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ABSTRACT

The objective of this study is to characterize the impact of the
CYP2C9 genotype on warfarin drug-drug interactions when warfa-
rin is taken together with fluconazole, a cytochrome P450 (CYP)
inhibitor, or rifampin, a CYP inducer with a nonlinear mixed effect
modeling approach. A target-mediated drug disposition model with
a urine compartment was necessary to characterize both S-
warfarin and R-warfarin plasma and urine pharmacokinetic profiles
sufficiently. Following the administration of fluconazole, our study
found subjects with CYP2C9 *2 or *3 alleles experience smaller
changes in S-warfarin clearance compared with subjects without
these alleles (69.5%, 64.8%, 59.7%, and 47.8% decrease in subjects
with CYP2C9 *1/*1, *1/*3, *2/*3, and *3/*3, respectively), whereas,
following the administration of rifampin, subjects with CYP2C9
*2/*3 or CYP2C9 *3/*3 experience larger changes in S-warfarin CL
compared with subjects with at least one copy of CYP2C9 *1 or *1B
(115%, 111%, 119%, 198%, and 193% increase in subjects with

CYP2C9 *1/*1, *1B/*1B, *1/*3, *2/*3, and *3/*3, respectively). The
results suggest that different dose adjustments are potentially
required for patients with different CYP2C9 genotypes if warfarin is
administered together with CYP inhibitors or inducers.

SIGNIFICANCE STATEMENT

The present study found that a target-mediated drug disposition
model is needed to sufficiently characterize the clinical pharmaco-
kinetic profiles of warfarin racemates under different co-treatments
in subjects with various CYP2C9 genotypes, following a single
dose of warfarin administration. The study also found that S-
warfarin, the pharmacologically more active ingredient in warfarin,
exhibits CYP2C9 genotype-dependent drug-drug interactions,
which indicates the dose of warfarin may need to be adjusted
differently in subjects with different CYP2C9 genotypes in the pres-
ence of drug-drug interactions.

Introduction

4Although the use of new direct oral anticoagulants has increased
recently, warfarin, a vitamin K antagonist, continues to be one of the
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most extensively used oral anticoagulants worldwide (Barnes et al., 2015;
Mak et al., 2019). However, despite being highly effective in preventing
stroke and other thromboembolic events in patients with atrial fibrillation
(Takahashi and Echizen, 2001; Hart et al., 2007), warfarin is notorious
for its unpredictable pharmacokinetic (PK) and pharmacodynamic (PD)
behaviors, narrow therapeutic index, and high between-subject variability
(Ufer, 2005; Hamberg et al., 2007).

Warfarin is administered orally as a racemic mixture of R- and
S-wartfarin, in a 1:1 molar ratio. Following oral administration, warfarin
enantiomers undergo rapid absorption and are almost completely bioavail-
able (Ufer, 2005). Although both enantiomers possess pharmacological
activity, S-warfarin is much more potent than R-warfarin (Breckenridge
et al., 1974; O’Reilly, 1974). Warfarin is eliminated primarily through
hepatic metabolism with negligible urinary excretion (Lewis et al.,
1974; Ufer, 2005). Various cytochrome P450 (CYP) enzymes are
involved in the elimination of R- and S-warfarin to form multiple

ABBREVIATIONS: BL, baseline; BLp, peripheral baseline; BQL, below the quantification limit; Cl, confidence interval; CL, clearance; CL_Flu,
fluconazole effect on clearance; CLg, renal clearance; CL_Rif, rifampin effect on clearance; CYP, cytochrome P450; DDI, drug-drug interaction;
DR, baseline level of drug-receptor complex compartment; EM, expectation-maximization; IV, inter-individual variability; INR, international nor-
malized ratio; 10V, inter-occasion variability; K,, absorption rate constant; K,,,, association rate constant; K., dissociation rate constant; LLOQ,
lower limit of quantification; PD, pharmacodynamic; PK, pharmacokinetic; R, receptor; Rg,, baseline level of receptor compartment; RSE, rela-
tive standard error; RUV, residual unexplained variability; SIR, sampling importance resampling; TMDD, target-mediated drug disposition; TRT,
treatment; VKORCA1, vitamin K epoxide reductase complex subunit 1; VPC, visual predictive check.
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monohydroxylated metabolites. S-warfarin is metabolized mainly
through CYP2C9, whereas R-warfarin is metabolized through various
CYP isoforms, such as CYPIA2, CYP2C19, and CYP3A4 (Rettie et al.,
1992; Ufer, 2005; Rettie and Tai, 2006).

CYP2(C9 is susceptible to substantial genetic polymorphisms, with
15% of Caucasians carrying at least one functionally impaired allele of
CYP2C9 variants *2 (Argl44Cys) or *3 (Ile359Leu), which have been
shown to be closely related to the reduced catalytic activity of CYP2C9
(Flora et al., 2017). Since CYP2(C9 is highly associated with the elimi-
nation of pharmacologically more active S-warfarin (Ufer, 2005), sub-
jects with reduced CYP2C9 metabolic status, attributable to CYP2C9 *2
or *3 alleles, are subject to higher drug exposure and greater risk of
dose-related toxicity. Indeed, studies have reported the CYP2C9
genotype-dependent exposure of S-warfarin (Flora et al., 2017;
Xue et al., 2017) as well as the association between CYP2C9 geno-
type and the risk of warfarin-induced toxicity (Kawai et al., 2014).

