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ABSTRACT

Genetic diversity between people can leaditferences in their capabilities to metabolize drugs.
These pharmacogenomic differences induce variability in drug exposure (amount of drug in our
bodies), which can cause hqgiositive and negative effects. Another important contributor to
differences in exposure occurs when one drug interacts with and alters how another drug is
eliminated (druedrug interactios, DDIs). Although the effects of pharmacogenetics or DDIs
alone @ drug exposure are well understoodh@or gap in knowledge low pharmacogenetic

diversitymightinfluenceDDIs.

Cytochrome P450s (CYP) are important superfamily of enzyme which includes many critical
drug metabolism enzyme8YP2C9 is an important dg metabolism enzyme the CYP 2C
subfamilies, whichmediate 1620% of the drugthat undergo CYP mediated metabolisrav&al
clinically important drugs including warfarin, phenytoin and flurbipradieEnmetabolized through
CYP2CQ Lossof-function variants on gene encodiByP2C9 such as *2 and *3ntroduce
considerable variabilities in the exposure and response of these Alddg®nally, since

CYP2C9 is inhibitable and inducible, the administratiotheke drugsogether withCYP

inhibitor and inducers wiltauseDDIs, which further complicate tivedosing clinically.

Two clinical trials sponsored by National Institute of Health (NWé¢Ye conducted to investigate

the extent of DDIs in the presence@fP2C9enotypes, usingarfarin, flurbiprofen, ketoprofen
and tolbutamide as probe drugs and fluconazole (a CYP inhibitor) and rifampin (a CYP inducer)
as interacting drugs. Drug concentratitaiaof probe drug@ndtheir majormetabolites in

plasma and urinerere collectedor subsequent analysis

The aim of this thesis is to quantify the extent of DDIs in the preser@¥R2C9enetic

variants usinghe collected clinical PK data vimathematical modeling approach. Population PK

iv



models were first constructed for each probe drugs including pharmacogenomic differences and
drug interactions as covariates. Motiaked analysis were then performed based on parameter
estimationsPhysiologybased PK (PBPK) modeling was also performed to understand the
genotypedependent DDIs from a botteap prospectiveThe developed models will be valuable

in quantifyinggenotypedependent DDIslinically, thus achieving another step toward precision
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Chapter 1 Literature Review



1.1Cytochrome P453

Characterizedby the maximal absorption wavelength 804m in the reduced state following the
exposurdo carbon monoxide ytochrome P4506CYPs)arethe superfamily of hemeproteins
which arepresenin various organisms, such as bacteria, fungi, plants and at@nalsa, 1999;
Parvez et al., 2016 humars, 57 functional CYP genas 18 mammalialCYP familieshave
been identifiedo datéNelson et al., 2004; Nebert et al., 201Bhcoded by CYP genes, the CYP
enzymes are ubiquitously distributed in various human tisssieeembrandéound proteinswith
the highestdistributive abundandea liver and intestin@Manikandan and Nagini, 2018)
Functionally, CYP enzymeare criticalin a varety of biological processes, suchdetoxification
andmetabolisnof xenobiotic agen{dushchyshyn et al., 26; Kent et al., 2006; Lynch and
Price, 2007)biosynthess of bile acidéSarenac and Mikov, 20183teroid hormone
homeostasi{€hakraborty et al., 202linetabakm of vitamingProsser and Jones, 2004; Wang et

al., 2013)andmetabolism ofinsaturated fatty aci¢fsinn et al., 2009)etc.

The nomenclature of CYRgas established by CYP nomenclature committee formedndyear

2000and has been widely accepfidison et al., 1996; Sim and Ingelm&andberg, 2010)The

l etters ACYPO r epr esentThanimber oliowirg thht repreasenttik4 50 e n
family thata protein belongs to, such as CYdid CYP2.Another letter following the first

number represent the subfamily and a humber at thdesignates the CYP isoform. For

example, CYP1A1 represent the cytochrome P450 enzyme family 1, subfamily A and isoform
1(Manikandan and Nagini, 2018)he classificatiosof family and subfamily arbased orthe

homologyof the enzyme aminacid sequences, with the enzymes within the same family exhibit

more than 40% homology and enzymes within the same subfamily exhibit more than 55%

homologyGuengerich et al., 2016; Manikandan and Nagini, 208 genes or cDNA of P



should be written as italic forneg. CYP1A) and the mRNA and protein of CYP should be

written as normal noitalic form (eg.CYP1Al)YManikandan and Nagini, 2018)

CYP enzymes possess a wide range of substrate spixsfieit catalyze a broad spectrum of
oxidativeredoxreactionssuch as hydroxylatiomxygenationdealkylation and epoxidation,

et(Isin and Guengerich, 2007; Guengerich, 2008; Hrycay and Bandiera, 20d&ng a variety
of reactions catalyzed by CYPs, hydroxylation is importamt@my physiological processes as
well as the metabolism of xenobiotic agentith a general form of the reaction expressed as

below(Hamdane et al., 2008)

Y 06 c¢Q ¢OOo'Y 000

The reaction requires two electrong (eansfer fromNicotinamide adenine dinucleotide
phosphate (NADPHhrough FAD and FMN domains MADPH-cytochromeP450 oxidative
reductas€POR) or sometimes, wolvescytochrome b@Hamdane et al., 2008; Storbeck et al.,

2015; Cheng et al., 2021)

1.2The Impact of CYP Genetic variants on drug metabolism

CYP enzymes, especially familiesA] are critical in the metabolism of many
medicationéManikandan and Nagini, 2018 mongvariousCYP isoforms six CYP enzymes
(CYP1A2, CYP2CY9, CYP2C19, CYP2D6, CYP3A4 and CYP3AD5) are involved in the
metabolism of more than 90% of tGd P metabolizeanedicationéSlaughter and Edwards,
1995; Wilkinson, 2005; Lynch and Price, 200%enetic variantpresent irthe pharmacegenes
encodinghese importardrug metabolizing CYP enzymesn result in increasadriability in

drug exposure and respofisgelmanSundberg et al., 2007; van Schaik, 2008)e genetic

pol ymor phi sm, by definition, is the genetic

populatiorfGuengerich, 2020)

\Y
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Based on the tygs of the variationgienetic polymorphissxan bedivided into single nucleotide
polymorphisms (SNPs) and copy number variants (CNNMg@ImanSundberg, 2004; Sadee et
al., 2011) TheSNPs involve genetic mutatisin a single base pair of nucleotides in manners
such as substitutions, duplications and deletiatéch potentially impact the splicing and
expression of a CYP enzymia contrast, th€NVs are frequentlgenerated bguplications and
deletionsof gene copigSadee et al., 2011; Manikandan and Nagini, 2B®&h the SNPsand
CNVs can impact the enzyme activity and produce CYP enzynitassimnilar, increased,
decreased and absence of act{ditgnikandan and Nagini, 2018n humars, more than 1

million SNPsarepresent in the genome and around 1500 CNVs have been idenfiftediate

In terms ofthe CNVs, thefrequency of the duplications are much higher than the
deletiongJohansson et all993; Redon et al., 2006; Fukami et al., 2007; Stranger et al., 2007;

Preissner et al., 2013; Manikandan and Nagini, 2018)

Althoughmanygenetic variantstroduce nechange irthe metabolicactivity of CYP enzymes
somegenetic variantthduceeither lossof-function orgain-of-functionin the metabolic activity
of CYP enzyma(Zanger and Schwab, 2013he lossof-function variant on a CYP enzyme
reducaits metabolic activity. While the reduced metabalativity canresult inincreased
exposure o corresponding CYP sglrate which increasehte risksof adverse drug reactien
(ADRs), it can also reduce the baxtivation of a prodrug which decreasesitsive metabolite
exposure and effectivenébtahgoub et al., 1977; Sakuyama et al.,@0uroi et al., 2014)For
exampleatomoxetine is used for the treatment of attentieficit/hyperactivity disorder
(ADHD) and is a CYP2D6 substrate. CYP2D6 poor metabolizers (PMbigxhsignificant
increased drug exposure and may experience ADRs such as vomiting and decreased
appetitDean, 2012a; Brown et al., 2016; Brown et al., 20A9pther example islopidogre]

which is a prodrugequiringactivaion by enzyme CYP2C19 he lossof-function SNP*2 and
4



*3 in CYP2C19educe the bi@ctivation of clopidogrel and reduce its pharmacolagic
efficacy(Klein et al., D19; Sun et al., 2020 contrast to losef-function variants, the gaiof-
function variants increase the metabolic activity of a CYP enzyme, which eiigat increase or
decrease the drug expos(ianikandan and Nagini, 2018; Guengerich, 2020y instance, the
SNP *17 onCYP2C1l9ncrease the metabolic activity of the enzyme. Subjects@tR2C19

*17 undergo ultrarapitb rapid metabolibio-activations of the prodrug gddogrel, which
potentiallyincrease the risk of bleeding following the administration of this medi¢&tiobing

et al., 2010; Dean, 2012K)ne additionakxample is codeinavhichis also a prodrugequiring
activaton by CYP2D6 to form morphine. The CNVgene duplicationsn CYP2D6increase the
exposure of morphine followinthe administration of codein&hich increase the risks of

ADRs(Johansson et al., 1993; Koren et al., 2006)

Given the critical impact of the genetic variants in drug metabolic enzymes on thiaditetual
and interethnic variability of drug exposure and therapeutic outeowlaborative efforts are
being made to incorporate the pharngamomicinformationinto clinical practiceoutinelyby
Clinical Pharmacogenomics Implementation Consortium (GBWher et al., 2013; Caudle et

al., 2014) Since the establishment of CPIC in 200%romotes the translation of laboratory
findings of pharmacogenomics into clinical optimizations of drug therapies by publishing peer
reviewed CPIC guidelines on tpeerreviewjournal Clinical Pharmacology and
Therapeutic&Clanoy et al., 2014; Moriyama et al., 2017; Desta et al., 2@b8)sharing the

updates on PharmGK@ittps://www.pharmgkb.ordy/ A better understanding aatincreased

implementation of pharmacogenomics witidoubtedlyfacilitate the realization of precision

medicine.


https://www.pharmgkb.org/

1.3CYP2C9
CYP2C9 is one of thmostimportantenzymes irthe CYP2C subfamilywhich mediates the

metabolic disposition of :20% ofall the CYP metabolizeanedicationsComparedwvith other
enzymes in the CYP2C subfamily, CYP2i83he most abundaehzyme present in human liver
microsomes and the most critical ondgmms of the clinicatirug metabolisifLasker et al.,

1998) The CYP2C9ene is >55kb in length and mapped on chromosome 1QgMdatein and

de Morais, 1994)

The CYP2Cene in human ikighly polymorphic. As of October 2021, more than 70 SNPs

have been identifiech{tps://www.pharmvar.org/gene/CYP2ICAmong the identified SNPs,

more than 30 SNR#ecreas€YP2C9enzyme activitythrougheither/bothreducing Vhax

(maximal metabolic velocityyr/andincreasing k, (substrate concentrations inducing 50% of
Vmay Of various substratess suggested by manyvitro andin vivo studiegYamazaki et l,

1998; Gill et al., 1999; Rettie et al., 1999; leiri et al., 2000; Miners et al., 2000; Dickmann et al.,
2001; Kidd et al., 2001; Yasar et al., 2001; Kumar et al., 2006; Kumar et al., R@OBNPs or
CNVs related t@nincreased CYP2C9 enzyme activiitgve been identified y@tHARMGKB,
Accessed 5 October 202The referenc€YP2C%alleleis *1. Subjects with homozygous

