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Abstract

Cannabidiol (CBD) is available as a prescription oral drug that is indicated for
the treatment of some types of epilepsy in children and adults. CBD is also available
over-the-counter and is used to self-treat a variety of other ailments, including pain,
anxiety, and insomnia. Accordingly, CBD may be consumed with other medications,
resulting in possible CBD-drug interactions. Such interactions can be predicted in
healthy and hepatically-impaired (HI) adults and in children through physiologically
based pharmacokinetic (PBPK) modeling and simulation. These PBPK models must be
populated with CBD-specific parameters, including the enzymes that metabolize CBD in
adults. In vitro reaction phenotyping experiments showed that UGTs (80%), particularly
UGT2B7 (64%), were the major contributors to CBD metabolism in adult human liver
microsomes. Among the CYPs tested, CYP2C19 (5.7%) and CYP3A (6.5%) were the
major CYPs responsible for CBD metabolism. Using these and other physicochemical
parameters, a CBD PBPK model was developed and validated for healthy adults. This
model was then extended to predict CBD systemic exposure in HI adults and children.
Our PBPK model successfully predicted CBD systemic exposure in both populations to
within 0.5 to 2-fold of the observed values. In conclusion, we developed and validated a
PBPK model to predict CBD systemic exposure in healthy and HI adults and children.
This model can be used to predict CBD-drug or CBD-drug-disease interactions in these

populations.
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Significance statement

Our PBPK model successfully predicted CBD systemic exposure in healthy and
hepatically-impaired adults, as well as children with epilepsy. This model could be used
in the future to predict CBD-drug or CBD-drug-disease interactions in these special

populations.
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Introduction

Cannabidiol (CBD), a nonintoxicating phytocannabinoid, is approved in the
United States (Epidiolex®) and Europe (Epidyolex®) as an oral solution for the
treatment of some types of epilepsy, including Lennox-Gastaut syndrome, Dravet
syndrome, or tuberous sclerosis complex (Devinsky et al., 2016). CBD is also available
over-the-counter and is widely used by consumers to self-treat a variety of other
ailments, including pain, anxiety, and insomnia.

The widespread use of CBD raises concern for potential clinically significant
CBD-drug interactions, especially because CBD (750 mg orally twice daily) can be
hepatotoxic, as evidenced by elevated serum alanine aminotransferase (ALT) (Watkins
et al., 2021). This ALT elevation is dose-dependent (10-20 mg/kg/day; Epidiolex®
Package Insert) and is more pronounced in adult and pediatric patients who also take
valproic acid, another hepatotoxin (Devinsky, Patel, Cross, et al., 2018; Meseguer et al.,
2021). The United States Food and Drug Administration (FDA) recommends monitoring
serum ALT and bilirubin before initiating Epidiolex® in patients taking valproic acid
(Epidiolex® Package Insert). In addition, compared to healthy adults, CBD systemic
exposure (AUC and Cax) is increased 1.5 to 4-fold in patients with mild, moderate, or

severe hepatic impairment (Taylor et al., 2019). Thus, the widespread use of CBD

raises concern for potential clinically significant CBD-drug and/or CBD-disease

interactions.
CBD-drug interactions in healthy and hepatically-impaired (HI) adults and
children could be predicted using physiologically based pharmacokinetic (PBPK)

modeling and simulation (M&S). Once a CBD PBPK model has been developed and
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validated for these populations, the model can be used to predict CBD systemic
exposure in other populations not studied, including younger children, the elderly, and
pregnant people, and to predict CBD-drug interactions in healthy and HI adults and in
children.

CBD is highly lipophilic (log P = 6.33) (ChEMBL database), has low aqueous
solubility (0.0627 ug/ml), and has a poor oral bioavailability (8%), which is improved
approximately 4-fold in the presence of a high-fat meal (Taylor et al., 2018, 2019; Koch
et al., 2020; Perkins et al., 2020). CBD plasma AUC and Cax are dose-proportional
when administered with a high-fat diet (Perkins et al., 2020) but are less than dose-
proportional when administered under fasting conditions, which is likely due to the low
aqueous solubility (Taylor et al., 2018). As in adults, CBD PK are dose-proportional in
children (age 4-10 years) when administered with food (Devinsky et al., 2018). CBD is
largely excreted in the feces, with minimal elimination in the urine (Epidiolex® Package
Insert). CBD is metabolized in the liver by cytochrome P450s (CYPs), including CYP1A,
CYP2C9, CYP2C19, CYP2D6, and CYP3A (Jiang et al., 2011), and uridine 5’-
diphospho-glucuronosyltransferases (UGTs), including UGT1A9 and UGT2B7 (Mazur et
al., 2009). Of these CYPs, the fraction of CBD metabolized (f,,) by CYP2C9 (0.15),
CYP2C19 (0.3), and CYP3A (0.54) has been quantified (Beers et al., 2021), but the
overall contribution of CYPs and UGTs to the metabolism of CBD has not been
quantified. Such data are necessary to build a PBPK model for CBD. CBD does not
appear to be a substrate for transporters, including organic anion transporting
polypeptide 1A2 and 2B1, P-glycoprotein, breast cancer resistance protein, and bile salt

export pump (Epidyolex® Package Insert).
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The objective of the present study was to develop and validate a PBPK model for
CBD in healthy and HI adults and in children using in vitro experimental (generated in-
house) and published in vivo CBD PK data (available for children only for ages 4-10
years). Specifically, our aims were to a) determine the intrinsic clearance (CLi) and
fraction metabolized (f,) of CBD by CYPs and UGTs using pooled human liver
microsomes (HLMs); b) develop and validate a CBD PBPK model for healthy adults
after oral CBD administration (fasted and fed conditions); and c) extend this validation to

the HI adult and pediatric (4-10 years) populations.
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Materials and Methods
Biological Materials, Chemicals, and Reagents