Additionally, the CYP2C9 regulatory polymorphism *1B (-3089G>A
and -2663delTG) has been shown to be significantly associated with
determining the maintenance dose of phenytoin because of its effect on
phenytoin CYP2C9 auto-induction (Chaudhry et al., 2010). Although
CYP2C9 *1B has been shown to have little impact on the dose of war-
farin in various populations (Veenstra et al., 2005; Chaudhry et al.,
2010), its impact on the clearance (CL) of warfarin following the
administration of CYP inducers is unknown.

Considerable information has been curated regarding warfarin metab-
olism, pharmacogenetics, and drug-drug interactions (DDIs), and that
information has been incorporated into several warfarin dosing algo-
rithms (Gage et al., 2008; Finkelman et al., 2011; Kimmel et al., 2013;
Asiimwe et al., 2021). Nonetheless, warfarin dosing remains challeng-
ing and a personalized medicine approach has not yet been realized.
Additional complications continue to be uncovered, and a recent case
report highlights the need for further investigations on the gene-DDIs of
warfarin (Salem et al., 2021).

We previously reported the impact of CYP2C9 genotypes on the PK
or warfarin parent compounds and metabolites. (Flora et al., 2017). The
present study is a comprehensive model-based analysis of the impact of
CYP2C9 genotype on warfarin DDIs when warfarin is administered to-
gether with CYP inhibitors and inducers. This manuscript is the first of
a companion pair (Cheng et al., concurrently published) that extends the
analysis using a rigorous nonlinear mixed effect model-based analysis
that incorporates a target-mediated drug disposition (TMDD) model for
warfarin. The scope of this paper is a model-based analysis of the im-
pact of CYP2C9 genotype on the DDIs of warfarin’s (R) and (S) enan-
tiomers following administration of the racemic mixture. Built upon the
models developed for S- and R-warfarin in this study, the companion
paper reports the model-based analysis of 10 warfarin metabolites,
which contributes to the mechanistic understanding of CYP2C9 geno-
type on the DDIs of warfarin enantiomers (Cheng et al., concurrently
published).

Methods

Study Population. Study subjects were selected based on their
CYP2C9 genotypes from a pharmacogenetics registry (Flora et al.,
2017). The CYP2C9 genotyping was performed by the University of
Minnesota Genomics Center following the isolation of subjects’ DNA.
The genotypes of CYP2C9 *2 (rs1799853) and *3 (rs1057910) were de-
termined using Tagman probe-based allele determination assays as previ-
ously described (Flora et al., 2017). The CYP2C9 *IB genotype was
characterized by -3089G>A (rs12782374) and -2663delTG (rs71486745)
using assays described in a previous study (Chaudhry et al., 2010). All
the genotyping assays were ordered from Applied Biosystems (Foster
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City, California). It is worth mentioning that, although */B genotypes
may occur with multiple CYP2C9 genotype backgrounds, the study pre-
sented here only involved */B subjects with a wild-type CYP2C9 back-
ground (*1/*1).

Written informed consent was required for subject enrollment. Sub-
jects were eligible for enrollment if they were 18—60 years old, agreed
to avoid the use of known CYP2C9 or CYP3A4 substrates, inhibitors,
inducers, or activators, avoid the ingestion of grapefruit or grapefruit-
related products, and avoid taking herbal medications or supplements
from one week before the beginning of the study period to the end of
the study period. Female subjects were eligible for enrollment only if
they agreed to avoid conception during the study period. Smokers, sub-
jects with abnormal renal/hepatic functions or abnormal capacity of
blood coagulation, and subjects with an allergy to study drugs (warfarin,
fluconazole, and rifampin) were excluded.

Study Design. The study was an open-label, multi-phase, and cross-
over clinical pharmacogenetic study approved by the University of
Minnesota’s Institutional Review Board. The study design diagram is
shown in Fig. 1. Twenty-nine healthy subjects with CYP2C9 *1/*]
(n = 8), CYP2C9 *1B/*IB (n = 5), CYP2C9 *1/*3 (n = 9), CYP2C9
*2/%3 (n = 3), and CYP2C9 *3/%3 (n = 4) were enrolled in the study.
The number of subjects enrolled for each CYP2C9 genotype was deter-
mined to detect a 20% difference in S-warfarin 7-hydroxylation between
subjects with CYP2C9 *1/%1 and *1/*3 and achieve 80% statistical
power (P < 0.05) (Kumar et al., 2008). Each subject went through three
treatment periods during which warfarin was administered alone, with
fluconazole, or with rifampin. For the first treatment period of study,
each subject was administered a single 10-mg oral dose of warfarin
(Jantoven; Upsher-Smith Laboratories, Maple Grove, Minnesota) after
an overnight fast. Seven-milliliter blood samples were collected prior to
the dose and at 2 hours, 6 hours, 1 day, 2 days, 3 days, 4 days, 5 days,
6 days, 7 days, 9 days, and 11 days for all subjects. Additional blood
samples were collected at 13 days for subjects with CYP2C9 *1/*3,
CYP2C9 *2/%3, and CYP2C9 *3/*3 and at 15 days for subjects with
CYP2C9 *2/%3 and CYP2C9 *3/*3, as the half-life was expected to be
longer in these subjects. Urine samples were collected over a 24-hour
period on days 1, 4, 7, and 10 following warfarin administration. Each
subject underwent a 7-day washout before entering the second treatment
period of study. For the second treatment period, subjects were random-
ized to receive either 400 mg of fluconazole or 300 mg of rifampin
orally once per day for 7 consecutive days as pretreatment to allow the
fluconazole/rifampin interaction capacity to reach steady state. After pre-
treatment, a 10-mg oral dose of warfarin was administered, followed by
the same blood and urine sampling scheme as the first treatment period.
The administration of fluconazole or rifampin was continued until the
end of sampling. Another 7-day washout period was required before
entering the third treatment period. The design of the third period was
the same as the second period, with subjects crossing over to the alterna-
tive interacting drug. S-warfarin and R-warfarin concentrations in blood
and urine samples were analyzed by liquid chromatography/mass spec-
trometry as previously described (Miller et al., 2009; Flora et al., 2017).