CYP2C9*laremonsi dered to be the fAnor mal met aboli zer

CYP2C9 *2(Argl44Cys; rs1799853ndCYP2C9 *3(lle359Leu; rs105791(re the two most
well-known CYP2C9variants related tthedecreased CYP2C9 enzyme activity in individuals
with European ancesifiyee et al., 2002)n Caucasian and Turkigfopulationsthe frequency of
CYP2C9 *1/*1varies from 60% to 70%, ¢htotal frequency of1/*2 and*1/*3 varies from 30%

to 35% and the total frequency ©¥P2C9 *2/*2 *2/*3 and*3/*3 is around 2.5%f the total
populatiorffAynacioglu et al., 1999; Margaglione et al., 2000; Taube et al., 2000; Scordo et al.,

2001;Lee et al., 2002)nterestindy, compared with Caucasian and Turksipulations Garcia
6
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Martin et.al found the allele frequency©¥P2C9 *2and*3 is even greater in Spanish
population(GarciaMartin et al., 2001)In contrast, in AfricaPAmericars, Africansand Eastern
Asian populations (such as iGbse, Japanese, Taiwanese and Korean, etcG1RaC9 *2

allele is almost absent and thieevalence o€YP2C9 *3is alsomuch lowefWang et al., 1995;
Sullivan-Klose et al., 1996; Nasu et al., 1997; Scordo et al., 2001; Yoon et al., 2001; Lee et al.,

2002)

Although not as @rnsivelystudied acYP2C9 *2and*3, several recently identified genetic
variants ofCYP2CS9canalsoimpair the calytic activity of the enzymelhe CYP2C94
(1e359Thr,rs56165452is a rare variant, related to a decreased enzyme metabolic
activity(Niinuma et al., 2014)A study conducted with Egyptian population demonssrsidjects
with CYP2C9 *1/*4require a lower warfarifa CYP2C9 substrateaily dosecompared with
subjects withCYP2C9 *1/*1Shahin et al., 2011) The *5 variant (Asp360Glu, 28371686 in
CYP2C%as been shown tiecreas¢éhe enzyme activity, with aallele frequency around 1% in
African-American and Hispani¢Bickmann et al., 2001 CYP2C9 *5is virtually absent in
Caucasian and Eastern Asian populdARMGKB, Accessed 5 October 20214lthough
CYP2® *6 (Lys273fs rs933213) variant induce frameshift following the single nucleotide
deletion which makes it difficult to studwy vitro, grong clinical evidence showed the activity of
CYP2C9 enzyme is negatively affectedoyvariantwhen knownCYP2C9substrates, such as
phenytoin and losartamvere administerg¢lidd et al., 2001; Allabi et al., 2004; Niinuma et al.,
2014) The prevalence d€YP2C9 *6can be as high as 1% in Africétmerican and African
populatiors but relative low in other populatio(RHARMGKB, Accessed 5 October 2021)
Several othewell-characterize®YP2C9variantsincluding*8 (Arg150His,rs790019%, *11
(Arg335Trp,rs2837168pand*13 (leu90Prors7255818Y, are also associated with reduced

metabolic activitie®f the enzyméBlaisdell et al., 2004; Niinuma et al., 2014 terms of the
7



population frequency, thalele frequencyf CYP2C9 *8and*11 is relatively high in African
Americars (around 6% and 2%jyvhile the prevalence @YP2C9 *13s relative high in Eastern
Asian population (around 0.3¢PHARMGKB, Accessed 5 October 202¥hile otherCYP2C9
genetic variants (such a%2, *14, *15, *16, *23 and*24, etc.) may also related to the reduced
enzyme activityBlaisdell et al., 2004; DeLozier et al., 2005; Herman et al., 2007; Chen et al.,
2014; Wang et al., 2014; Ji et al., 20%&)ther studies is warranted to elucidate their impacts.
Although*2 and*3 are the rost weltcharacterizedYP2C9variants which possess a relative
high prevalence in population with European ancestry, @ét2C9ariants (such a5, *6, *8
and*11) also induce reductions in the enzyme activities to a similar extent. More importantly,
these recently identifie@YP2ZC9 variants show a relative higher frequency in population with
African ancestry and their collective frequency is anticipatdmbtmshigh asCYP2C9 *2and*3

in generalJohnson et al., 2017; PHARMGKB, Accessed 5 October 2021)

CYP2C9 exhibs a diverse substratpecificity. Most of the substrates for CYP2C9 are lipophilic
and weakacidic compounds with pKa ranging from B8(Jones et al., 1996; Miners and
Birkett, 1998) Some of the substrates of CYP2&@clinically important such aS-warfarin,
phenytoin, losartan, tolbutamide aseveral onsteroidalantrinflammatory druggNSAIDS)
including flurbiprofen, ibuprofen, celecoxib and diclofeiéicchheiner et al., 2002; Joy et al.,
2009; Johnson et al., 2014; Franco and Perucca, 2015; Theken et al. Th@2pnetic
polymorphism inCYP2C9an introduceorsiderablevariability in the exposure and response of
these commonly prescribed druggich may compromise their therajpie effects or induce
doselimiting adverse effect$-or example, warfarin is one of the most commonly used
anticoagulant agents in the world for many years. Warfarin is administered orally as racemic
mixture, where Svarfarin is thepharmacologically more active ingredientw@rfarin is

metabolized primarily through CYED®, to form6- and7-hydroxylated SwarfarinUfer, 2005)
8



In vitro studies suggested the presenct2adnd*3 variants can decrease thdéydroxylations of
S-warfarin capability of the CYP2C9 enzyme by-30% and 90% respectivéRettie et al.,

1994; Haining et al., 1996; Crespi and Miller, 1997; Takanashi et al., 2000; Du et al., 2016)
Clinically, subjects with2 and*3 variants ofCYP2C9equires lower warfarin doses and
experience higher bleeding rigksiruya et al., 1995; Takahashi et al., 1998; Ufer, 2005)
Phenytoin is another important example to illustrate the impaCY&2C9enetic

polymorphisng on drug exposure and response. The elimination of phenytoin largekaml
CYP2C9 metabolism, to form& p-hydroxylphenyl}5-phenylhydantoin (HPPH)n vitro

studies showed CYP2C9 enzyme with fo§dunction alleles mediate the formation of HPPH
less efficientlfTakanashi et al., 20004 clinical study conducted with Turkish population
showed the between subject variability in phenytoin trough concentrations following the
administration of a single phemjmh dose is explained yYP2C9enetic
polymorphisniAynacioglu et al., 1999) CPIC also published guidelines to inform the clinical
dosing of phenytoin in the presence of vari@Q¥d2C9%enotypefKarnes et al., 2021NASIDs
includesome of the most commonly used analgesic druggalin. Due to the low addictive
potential, some of the NASIDs, duas ibuprofen, are allowed for ovidwe-count use. Despite
NASIDs are relative safe, inappropriate dosing of NASIDs may cause severe side effects such as
gastrointestinal bleeding, hypertension and myocardial infra¢@sosser et al., 2017CYP2C9
mediates the metabolic eliminations of many NASIDs including celecoxib, flurbiprofen,
ibuprofen and lornoxicam, to various extents. Subjetts are deficient iI€YP2C metabolic
capability due to genetic polymorphism may experience a higher risk of side effects following the
administration of these NASIDs. Thus, subjects with reduced CYP2C9 activity may need to
consider takinglternative analgesitrugs such as acefdmac and diclofenac, whose exposure
insignificantly affected byCYP2C9enotypeélheken et al., 2020)
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1.4Drug-drug Interaction sin pharmacokineticsCYP Inhibition s

Drug-drug interactions (DDIgh pharmacokinetics (PKjccurwhenmultiple drugs administered
togetherjn whichthe presence of one drug affects the disposition of the othefsdiD@Is in

PK can significantly change the exposure of a drug, which may introduce undesired
ADRs(Lazarou et al., 1998)n 1990s, around-2% of the hospital admission is attribute to
DDIs(Dechanont et al., 2014A solid understanding of DDIs also critical in modern drug
development. Regulatory agency such as Food and Rdministration (FDA) published several
guidelines about how to conduct DDI studies to support regulatory submission and drug

labellingUSFDA, Jan. 2020a; USFDA, Jan. 2020b; USFDA, Nov. 2020)

The CYP enzyme inhibition is an important source of DDIs in HKs usually involves the
administration of one drug (perpetrator drughichreduce the enzyme activity of a CYP
enzyme that is critical for the metabolic elimination or-aativation of another drug (victim
drug).Based on the mechanism of inhibitions, @¥P inhibitions can be classified into

reversibleinhibition, irreversible inhiliion and gqiastirreversible inhibition

Reversible inhibition is the most commonly observed type of CYP inhibitions, whimlrs in
the presence of inhibitoksut recovers once the inhibitors &leninated from the body. The
reversible inhibitios canbe further categorized into competitive inhibition, rammpetitive
inhibition, uncompetitive inhibition and mixed inhibitioBompetitive inhibition occurs when
two or more drugcompete for theamebinding siteon a CYP enzymeven if the perpetrator
drug is not a substrate of the enzyiManikandan and Nagini, 2018)'he competitive
inhibitions typicallyincreass enzymeK, with no change in Max 0f anin vitro CYP mediated
reaction For examplefluconazole is a competitive inhibitor for several CYP enzyme such as
CYP2C9, CYP2C19 and CYP3A€o-administration ofluconazoleandvoriconazolecan

introduce DDIs in a competitive inhibition manf@uvarascio et al., 20133imilarly, the
10



occurrence oh noncompetitive inhibition also relies on the competitiomulfltiple drugs
towards the same CYéhzyme, buthe substrate and the inhibitor biteddifferent sits on a

CYP enzyméManikandan and Nagini, 2018Y he interacting drutypically binds tothe
allostericbindingsite of the CYP enzymédn a noncompetitive inhibition, the binding of the
inhibitor minimally affectssubstratéinding, but it affects product formation instedebr
example udenafil is a nortompetitive inhibitor of tamsulosithrough inhibition on CYP3A1/2
in ratgKang et al., 2009)n an uncompetitivénhibition, the inhibitor binds only to theubstrate
enzyme complex, but not to the free enzyiirtee uncompetitive inhibition also affects the
substrate product formations, whisults ina decreasén both the \haxand the kK, in vitro.
Uncompetitive inhibitios rarely occuandhave been reported when nifedipine is used as the
substratéHaupt et al., 2015Mixed inhibition is a complicated type of CY#hibition, which
may involveshoth the competitive and namompetitive inhibitionsMixed inhibitions may cause

an increase in Kand a decrease inmyin Vitrowaupt et al., 2015)

In contrast to the reversible inhibitions, irreversible and guiasiersible or so-called
mechanisrrbasedjnhibition occurs in the presence of the inhitdtbut persists following the
elimination of the inhibitors. Inreirreversibleor quasiirreversibleinhibition, the interacting
drug may be converted by CYP enzymes to form the reaoteemediats, which can interact
with the catalytic sites of the Yenzyme and induce enzyme inactivatibnis is typically
attributed to the formation of the covalent (irreversible) or famvalent but tight (quasi
irreversible) binding between the reactimeermediatesnd the enzyng Following the
inactivation, he CYP enzymecannotbe recovered and the repleriighof the CYP enzyne
repliesentirelyon the biosynthesis of the new enzy(i&dlenberg et al., 2008; Manikandand

Nagini, 2018) For examplemifepristoneis a mechanisrbased inhibitor for CYP3A4, which

11



may introduce timaependent inhibition and inactivation of this important CYP enfiaet

al., 1999)

Theoretically, h apurecompetitive inhibition scenarjdhe inhibition constant () of an inhibitor
for aspecific CYP enzyme should be constamiflindependent ofithersubstrater enzyme
concentratiorused However, in realitythe CYP inhibitionnduced bya particular inhibitor is
substratedependentin one study, Kenworthy et al. evaluated the inbityiteffects of 34
compounds on the CYP3A#ediated metabolism using 10 CYP3A4 substrates. Each inhibitor
demonstrated a wide range of inhibitory effects on CYRB#tliated metabolism across

different substrat€kenworthy et al., 1999)