Pooled HLMs prepared from 200 donors (mixed sexes) were obtained from
SEKISUI Xenotech, LLC (Kansas City, KS). CBD was purchased from Cayman
Chemical (Ann Arbor, MI). Methanolic solutions of CBD-d3 were purchased from
Cerilliant (Round Rock, TX). Furafylline, UDP glucuronic acid (UDPGA), alamethicin,
sulfaphenazole, digoxin, quinidine, and reduced B-nicotinamide adenine dinucleotide
phosphate (NADPH) were purchased from Sigma-Aldrich (St. Louis, MO). Montelukast,
benzylnirvanol, azamulin, 2-phenyl-2-(1-piperidinyl)propane (2-PPP), and -
phenyllongifolol were purchased from Toronto Research Chemicals (Toronto, ON,
Canada). Bovine serum albumin (BSA), acetonitrile, and formic acid were purchased
from Fisher Scientific (Hampton, NH). Ultralow-binding microcentrifuge tubes were
purchased from Genesee Scientific (ElI Cajon, CA).
CBD Depletion by CYPs and UGTs in HLMs

CBD (50 or 1000 nM) was incubated with pooled HLMs (0.3 mg/ml), with or
without NADPH (1 mM), or HLMs (0.05 mg/ml), with or without UDPGA (2.5 mM), in 200
ul potassium phosphate buffer (100 mM; pH 7.4) and BSA (0.2%). Parallel incubations
were conducted in the presence of a selective enzyme inhibitor or inactivator
(Bichlmaier et al., 2007; Lapham et al., 2012, 2020): 10 uM furafylline (CYP1A2), 3 uM
2-phenyl-2-(1-piperidinyl)propane (2-PPP; CYP2B6), 0.7 yM montelukast (CYP2C8), 10
MM sulfaphenazole (CYP2C9), 3 uM benzylnirvanol (CYP2C19), 1 uM quinidine
(CYP2D6), 3 uM azamulin (CYP3A), 10 uM digoxin (UGT1A9), or 3 uM B-

phenyllongifolol (UGT2B7). At the concentration used, each inhibitor has been shown to
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completely and selectively inhibit the respective CYP or UGT enzyme activity
(Bichlmaier et al., 2007; Khojasteh et al., 2011; Lapham et al., 2012). Stock solutions of
CBD and enzyme inhibitors or inactivators were prepared in DMSO (100%), of which
the final concentration was always <1% v/v. Incubation mixtures (200 ul) containing
CYP reversible inhibitors were pre-warmed for 5 min at 37°C in a heating block with
constant stirring (300 rpm) prior to initiating the reaction with NADPH. Incubation
mixtures containing CYP inactivators (furafylline or azamulin) were preincubated with
NADPH for 20 min at 37°C to achieve complete inactivation of the respective CYP prior
to the addition of CBD. Incubation mixtures containing UGT inhibitors (all reversible)
were pretreated with alamethicin (25 ug/ml) on ice for 15 min to allow pore formation.
The mixtures were then prewarmed for 5 min at 37°C prior to initiating the reaction with
UDPGA. AtO0, 10, 20, or 30 min, the reaction was terminated by adding 30 pl of
incubation mixture to 120 ul of acetonitrile containing the internal standard (CBD-d3).
Samples were vortexed then centrifuged at 18,000g for 10 min to precipitate proteins.
CBD was quantified in the supernatants using LC-MS/MS methods as described
previously (Bansal et al., 2022). Two independent experiments were conducted, each in
duplicate.
Data Analyses

The depletion rate constant (kqep) Was estimated by fitting a log-linear model to
the percent of CBD remaining in the incubation in the absence or presence of CYP or
UGT selective inhibitor (GraphPad Prism 6.01, San Diego, CA). The CBD intrinsic
clearances by CYP (CLintcyps) and UGT (CLintucts) Were estimated using equations 1

and 2, respectively, where Kqep naDPH represents the rate of CBD depletion by CYPs in
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the presence of NADPH, Kkqep,unrca represents the rate of CBD depletion by UGTs in the

presence of UDPGA, and [HLM] is the microsomal protein concentration.

kdep,NADPH

CLintcyps = — 7 om €Y
[HLM]
kdep,UDPGA
int,UGTs —
CL = ~THLM] (2)

The fraction of CBD metabolized by CYPs and UGTs was calculated using equations 3

and 4, respectively:

CL int,CYPs
fm, = : 3)
merps CLintcyps + Clintucrs
CLintyer
fm,UGTs = - : (4)

CLintcyps + Clintuers

CBD was assumed to be metabolized only by the CYPs and UGTs assessed in the
current study. This assumption is justified because when the percent inhibition values
were summed, minimal to no depletion remained when compared with the -NADPH or -
UDPGA condition. The relative contributions of CYP and UGT isoforms to CBD

metabolism were calculated using equations 5 and 6, respectively (Ahire et al., 2017):

fm,cyps X % inhibition

= 5
fm'CYP'l sum of total % inhibition across CYP isoforms tested ( )

fmucrs X % inhibition

.= 6
fm'UGT'l sum of total % inhibition across UGT isoforms tested ( )

where the percent inhibition of CYP or UGT isoforms in the presence of their selective
inhibitors was calculated using equation 7, where Kgep,no inn @nd Kdepwith inh are the Kqep in

the absence and presence of an inhibitor, respectively.

11
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Py s kd ’ . h_kd with inh
% Inhibition = 100 x —<22202 PR )
kdep,no inh

PBPK Model Development and Validation

A schematic of the workflow for the development and validation of a PBPK model
for CBD in healthy adult, HI adult, and pediatric populations is shown (Fig. 1). Key
physicochemical, blood binding, and PK parameters used to simulate the
pharmacokinetics of CBD are listed in Table 1. The predicted tissue to plasma partition
coefficient (using Simcyp method 1) and steady-state volume of distribution (Vss) were
used to develop a whole-body CBD PBPK model (Poulin and Theil, 2002). All tissues
were assumed to be perfusion-limited compartments because CBD’s permeability-
surface area product (PS) considerably exceeded the tissue blood flow (calculated
using PK-Sim version 11; data not shown). Parenthetically, we note that CBD does not
appear to be a substrate for any transporters (Epidiolex® Package Insert). The liver was
considered the main site of CBD metabolism because its renal clearance is negligible
(Tayo et al., 2020; Epidiolex® Package Insert).

