therefore

toxicity, when compared to inhalation.
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