1.5Drug-drug Interaction sin pharmacokineticsCYP Inductions
Another important aspect of DDIs in RKintroduced by CYP inductienWhen multiple drugs

areadministered together, the presence of one drug (perpetrator drug) may induce the expression
of a CYP ezyme, whichthenfurtherincreasethe metabolic elimination or biactivation of the

other drug (victim drug)The excessive metabolic clearance dfagintroduced by CYP

inductionscan reduce ittherapeutic effects. Similarlyhe excessive biactivation of a prodrug
introduced by CYP inductions can accentutstéoxicity. Based on the mechanism of acgpn

CYP inductions can be categorized imaniscriptional and netranscriptionalnductions where
transcriptional mechanism accounts for most of the CYP induliongokins and Wallace,

2007; Pelkonen et al., 2008)he transcriptional activations of many CYPs involvedlitiend
activations of transcriptional factors, such as pregnane X receptor (PXR), constitutivitamelro
receptor (CAR), aryl hydrocarbon receptor (AhR) and peroxisome prolifeaatimated receptor

(PPAR)Tompkins and Wallace, 2007; Manildan and Nagini, 2018)
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ThePXR is an importarmuclear receptan the orphan nuclear receptor superfanf}R is able

to bind with a variety of ligands including steroidsna&biotics and pharmacologically important
druggWaxman, 1999; Tompkins and Walia2007) Followingthe ligandbinding, a PXRcan
translocate fromcytostlo nucl eus and interact with a retin
a heterodimer. The PXRXR heterodimer cathenbindwith DNA response elemenfsuch as a
direct repeat with a-Bucleotide (nt) spacer (B), a1 everted repeat with-6t spacer (ER6) and

a direct repeat with a-At spacer (DR4)and induce the transcriptional changes of CYP enzymes.
PXR is important in regulating human CYP3A, 2B and 2C familissvell as other ne@YP
enzymes such as gaihione Stransferase, 4glycoprotein Multidrug resistance associated
proteins and organic anigransporting polypepde 2Manikandan and Nagini, 2018} is well
known that the induction of the important drug metabolism enzyme CYB@Aiflampinis

primarily regulated through PXBertilsson et al., 1998; Li and Chiang, 2008}her netabolic
inducers including dexamethasone and phenytoialacd®XR ligand$Pascussi et al., 2000;

Manikandan and Nagini, 2018)

CAR is another importamtuclear receptor in orphan nuclear receptor superfafitily.full name

of CAR is constitutive androstane receptor or constitutively active receptor since it can interact

with androstanol ani constitutively activen vitro(Tompkins and Wallace, 2007CAR

possess ligad binding domains and DNA binding domains. Similar to PXR, binding with ligands
activates CAR and enalslits translocation from dpsolto nucleus. Inhe nucleus, CARanalso
interact with RXRwWhichcarbifidevithDNArespoase eedmtsisaech as
conservatve5base pair el ememéespbesiopbeaonhbandet amodul
induce transcriptional changes of enzyniesad been known for many years that €nzymes in

CYP2B family are highly induciblby compounds like phenobarbital. Later, the induction

mechanism was showa be mediated through CAR activatiorBesides the inductions of
13



enzymes in CYP2B family, the enzyme inductions in CYP2C and 3A families ar@YiBn
enzymes such as glucuronosyfisgerases, glutathionetBansferases and several transporters
also involvethe activations o€AR(Ueda et al., 2002; Assem et al., 2004; Tompkins and

Wallace, 2007)

AhR s a transcriptional factor in the PArnt-Sim family. AhR is known tdnvolve in the
inductionsof CYP enzymes including CYP1A1, 1A2 and 1Bhd nonCYP enzymedncluding
UDP-glucuronosyltransferase 1A (UGT1A1l) and glutathiorteaBsferase A2 (GSTARYueh et
al., 2003; Dere et al., 2006; Tompkins and Wallace, 200ithout ligand bindings, AhR present
together with other proteins, such as kgaick protein 90 (HSP90) a’dH receptorinteracting
protein (AIP) as protein complexes to maintain its stability. Following ligand activations, AhR
dissociates with HSP%nd AIP and interact with AhR nuclear translocator (ARNT) to form
AhR-ARNT heterodimer. The heterodimer can translocate from cytosol to nasidusind with
response elements (suchxamobioticresponse element (XRE) or dioxin responsive element
(DRE)) and induce the transcriptional changes of enzyMaaikandan and Nagini, 2018)he
AhR ligands include polycyclic aromatic hydrocarbons (PAHs), halogenated aromatic
hydrocarbons (HAHs) and pharmacologically important drugs such a&meafhd

eicosanoid@\ebert and Russell, 2002; Tompkins and Wallace, 2007)

PPARU i doreanzymetiridactiotwithin the CYP4A families, the ligands of which include
hypolipidemic fibrate drugs and phthalate ester plasticiZérs.exogenous CYP4A inducers are
classified aperoxisome proliferator chemicals (PPCs), which are able to considerably increase
the size and number of peroxisomes in the liver cElishumantissue distributive abundance of
PPARU is highest Preclinicdh studiésisuggested €¥PHdustiond weeey .

disabled in PPmMRUegewhi khockwvenls the criti
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inductionsin vivo. Following ligand bindingsP P A Ranh bind withPPC response elements
(PPREs)ingenome@s a het er oRKR)toaagulateR$sdciRted enzyme

inductiongLee et al., 1995; Waxman, 1999)

Besides PXR, CAR, AhR and PPAR, other transcriptional factors also play important roles in
CYP inductions in families such as CYP1A, 2B and 3A, such as farnesoid X receptor (FXR),
liver X receptoLXR), hepatic nuclear factor (HNF), glucocorticoid receptor (GR) and
CCAAT/enhancetbinding proteins (C/EBPSs), given significant overlap presented in the

regulatory pathways of CYP enzyni@smpkins and Wallace, 20Q7)

1.6 The Impact of CYP Pharmacogenetis on DDIs

The presence of genetic polymorphism of CYPs not only affects the dispositions of their
substrates, but also affects DBIs of their substratem eitheraninhibition oraninduction
setting YasuiFurukori et al. found the inhitory effect of fluwoxamine, a CYP1A2 and
CYP2C19 inhibitorpon the PK of lansoprazole and omepraZ@l¥P2C19 substratesy affected
by theCYP2C1%9Qenotypes of subjectdinically. In one of the study, following the €o
administration of fluvoxamine arldnsoprazole, the AU{ of lansoprazole increased J@d
and 2.5fold in subjects witlCYP2C19 1/*I(homozygous extensive metabolizers (EMs)il
subjects withCYP2C19 *1/*2or *1/*3 (heterozygous EMSs), but no difference in AliGn
subjects withCYP2C19 *2/*3and*3/*3 (homozygous poor metabolizers (PM¥@asuiFurukori
et al., 2004a)in the other study, cadministration of fluvoxamia increases theszand AUG.s
of omeprazole 3-fold and 6fold in homozygous EMs andf®ld and 2.4fold in heterozygous
EMs, but no difference in homozygous RMasutrFurukori et al., 2004b)Another study
conducted by Uno et al. aldlustratethe presence o€YP2C13enotypedependent DDIs using
rabeprazole, another CYE29 substrate, and fluvoxamifuno et al., 2006)JUsing the CYP2D6

substrate metoprolol aritd metabolic inhibitor diphenhydraminelamelin et al. conducted
15



vitro andin vivostudies to shouwhe inhibitory effect on the metabolism of metoproldCisP2D6
genotypedependent with the highest inhibition occurs in CYP2D6 @Msnelin et al., 2000)
The CYP2D6genotypedependent DDIs presented thys study is consistent withe results of
other studiesvhich wereconducted with other CYP2D6 substrates and inhik{ifoes al., 2001;
Lessard et al., 2001; Lindh et al., 2008)ditiondly, in vitro study conducted by Hummel et al.
suggested the eacubation with dapsone increases the intrinsic clearancg)(GlLthe

f 1 ur bi ghydwmiylation by & 31-, 47- and 22 fold and the Cl. of the naproxen
demethylation by 7 15, 13-, 22-fold respectively in CYP2C9 enzymes with CYP2C9 *1, *2, *3
and *5 variantgespectively Since both reactions are mediated by CYP2C9, the study results
reveal the potential existence @Y P2C9enotypedependent DDIs clinicaljHummel et al.,
2004) Clinically, A study conducted bitumar et alin healthy volunteersuggested the
presence o€YP2C9enotypedependent inhibitions in flurbiprofen clearariotbowing the co
administration of CYP inhibitor fluconazdleumar et al., 2008)n addition a recent clinical
case report showed a subject witliP2C9 *3/*3on both warfarin and rifampin treatments
experienced an unusual initial warfarin dose adjustments, which wsiuaure studies to

evaluate thevarfarin DDIsin the presence @@YP2C9enotypeéSalem et al., 2021)

1.7 Research Objectives

Focusing on a specific plraaceageneCYP2C9 the objective of my thesis is to characterize the
extent ofclinical DDIs in the presencef variousCYP2C9genotypes using several commonly
prescribed probe drugscludingwarfarin, flurbiprofen, ketoprofen and tolbutamide, and
clinically important interacting drugs such as fluconazole (a CYP inhibitor) and rifampin (a CYP
inducer) using atlparmacometric modeling approadha be sure, the analysis | conducted is part
of a large PK research initiative. The data | analyzed were collected from two clinical trails

conducted with healthy volunteers sponsored by National Institutes of Health Niggoal of
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the analysis is to conduct a modielsed analysis to better understand the interactions between
CYP2C9enetic polymorphism and the DDIs involviegveral clinically important drug©ur
hypothesis wathatwhen probe drugs am-administered together withteracting drugs, the

extent of drug exposure changesy according to presence different CYP2C9genotypes

Drug concentration data were collected from healthy subjects with v&B2C9enotypesn

which the susceptible drugs warfarin, flurbiprofen, ketoporfen and tolbutamide were administered

both alone and together with the CYP inhibitor (fluconazole) or the CYP inducer (rifampin).
Although part of primary results have been published previarslysupport the presence of
CYP2C9 genotypelependent DDIs, a mathematical metaked analysis has not been
conducted to characterize the PK profiles colleatddch includes both the information of
pharmacogenetics and DDIs. Developing such modelddire potentially useful not only in
quantifying thepharmacologicaihteractions between DDIs and pharmacogenetics, but also in

predicting drug exposuressingalternative dosing regimens under differenti@atments.

Four distinct but relategrojects constitute my thesis projects

1. Modelbased analysis @oncentrations ofvarfarin parent compoungdahich simultaneously
include pharmacogenetic differences as well aadministration of interacting drugs.

2. Modelbased analysis @oncentrations of 0 warfarin metabolitesvhich simultaneously
include pharmacogenetic differences as well agdministratiorof interacting drugs.

3. Physiologybased PK modelin(PBPK) of warfarin to understand the effects of DDIs on
warfarin PK in the presence 6fyP2C9enotypes.

4. Modelbased analysis of tHeéYP2C9genotype on the clinical DDIs of the commonly

prescribed drugmcluding flurbiprofen, ketoprofen and tolbutamide.
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Chapter2Phar macokineti c MoidMotel-baged of War
Analysis of Warfarin Racemates with a Target Mediated Drug
Disposition Model Reveal<CYP2C9Genotypedependent Drugdrug

Interactions of SWarfarin
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Summary

The objective of this study is to characterize the impaCt¥d?2C9genotype on warfarin drug
drug interactions (DDIsivhen warfarin is taken together with fluconazole, a CYP inhibitor, or
rifampin, a CYP inducer with a nonlinear mixed effect (NLME) modeling approach. A target
mediated drug disposition (TMDD) model with a urine compartment was necessary to
characterize bbtSwarfarin and Rwarfarin plasma and urine PK profiles sufficiently. Following
the administration of fluconazole, our study found subjects @MR2C9 *2or *3 alleles
experience smaller changes iw@rfarin CL compared with subjects without these aflel
Whereas, following the administration of rifampin, subjects Wi#P2C9 *2/*3or CYP2C9

*3/*3 experience larger changes im@rfarin CL compared with subjects with at least one copy
of CYP2C9 *1or *1B. The results suggest different dose adjustmeastpatentially required for
patients with differen€YP2C9enotypes if warfarin is administered together with CYP

inhibitors or inducers.