PK Modeling. Dose-dependent changes in the volume of distribu-
tion have been observed in several preclinical and clinical studies with
warfarin (Takada and Levy, 1979; Takada and Levy, 1980; King et al.,
1995). To explain this unusual PK behavior exhibited by warfarin, Levy
et al. proposed a complex PK phenomenon termed TMDD for the first
time in 1994 (Levy, 1994) and successfully characterized warfarin clini-
cal PK profiles with a TMDD model in 2003 (Levy et al., 2003). With
the rapid development of therapeutic biologics in the early 2000s, the
TMDD model has been widely used to explain the unusual PK nonli-
nearity in monoclonal antibodies (Luu et al., 2012; Vexler et al., 2013;
Zheng et al., 2014). In addition, several studies published recently
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Flu: Fluconazole
Rif: Rifampin

Initiated

Fig. 1. Study Design Diagram. Each subject went through 3 study periods (upper dark blue section). Period 1 (red box), single 10 mg dose of warfarin. Periods 2 and
3 in crossover (yellow box), each subject was pretreated with either 400 of mg fluconazole or 300 mg of rifampin once daily for 7 consecutive days, followed by a
single 10 mg dose of warfarin and continuous treatment with either 400 mg of fluconazole or 300 mg of rifampin once daily through the sampling phase. Notes: q.d.:

Once daily.

readdressed the importance of the application of the TMDD models in
small molecule drugs as well (Yamazaki et al., 2013; An et al., 2015;
An, 2017).

The PK models used for fitting both S- and R-warfarin PK profiles
are adapted from the TMDD model proposed for warfarin by Levy
et al. (Levy et al., 2003; Bach et al., 2019) (Fig. 2). The model is de-
scribed by eqgs. 1-6 as shown below.

dAdepot —

dt - Ka X Adepot (1)

Dose %

Depot
K,
Periph N Cent
Sequential Fit CLg
Urine

dA.. A
d‘:m =Ka X Adgpot — CL x ‘L/—ZU — Kg,, X Acgm X AR + Kgff X ADR
Acent Aperiph)
XVe—CLp X | — — ——
C D ( VC Ve
(@3
dA A
TIR:—KO,,X “/z”)(AR‘i‘Knﬁ’ XADR (3)
dA A
d?R :Kon ‘C/th X AR — Koﬁf X ADR (4)
dAperiph (Acent Aperiph >
Lperivh _ cpy x (Seent _ Cperiph )
dr P Ve v
Kon
R DR
Koff
CL-CL,

Fig. 2. PK model structure for S- and R-warfarin. Notes: Periph: peripheral; Cent: central.
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dAyrine —CL. x Acent (6) If an association between P_TRT and CYP2C9 genotypes was de-
dt "7 Ve tected visually, CYP2C9 genotypes were added as a covariate on

where Agepot» Acents Aperiph» ad Ayrine represent amounts in depot,
central, peripheral, and urine compartments, respectively. Ag and
Apgr represent concentrations in receptor and drug-receptor com-
plex compartments, respectively. The definitions for other parame-
ters are provided in Table 1 and 2.

The S- and R-warfarin data sets were modeled independently. For
each enantiomer, plasma data from all three treatment periods were fit
simultaneously. Eqgs. 1-5 were used to estimate the parameters of each
parent drug in plasma. A sequential modeling approach was applied for
plasma and urine data. Once an adequate model with drug interaction
parameters for plasma concentrations was determined, the empirical
Bayes estimates of individual PK parameters were exported and merged
into the data set. Eq. 6 was added, and the drug amounts from the 12
urine collections (4 collection times per treatment period) were fitted to
estimate the renal CL (CLy) portion of total CL. The bioavailability for
each parent compound was assumed to be 1 for each dose during the
study.

For the first treatment period, baseline plasma concentrations for S-
and R- warfarin in central and peripheral compartments were assumed to
be 0 given no detectable baseline warfarin concentrations at the begin-
ning of first period. The baseline level of receptor compartment (R) was
parameterized as baseline receptor level (Rgy) for estimation, and the
baseline level of drug-receptor complex compartment (DR) was set as 0.

For the second and third treatment periods, warfarin concentrations
were still occasionally measured after the 7-day washout period. The
system was reinitialized at the beginning of subsequent treatments, but
baseline concentrations for S- and R- warfarin in central and peripheral
compartments were parameterized as BL and BLp for estimation. As-
suming a steady state at baseline for R (receptor) and DR (drug-receptor
complex) compartments, eqs. 7-8 could be written as shown below.