To predict the hepatic CBD clearance, first, our in-house in vitro CL;,; and f,, data
(Table 2) were used i.e. bottom-up PBPK modeling (Simcyp version 20; Certara,
Sheffield, UK). Because this approach considerably underestimated the IV CBD AUC
and Cnax (Ohlsson et al., 1986), likely due to overestimation of the in vivo hepatic CLjq,
a middle-out modeling approach was adopted instead (Tsamandouras et al., 2013;
Ladumor, Bhatt, et al., 2019). To do so, first CBD hepatic clearance (CLy) was
estimated from the IV plasma CBD clearance (CL) (Ohlsson et al., 1986). From this
estimate, the in vivo intrinsic hepatic clearance (CLit ) was back-calculated from CLy

using the dispersion model (Supp. Methods & Supp. Fig. 1). Then, the in vitro CLint n vitro

12
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of individual UGT or CYP isoforms was estimated based on their in vivo CLintn (Supp.
Methods & Supp. Fig. 1). These CLintin vitro Values were assigned to individual UGT and
CYP isoforms based on their respective in vitro contribution to CBD metabolism
determined in the current study. The inactivation kinetic parameters (K, and Kinact) for
CYP1A2, CYP2C19, and CYP3A by CBD (Bansal et al., 2020) were included in the
PBPK model to account for time-dependent inhibition of these enzymes by CBD.

The first-order absorption model was used to predict the oral CBD PK profile.
The fraction of CBD absorbed (F,) after a single oral dose of CBD administered under
fasted, fed, and high-fat fed conditions was optimized (using the Parameter Estimation
module of the Simcyp simulator) to recapitulate the observed CBD PK profiles of their
respective training datasets. The absorption rate constant (ka) and lag time for CBD
absorption were estimated to capture the observed Cax and thnax, respectively.

Simulations were conducted using the Simcyp healthy volunteers virtual
population (see Supp. Table 1). A total of 20 trials were simulated to mimic the

population variability in the observed data. The number of subjects, their age, sex

distribution, CBD dose, dosing regimen, dose units, route of administration, and prandial

state in the simulations were identical to those in the corresponding in vivo study.
Model predictive performance was evaluated by comparing the simulated AUC
and Cnax to the observed in vivo data that were not used as a training dataset. The
model was considered validated if the predicted AUC and Cnax fell within the 95%
confidence interval (Cl) of the observed values and the ratio of predicted to observed

PK endpoints was within the 0.5- to 2-fold range. Additionally, the simulated

13
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concentration-time profiles were visually compared with the observed digitized in vivo
data (WebPlotDigitizer)(https://automeris.io/WWebPlotDigitizer/).
PBPK Model Validation in HI Adult Populations

After developing and validating a base PBPK model for predicting CBD systemic
exposure after single-dose administration in healthy adults under fed conditions, this
model was further validated in HI adult populations. Existing Simcyp models for mild
(Child-Pugh A), moderate (Child-Pugh B), and severe (Child-Pugh C) hepatic
impairment were used to predict CBD systemic exposure in HI populations. Although
the Simcyp version 20 model incorporates the decrease in CYP protein abundance and
other physiological changes resulting from hepatic impairment, changes in UGT protein
abundance are not incorporated. Given that UGT1A9 protein abundance (picomoles per
milligram of microsomal protein) decreases by 40% and 64%, respectively, in moderate
and severe HI patients relative to healthy subjects and that UGT2B7 protein abundance
decreases by 25%, 55% and 80% in mild, moderate, and severe HI subjects,
respectively, relative to healthy subjects (El-Khateeb et al., 2021), UGT1A9 or UGT2B7-

mediated CL;,; was modified using equation 8 (Prasad et al., 2018; Ahire et al., 2022):

Abundanceygri (HI)

CLintueri iy = CLintucri (contror) X Abundanceyart controb ®

PBPK Model Validation in Pediatric Populations

The base PBPK model for predicting the systemic exposure to oral CBD
administered under fed conditions in adult populations was applied to the pediatric
population, ages 4-10 years using the Simcyp pediatric model. Simcyp default ontogeny
profiles for CYPs and UGTs, except UGT2B7, were used because UGT2B7 ontogeny

has not been incorporated in Simcyp version 20. Therefore, reported UGT2B7 ontogeny
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data were included to predict CBD systemic exposure in children (Bhatt et al., 2019).
The model was populated with the CBD CYP inactivation kinetic parameters (K, and
kinact) to capture the accumulation and time-dependent inhibition of enzymes after
multiple oral dose of CBD administration. CBD accumulation ratio was calculated as the
ratio of CBD AUCy.s, after the last dose and after a single dose (because the AUC after
the first dose was not available). Because the latter was not available for all single
doses (i.e. 2.5, 5, or 10 mg/kg), it was estimated from the observed AUCy.s, after a
single 1.25 mg/kg dose assuming dose proportionality. The CBD pediatric population
model was considered validated if the success criteria specified for the base model

were met.
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Results
Determination of Intrinsic Clearance and Fraction Metabolized

CYP- or UGT-mediated CBD depletion rates were higher at 50 nM compared to 1
MM (data not shown), which was likely due to auto-inhibition at 1 uM. Therefore, all
subsequent CBD depletion experiments were conducted at 50 nM. CBD depletion could
not be monitored at <50 nM due to assay detection limitations. UGT-mediated CL;,; for
CBD was 3.5-fold higher than the CYP-mediated CL;; (Table 2). Based on CL, UGTs
contributed 80% to CBD depletion (Fig. 2 and Table 2). UGT-mediated depletion of
CBD was inhibited most (82%) by the UGT2B?7 inhibitor, B-phenyllongifolol (Fig. 2B). A
UGT1A9 inhibitor, digoxin, inhibited CBD depletion by 21%. Unlike UGTs, CYPs
contributed modestly (20%) to CBD metabolism (note that a 6-fold higher concentration
of HLM was used to quantify CYP- vs. UGT-mediated CBD depletion) (Fig. 2). CYP-
mediated depletion of CBD was inhibited 47% and 41% by azamulin (CYP3A inhibitor)
and benzylnirvanol (CYP2C19 inhibitor), respectively (Fig. 2A). Sulfaphenazole
(CYP2C9 inhibitor) inhibited CBD depletion by 20%, and other CYP isoform inhibitors,
including furafylline (CYP1A2), 2-PPP (CYP2B6), montelukast (CYP2C8), and quinidine
(CYP2D6), inhibited CBD depletion by <12% (Fig. 2A).
PBPK Model for CBD after IV Administration