19



2.1 Introduction

Althoughthe use of direct oral anticoagulants is increasing recently, warfarin, a vitamin K
antgyonist, continues to be one of the most extensively used oral anticoagulants worldwide
(Barnes et al., 2015; Mak et al., 201Bgspite being highly effective in preventisiggoke and
other thromboembolic events in patients with atrial fibrillaficakahashi and Echizen, 2001;
Hart et al., 2007)warfarin is notorious for its unpredictable pharmacokin@®K) and
pharmacodynamics (PD) behaviors, narrow therapeutic index and high betwsgect

variability(Ufer, 2005; Hamberg et al., 20Q7)

Warfarin is administered orally as a racemic mixture -chil Swarfarin,in a1:1 molar ratio.
Following oral administration, warfarin enantiomers undergo rapid absorption and almost
complete bioavailabilitffer, 2005) Although both enantiomers possess pharmacological
activity, Swarfarin is much more potent tharviRarfarinBreckenridge et al., 1974; O'Reilly,
1974) Warfarin is eliminated primarily through hepatic metabolism with negligible urinary
excretiorfLewis et al., 1974; Ufer, 2005Yarious cytochrome P450 (CYP) enzynaesinvolved
in the elimination of Rand Swarfarin to form multiple monohydroxylated metéites. S
warfarin is metabolized mainly throu@P2C9whereas Rvarfarin is metabolized through
various CYP isoforms, such 8&P1A2 CYP2C1%ndCYP3A4Rettie et al., 1992; Ufer, 2005;

Rettie and Tai, 2006)

Unfortunately,CYP2C3s susceptible tsulstantivegenetic polymorphisswith 15% of

Caucasian carrying at least one functionally impaired alle@Y&#2C9ariants*2 (Arg144Cys)

or *3 (lle359Ley, which have been shown to be closely related to the reduced catalytic activity
of CYP2C4%Flora et al., 2017)SinceCYP2C9s highly associated with the elimination of
pharmacologically more activewarfarin(Ufer, 2005) subjects withreducedCYP2® metabolic

statusbecause of the existence@YP2C9 *2or *3 alleles,aresubject tahigherdrug exposure
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andgreater risk of doseelated toxicity Indeed, studieRavereported the€CYP2C9enotype
dependent exposure ofv@arfarin(Flora et al., 2017; Xue et al., 201849 well & the association

betweenCYP2C9enotype and the risk of warfarin induced toxiiswai et al., 2014)

Additionally, theCYP2C%egulatory polymorphismilB (-3089G>A and2663delTG has been
shown tobe significanly associsgdwith determiningthe maintenance dose of phenytbacause
of its effect ornphenytoinCYP2C9utcinductio(Chaudhry et al., 2010AIthough,CYP2C9
*1B has been shown to have little impact on the dose of warfarin in various populstenstra
et al., 2005; Chaudhry et al., 201@% impact on the clearan¢€L) of warfarin following the

administration of CYP inducers is largely unknown.

Considerable information has been curated regarding warfarin metabolism, pharmacogenetics,
and drugdrug interactions (DDIs) and that information has been incorporatedenyal

warfarin dosing algorithn{&age et al., 2008 inkelman et al., 2011; Kimmel et al., 2013;

Asiimwe et al., 2021)Nonetheless, wharin dosing remains challenging and a personalized
medicine approach is not yet realized. Additional complications continue to be uncovered and a
recent case report highlights the need for further investigations on th®fdsef

warfarinSalem et al., 2021)

The impact ofCYP2CS9enotype on the PK of warfarin parent compouiitisand S
enantiomersand metabolites using these data has been presented, a rigoroubasedel
analysis on the impact €YP2C9enotype on warfarin drudrug interactions (DDIs) when
warfarin is administered together with CYP inhibitors and CYP inducers has not been
condudedFlora et al., 2017)This manuscripis the first of a paiof manuscriptshatextends the
analysis using a rigorous nonlinear mixaitect(NLME) modetbased analysis &t incorporates
a targetmediated drug dispositigif MDD) model for warfarinThe scope of this paper is a
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modetbased analysis of the impact@YP2C9enotype on the DDIs of warfarin parent

compounds. The companion paper reports the rduaiedd analysisf 10 warfarin metabolites.
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2.2Methods
Study Population

Study subjects were selected based on @éRP2C9%enotypes from a registered
pharmacogenomic database as previously des¢Rlued et al., 201 7Written informed consent
wasrequired for subject enrollment. Subjects were eligible for enrollment if their age was in the
range of 1860 years old, agreed to avoid the use of kn@¥P2C9r CYP3A4substrates,

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 to the end of the study. Femaljscts were eligible for enroliment only if they agreed to
avoid conception during the study period. Smokers, subjects 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

To briefly summarize the study design, it wasogenlabel, multiphase and crossver clinical
pharmacogenetic study approvedlbgtitutionalReviewBoard (IRB) University of Minnesota.
The study design diagram is shown in Figure S2.1. Tweimghealthysubjects withCYP2C9
*1/*1 (n=8), CYP2C91B/*1B (n=5), CYP2C9 *1/*3(n=9), CYP2C9 *2/*3(n=3) andCYP2C9
*3/*3 (n=4)were enrolled in the study. The number of subjects enrolled far@éde2C9
genotype was determined to detect a 20% differencenarg&rin Zhydroxylation between
subjects withCYP2C9 *1/*1and*1/*3 andachieve 80% statistical power (P<0.0&mar et al.,
2008) Each subject went through thrieeatment pericslduring which warfarin was
administered alone, together with fluconazole or rifampin respectivehthe first period of

study,eachsubject was administeredsinglel0mg oral dose ofvarfarin (Jantoven; Upsher
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Smith Laboratories, Maple Grove, Minnesota) afteovernight fastSeveamL blood samples

were collectegrior to the dose anat 2hr, 6hr, 1d, 2d, 3d, 4d, 5d, 6d, 7d, 9d, fdtdall subjects
Additional blood samples were collected at 1@dsubjects wittCYP2C9 *1/*3 CYP2C9 *2/*3
andCYP2C9 *3/*3and at 15d for subjects wiYP2C9 *2/*3 and CYP2C9 *3/*8s the half

life was expected to be longer in these subjéfifie samples were collect®ver a 24hour

period on days 1, 4, 7 and 10 following warfarin administration. Each subject underwdaya 7
washout before entering the second period of study. After entering the second study period,
subjects were randomized to receive either 400oapfiazole or 300mg rifampin orally once per
day for 7 consecutive days as pretreatment to allow the fluconazole/rifampin interaction capacity
to reach steady state. After pretreatmeniQmmgoral dose of warfarin was administered followed

by the same blaband urine sampling scheme as the first study period. The administration of
fluconazole or rifampin was continued until the end of sampling. AnotideryAvashout period

was required before entering the third study period. The design of the third pasddersame

as the second period with subjects crossing over to the alternative interactinga@artéarsh

and Rwarfarin concentrations in blood and urine samples were analyzed by LC/MS as previously

describe@Miller et al., 2009; Flora et al., 2017)

PK Modeling

Dosedependent changes in the volume of distribution have been observed in several preclinical
and clinical studies with warfarifTakada 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 target mediated drug disposition (TMDD) for the first time in

1994 (Levy, 1994)and successfully characterized warfarin clinical PK profiles with a TMDD
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model in 2003 Levy et al., 2003)With the rapid development of therapeutic biologics in early
2000s, therMDD model has been widely used to explain the unusual PK nonlinearity in
monoclonal antibodi€kuu et al., 2012; Vexler et al., 2013; Zheng et al., 204addition,
several studies published recently readdressed thartamge of the application of TMDD model

in small molecule drugs as w@famazaki et al., 2013; An et al., 2015; An, 2017)

The PK models used for fitting both &1d Rwarfarin PK profiles are adapted from the TMDD
model proposed for warfarin by Levy et(akvy et al., 2003; Bach et al., 201®jgure 2.1). The

model is described by equations@jlas shown below.
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where (Aiepos Acens Aperiphdnd Auine represent amounts in depot, central, peripheral and urine
compartments respectivelyrAnd Apr represent concentrations in receptor and -daagptor
complex compartments respective. The definitions for other parameters are provided in Table 2.1

and 2.2.
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The S and Rwarfarin datasets were modeled independently. For each enantiomer, plasma data
from all three treatment arms weredilmultaneously. Equations-g) 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 interarémneters for plasma
concentrations was determined, the Empirical Bayes Estimates (EBE) of individual PK
parameters were imported into the data set. Equation (6) was added and the drug amounts from
the 12 urine collections (4 collection times per treatraemf) were fitted to estimate the renal CL
(CLg) portion of total CL. The bioavailability for each parent compound was assumed to be 1 for

each dose during the study.

For the first study period, baseline plasma concentrations fanR warfarin in cetral and
peripheral compartments were assumed to be 0 given no detectable baseline warfarin
concentrations at the beginning of first period. Baseline level of receptor compartment (R) was
parameterized asgRfor estimation and baseline level of drtgrepor complex compartment

(DR) was set as 0.

For the second and third study periods, warfarin concentrations were still occasionally measured
after the 7day washout period. The system was reinitialized at the beginning of subsequent
treatments but baselim@ncentrations for-Sand R warfarin in central and peripheral

compartments were parameterized as BL angfBlLestimation. Assuming a steady state at
baseline for R (receptor) and DR (dregeptor complex) compartments, equation8)(Zould

be written as shown below.
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Given baseline concentration in central compartment is parameterized as BL, equation (8) could

be written as equation (9).

With equation (7) and equation ($k andAor baseline levels could be solved as shown by

equations (14.1).

Equations (1611) were used for calculating basellaeels of R and DR compartments for study

period 2 and 3.

The covariate effestof CYP2C9enotypes and etveatments were added on PK parameters
using equation @) and equation @) respectively as shown below:
YOO "YOoU 0 0Q&@p g
YOO "YoO 0YY'po
where(TVP: typical values of parameterBYPer. typical values of parameters in reference
groups;P_Geno i CYP2C9enotype effect on parameters (i=1, 2, 3, 4, 5 repr€3¢RRC9

*1/*1. *1B/*1B, *1/*3, *2/*3, *3/*3 respectively)P_TRT co-treatment effect on parameters

(TRT: Flu: fluconazole, Rif: rifampin)

If an association betwedh TRTandCYP2C9enotypes was detected visual¥ P2C9

genotypes were added as a covariat® ohRTusing equatin (14).