Ar + Apr=RpL @)

Ace
Kun X o X AR - Knﬁ‘ X ADR:O (8)
VC ’

Given that the baseline concentration in the central compartment is
parameterized as BL, eq. 8 could be written as eq. 9.

K,, X BL x Ag — Koff X ADR:O (9)

With eq. 7 and eq. 9, Ag and Apg baseline levels could be solved as
shown by egs. 10-11.

K, R
Ag= off X KL (10)
Kon X BL+ Ky
Kon X BL X R
ADR: on BL (11)

Kon X BL+ Ko

Egs. 10-11 were used for calculating baseline levels of R and DR
compartments for study periods with fluconazole and rifampin (periods
2 and 3, respectively).

The covariate effects of CYP2C9 genotypes and co-treatments were added
on PK parameters using eq. 12 and eq. 13, respectively, as shown below.

TVP=TVP,;t X PGeno i (12)
TVP=TVP, X Prxr 13)

where (TVP: typical values of parameters; TVP,.: typical values of pa-
rameters in reference groups; P_Geno i: CYP2C9 genotype effect on
parameters (1 = 1, 2, 3, 4, and 5 represent CYP2C9 *1/*1. *1B/*IB,
*[/*3, *2/%3, and *3/*3, respectively); P_TRT: co-treatment effect on
parameters (TRT: Flu: fluconazole, Rif: rifampin))

P_TRT using eq. 14.

PTRT =PTRTGen0 i (14)

where (P_TRT _Geno i: co-treatment effect on parameters for subjects
with genotype i (i = 1, 2, 3, 4, and 5 represent CYP2C9 *1/%1. *1B/
*IB, *1/*3, *2/*3, and *3/*3, respectively))

A covariate introducing a 3.84 decrease in objective function values
with one degree of freedom at an o level of 0.05 is considered to be sta-
tistically significant.

During model development, absorption rate constant (K,) and BLp
were found to be estimated with inadequate precision. Since the warfa-
rin is generally considered to be rapidly absorbed with almost complete
bioavailability (Ufer, 2005), the bioavailability of warfarin was assumed
to be 100%, and the K, of both S- and R- warfarin were arbitrarily fixed
as 2-hour'. BLp was determined to fix as the closest positive integer
value to the estimated values, which is 1 ug/L.

All the inter-individual variabilities (IIVs) were parameterized as
log-normal distributions, as was inter-occasion variability (IOV) on
Rpr. Residual unexplained variabilities (RUVs) were parameterized as
proportional errors. All the IIVs and IOVs were assumed to be inde-
pendent during plasma PK modeling so no off diagonal elements were
estimated. In contrast, full omega matrices were estimated during
urine PK modeling. MU-referencing is used for improving the effi-
ciency of expectation-maximization (EM)-based optimization meth-
ods in NONMEM (Bauer, 2019). Fixed 1% IIVs were assumed for
unwanted IIV terms to facilitate the optimization efficiency of
EM-based methods (Chigutsa et al., 2017). Due to the existence of
plasma concentrations below the quantification limit in R-warfarin
PK data, the M3 method (Ahn et al., 2008; Bergstrand and Karlsson,
2009) suggested by Stuart Beal was used for fitting R-warfarin
plasma PK profiles. All the modeling codes are provided in the sup-
plemental materials (R- and S-warfarin plasma and urine PK model
NONMEM codes).

Model Evaluation. The model fitting was evaluated by standard
diagnostic plots and visual prediction checks (VPCs) with 200 simula-
tions. The precision of parameter estimations was assessed by relative
standard error (RSE) in the output and 95% confidence intervals (Cls)
generated following sampling importance resampling (SIR) procedures
(Dosne et al., 2016).

Model-Based Analysis on S-warfarin CL. Following the model
development, the typical values of the effect of fluconazole and rifampin
on S-warfarin CL (CL_Flu and CL_Rif) in subjects with different
CYP2C9 genotypes were exported. The percent changes in CL of S- and
R-warfarin following the administration of wartarin together with flucon-
azole or rifampin is calculated using eq. 15 as shown below.

% changes in CL=|CLrgr — 100%)| (15)

where (| CL_TRT — 100% |: absolute difference between co-treatment
effects on CL and 100% (TRT: Flu: fluconazole, Rif: rifampin))

The 95% Cls were constructed with the RSE estimated from the
covariance step by assuming a symmetrical normal distribution. The typ-
ical values and constructed 95% ClIs were then plotted and compared.

Software. All the model fittings were performed using the EM-based
algorithm, importance sampling with interaction, using MU-referencing
and “AUTO=1" option, within NONMEM 7.4 (ICON Development
Solutions, Ellicott City, Maryland) (Bauer, 2015). SIR and VPCs were
performed with Perl-speaks-NONMEM (PsN 4.9.0, Uppsala, Sweden)
within Pirana (Keizer et al., 2011). Plots were generated with R 3.6.3
(The R Foundation for Statistical Computing) and Rstudio 1.1.453
(Rstudio, Inc., Boston, Massachusetts).
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Interaction between CYP2C9 Genotypes and S-Warfarin DDls

Results

Data Summary. The demographic information for subjects
involved in the study are provided in the supplementary materials
(Supplemental Table 1). Data were available from 29 subjects that
provided 957 S-warfarin plasma concentrations, all of which were
above the lower limit of quantification (LLOQ, 0.67 ng/ml for
S-warfarin). Those blood samples also provided 940 R-warfarin
plasma concentrations. Of the 921 non-baseline R-warfarin plasma
concentrations, 24 measurements (2.6%) were below the LLOQ
(0.67 ng/ml for R-warfarin). Two hundred fifty-eight and 266
urine amount measurements were included in S- and R- warfarin
urine PK model development, respectively. Not all subjects partic-
ipated in three study periods; six subjects only participated in two
study periods, and one subject only participated in one study
period. These subjects were included in the analysis.