The PBPK model-predicted CBD plasma concentration-time profile following IV
administration was comparable to the observed in vivo data used as a training dataset
(Fig 3). Most of the data points (>90%) were within the 5™-95" percentile of the virtual

population. The predicted CBD AUC was within the 95% CI of the observed value
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(Table 3). The predicted to observed AUC ratio was 1.16. These results indicated
successful development of a PBPK model for CBD following IV administration.
PBPK Model for CBD after Oral Administration

The model-predicted CBD plasma PK profiles following oral administration under
fasted, fed, and high-fat fed conditions were comparable to the observed in vivo data
(Fig. 4). All observed data points fell within the 5"-95™ percentile of the virtual
population. The predicted CBD AUC and Cpax Were within the 95% CI of the observed

values (Table 3). The predicted to observed AUC and Cax ratios were within the range

0.84-1.19. Simcyp-estimated fraction of CBD escaping the gut (Fg) was similar (85-90%)

under the fasted or fed conditions. In contrast, Simcyp-estimated fraction of CBD
escaping the liver (Fn) was 1.5-fold higher under fed conditions (47%) compared to the
fasted condition (31%). After developing these PBPK models (fasted, fed, and high-fat
meal), model predictive performance was evaluated using multiple validation datasets
that were not used for model-training. The PBPK models were validated as evidenced
by the predicted AUC falling within the 95% CI of the observed value (Table 3).
However, CBD F, required refining to accurately predict systemic exposure following
higher CBD doses [3000 mg (F,=0.2), 4500 mg (Fa.= 0.17), or 6000 mg (F,= 0.15)] in
the fasted condition (Fig. 5). The predicted to observed AUC and Cyax ratios for the
validation datasets were within the range 0.79-1.50. Model-predicted t4, of CBD was
also comparable to the observed value (50-60 h) based on CBD plasma sampling for 8

days (Perkins et al., 2020).
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Oral CBD PBPK Model validation in HIl and Pediatric Populations

In mild, moderate, and severe HI populations, using the Simcyp version 20
default HI model, the predicted to observed CBD C,a« ratio was within acceptable limits
(greater than 0.5-fold). The predicted CBD AUC after a single oral dose of CBD in Hl
populations, except for the severe HI population, fell within the acceptance criteria
(Table 4). After incorporating the altered UGT1A9 and 2B7 protein abundance in mild,
moderate, and severe HI populations, model performance improved (Table 4),
especially in severe HI populations, and all observed data points fell within the 5th-95th
percentile of the virtual HI populations (Fig. 6). Simcyp-estimated ty», of CBD increased
by 2-fold in mild HI patients and by 3-fold in moderate and severe HI patients, which is
comparable to the observed values (Taylor et al., 2019). Hepatic impairment was
predicted to have no effect on CBD tnax, Which is consistent with the observed data
(Taylor et al., 2019).

Model performance was also validated in the pediatric population, in which CBD
AUC and Cy.x after single- and multiple-dose oral administration fell within the pre-
defined acceptance criteria (Table 5). The predicted CBD accumulation ratio after
multiple-dose administration was within the 0.5- to 2-fold range (Table 5). Incorporating
ontogeny of UGT2B7 in the Simcyp-default model for children had minimal effect on

CBD AUC and Cax (data not shown).
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Discussion

This study determined the relative contribution of UGT and CYP isoforms to CBD
depletion by HLMs using in vitro reaction phenotyping. We found that UGTs
(UGT1A9/2B7, 80%), rather than CYPs (20%), are the major contributors to CBD
metabolism. These observations are consistent with results from an in vivo study
showing that itraconazole, a potent CYP3A inhibitor, altered the AUC and Cpax of CBD
by <10%, whereas fluconazole, a CYP2C19 inhibitor, increased CBD AUC and Cpax by
22-24% (Epidiolex® Package Insert). Moreover, rifampin, a CYP3A and CYP2C19
inducer, decreased CBD AUC and Cax by <30% (Epidiolex® Package Insert). In
contrast, a previous in vitro CBD (1 uyM) depletion study involving HLMs concluded that
CYPs, rather than UGTs, are the major enzymes that metabolize CBD (Beers et al.,
2021). Given that CBD is a more potent inhibitor of UGT2B7 and UGT1A9 (Bansal et
al., 2021) than CYPs (Bansal et al., 2020), such contradictory results are likely due to
auto-inhibition of UGT-mediated metabolism of CBD at the 1 yM concentration used in
that study. Nevertheless an in vivo study with UGT inhibitors is needed to confirm
whether the UGTs are the major contributors to CBD clearance.

Using the contributions by UGTs and CYPs, we used PBPK M&S to simulate
CBD PK profiles in healthy adults under fasted and fed conditions. The model was
trained and validated for healthy adults. To do so, first, we used a bottom-up approach,

which overestimated (by 21-fold) CBD in vivo CLiy, indicating that HLMs do not fully

capture hepatic metabolism in vivo, perhaps because intracellular proteins, such as fatty

acid-binding proteins, may hinder access of CBD to the enzymes (Elmes et al., 2015).

Therefore, we used a middle-out approach to build the CBD PBPK model
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(Tsamandouras et al., 2013; Ladumor, Bhatt, et al., 2019). CBD CL,, was determined in
a single study in which deuterated CBD (20 mg) was administered as an IV infusion to
five subjects (Ohlsson et al., 1986). Given that CBD ty/; is approximately 50-60 h
(Epidiolex® Package Insert), this CL,y is likely an overestimated because the AUC was
calculated over one half-life (48 h) in 2 subjects and 1.5 half-lives (78 h) in 3 subjects.
Therefore, we used the lower limit of the 90% CI (54 L/h) of the observed CL,y (70 L/h)
to predict the CBD PK. Given that the renal clearance of CBD is minimal (Tayo et al.,
2020), the blood clearance of CBD was estimated to be approximate liver blood flow
deeming CBD a high extraction ratio drug (>0.70). Therefore, the dispersion model was
chosen to back-calculate CBD in vitro CLi, from in vivo CL;y (Yamamoto et al., 2005).
Next, based on the individual CYP and UGT enzymes contributing to CBD metabolism
in our depletion studies, CBD CL;,; was segregated into fractions contributed by each of
the identified CYPs and UGTs.