0."YY' YD 'YY ' OQ&EGp T
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where P_TRT_Gena icotreatment effect on parameters for subjects with genotype i (i=1, 2, 3,

4, 5 represer€YP2C9 *1/+1. *1B/*1B, *1/*3, *2/*3, *3/*3respectively))

All the inter-individual variabilities (11Vs) were parameterized as-lmgymal distributions, as was
inter-occasion variability (IOV) on R. Residual unexplained variabilities (RUVs) were
parameterized as proportional errors. All the 1IVs and I0Vs are assurhedridependent

during plasma PK modeling so no off diagonal elements were estimated. In contrast, full omega
matrices ware estimated during urine PK modeliay. MU-referencing purposes, fixed 1% IIVs
were assumed farnwanted 11V termgo facilitate theoptimization efficiency of expectatien
maximization (EM) based methsi€Chigutsa et al., 2017Due to the existence of plasma
concentrations belowhe quantification limit (BQL) in Rwarfarin PK data, the M3 meth¢dhn

et al., 2008; Bergstrand and Karlsson, 2008)gested by Stuart Beal was utilized for fitting R

warfarin plasma PK prdés. All the modeling codes are provided in &gpendix A

Model Evaluation

Themodel fitting was evaluated by standard diagnostic plots and visual prediction checks (VPCs)
with 200 simulations. The precision of parameter estimations was assessediby stdndard
error (RSE) in the output and 95% confidence intervals (Cls) generated following sampling

importance resampling (SIR) proced{@esne et al., 2016)

Modetbased analysisn Swarfarin CL

Following the model development, the typical values of fluconazole tardpin effect on S
warfarin CL (CL_Flu and CL_RIif) in subjects with differa@¥ P2C9enotypes were exported.
The percentage changes in CL efad Rwarfarin following the administration of warfarin

together with fluconazole and rifampin is calculatemgi®quation (15) as shown below.
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where (ICL_TRTi 100% |: absolute difference betweert@atment 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 typical values and constructed 95% Cls were then plotted

and compared.
Software

All the model fittings were performed using tB#-based algorithm, Importance Sampling

(IMP) with interaction, usingMu e f er enci ng and NONMEM@.4(ICOMLt i on, w
Development Solutions, Ellicott City, MD, US@auer, 2015)SIR and VPCs were performed

with PertspeaksNONMEM (PsN 4.9.0, Uppsala, Swedemithin PirangKeizer et al., 2011)

Plots were generated wikh 3.63 (The R Foundatiofor Statistical Computing) and RStudio

1.1.453 (RStudidnc.).
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2.3Results

Data Summary

The demographic information for subjeatsolved in the study are provided in the

supplementary materials (Table S2.1). 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 Swarfarin). Those blood samples also provided 94@&farin plasma
concentrations. Of the 921 ndmaseline Rvarfarin plasma concentrations, 24 measurements
(2.6%) were below the LLOQ (0.67 ng/mL forvRarfarin). 258 and 266 urine amount
measurements were inded in S and R warfarinurine PK model developmentspectively

Not all subjects participated in three study periods; six subjects only participated in two study
periods and one subject only participated in one study period. These subjects werd indluele

analysis.

S-warfarin and Rwarfarin plasma and urine PK profiles for subjects with diffe@&yiP2C9

genotypes stratified by etbeatments are plotted in Figure 2.2. Thev&farin PK profiles in both
plasma and urine under warfarin only treatim@igure 2.2 (A) and (B) left) clearly demonstrate
CYP2C9enotype dependent drug elimination. In contrasiarfarin plasma and urine PK

profiles under warfarin only treatment indicate the elimination-@féRfarin is independent of
CYP2C9enotypes (Fjure 2.2 (C) and (D) leftComparing Sand Rwarfarin PK profiles under
different cotreatments, the elimination appears to be slower and faster after the administration of

fluconazoleandrifampin respectively.

Swarfarin Model Parameters

The Swarfarin plasma PK model was able to converge after the inclusioif®2C9enotypes
and cetreatments as covariates on CL. A TMDD model with a peripheral compartment
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(equations (%)5)) was able to simultaneously characterizg@e®farin plasma PKnofiles inthe 3
treatment periods. Initially, the estimates for absorption rate constgrar(&the baseline
concentration irthe peripheral compartment (BL.were estimated with inadequate precision
(large %RSE). These parameters were then fixed #&ghdally plausible values. In addition, the
estimations of k, and Ky exhibited a high degree obrrelation and wermitially estimated

with poor precisions. Literature reportedi:Hor racemic warfarifLevy et al., 2003jvas then

fixed in the modelwhich enabled precise estimation don.

Subsequent visual inspections of the fluconazole effect ofCCLFIu) vs CYP2C9genotype
plotsdemonstrated theYP2C9enotypedependent chang@s CL following the administration
of fluconazole, with subjects possessingCYP2C9 *2 or *3variants exHiiting smaller
percentage changes. In contrast, visual inspection of the rifampin effect @LCRIf) vs
CYP2C9enotypes demonstrat€¥ P2C9enotypedependent changes of CL following the
administration of rifampin, with subjects possessi¥fP2C92 or *3 variants exhibing larger
percentage changes. Th@P2C9enotype was added as a covariat€L_Flu and CL_RIif.
Further visual inspections of the central volume of distributiaf),(&ssociation rate constant
(Kon) and baseline receptor levelg()Rvs CYP2C9enotypeplotsshowed that subjects with
CYP2C9 *2/*3exhibit lower \& and subjects witlCYP2C9 *2/*3andCYP2C9 *3/*3exhibit
lower Konand highelRsL. These covariate effects were then added as fractions for estimation.

The inclusion of IOV on R significantly decreased the objective function value (O58,739).

The EBE of individual PKparameters of ®varfarin were exported to the data set following the
development ofhe plasma PK model. The urine PK model (equation (6)) farafarin was
developed subsequently withv@rfarin urine PK data. The final parameter estimations for S

warfalin areshown in Table 2.1.
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R-warfarin Model Parameters

Similar tothe S-warfarin plasma PK model, the\Rarfarin plasma PK model was able to
converge after the inclusion of-¢@atments as a covariate on CL. A TMDD model with a
peripherakcompartment (equations ¢19)) was able to sufficiently characterize thevBrfarin
plasma PK profiles under different-t@atments simultaneously. The model parametgrBl;
and Ky were fixed as described ftre S-warfarin PK model to avoid inadegte precision in

model parameter estimations.

Visual inspection of model parameter@¥P2C9genotypeplots found subjects wit@YP2C9
*2/*3 andCYP2C9 *#*3 tended to have a lower and higheg,Yespectively. Subjects with
CYP2C9 *1/43 CYP2C9 *2/*3andCYP2C9 *3/*3tend to have a lowerdrandsubjects with
CYP2C9 *2/*3tend to have a higher CL_RiThese covariate effects were added as fractional
multiplier for estimations. The inclusion of IOV omRsignificantly decreaskthe OFV (-

63.796).

The EBE of individual PK parameters ofWRarfarin wereexported to the data sfetlowing the
development ofhe plasma PK modelAfterwards,a urine PK model (equation (6)) for-R
warfarin was developed subsequemtith R-warfarin urine KK data The fnal parameter

estimations for Rvarfarin are shown in Table 2.2

Model Evaluations

The visual prediction checks (VPCs) fom@arfarin plasma and urineK profilesand Rwarfarin
plasma and urinBK profilesstratified by bothCYP2C9enotype and ctreatmentareshownin
Figure2.3 and 2.4In general, the VPCs suggested all the models developed were able to explain

the PK observations reasonably wé&he relative standard error (RSE) generated with cavegia
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step and 95% Cls assessed by SIR suggdstemhiddel parameters were estimated with
reasonable precisions (Taldd-2.2).

Standard diagnostic plotBiguresS2.2S52.5 Swarfarin; Figure S2.752.10 R-warfarin)
stratified by eitheCYP2C9enotype oco-treatments and individual PK profile fittingBigure

S2.6 S-warfarin; Figure S211: R-warfarin) provide insufficienievidence to rejedhe modek.
CYP2C9GenotypedependenDDls Exhibited bys-warfarin

The parameter estimations from our model demonstrate the existenceCdRRBESgenotype
dependent changes invi@arfarin CL following the administration of fluconazole and rifampin
(Figure 2.5). The percentage inhibition im@rfarin CL following the admistration of
fluconazole is largest in subjects witty P2C9 *1/*1 followed by subjects witRYP2C9 *1/*3
CYP2C9 *2/*3andCYP2C9 *3/*3 In contrast, the percentage induction #w&farin CL
following the administration of rifampin is much smaller ibgects with at least one copy of
CYP2C9 *1or *1B (*1/*1, *1B/*1B, *1/*3) than subjects withol@YP2C9 *1lor *1B (*2/*3,

*3/+3).
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2.4Discussion

Being introduced into clinical practice ihe 1950¢Wen and Lee, 2013humerous studies va
been conducted to investigate the PK of warfarin. AlthdDyRP2C9enotypedependent CL of
S-warfarin has been shown in many stuftitssmberg et al., 2007; Gong et al., 2011; Flora et al.,
2017; Xue et al., 2017Jjew studies investigated the impact of tG&'P2C9enotyps on warfarin
DDIs. Taking advantage of PK data collected from a-@efligned clinical warfarin DDI study,
our study performed comprehensive population PK analysis on batidSRwarfarin in plasma
andurine, either administered alone or together with differesmedications. Our study
confirmed the existence &fYP2C9enotypedependent CL of Svarfarin, but not Rvarfarin.
More importantly, our study supports the existenc€P2C9enotypedependenbDDls of S
warfarin (major active component in warfarin), when warfarin is administered with either
fluconazole or rifampin. The study results indicate subjects with diff€@¥R2C9enotypes
potentially require different warfarin dose adjustments whetfiania is administered together

with CYP inhibitors or inducers.

One of the obvious characteristics of small molecule drugs exhibiting TMDD is the dose
dependent chang@ apparent volume of distribution. This is caused by the saturation of the high
affinity, low capacity binding sites at relatively high dosather tharlow dose§An, 2017; Bach

et al., 2019)This phenomenon was first regped by Dr. Gerhard Levy based on extensive
preclinical studies conducted on warfarin(PEkada and Levy, 1979; Takada and Levy, 1980)

In fact, the term target mediated drugpdisition (TMDD) was first proposed by Dr. Levy in

1994 to explain the nonlinear PK behavior exhibited by small molecule drugs like wasagin
1994) In spite of the relatively high prevalence of applying TMDD model in characterizing the
PK of large molecules, its usefulness in modeling small molecule compounds has gamed mor

attention recentlAn, 2017) Indeed, with a linear compartmental PK model, we failed to fit
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either S or R-warfarin plasma PK profiles under differenttteatments simultaneously.
Interestingly, adequate fitting can be acle@with linear compartmental models if the PK

profiles in each treatment period are fit separately. However, a higher volume of distribution was
estimated when warfarin is administered together with rifampin, and unrealistically long terminal
half-lives wae estimated. To some extent, this is consistent with thedisendent changes in
volume of distribution shown bgnearly warfarin clinical PK study, in whicahigher volume of
distribution is shown for subjects with lower dadéng et al., 1995)We suspected that when

either low dose of warfarin is administered or warfarin is cleared faster following-the co
administration of CYP inducer, the unsaturation of the high affinity, Iqyaci#y binding sites,
causes a higher apparent volume of distributiobeestimatedAdditionally, a prolonged

terminal phase&vascommonly observed for small molecule drugs exhibiting TMRADet al.,

2015) Thebackextrapolation to the intercept of theolonged terminal phase normall

convergsto the sameoncentratiomegardless of dogan, 2017; Bach et al., 2019)his is

because the high affinity binding between drugs and bindingrsd&ss the dissociatiorbetween
themextremely slow, which becass the ratdimiting step fordrugelimination when drug

concentration in the plasma is I(Bach et al., 2019)

Although the phenomenon of TMDD has been proposed for certain small molecule drugs for
many years, the application of TMDD models in modeling warfarin PK is Téig.is not

surprising given the difficulties in study design to observe the TMDD type of PK behavior in
small molecule drugs like warfarin. Although the unsaturation of binding sitetativelylow
dosescauses aigher volume of distributiobeing estimatedollowing repeated low doses, the
binding sites argenerallysaturated which leado observations ofinear PKAnN, 2017; Bach et

al., 2019) Thus, a single dose study with different dosage levels is normally required in order to

fit a TMDD modeladequatelyln addition, in order to capture the prolonged terminal phase, a
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relatively long follow up time islsorequired.Given many studies were conducted with patients
taking warfarinon a regular basis oelatively short follow up timéollowing single dose of
administratiofHamberg et al., 2007; Xue et al., 201i7)s not surprising that linear

compartmental modghrestill widely used for modeling warfarin PK in these studies.