S-warfarin and R-warfarin plasma and urine PK profiles for subjects
with different CYP2C9 genotypes stratified by co-treatments are plotted
in Fig. 3. The S-warfarin PK profiles in both plasma and urine under
warfarin only treatment (Fig. 3, A and B left) clearly demonstrate
CYP2C9 genotype-dependent drug elimination. In contrast, R-warfarin
plasma and urine PK profiles under warfarin only treatment indicate
that the elimination of R-warfarin is independent of CYP2C9 genotypes
(Fig. 3, C and D left). Comparing S- and R-warfarin PK profiles under
different co-treatments, the elimination appears to be slower and faster
after the administration of fluconazole and rifampin, respectively.

S-Warfarin Model Parameters. The S-warfarin plasma PK
model was able to converge after the inclusion of CYP2C9 geno-
types and co-treatments as covariates on CL. A TMDD model with
a peripheral compartment (eqs. 1-5) was able to simultaneously
characterize S-warfarin plasma PK profiles in the three treatment
periods. Initially, the estimates K, and the baseline concentration in
the BL, were estimated with inadequate precision (large %RSE).
These parameters were then fixed as biologically plausible values
as suggested in the Methods section. In addition, the estimations of
association rate constant (K,,) and dissociation rate constant (Kgf)
exhibited a high degree of correlation and were initially estimated
with poor precision. Literature reported K¢ for racemic warfarin
(Levy et al., 2003) was then fixed in the model, which enabled a
precise estimation of K.

Subsequent visual inspections of the fluconazole effect on CL
(CL_Flu) versus CYP2C9 genotype plot (Figure S2 left) demonstrated
the CYP2C9 genotype-dependent changes in CL following the adminis-
tration of fluconazole, with subjects possessing the CYP2C9 *2 or *3
variants exhibiting smaller percentage changes. In contrast, visual in-
spection of the rifampin effect on CL (CL_Rif) versus CYP2C9 geno-
types (Figure S2 right) demonstrated CYP2C9 genotype-dependent
changes of CL following the administration of rifampin, with subjects
possessing CYP2C9 *2 or *3 variants exhibiting larger percentage
changes. Thus, CYP2C9 genotype was added as a covariate to CL_Flu
and CL_Rif. Further visual inspections of the central volume of distri-
bution (V¢), Koy, and Rpp versus CYP2C9 genotype relationships
showed that subjects with CYP2C9 *2/*3 exhibit lower V¢, and sub-
jects with CYP2C9 *2/%3 and CYP2C9 *3/*3 exhibit lower K, and
higher Rp;. These covariate effects were then added as fractions for es-
timation. The inclusion of IOV on Rp; significantly decreased the ob-
jective function value (-56.739).

The empirical Bayes estimates of individual PK parameters of
S-warfarin were exported to the data set following the development
of the plasma PK model. The urine PK model (eq. 6) for S-warfarin
was developed subsequently with S-warfarin urine PK data. The
final parameter estimations for S-warfarin are shown in Table 1.
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R-Warfarin Model Parameters. Similar to the S-warfarin plasma
PK model, the R-warfarin plasma PK model was able to converge after
the inclusion of co-treatments as a covariate on CL. A TMDD model
with a peripheral compartment (eqs.1-5) was able to sufficiently charac-
terize the R-warfarin plasma PK profiles under different co-treatments
simultaneously. The model parameters K,, BL,,, and K were fixed as
described for the S-warfarin PK model to avoid inadequate precision in
model parameter estimations.

Visual inspection of model parameter versus CYP2C9 genotype rela-
tionships found that subjects with CYP2C9 *2/%3 and CYP2C9 *3/*3
tended to have a lower and higher Vc, respectively. Subjects with
CYP2C9 *1/%3, CYP2C9 *2/%3 and CYP2C9 *3/%3 tended to have a
lower Rpp, and subjects with CYP2C9 *2/%3 tend to have a higher
CL_Rif. These covariate effects were added as a fractional multiplier
for estimations. The inclusion of IOV on R, significantly decreased
the objective function value (-63.796).

The empirical Bayes estimates of individual PK parameters of R-warfarin
were exported to the data set following the development of the plasma PK
model. Afterward, a urine PK model (eq.6) for R-warfarin was developed
subsequently with R-warfarin urine PK data. The final parameter estimations
for R-warfarin are shown in Table 2.

Model Evaluations. The VPCs for S-warfarin plasma and urine PK
profiles and R-warfarin plasma and urine PK profiles stratified by both
CYP2C9 genotype and co-treatments are shown in Fig. 4 and 5. In gen-
eral, the VPCs suggested all the models developed were able to explain
the PK observations reasonably well. The RSE generated with covari-
ance step and 95% Cls assessed by SIR suggested the model parameters
were estimated with reasonable precisions (Table 1-2).