Due to the low aqueous solubility of CBD in intestinal fluid, which can result in
poor and large inter-individual variability in absorption, the oral CBD PK datasets were
obtained from studies in which the drug was administered in sesame or soyabean oll
and/or alcohol. Nevertheless, under fasting conditions, CBD systemic exposure is less
than proportional with an increase in dose (Table 3, Fig. 5) (Taylor et al., 2018).
Therefore, we optimized F, for the higher CBD doses administered under fasting
conditions (3000, 4500, and 6000 mg). In contrast, under high-fat fed conditions, CBD
exposure increases linearly with dose (Fig. 6) (Perkins et al., 2020), demonstrating CBD
dose-independent kinetics (including Fa). Under both fed and fasted conditions, the

estimated F4 suggests minimal intestinal CBD metabolism. However, we estimated a
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higher F under fed vs. fasting conditions, which was likely due to the higher splanchnic
blood flow under fed conditions (Rose et al., 2017). The model-predicted oral
bioavailability of CBD was 7%, 17%, and 30% under fasted, fed, and high-fat fed
condition, respectively, which is comparable to the corresponding observed oral
bioavailability (8%, 16%, and 30%) that was calculated by comparing CBD AUC
following oral and IV administration (Ohlsson et al., 1986; Taylor et al., 2018, 2019;
Perkins et al., 2020; Tayo et al., 2020). The PBPK model-predicted CBD AUC and Cpax
after single oral dose administration fell within the pre-defined acceptance criteria (Table
3, Figs. 4 and 5). These model validation results indicate successful development of a
PBPK model to predict CBD PK under fasted and fed conditions.

To evaluate optimal drug dosing regimens in HI patients, regulatory agencies
recommend conducting PK studies in this population for drugs metabolized extensively
in the liver (Heimbach et al., 2021). This recommendation is based on hepatic
impairment being associated with alterations in hepatic drug metabolizing enzyme
abundance (CYPs and UGTs) and changes in drug plasma protein binding (Verbeeck,
2008; Ladumor, Thakur, et al., 2019; Sharma et al., 2020). Although Simcyp (V20)
incorporates changes in CYP abundance in the liver and intestine for different degrees
of hepatic impairment, such changes in UGT abundance are not incorporated. After
incorporating changes in UGT1A9 and 2B7 abundances in mild, moderate, and severe
hepatic impairment (El-Khateeb et al., 2021), our PBPK model recapitulated the
observed increase in CBD AUC in patients with differing degrees of severity (mild,
moderate, and severe) (Table 4). Accordingly, we propose that this CBD PBPK model

could be applied to predict the magnitude of CBD-drug interactions in HI adults.
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Parenthetically, Qian et al. have published a PBPK model for CBD, but they did not
account for the contribution of UGTs to CBD metabolism (Qian and Markowitz, 2022).
Pediatric PBPK models are commonly used to guide pediatric dose selection, as
well as design, reduce or replace in vivo PK studies in this population (Johnson et al.,
2021). In the current study, a PBPK model was developed that successfully predicted
AUC and Cyax in children aged 4-10 years, as evidenced by both endpoints lying within
our pre-defined acceptance criteria (Table 5; unfortunately, the AUC profiles of CBD are
not published and therefore we could not compare the predicted profiles with the
observed). Our model also successfully predicted CBD accumulation after multiple-dose
administration (Table 5). The model-predicted CBD accumulation ratio (1.4-1.5) in
children was comparable to that in adults. Moreover, because CYPs play a minor role in
CBD clearance (Table 2), their inactivation by CBD played a minimal role in CBD
accumulation. The estimated Fy, in this population was 1.55-fold higher than that in
adults, whereas the in vivo plasma CL (35 L/h) was 63% of adults, demonstrating the
effect of the mass of microsomal protein per liver weight, tissue weight, protein binding,
and enzyme ontogeny in this population. Per the Simcyp model, UGT2B7 abundance in
children increases linearly with age, reaching that in adults at 21 years of age; this
trajectory is not supported by experimental data (incorporated in our model) showing
that UGT2B7 protein abundance reaches 50% of the adult value at 2.6 years of age
(Bhatt et al., 2019). However, incorporating these ontogeny data in our pediatric PBPK
model had minimal effect on CBD AUC and Cnax. In contrast, CYP abundance in
children aged 4-10 years is comparable to that in adults. This pediatric CBD PBPK

model can now be extrapolated to predict CBD exposure in children outside the 4-10
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year age range. The model can also be applied to predict the magnitude of CBD-drug

interactions, as other anti-epileptic drugs are often prescribed with CBD (Devinsky et al.,

2018).

Our study has several limitations. First, we could not validate our PBPK model
with an independent IV dataset because such data are not available. Second, due to
limited information about CBD in vivo intestinal solubility, bile-partition coefficient,
supersaturation ratio, and precipitation rate constant, we could not use the mechanistic
advanced dissolution, absorption, and metabolism (ADAM) model to capture the dose-
dependent CBD F, and positive food effect on F,. Therefore, we used a first-order
model for CBD absorption. Third, we could validate our model with multiple dosing in
children but not in healthy adults due to the unavailability of such data. However, the
observed CBD AUC in children after a single or last dose was determined from 0 to 5 h,
which is not considered an ideal validation dataset or one that can be used to estimate
the accumulation ratio. Last, our pediatric PBPK model did not incorporate some
physiological development changes, including changes in small intestinal length, which
can affect CBD absorption in pediatric populations (Johnson et al., 2018).