Polypharmacy is more prevalent in older subjddéher et al., 2014)A better understanding in

CL changes of warfarirgspeciallywhen warfarin is administered together wéitherCYP

inhibitors or inducesis critical to adjust warfarin doses rationally for patients under
polypharmacy. Interestingly, our study shows subjects @iP2C9 *2or *3 alleles are

experiene smaller anddrger percentage of CL changes few&farin following the

administration of fluconazole and rifampispectively Since Swarfarin is the more active
compound in warfarinsmaller dose adjustments should be made for subjectCWB2C9*2 or

*3 variarts, when theytake warfarin together with fluconazola.contrast, larger dosing
adjustments should be made for these subjects when they take warfarin together with rifampin.
is also worth mentioning that both fluconazole and rifampin arespenificCYP inhibitois and
induces, respectivelyThe differences in the percentage of fluconazole inhibition or rifampin
induction in Swarfarin CL for patients with differef@YP2C9enotypes might indicate certain
CYP enzymes involved in warfarin eliminatioregpotentially more inhibitable or inducible than
others. The warfarin metabolic profile changes following the administration of CYP inhibitors or
inducers, in subjects with differe@tYP2C9enotypes, are evaluated in our companion study,
where the PK priiles of 10 warfarin metabolites under different treatment conditions are
modeled on the basis of the parent compound models presented here. The elucidation of
metabolic profile changes of warfarin, following the administration ofsypecific CYP

inhibitors or inducers, is not only useful in gaining more mechanistic insights behiGy #2C9
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genotypedependent DDIs exhibited bywarfarin, but also valuable to inform the DDIs of other

drugs which undergo similar metabolic pathways.
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2.5Conclusion

In summary, we conducted a comprehensive NLME PK analysis to evaluate the impact of
CYP2C9enotypes on both-&nd Rwarfarin DDIs. Our study found subjects with different
CYP2C9enotypes experience differences #w&farin CL changes following the admtration

of CYP inhibitors or inducers, indicatirgY P2C9enotypedependent warfarin dose adjustments
are potentially required. In the future, connecting with literature repphadmacodynamic (PD)
models the PK models presented in this study aremttlly 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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2.6 Figure legends
Figure2.1 PK Model Structure for-Sand Rwarfarin. NotesPeriph: peripheral; Cent: central; R:

receptors; DR: drugeceptor complexes.

Figure2.2 PK profilesfor S-warfarinin plasma (A) and urine (BJnd Rwarfarin in plasma (C)
and (D) All the K profiles are stratifiedby cotreatments. Colors represent differéP2C9
genotypes as showin figure legendsPlots areon log scals. Points represent mean and error

bars represent 95% confidence intervals.

Figure2.3. Visual prediction checks (VPCs) forvarfarin PK profilesn plasma (A) and urine
(B). Blue dots represent the observations. Red solid lines represent the medianslof mod
predicted concentrations. The upper and lower red dashed lines represefitahd @'
percentiles of the model predicted concentrations respectively. The figure is stratified by
genotypes and eweatments. The black dashed lines represent the lonieof quantification
(LLOQ) for SWarfarin (0.67ng/mL). No observations collected from subjects GMR2C9
*1B/*1B and treated withwvarfarin plusfluconazole Note: Warf. WarfarinFlu: FluconazoleRif:
Rifampiry *1/*1: CYP2C9 *1/*1 *1B/*1B: CYP2C91B/*1B; *1/*3: CYP2C9 *1/*3 *2/*3:
CYP2C9 *2/*3 *3/*3: CYP2C9 *3/*3

Figure2.4. Visual prediction checks (VPCs) fBwarfarin PK profilesn plasma (A) and urine
(B). Blue dots represent the observations. Red solid lines represent the mediand of mode
predicted concentrations. The upper and lower red dashed lines represefitahd 2@
percentiles of the model predicted concentrations respectively. The figure is stratified by
genotypes and eweatments. The black dashed lines represent the lowniepf quantification
(LLOQ) for R-Warfarin (0.67ng/mL). No observations collected from subjects GMR2C9
*1B/*1B and treated withivarfarin plusfluconazoleNote: Warf: WarfarinFlu: FluconazolgRif:
Rifampiry *1/*1: CYP2C9 *1/*1 *1B/*1B: CYP2C9 *1B/*1B*1/*3: CYP2C9 *1/*3 *2/*3:
CYP2C9 *2/*3 *3/*3: CYP2C9 *3/*3

Figure2.5. Genotypedependent CL change$ S-warfarinfollowing the administration of
fluconazole (A) and rifampin (B). The dots and error bars represetydical valuesand 95%

confidence intervals (CIs) respectively. The 95% Cls are constructedeletive standard error

(RSB as shown in table 1 assuming a symmaetdamaldistribution.

39



2.7Figures
Figure2.1 PK Model Structure for Sand Rwarfarin
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Figure2.2 PK profiles for S and Rwarfarin in plasmand urine
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Figure2.3 Visual prediction checks (VPCs) forarfarin PK profiles
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Figure2.4 Visual prediction checks (VPCs) f&warfarin PK profiles
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Figure2.5 Genotypedependent CL changes ov&rfarin following the administration of fluconazaed rifampin
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2.8 Tables

Table2.1 S-warfarin parameter estimations

Parameters Definitions Estimates SIR medians (95% IIV/IOV Estimates | IIV/IOV SIR medians Shrinkage Units Source
(RSE) Cls) (RSE) (95% Cls) 9
Ka Absorption rate constant 2 /hour Fixed
cL Clearance for subjects withYP2C9 *1/*Iwhen 0.260 (8%) | 0.261 (0.221,0.301) | 22.9% (19%) 22.7% (17.5%, 27.8%) | 1% L/hour
warfarin is administered alone
Central compartment volume of distribution for subje o o o o o o 0
Ve with CYP2CO *1/*1, *1B/*1B. *1/*3 and *3/+3 5.00 (8%) 5.01 (4.42, 5.64) 21.4% (12%) 21.3% (15.8%, 26.1%) | 6% L
Clo Distribution clearance 1.25 (18%) 1.23 (0.94, 1.56) 21.7% (37%) 22.3% (5.8%, 34.8%) | 41% L/hour
Ve Peripheral compartment volume of distribution 3.81 (8%) 3.80 (3.32, 4.24) 12.9% (54%) 13.5% (4.5%, 20.8%) | 32% L
Association rate constant between drug rseeptor for o | 0.00500 (0.00402, 0 0 o o 0 0 "
Kon subjects WIttCYP2C9 *1/*1, *1B/1B and *1/°3 0.00494 (10%) 0.00590) 28.9% (44%) 30.5% (11.9%, 46.9%) | 36% L /(ug*hour)
Koft Dissociation rate constant for drogceptor complex 0.0405 /hour Fixed®
18.9% (26%) (IIV) | 19.6% (8.7%, 26.7%) | 30%
32%
. . Periodl)
Baseline receptor level for subjects w@lYP2C9 *1/*1, o ( . Mg/l
ReL B/1B and ~1/43. 182 (10%) | 181(155,212) 19.5% (18%) (I0V) | 19.5% (14.1%, 24.6%) gfe/r"i od2)
40%
(Period3)
Clr Renal clearance 0.00369 (5%) 8'8823%‘0'00337* 20.1% (19%) 22.50% (15.5%, 29.2%) | 11% L/hour
BL_P2 Period 2 baseline concentration in central compartmg 3.65 (18%) 3.66 (2.53, 4.96) 106% (15%) 108% (74%, 153%) 9% Mo/l
BL_P3 Period 3 baseline concentration in central compartmq 3.85 (29%) 3.89 (2.18,5.97) 174% (40%) 172%(97%, 354%) 22% Mo/l
BLe P2 Period 2 baseline concentration in peripheral 1 ug/L Fixed
compartment
BLe P3 Period 3 baseline concentration in peripheral 1 ug/L Fixed
compartment
% CL for subjects witlCYP2C9 *1B/*1B(reference 0 0 88.8% (69.0%,
CL_Geno2 CYP2C9 *1/*) 88.5% (13%) 112.0%)
% CL for subjects witlCYP2C9 *1/*3(reference o o o o o
CL_Geno3 CYP2C *1/) 60.7% (11%) 61.0% (49.0%, 75.6%
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% CL for subjects witlCYP2C9 *2/*3(reference

CL_Geno4 CYP2C9 *1/*) 27.7% (16%) | 27.8% (19.6%, 35.8%
% CL for subjects witlCYP2C9 *3/*3(reference
CL_Geno5 COYP2C9 Y /*‘3 ( 21.5%(14%) | 21.7% (16.3%, 27.4%
% of CL when administered with fluconazole for 0% (20 o o o
CL_Flu_Genol subjects WithCYP2C9 *1/+1 30.5% (5%) 30.5% (27.8%, 33.4%
. = -
CL_Flu_Geno3 % o_f CL When admlnls*teied with fluconazole for 35.2% (5%) 35.3% (32.1%, 38.4%
Os/:?feétlf vv\y;:g\;zfnci:ri)istgregd with fluconazole for 12.5% (41%) 12.7% (8.2%, 18.4%) 25%
0, 0, 0, 0, 0,
CL_Flu_Geno4 subjects WItrCYP2C *2/+3 40.3% (8%) 40.4% (34.8%, 46.5%
% of CL when administered with fluconazole for os (70 o o o
CL_Flu_Geno5 subjects WIttCYP2C9 *3/*3 52.2% (7%) 52.4% (44.8%, 59.3%
. % of CL when administered with rifampin for subjects
CL_Rif_Geno1 | "t 2 < e To P 1€CH 21506 (4%) 215% (198%, 232%)
: % of CL when administered with rifampin for subjects o (20 o o o
CL_Rif_Geno2 | '\ b>co *1B/*1B 211% (5%) 212% (190%, 233%)
0 — —— - —
CL_Rif_Geno3 V{I‘)it?]fcc\'gp";g%”*i?*rg'”'Stered with rifampin for SUbJECtS 19 (406) | 218% (203%, 235%) | 11.0% (20%) 11.3% (8.5%, 14.2%) | 8%
. % of CL when administered with rifampin for subjectg
CL_Rif_Genoa | 00 g P 1CH 2989 (8%) 299% (253%, 347%)
. % of CL when administered with rifampin for subjects
CL_Rif_GenoS | "t (o0 o e P I8CYS 20306 (6%) | 294% (261%, 330%)
0, H i *9 [%
Vc_Genod % Ve for subjects withCYP2C9 *2/*3(reference alll 55.6% (23%) | 56.0% (37.0%, 76.3%
other genotypes)
0, i i *9 [* % 0, 0,
Kon_Geno4 Qéilfgrfﬂgjse)cts withlCYP2C9 *2/*3(reference1/*1, 83.7% (26%) 2213;))/5)491 %,
0, H H *2 [% %
Kon_Genos {;B'ii"lfgrfﬂfge)“s WITCYP2CO 3/*3(referencel/"1, | 1 gos (3006) | 54.0% (29.9%, 83.1%
0, i o * [%
Re_Genod i E'LI(;S*ul%?gas/*vg)trcvpzcg 2/*3(reference 251% (29%) | 255% (152%, 385%)
0, i i *7Q [x
ReL_Geno5 */; /?Iigf*ultgeitf;*"g")”c\(mcg 3/*3(reference 189% (17%) | 193% (134%, 258%)
CLr_Flu % CLr when administered with fluconazole 84.7% (5%) 85.4% (77.8%, 93.2%| 12.6% (48%) 17.2% (9.0%, 24.5%) | 47%
CLr_Rif % CLr when administered with rifampin 130% (6%) 132% (117%, 148%) | 23.4 (25%) 27.4% (17.5%, 37.3%) | 27%
Gwar f RUV for warfarin alongperiod plasma 7.40% (5%) 7.43% (6.84%, 7.95%
awarf_Flu RUV for warfarin + fluconazole period plasma 5.44% (5%) 5.49% (4.99%, 5.92%
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awarf_Rif RUV for warfarin + rifampin period plasma 9.20% (5%) 9.21% (8.54%, 9.93%
awarf_U RUV for warfarin alone period urine 26.0% (8%) 27.8% (24.1%, 31.7%
awarf_Flu U RUV for warfarin + fluconazole period urine 29.8% (10%) | 29.9% (25.6%, 34.9%
awarf_Rif U RUV for warfarin + rifampin period urine 26.0% (10%) | 26.59%(22.4%, 31.4%)