Standard diagnostic plots (Figures S3-S6: S-warfarin; Figure S8—
S11: R-warfarin) stratified by either CYP2C9 genotype or co-treatments
and individual PK profile fittings (Figure S7: S-warfarin; Figure S12:
R-warfarin) provide insufficient evidence to reject the models.

CYP2C9 Genotype-Dependent DDIs Exhibited by S-Warfarin.
The parameter estimations from our model demonstrate the existence
of the CYP2C9 genotype-dependent changes in S-warfarin CL follow-
ing the administration of fluconazole and rifampin (Fig. 6). The per-
centage inhibition in S-warfarin CL following the administration of
fluconazole is largest in subjects with CYP2C9 *1/*1, followed by
subjects with CYP2C9 *1/*3, CYP2C9 *2/%*3 and CYP2C9 *3/*3. In
contrast, the percentage induction in S-warfarin CL following the ad-
ministration of rifampin is much smaller in subjects with at least one
copy of CYP2C9 *1 or *IB (*1/*1, *1B/*1B, *1/*3) than subjects
without CYP2C9 *1 or *IB (*2/%3, *3/*3).

Discussion

Numerous studies have been conducted to investigate the PK of war-
farin since its introduction into clinical practice in the 1950s (Wen and
Lee, 2013). Although CYP2C9 genotype-dependent CL of S-warfarin
has been shown in many studies (Hamberg et al., 2007; Gong et al.,
2011; Flora et al., 2017; Xue et al., 2017), few have investigated the
impact of the CYP2C9 genotypes on warfarin DDIs. Taking advantage
of PK data collected from a well-designed clinical warfarin DDI study,
our study performed comprehensive population PK analysis on both
S- and R-warfarin in plasma and urine, either administered alone or
together with different co-medications. Our study confirmed the existence
of CYP2C9 genotype-dependent CL of S-warfarin, but not R-warfarin.
More importantly, our study supports the existence of CYP2C9 geno-
type-dependent DDIs of S-warfarin, the major active component in war-
farin, when warfarin is administered with either fluconazole or rifampin.
The study results indicate subjects with different CYP2C9 genotypes
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TABLE 2 continued

IIV/IOV SIR medians

IIV/IOV Estimates

Estimates

Source

Units

(95% Cls) Shrinkage

(RSE)

SIR medians (95% Cls)

(RSE)

Definitions

Parameters

% Rp, for subjects with
CYP2C9 *3/*3 (reference
*1/*1, *1B/*IB)

% of CLr when administered

Estimated by urine model

42%

20.5% (11.2%, 31.2%)

14.8% (58%)

75.6% (67.8%, 83.1%)

75.2% (5%)

CLg_Flu

with fluconazole
% of CLg when administered

Estimated by urine model

18%

39.5% (28.0%, 52.6%)

34.1% (22%)

143% (123%, 165%)

143% (8%)

CLg_Rif

with rifampin
RUV for warfarin alone period

Estimated by plasma model

7.39% (6.82%, 8.05%)

7.37% (4%)

owarf

plasma
RUV for warfarin +

Interaction between CYP2C9 Genotypes and S-Warfarin DDls

Estimated by plasma model

6.29% (5.73%, 6.88%)

6.26% (5%)

owarf_Flu

fluconazole period plasma
RUV for warfarin + rifampin

Estimated by plasma model

8.59% (7.85%, 9.39%)

8.60% (5%)

owarf_Rif

period plasma
RUV for warfarin alone period

Estimated by urine model

27.4% (24.1%, 30.7%)

25.7% (8%)

owarf_U

urine
RUV for warfarin +

Estimated by urine model

31.1% (26.9%, 36.3%)

31.1% (10%)

owarf_Flu_U

fluconazole period urine
RUV for warfarin + rifampin

Estimated by urine model

27.8% (23.4%, 33.0%)

26.8% (11%)

owarf_Rif_U

period urine

Notes: IIV and IOV terms are expressed as CV% (Ve®” — 1); RUV terms are expressed as CV% (v a2).
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potentially require different warfarin dose adjustments when warfarin is
administered together with CYP inhibitors or inducers.

One of the obvious characteristics of small-molecule drugs exhibiting
TMDD is the dose-dependent changes in apparent volume of distribu-
tion. This is caused by the saturation of the high-affinity, low-capacity
binding sites at relatively high doses rather than low doses (An, 2017,
Bach et al., 2019). This phenomenon was first reported by Dr. Gerhard
Levy based on extensive preclinical studies conducted on warfarin PK
(Takada and Levy, 1979; Takada and Levy, 1980). In fact, the term
TMDD was first proposed by Dr. Levy in 1994 to explain the nonlinear
PK behavior exhibited by small-molecule drugs, such as warfarin (Levy,
1994). Despite the relatively high prevalence of applying the TMDD
models in characterizing the PK of large molecules, its usefulness in
modeling small molecule compounds has gained recognition only
recently (An, 2017). Indeed, with a linear compartmental PK model, we
failed to fit either S- or R-warfarin plasma PK profiles under different
co-treatments simultaneously (Figure S1, Supplemental Table 2). Inter-
estingly, adequate fitting can be achieved with linear compartmental
models if the PK profiles in each treatment period are fitted separately.
However, a higher volume of distribution was estimated when warfarin
is administered together with rifampin, and unrealistically long terminal
half-lives were estimated. To some extent, this is consistent with the
dose-dependent changes in volume of distribution shown by an early
warfarin clinical PK study, in which a higher volume of distribution is
shown for subjects with lower doses (King et al., 1995). We suspected
that when either a low dose of warfarin is administered or warfarin is
cleared faster following the co-administration of a CYP inducer, the
unsaturation of the high-affinity, low-capacity binding sites causes a
higher apparent volume of distribution to be estimated. Additionally, a
prolonged terminal phase was commonly observed for small-molecule
drugs exhibiting TMDD (An et al., 2015). The back-extrapolation to the
intercept of the prolonged terminal phase normally converges to the
same concentration regardless of dose (An, 2017; Bach et al., 2019).
This is because the high-affinity binding between drugs and binding sites
makes the dissociation between them extremely slow, which becomes
the rate-limiting step for drug elimination when drug concentration in
the plasma is low (Bach et al., 2019).