In conclusion, we showed that CBD is cleared from the body predominantly by
hepatic UGT2B7- and UGT1A9-mediated metabolism (f, ~0.8). In addition, we
incorporated UGT and CYP contributions to CBD metabolism in a PBPK model for CBD
following 1V and oral dosing under fasting and fed conditions. This model was applied to
successfully predict CBD PK in two special populations: HI adults and children. This
model can now be used to predict CBD-drug, CBD-disease, and CBD-drug-disease

interaction in healthy adults and children of all ages.
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Legends for Figures

Fig. 1. Workflow for the development and validation of a physiologically based pharmacokinetic
(PBPK) model for cannabidiol (CBD) in healthy and hepatically-impaired adults and in children.
IV, intravenous; AUC, area under the plasma concentration versus time curve; and Cy,ax,
maximum plasma concentration.

Fig. 2. Cannabidiol (CBD; 50 nM) reaction phenotyping using pooled human liver microsomes
(HLMs) (A) 0.3 mg/ml + NADPH or (B) 0.05 mg/ml + UDPGA in the presence or absence of (A)
CYP or (B) UGT selective inhibitors. The estimated intrinsic clearance (Table 2) for CBD
indicated that UGTs are the major contributors to CBD metabolism. Of these, UGT2B7 is the
major contributor (B-phenyllongifolol inhibited UGT-mediated depletion of cannabidiol by the
greatest extent). CYP2C19 and CYP3A are the major CYPs responsible for CYP-mediated CBD
depletion because the CYP-selective inhibitors tested, benzylnirvanol (CYP2C19) and azamulin
(CYP3A), inhibited depletion by the greatest extent. Solid lines represent the % remaining
predicted by using linear regression (GraphPad Prism 6.01). Data are from a representative
experiment of two independent experiments, each conducted in duplicate. Note: the HLM
concentration used for CYP-depletion studies (A) was 6-fold higher than that used for UGT-
depletion studies (B).

Fig. 3. Physiologically based pharmacokinetic (PBPK) model-predicted and observed
cannabidiol (CBD) plasma pharmacokinetic (PK) profile after intravenous (20 mg) administration
to healthy adults. Data are observed mean values (xSD) (Ohlsson et al., 1986), and red line
represents the PBPK model-predicted CBD-plasma concentration-time profile. The shaded area
represents the 5M-95" percentile of the virtual population. The inset is the PBPK model-
predicted and observed CBD plasma PK profile from 0-5 h. The model-predicted area under the
plasma concentration versus time curve (AUC) lay within the 95% CI of the observed data, and
the ratio of predicted to observed AUC was within the 0.5- to 2-fold range (Table 3).

Fig. 4. Physiologically based pharmacokinetic (PBPK) model-predicted and observed
cannabidiol (CBD) plasma pharmacokinetic (PK) profiles after oral administration (fasted, fed,
and high-fat fed condition) to healthy adults. A first-order absorption model was used to predict
the CBD PK profiles; fraction absorbed (F,) and the absorption rate constant (k,) were optimized
to recapitulate the observed CBD PK profiles. Data points are the observed mean values, and
the line represents the model-predicted CBD PK profile. The shaded area represents the 5"-95™
percentile of the virtual population. The predicted area under the plasma concentration versus
time curve (AUC) and maximum plasma concentration (Cax) were within the 95% CI of the
observed values, and the ratio of predicted to observed AUC and C..x were within 0.5- to 2-fold
range (Table 3).

31

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 27, 2023 as DOI: 10.1124/dmd.122.001128
This article has not been copyedited and formatted. The final version may differ from this version.

Fig. 5. Physiologically based pharmacokinetic (PBPK) model-predicted and observed
cannabidiol (CBD) plasma pharmacokinetic (PK) profiles after oral administration of ascending
doses of CBD administered to healthy adults under fasting conditions. The predicted area under
the plasma concentration versus time curve (AUC) and maximum plasma concentration (Cax)
fell within the 95% CI of the observed value and the ratio of the predicted and observed AUC
and C.x were within 0.5- to 2-fold range (see Table 3). Fraction absorbed (F,) was optimized to
recapitulate the observed dose-dependent CBD PK profiles. Data points are the observed mean
values, and the line represents model-predicted CBD-plasma concentration-time profile. Shaded
area represents the 5"-95™ percentile of the virtual population.

Fig. 6. Physiologically based pharmacokinetic (PBPK) model-predicted and observed
cannabidiol (CBD; 200 mg) plasma pharmacokinetic (PK) profiles after oral administration to
hepatically-impaired (HI) patients. Our PBPK model for CBD in HI populations was validated as
evidenced by the predicted area under the plasma concentration versus time curve (AUC) and
maximum plasma concentration (Cpax) falling within the 95% CI of the observed values and the
ratios of predicted and observed AUC and C,,. falling within 0.5- to 2-fold range for multiple
validation datasets (see Table 4). Simcyp Child-Pugh A, B, and C models were used to predict
CBD PK in mild, moderate, and severe HI patients, respectively. The Simcyp Child-Pugh C
model significantly underpredicted CBD AUC and C.« in severe HI patients. However, the
predicted profile shown here significantly improved after integrating the 64% and 80% decrease
in UGT1A9 and UGT2B7 protein abundance, respectively, (measured by quantitative targeted
proteomics) observed in these subjects (Table 4) (El-Khateeb et al., 2021). Data points are the
observed mean values, and the line represents model-predicted CBD-plasma concentration-
time profile. Shaded area represents the 5"-95" percentile of the virtual population.
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Table 1. Drug and system-specific input parameters for the development of a physiologically
based pharmacokinetic model for cannabidiol using Simcyp v20.