Notes:IIV: inter-individual variability; IOV: interoccasion variability; RUV: residual unexplained variability; RSE: Relative standard error; Cl: confidence interval; Soyaesrieter

estimations are estimated except indicated otherWis@nd 10V termsare expressed as CV%A p ; RUV terms are expressed as C@A ).
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Table2.2 R-warfarin parameter estimations

Estimates

SIR medians (95%

IIV/IOV Estimates

IIV/IOV SIR medians

Parameters Definitions (RSE) Cls) (RSE) (95% Cls) Shrinkage Units Source
Ka Absorption rate constant 2 /hour Fixed
CL Clearance when warfarin is administered alone 0.119 (5%) 0.119 (0.108, 0.131) | 28.3% (12%) 29.1% (23.1%, 35.1%) | 0% L/hour
Central compartment volume of distribution for subje o o o o o o o
Ve with CYP2C9 *1/*1, *1B/*1B and *1/*3. 3.18 (8%) 3.19 (2.75, 3.65) 35.1% (11%) 38.1% (30.1%, 45.1%) | 3% L
Clo Distribution clearance 2.49 (2%) 2.46 (2.362.56) L/hour
Ve Peripheral compartment volume of distribution 4.79 (1%) 4.79 (4.65, 4.93) L
Kon Association rate constant between drug and receptor| 0.00137 (10%) 8:88122)(0'00116’ 23.1% (64%) 29.1% (10.1%, 46.1%) | 46% L /(ug*hour)
Koff Dissociation rate constant for dragceptor complex 0.0405 /hour Fixed?®
15.6% (77%) (IIV) | 23.1% (7.1%, 36.1%) | 57%
29%
. . Periodl)
Baseline receptor level for subjects w@lYP2C9 *1/*1, o ( o Mo/l
ReL *1B/*1B.. 188 (13%) 188 (154, 230) 36.0% (23%) (I0V) | 37.1% (27.1%, 50.1%) | 44%
(Period2)
45%
(Period3)
CLr Renal clearance 0.00436 (5%) 8'88328)(0'00396’ 24.8% (18%) 27.4% (20.2%, 34.8%) | 8% L/hour
BL_P2 Period 2 baseline concentration in central compartmg 2.75 (23%) 2.82 (1.84, 4.01) 106% (33%) 121% (77%, 203%) 26% Mo/l
BL_P3 Period 3 baseline concentration in central compartmg 1.97 (13%) 2.03 (1.57, 2.57) 29.3% (64%) 39.1% (20.1%, 63.1%) | 63% Mo/l
BLp P2 Period 2 baseline concentration in peripheral 1 ug/L Fixed
- compartment
BLe P3 Period 3 baseline concentration in peripheral 1 ug/L Fixed
compartment
CL_Flu % of CL when administered with fluconazole 51.3% (4%) 51.1% (48.1%, 55.1%| 18.3% (13%) 19.1% (15.1%, 23.1%) | 12%
5 — —— . -
CL_Rif % of CL when administered with rifampin for subjects 268% (3%) 268% (254%, 282%)
with CYP2C9 *1/*1, *1B/*1B, *2/*3 and *3/*3. 0 0 o o 0 o
. % of CL when administered with rifampin for subjects 13.5% (14%) 14.1% (11.1%, 17.1%) | 5%
CL_Rif_Geno4 with CYP2C9 *2/+3. 377% (10%) 380% (316%, 451%)
% Vc for subjects witlCYP2C9 *2/*3(referencer1/*1, 0 0 73.1% (48.1%,
Vc_Geno4 *1B/*1B, *1/*3) 71.1% (22%) 104.1%)
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0, H H *2 % %
Vc_Genos */;[;//gi‘%r Eli;)*jg)cts withCYP2C9 *3/*3(referencel/*1, 169% (19%) 175% (121%, 236%)
0, i i *1 [*
Re._Geno3 {;ﬁfg;“fg‘;as WIFCYP2C9 *1/*3(reference 47.9% (17%) | 49.1% (36.1%, 65.1%
) i o * [%
ReL_Genod {;&LI‘;;“%‘;CB WIICYP2C9 *2/*3(reference 50.6% (22%) | 52.1% (31.1%, 74.1%
0, i H *2 [*
Re._Genos Q/ﬁL*firBiuleJSCts witlCYP2C9 *3/*3(reference 21.0% (22%) | 21.1% (14.1%, 30.1%
CLr_Flu % of CLr when administered with fluconazole 75.2% (5%) 75.6% (67.8%, 83.1%)] 14.8% (58%) 20.5% (11.2%, 31.2%) | 42%
CLr_RIf % of CLr when administered with rifampin 143% (8%) 143% (123%, 165%) | 34.1% (22%) 39.5% (28.0%, 52.6%) | 18%
awarf RUV for warfarinalone period plasma 7.37% (4%) 7.39% (6.82%, 8.05%
awarf_Flu RUV for warfarin + fluconazole period plasma 6.26% (5%) 6.29% (5.73%, 6.88%
Gwarf_Rif RUV for warfarin + rifampin period plasma 8.60% (5%) 8.59% (7.85%, 9.39%
awarf_U RUV for warfarin alone period urine 25.7% (8%) 27.4% (24.1%, 30.7%
awarf_Flu_U RUV for warfarin + fluconazole period urine 31.1% (10%) | 31.1% (26.9%, 36.3%
awarf_Rif U RUV for warfarin + rifampin period urine 26.8% (11%) | 27.8% (23.4%, 33.0%

Notes:IIV: inter-individual variability; IOV: interoccasion variability; RUV: residual unexplained variability; RSE: Relative standard error; Cl: confidence interval; $opaesrieter
estimations are estimated except indicated otherWisand 10V termsare expressed as CV%A p ; RUV terms are expressed as CWK ).

49



2.9 Supplementary materials
Table S2.1 Demographics for subjects with variol¥P2C9enotypes

CYP2C9 *1/*1 CYP2C9 *1B/*1B CYP2C9 *1/*3 CYP2C9 *2/*3 CYP2C9 *3/*3

Number of Subjects 8 5 9 3 4
Age (y) 22 (19 54) 23 (2231) 26 (1852) 28 (2151) 29 (19 33)
Weight (kg) 68.7(43.1187.0) 59.4 (57.278.9) 70.2 (59.798.7) 57.5 (51.158.5) 86.7 (79.297.3)
Sex

Female 4 3

Male 4 0
Race

Asian 1 3 1 0

White

American Indian/Alaskan Native 0 1 0 0
Ethnicity

Hispanic or Latino 1 1

Not Hispanic or Latino 7 8
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10mg Warf Single oral dose 10mg Warf Single oral dose

29 healthy volunteers
« CYP2C9 *1/¢] xR
« CYP2CY9 *1B/*IB %5
« CYP2C9*1/*3 %9
* CYP2C9*2/*3 3
« CYP2C9*3/*3 x4

400mg Flu oral g.d.

Period 3

300mg Rif oral q.d.

400mg Flu oral g.d.

Period 2

300mg Rif oral q.d.

Period 1

10mg Wart single oral dose

— 10mg Wart Single oral dose 10mg Warf Single oral dose

A 1 400mg Flu / 300mg Rif oral q.d.
| Sampiing Phase 1 Washou RN ARRAY!
! 13-15days |  Phase
I I 7days
1 v
Wartarin Phase Period | Pretreatment ampline Phase Washout
10mg terminated terminated Phase Sampling Pv:”“ Phase
7 days Il 30ays 7 days
Wart: Warfarin 400mg Flu / Warfarin FlwRif Period
300mg Rif 10mg terminated terminated

Flu: Fluconazole Initiated
Rif: Rifampin

Figure S2.1 Study Design Diagram.

Each subject went through 3 study periods (upper-bliark section). Period 1 (red box), single 10mg dose of warfarin. Periods 2 and 3 in crossover (yellow box), each spigeeateswith either 400mg fluconazole or 300maymifin

once daily for 7 consecutive days, followed by a single 10mg dose of warfarin and continuous treatment with either 40@mgldwe 300mg rifampin once daily through the sampling phase. Notes: g.d.: Once daily.
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Figure S2.2 Diagnostic plots for Svarfarin plasma stratified by eoeatments
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Figure S2.3 Diagnostic plots for Svarfarin plasma stratified b YP2C9enotypes
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Figure S2.4 Diagnostic plots for Svarfarin urine stratified by ctreatments
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Figure S2.10 Diagnostic plots for Rvarfarin urine stratified by CYP2C9 genotypes
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Figure S2.11 Individual prediction checks for-arfarin

Individual prediction checks for#arfarin plasma (left) and urine (right) PK profiles. Dots are observations and lines are predictions. Plots ar

scales. Colors repsentCYP2C9enotypes and shapes represerreatments as shown in figure legends.
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Chapter3Phar macokinetic Mod dddel-bagedof War
Analysis of Warfarin Metabolites following Warfarin Administered

either Alone or Together with Fluconazoé and Rifampin
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Summary

The objective of this study is to conduct a population pharmacokinetic (PK) 1nasiedl analysis
on 10 warf ar i,®B, 71& dnad IBydroxylaeed (OKBF &nd R warfarin), when
warfarin is either administered along or together with flucoleaand rifampin. One or two
compartment PK models expanded from target mediated drug disposition (TMDD) models
developed previously for racemic warfarin parent compounds were able to sufficiently
characterize the PK profiles of 10 warfarin metabolitedasmpa and urine under different
conditions. Modebased analysis show@YP2C9mediated metabolic elimination pathways are
more inhibitable by fluconazole but less inducible by rifampin, compared witHCN&2C9
mediated elimination pathways, which poteliiaxplains theCYP2C9enotypedependent
DDIs exhibited by Swarfarin, when warfarin is administrated together with fluconazole and
rifampin. Additionally, a modebased analysisfavarfarin metabolic profiles in subjects with
variousCYP2C9enotypes demonstrates for subjects Wi¥P2C9 *2and*3 variants, CYP2C9
mediated elimination is less important and 1@YiP2C9mediated elimination is more important,
compared with subjects vabutthesevariants. To our knowledge, this is so far one of the most
comprehensive populatidmased PK analgs d warfarin metabolites in subjects with various

CYP2C9enotypes under different-eonedications.
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3.1Introduction

Since being introducedto clinical practice ithe 1950¢Shapiro, 1953)warfarin continues to be
one of the most commonly pregxed anticoagulant drugs in the world nowad&lera et al.,

2017) Although highly effective in treating diseases such as atrial fibrillation and venous
thromboembasm, the narrow therapeutic index, high intedividual variability, and potentially
life-threatening and dodeniting toxicities, such as intracranial hemorrhage, compromise the
clinical use of warfari(Gmith et al., 1990; Takahashi and Echizen, 2001; Hart et al., 2007; Ansell

et al., 2008)