Although the phenomenon of TMDD for certain small molecule
drugs dates back many years, the application of TMDD models in
modeling warfarin PK is rare (Levy, 1994; Mager and Jusko, 2001).
This is not surprising given the difficulties in study design to enable ob-
servation of the TMDD type of PK behavior in small-molecule drugs,
such as like warfarin. Although the unsaturation of binding sites at rela-
tively low doses causes a higher volume of distribution to be estimated,
following repeated low doses, the binding sites are generally saturated,
which leads to observations of linear PK (An, 2017; Bach et al., 2019).
Thus, a single-dose study with different dosage levels is normally re-
quired to fit a TMDD model adequately. In addition, to capture the pro-
longed terminal phase, a relatively long follow up time is also required.
Given that many studies were conducted with patients taking warfarin
on a regular basis or relatively short follow-up time following single
dose of administration (Hamberg et al., 2007; Xue et al., 2017), it is not
surprising that linear compartmental models are still widely used for
modeling warfarin PK in these studies. Additionally, TMDD models are
known to be overparametrized and are difficult to converge (Gibiansky
et al., 2008). Indeed, a full TMDD model was tested initially. However,
several model parameters, such as K., and K, were highly correlated
and cannot be estimated with adequate precision. Thus, K¢ values of
warfarin were fixed to the literature reported value (Levy et al., 2003)
and only K, values were estimated. While this approach is sufficient to
overcome the difficulties we encountered, several approximation meth-
ods of TMDD, such as quasi-equilibrium, could be used if reliable K¢
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Fig. 3. PK profiles for S-warfarin in plasma (A) and urine (B) and R-warfarin in plasma (C) and urine (D). All the PK profiles are stratified by co-treatments. Colors
represent different CYP2C9 genotypes as shown in figure legends. Plots are on log scales. Points represent mean and error bars represent 95% confidence intervals.

values are not available (Mager and Krzyzanski, 2005; Gibiansky et al., 1 pg/L, respectively. Similar values of K, were used for developing
2008). During the model development, K, and BLp were estimated with  other S- and R-warfarin PK models (Hamberg et al., 2007; Xue et al.,
inadequate precision and were also fixed in the model as 2 hour ' and  2017). BLp was determined to fix as the closest positive integer value to
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Fig. 4. VPCs for S-warfarin PK profiles in plasma (A) and urine (B). Blue dots represent the observations. Red solid lines represent the medians of model predicted
concentrations. The upper and lower red dashed lines represent the 10™ and 90 percentiles of the model predicted concentrations, respectively. The figure is stratified
by genotypes and co-treatments. The black dashed lines represent the LLOQ for S-warfarin (0.67 ng/ml). No observations were collected from CYP2C9 *1B/*IB sub-
jects and treated with warfarin plus fluconazole. Note: Warf: warfarin; Flu: fluconazole; Rif: rifampin; *1/*1: CYP2C9 *1/*1; *1B/*¥1B: CYP2C9 *I1B/*1B; *1/*3:
CYP2C9 *1/%3; *2/*3: CYP2C9 *2/*3; *3/*3: CYP2C9 *3/*3.
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Fig. 5. VPCs for R-warfarin PK profiles in plasma (A) and urine (B). Blue dots represent the observations. Red solid lines represent the medians of model predicted
concentrations. The upper and lower red dashed lines represent the 10™ and 90 percentiles of the model predicted concentrations, respectively. The figure is stratified
by genotypes and co-treatments. The black dashed lines represent the LLOQ for R-warfarin (0.67 ng/ml). No observations were collected from CYP2C9 *1B/*1B sub-
jects and treated with warfarin plus fluconazole. Note: Warf: warfarin; Flu: fluconazole; Rif: rifampin; *1/*1: CYP2C9 *1/¥1; *1B/*1B: CYP2C9 *1B/*1B; *1/*3:
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Fig. 6. Genotype-dependent CL changes of S-warfarin following the administration of fluconazole (A) and rifampin (B). The dots and error bars represent the typical
values and 95% Cls, respectively. The 95% Cls are constructed with RSE as shown in Table 1 assuming a symmetric normal distribution.

the estimated values, which is 1 ug/L. Given that the initial concentration
of both S- and R-warfarin can reach as high as 1000 ug/L and the scale
of V¢ and Vp are similar, a 1 ug/L BLp is highly unlikely to be impact-
ful (Table 1).