Parameter Value(s) or Reference
model
Physicochemical | Molecular weight (g/mol) 314.5 ChEMBL
and plasma log P 6.33 ChEMBL
binding pK, 9.13 ChEMBL
B/P 0.67 (Samara et al., 1988)
fup 0.013 (Bansal et al., 2022)
Absorption Absorption model First-order
absorption
f, 0.25% 0.45°, 0.74° | Estimated by optimization®
ka (1/h) 0.55°%, 1°°¢ Estimated by optimization
lag time (h) 1.5%P¢ Estimated by optimization
fu.qut 0.013 Assumed same as f,,
Distribution Distribution model Full PBPK Simcyp Method 1
Vs (L/kg) 16.64 Predicted
Elimination CLy (L/h) 54 (Ohlsson et al., 1986)
fe (CLgin L/h) 0 (0) (Tayo et al., 2020)
fn (CLy in L/h) 1(54) (Ohlsson et al., 1986)
Metabolic clearance Dispersion model | (Roberts and Rowland, 1986)
CLinty (ML/min/mg) 3400 Back-calculated from IV data
fm.uGT 0.795 Determined experimentally
fm.UGT1A9 0.159 Determined experimentally
fm.UGT2B7 0.636 Determined experimentally
fm.cvp 0.205 Determined experimentally
fm.cyP1A2 0.016 Determined experimentally
fm,cvp2se 0.014 Determined experimentally
fm,cvpacs 0.015 Determined experimentally
fm.cyP2c9 0.037 Determined experimentally
fm.cyp2c19 0.057 Determined experimentally
fm.cYP206 0.011 Determined experimentally
fm,cvpans 0.065 Determined experimentally
CLintuet (UL/min/mg) 2703 Determined by middle-out approach
CLintucT1a9 (UL/min/mg) 541 Determined by middle-out approach
CLintucT2s7 (UL/min/mg) 2162 Determined by middle-out approach
CLintcye (ML/min/mg) 697 Determined by middle-out approach
CLintcyp1a2 (ML/min/mg) 56 Determined by middle-out approach
CLint,cyp2ss (ML/min/mg) 46 Determined by middle-out approach
CLint,cyp2cs (UL/min/mg) 51 Determined by middle-out approach
CLintcyp2ce (UL/min/mg) 93 Determined by middle-out approach
CLintcyp2cis (UL/min/mg) 193 Determined by middle-out approach
CLint,cyp2ps (UL/min/mg) 38 Determined by middle-out approach
CLintcypsas (UL/min/mg) 220 Determined by middle-out approach
Auto-inhibition CYP1A2 inactivation (Bansal et al., 2020)
Kiu (UM) 0.020
kinact(1/h) 4.2

33

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 27, 2023 as DOI: 10.1124/dmd.122.001128
This article has not been copyedited and formatted. The final version may differ from this version.

CYP2C19 inactivation

Kiu (UM) 0.073
Kinact (1/h) 2.4
CYP3A inactivation

Kiu (UM) 0.106
Kinact (1/h) 4.7

Abbreviations: logP, partition coefficient; pKa, dissociation constant; B/P, blood to plasma concentration ratio; fy,
unbound fraction in plasma; fa, fraction absorbed; ka, absorption rate constant; f,gut, unbound fraction in the gut; Vss,
volume of distribution at steady state; CLy, intravenous plasma clearance; fe, fraction of drug cleared unchanged in the
urine;, CLg, renal clearance; fr, fraction of drug cleared through hepatic metabolism; CLy, hepatic clearance; K, binding-
corrected half-maximal inactivation concentration; and Kinact, maximum inactivation rate constant.

®Fasted, °Fed, “High-fat fed

*Fa was optimized using the Parameter Estimation module of the Simcyp simulator.

‘Parameters were optimized to recapitulate the observed cannabidiol pharmacokinetic profiles.

Table 2. Mean unbound intrinsic clearance (CLin,) and fraction metabolized (f) values
for cannabidiol depletion by CYP or UGT isoforms estimated using pooled human liver
microsomes.

Enzyme | Isoform Selective inhibitor | CLin, Relative contribution
(ML/min/mg)* (f)?
CYP 14967 0.21
CYP1A2 | Furafylline 1200 0.016
CYP2B6 | 2-PPP: 2-phenyl-2- | 1000 0.014
(1-
piperidinyl)propane
CYP2C8 | Montelukast 1100 0.015
CYP2C9 | Sulfaphenazole 2000 0.027
CYP2C19 | Benzylnirvanol 4133 0.057
CYP2D6 | Quinidine 800 0.011
CYP3A Azamulin 4734 0.065
UGT 57867 0.79
UGT1A9 | Digoxin 11567 0.159
UGT2B7 | B-Phenyllongifolol 46300 0.636

@Estimated from two independent experiments, each conducted in duplicate. The
unbound CL;y, was calculated using the reported fraction unbound in incubation
containing HLM and BSA (fyinc = 0.03) for CBD (Bansal et al., 2022).
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Table 3. Physiologically based pharmacokinetic (PBPK) model-predicted and observed (mean and
95% CI) cannabidiol (CBD) exposure in healthy adults after a single intravenous (V) or oral dose

of CBD.
Age | Prandial | Dose °
Dataset #F (SD) | state (Route) Parameter Obs | 95% CI Pred | Pred/Obs
A1? 0 |[19- Fasted 20 mg AUC(y (ng*h/mL) | 311 | 231419 362 1.16
33 (v
infusion)
A2 8 |25 Fasted 1500 mg | AUCy (ng*h/mL) | 1987 | 1495-2640 | 1740 | 0.88
(6) (Oral) AUC.) (ng*h/mL) | 2198 | 1697-2847 | 1960 | 0.89
Chax (ng/mL) 335 | 224-502 282 0.84
A3 5 |26 Fasted 1500 mg | AUCy (ng*h/mL) | 1517 | 873—2637 1761 | 1.16
(3) (Oral) AUC.-) (ng*h/mL) | 1618 | 950-2755 2028 25
Cmax (ng/mL) 292 | 160-536 299
A4 3 |25 Fasted 3000 mg | AUCo.y (ng*h/mL) | 2669 | 2013-3540 | 2789 | 1.04
(5) (Oral) AUC.-) (ng*h/mL) | 2802 | 2130-3686 | 3127 [ 1.12
Cmax (ng/mL) 533 | 406-700 455 0.85
A5 6 |26 Fasted 4500 mg | AUCq4 (ng*h/mL) | 3215 | 2199 —4701 | 3707 | 1.15
(8) (Oral) AUC(.-) (ng*h/mL) | 3426 | 23754942 | 4324 | 1.26
Cmax (ng/mL) 722 | 487-1070 633 0.88
A6 4 |23 Fasted 6000 mg | AUC oy (ng*h/mL) | 3696 | 21066485 | 4283 | 1.16
(3) (Oral) AUC .- (ng*h/mL) | 3900 | 2230-6820 | 4867 | 1.25
Cmax (ng/mL) 782 | 438-1396 708 0.91
A7° 4 |58 Fed 200 mg | AUCy (ng*h/mL) | 449 | 285-708 385 0.86
(8) (Oral) AUC¢.-) (ng*h/mL) | 474 | 300-749 430 0.91
Crax (Ng/mL) 148 | 98-223 119 0.80
A8 5 |60 Fed 200 mg | AUCy (ng*h/mL) | 464 | 288-747 412 0.89
(12) (Oral) AUC¢.«) (ng*h/mL) | 499 | 312-799 453 0.91
Crax (ng/mL) 153 | 96-243 121 0.79
A9° 1 |25 High-fat 10 AUCq4 (ng*h/mL) | 4025 | 3022-5361 | 3299 | 0.82
(6) mg/kg AUC .« (ng*h/mL) | 4227 | 3174-5630 | 3416 | 0.81
(Oral) Crax (ng/mL) 626 | 409-957 748 1.19
A10 2 |26 High-fat 5mg/kg | AUC .y (ng*h/mL) | 1793 | 1461-2200 | 1591 | 0.89
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(5) (Oral) | AUC (ng*h/mL) | 1905 | 1564-2320 | 1647 | 0.86

Crmax (Ng/mL) 248 | 144428 370 | 1.49

A1 6 |1 |23 |High-fat |20 AUCy (ng*h/mL) | 7618 | 6115-9491 | 6683 | 0.88
(7) mg/kg | AUC.., (ng*h/mL) | 8008 | 6379-10053 | 6923 | 0.86

(Oral) [ Cpax(ng/mL) 1003 | 665-1513 | 1505 | 1.50

®Training dataset used for CBD IV PBPK model development

®Dataset used for training the PBPK model for CBD after oral administration under fasted conditions. This data set was
chosen over other available data sets because of its longer sampling duration.

‘Dataset used for training the PBPK model for CBD after oral administration under fed conditions.

Dataset used for training the PBPK model for CBD after oral administration under high-fat fed conditions.

Dataset A1 is from Ohlsson et al., 1984, A2-A6 from Taylor et al., 2018, A7 from Taylor et al., 2019, A8 from Tayo et
al., 2019, and A9-A11 from Perkin et al., 2020.

F, Female; Obs: Observed data; Pred: Predicted data
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Table 4. Physiologically based pharmacokinetic-model predicted and observed (mean and 95% ClI)
cannabidiol (CBD) exposure in hepatically-impaired (HI) subjects after a single oral dose (200 mg) of
CBD administered under the fed condition.

Dataset _I;;E:Iatlon # | #F '(o‘sg;) Parameter Obs | 95% CI Pred1® | Pred2® z'::" (I;r:st/
H1 Mild HI 8 |4 |56 AUCq4 (ng*h/mL) | 648 | 484-868 491 550 0.76 0.85
(11) | AUC(.y (ng*h/mL) | 699 | 522—-937 543 611 0.78 0.87
Crmax (Ng/mL) 233 | 150-362 132 143 0.57 0.61
H2 Moderate HI | 8 | 3 | 53 AUCq4 (ng*h/mL) | 1054 | 813-1367 | 927 1396 0.88 1.32
(7) AUC.«) (ng*h/mL) | 1163 | 891-1518 | 1032 1616 0.89 1.39
Crmax (Ng/mL) 354 | 267469 218 262 0.62 0.74
H3 Severe HI 6|3 |55 AUC 0.y (ng*h/mL) | 1855 | 1254-2744 | 1000 2178 0.54 1.17
(10) | AUC(p.) (ng*h/mL) | 2439 | 1893-3142 | 1119 2750 0.46 1.13
Crmax (Ng/mL) 381 | 257-564 250 348 0.66 0.91

aSimcyp-default model

®The decrease in UGT1A9 and UGT2B7 protein abundance in HI was integrated into Simcyp-default model for mild,
moderate, and severe HI populations

Datasets H1-H3 are from Taylor et al., 2019

F: Female; Obs: Observed data; Pred: Predicted data
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Table 5. Physiologically based pharmacokinetic-model predicted and observed (mean and
95% CI) cannabidiol (CBD) exposure in pediatric subjects (4-10 years) after a single or

multiple oral doses of CBD administered under the fed condition.

Dataset #F | Dose Parameter Observed | 95% CI Predicted Predicted/
Observed
PD1 8 5 1.25 mg/kg AUCq4 (ng*h/mL)? | 73.7 33-134 105 1.42
(Single dose) | Cpax (ng/mL) 37.6 20-60 44 1.17
PD2 10 | 5 | 2.5 mg/kg bid | AUC,. (ng*h/mL)? | 241 139417 301 1.25
Cax (ng/mL) 130 70-241 109 0.83
Accumulation ratio | 1.64° 1.43° 0.87
PD3 7 5 | 5 mg/kg bid AUC 0.y (ng*h/mL)? | 722 429-1215 | 614 0.85
Chmax (ng/mL) 242 155-377 222 0.92
Accumulation ratio | 2.45° 1.46° 0.60
PD4 7 5 10 mg/kg bid | AUC .y (ng*h/mL)® | 963 536-1732 | 1244 1.29
Chax (ng/mL) 380 208-696 450 1.18
Accumulation ratio | 1.63° 1.48° 0.91

®AUC,. from 0 to 5 h after a single or the last dose.
®The ratio of CBD AUC from 0 to 5 h after the last dose and after a single dose (the AUC after first dose was not
available). CBD AUC from 0 to 5 h after a single dose (2.5, 5, or 10 mg/kg) was not available, therefore it was

estimated from the observed AUC from 0 to 5 h after a single dose of 1.25 mg/kg assuming dose proportionality.

‘Calculated in the same way as the observed accumulation ratio.

Datasets PD1-PD4 data are from Devinsky et al., 2018. PD1 data are after single dose of CBD and PD2, PD3,
and PD4 data are for multiple dose administration of CBD.

F: Female
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