Polypharmacy is more prevalent in older individuals (Maher et al.,
2014). A better understanding in CL changes of warfarin, especially
when warfarin is administered together with either CYP inhibitors or in-
ducers, is critical to adjust warfarin doses rationally for patients under
polypharmacy. Interestingly, our study shows subjects with CYP2C9 *2
or *3 alleles experience a smaller and larger percentage of CL changes
for S-warfarin following the administration of fluconazole and rifampin,
respectively. Since S-warfarin is the more active enantiomer in the race-
mate, smaller dose adjustments should be made for subjects with
CYP2C9 *2 or *3 variants, when they take warfarin together with flu-
conazole. In contrast, larger dosing adjustments should be made for
these subjects when they take warfarin together with rifampin. It is also
worth mentioning that both fluconazole and rifampin are non-specific
CYP inhibitors and inducers, respectively. The differences in the per-
centage of fluconazole inhibition or rifampin induction in S-warfarin CL
for patients with different CYP2C9 genotypes might indicate certain
CYP enzymes involved in warfarin elimination are potentially more
inhibitable or inducible than others. The warfarin metabolic profile
changes following the administration of CYP inhibitors or inducers in
subjects with different CYP2C9 genotypes are evaluated in our compan-
ion study, in which the PK profiles of 10 warfarin metabolites under dif-
ferent treatment conditions are modeled on the basis of the parent
compound models presented here (Cheng et al., concurrently published).
The elucidation of metabolic profile changes of warfarin, following the
administration of non-specific CYP inhibitors or inducers, is not only
useful in gaining more mechanistic insights behind the CYP2C9 geno-
type-dependent DDIs exhibited by S-warfarin, but also valuable to
inform the DDIs of other drugs which undergo similar metabolic
pathways.

Although the impact of CYP2C9 alone on warfarin therapeutic out-
comes, such as international normalized ratio (INR), was well recog-
nized (Ufer, 2005), the impact of CYP2C9 on warfarin DDIs in the
context of therapeutic outcomes has rarely been investigated. Hamberg
et al. developed a PK-PD model for warfarin (Hamberg et al., 2007)
and demonstrated that the ECso of INR responses to S-warfarin concen-
trations vary across different vitamin K epoxide reductase complex sub-
unit 1 (VKORCI) genotypes (GG: 4.61 mg/L, GA: 3.20 mg/L, AA:
220 mg/L), and the IIV of PD parameters are relatively high. It is
likely the PD variability of warfarin overwhelms the PK variability of
warfarin, which makes the PK variability of warfarin less of a concern
when monitoring INR. Nevertheless, many studies have suggested that
CYP2C9 and VKORC] genetic polymorphisms together can account
for up to 30% of total variability in warfarin doses, in which VKORC1
and CYP2C9 genetic polymorphism alone can account for 25% and
9%, respectively (Limdi et al., 2008; Fung et al., 2012). Furthermore, a
recent clinical case report showed that a subject with CYP2C9 *3/*3 and
VKORC] GA mutations required a larger magnitude of warfarin dose
adjustments, while warfarin was treated together with rifampin (Salem
et al., 2021). The conclusion of the case report is consistent with our find-
ings to some extent. Thus, the impact of CYP2C9 genotype-dependent
DDIs on the therapeutic outcomes of warfarin is ambiguous, which may
warrant further investigations given the narrow therapeutic index of war-
farin. Although the dosing of warfarin remains challenging, substantial
progress has been made using a model-informed approach. For example,
Wright et al. proposed warfarin dose individualization under a Bayesian
framework which allows the maintenance of the steady state INR 65% to
80% of the time within the therapeutic index of warfarin when more
than 3 INR measurements are available (Wright and Duffull, 2013). The
incorporation of the TMDD mechanism presented in this study may pro-
vide more mechanistic insights about warfarin dispositions and further
improves the warfarin dosing in scenarios such as warfarin treatment
initialization and discontinuation.
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Limitations were noted in the present study. For example, several
covariate effects, such as the CYP2C9 effects on K, V¢, and Ry, are
lacking a mechanistic basis, although they are statistically significant.
Indeed, the original objective of this clinical study is to characterize and
quantify the CYP2C9 genotype-dependent DDIs of warfarin. Based on
the purpose of the study, a small number of subjects (n = 29) was
enrolled and a limited number of covariates was collected. During the
model development, we found that the PK variabilities cannot be fully
accounted for by the effect of CYP2C9 and drug interactions on CL.
This is anticipated given that the PK of warfarin is notoriously known
to be impacted by many factors, such as diet and drug transporter func-
tions, that were not collected in the current study (Ovesen et al., 1988;
Bi et al., 2018). Thus, although lacking a mechanistic basis, these covar-
iate effects were still added to account for some observed PK variability
so that the CYP2C9 genotype-dependent DDIs of warfarin can be better
characterized. However, future clinical studies with more covariates col-
lected may be warranted to validate these covariate effects.

In summary, we conducted a comprehensive nonlinear mixed effect
PK analysis to evaluate the impact of CYP2C9 genotypes on both
S- and R-warfarin DDIs. Our study found that subjects with different
CYP2C9 genotypes experience differences in S-warfarin CL changes fol-
lowing the administration of CYP inhibitors or inducers, indicating that
CYP2C9 genotype-dependent warfarin dose adjustments are potentially
required. In the future, connecting with literature reported PD models, the
PK models presented in this study may be useful in informing dose
adjustments on the basis of therapeutic outcome predictions. Thus, the
models presented in this study may serve as a valuable tool for optimizing
warfarin dosing adjustments in a polypharmacy setting.
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