Following the oral administration of warfarin enantiomers, bethrirl Swarfarin are absorbed
rapidly and eliminated primarily througlytochrome P450 (CYP) mediated hepatic metabolism,
to form multiple monohydroxylated metabolifgaminsky and Zhang, 1997; Ufer, 2005)

warfarin, the pharmacologdly more activeenantiomer ofvarfarin, is primarily (>80%)
metabolized byYCYP2C%o form either 7 or 6-hydroxylated (OHSwar f ar i n,-,8al t hough
and 100H-S-warfarin can also be formeadacatalysishy other CYPs such a&8YP2C1%nd
CYP3A4Rettie et al., 1992; Ufer, 2005; Pouncey et al., 20R8yarfarin, in contrast, is
metabolized by multiple CF enzymessuch asCYP1A2CYP2C1%AndCYP3A4tof or m6-,4 6
7-, 8 and 160H-R-warfarin,(Zhang et al., 1998V)ienkers et al., 1996; Ufer, 2005; Rettie and
Tai, 2006; Pouncey et al., 201&pllowing the formation of monohydroxylated metabolites,
several warfar i n- 6né&taraBhydroxylaedSor Remartatin, cansundérgo
either urirary excretion or furthemetabolism, such as glucuronidation and sulphation, although
the relative importanc vivo of these conjugation pathwaigssunclear so f@dansing et al.,

1992; Takahashi et al., 1997; Ufer, 2005; Zielinska et al., 2008; Miller et al., 2009; Jones et al.,

2010b; Pugh et al., 2014 Piastereomeric warfarin alcohols, minor warfarin metabolites, were
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also identified in human urine, the formation of which is GNMé&ependeriLewis and Trager,

1970; Moreland and Hewick, 1975; Hermans and Thijssen, 1989; Ufer,.2005)

Numerous previous studies suggested glenetic polymorphisrim CYP2CS9contributes
significantly tothe high intefindividual variability (1) in Swarfarin exposurecomplicaing
warfarin dosingRettie et al., 1994; Takahastnd Echizen, 2001; Hamberg et al., 2007; Flora et
al., 2017; Xue et al., 2017or enzymes encoded the CYP2C9ene with*2 (430C>T) and3
(1075A>C) variats,in vitro studies suggest the intrinsic clearance (CLE¥P2C9mediated S
warfarin Zhydroxylation is approximately 5fld and 27#fold lower compared with enzyme
encoded by wild typ€YP2C9endRettie & al., 1994; Haining et al., 1996; Ufer, 2008)
population pharmacokinetic (PK) analydsmonstrated thatbjects homozygougith respect to
CYP2C9 *2or *3 exhibita 72% ad 85% reduction in Svarfarin CL, respectively compared

with subjectdhomozygous foCYP2C9 *1/*1(Hamberg et al., 2007)Additionally, previous

study showthat theCYP2C9 *1Bhaplotype (characterized b$089G_A and2663delTG) is in
linkage disequilibrium (LD) witlCYP2C19 *2which can impact the auiaduction of phenytoin
(Chaudhry et al., 2010The CYP2C9 *1Bhaplotype isalsoassociated with the maintenance
doses of phenytoin in epileptic patients but not associated with warfarin maintenance doses in a
Chinese patient populati@@haudhry et al., 2010However, whether these genetic variants are

associated with the PK of warfarin metabolites is largely unclear.

Despite many studies being conductéth warfarin, a comprehensive modssed analysisfo
the metabolic profiles ahewarfarinenantiomerand their metabolite$ollowing the
administration of either warfarin alone or together with fluconazole and rifampin, utilizing a
population PK modeling approach is still lacking. The study presented here is the second
manuscript of a twpart companiorseries describing warfarin kinetids the firstanalysis we
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foundthatCYP2C9enotypesreassociated with the magnitude ofvarfarin CL changes when
warfarin is ceadministrated with CYP inhibitors or CYP inducers, so call¥dP2C9genotype
dependat drugdrug interactions (DDI¢Cheng et al., unpublishea). However, the mechanism
behindCYP2C9enotypedependent DDIs exhibited by\&arfarin is poorly understood. Taking
advantage of the comghensive plasma and urine PK profiles collected for 10 warfarin

met a b o}, 6,t7-e8 10(OK-8 and Rwarfarin), the goal of # herein presented woikto
conduct a modebased analysisfdhe pharmacokinetics di0 warfarin metabolites to gain a
better understanding of the changes in warfarin metabolic profiles under different conditions and
to provide more mechanistic insights behind@&”2C9genotypedependent DDIs exhibited by
S-warfarin shown in our compani@mnalysig§Cheng et al., unpublishea). Interestingly, several
unexpected findingaere observed in the current analysis of metabolite pharmacokjrsetats
as the effect oB€YP2C9 *1Bon the magnitude formation CL (glchanges foseveral

metabolites following the administration of warfarin together with rifampin.
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3.2Methods

Data

Data used for developirtgewarfarin metabolite models were collected framopenlabel,
multi-phase and crossver clinical pharmacogenetic study approved by Institutional Review
Board (IRB), University of Minnesotdetails about the study population and study design are
provided in the firstnanuscripof our companiomanusciptyCheng et al., unpublishe).

Briefly, 29 healthy subjects witBYP2C9 *1/*1(n=8), CYP2C%1B/*1B (n=5), CYP2C9 *1/*3
(n=9), CYP2C9 *2/*3(n=3) andCYP2C9 *3/*3(n=4) were enrolled in the study with written

informed consent.

Each subject underwent three treatment periods. For the first period, each subject was treated with
a single 10mg oral dose of warfarin followed by arlblday sampling phase and-a&y

washout pase before entering the second period. For the second period, subjects were
randomized and administered either 400mg fluconazole or 300mg rifangtiynonce daily for
continuously 7 days to allow the concentration of fluconazole or rifampin to reasteduy

state. Afterwards, a single 10mg oral dose of warfarin was administered for each subject followed
by an 1115 day sampling phase and-ady washout phase. Fluconazole or rifampin was
continuously administered on a daily basis during the sampliagep The design of the third

period was the same as the second pevitdsubjects crossing over to the alternative interacting

drug

Blood samples were taken at 2 hours (hr), 6hr, 24hr, 2 days (d), 3d, 4d, 5d, 6dardled
after the dose of wanfa for each subject. For subjects wiElyP2C9 *1/*3 an additionablood

sample vastaken at 13d and for subjects Wity P2C9 *2/*3and*3/*3 genotypestwo more
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blood samples were taken at 13d and 15d since these subjectsaareed to exhibé longer
warfarinelimination halflife. Urine samples were collectettZdhr intervals for each subject at
1d, 4d, 7d and 10d. Concentrationgled 6-, 7-, 8, 100H-S and Rwarfarinin both plasma and
urine were analyzed by LC/MS with the methods describdéiteiprevious studi€sliller et al.,
2009; Flora et al., 2017The lower limit of quantifications (LLOQs) f& $ 6-, 7-, 8, 10-OH-

warfarin metabolites were 0.75, 0.4, 0.67, 0.5 and 0.75 ng/mL respe(ftioedyet al., 2017)

PK Model Development

The PK models for Sand Rwarfarin metabolites were built subsequently on the basis of the PK
models developed for-@nd Rwarfarin parentompoundéCheng et al., unpublishea). After

the development dhe S-and Rwarfarin models wittCYP2C9enotype and drug interaction
covariate effects, thEmpirical Bayes Estimates (EBE) of inilual PK parameters were

exported to the Sand Rwarfarin metabolites data sets respectivelydive the metabolite PK
profiles. The molecular weight difference between parent compounds (308 Da) and metabolites
(324 Da) were adjusted during the modtirfg process. The covariate effects®dfP2C9

genotypes and emeatments were parameterized using the equatieBsd& shown below.

(TVP: typical values of parametefBYPer. typical values of parameters in reference groups;
P_GenoiCYP2C9enotype effect on parameters (i = 1, 2, 3, 4, 5 repr€¢RR2C9 *1/*1.
*1B/*1B, *1/*3, *2/*3, *3/*3 respectively)P_TRT co-treatment effect on parameters (TRT: Flu:

fluconazole, Rif: rifampin))
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If an association betwedllY P2C9enotypes anB_TRTis identified by visual inspection,
CYP2C9enotype effects were added®nTRTas a covariate using the equation (3) as shown

below.

0 "YY"YD YY "0Q¢Go

(P_TRT_Geno:icotreatment effect on parameters for subjects with genotypei(i=1, 2, 3,4, 5

represenCYP2C9 *1/*1. *1B/*1B, *1/*3, *2/*3, *3/*3respectively))

A covariate introducing a 3.84 decrease in objective function values (OFVs) with one degree of

freedom at a level of 0.05 is considedto be statistically significant.

The schematic PK model structures for each warfarin metabmditehown in Figure31 . -For 46
8- and 100H-Swarfarin, a one&compartment PK model withurine compartment connected

with the Swarfarin PK model with covariates was able to adequately deshalRK profiles for

each metabolite in both plasma and urine under differerditons. For 6, 7-OH-S-warfarin and

all the Rwarfarin related metabolites, a twompartment PK model withurine compartment

connected with either-®r R-warfarin PK model with covariates was able to adequately describe

each metabolite PK profilesin both plasma and urine under different conditions.

Without studies conducted with each metabolite administrated by itself and prior knowledge
about the fraction of parent compound converted to each metabg)jtth@ volume of

distribution (\4) of ead metabolite is theoretically not identifiahleingonly the metabolite

plasma PK profiles following the administration of parent comp{@asson et al., 2007)

However, this can potentially be overcome if the plasma and urine PK profiles of each metabolite
are fitted simultaneously assuming the metabolite prodiscHiD% excreted through urine. The

model fitting for each warfarin metabolite performed in thiglg were based on this assumption
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with plasma and urine measurements fitted simultaneously. Although this assumption allows the

Vg4 of each metabolite mod&d becomeestimable this may lead to underestimatiohroetabolite

V4, especially for metabolitahatundergo extensive phase Il metabolism such as glucuronidation

or sulphation. The underestimatioh\t; can further lead to underestimatiohGL: of each

met abol ite. | ndeed, s e v e-r6a 1- anav&0H fvarfarin haebment ab ol it
shown to undergo various exteof glucuronidation and the overall percentages of warfarin
metaboliteghatundergo glucuronidation varies from 14% to 59% between patients as shown by
previous studig&ielinska et al., 2008; Jones et al., 2010bhus, the WYand CL; estimated in

this study should be interpreted as the minimal possible values for each metabolite.

The baseline plasma concentrations in period 1 for all the metabolites were assumed to be zero
during the entire modeling process. The baseline plasma concentrations in period 2 and 3 were
assumedtobeneme r o -, 607+, 8QHES- and 7, 100H-R-warfarin and parameters for
baseline concentrations tine central and peripheral compartments were included for estimations.
Additionally, the baseline plasma concentrations in period 2 and 3 were assumed to be zero for
10-OH-S- a n d-, 64 &OH-R-warfarinsince the baseline concentration parameters in period 2

and 3 cannot be estimated with adequate precision for these metabolites.

IV terms were parameterized by assuming arlogmal distribution. For each undesired IV, a
fixed 0.3% intesindividual varability was assumed to facilitate the optimization efficiencthef
expectatioamaximization (EM) based meth@@higutsa et al., 2017Proportional error models
were used for modeling residual unexplained variabilities (RUVSs). All 1IVs were assurhed to
independentf each other, thus no effiagonal matrix elements were estimated. Because of the
existence of many plasma concentrations below the lower limit of quantification (LLQGED)3
methodAhn et al., 2008; Bergstrand and Karlsson, 2@@8posed by Stuart Beal was used to
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accounfor the missing concentrationstime plasma PK profiles of each metabolite. NONMEM

code for 7OH-S-warfarinhas beemprovided as an example Appendix B
Model Evaluations

The evaluations of model fitting were performed by visual prediction check (VPCs) stratified by
model covariates, such &Y P2C9enotypes and emedications, with 200 simulations. Because
of the existence of plasma concentrations below LLOQ, a two pdaelprocedure was

followed to evaluate model fitting in plasma for each metal{@l@éegstrand and Karlsson, 2009)
The precision ofhe parameter estimationsasevaluated with the relative standard error (RSE)
generated with the covariance steps and 95% confidence intervals (Cls) construmiéddgdahie

sampling importance resampling (SIR) proce@Dusne et al., 2016)
Modetbased analysis

Percentage changes in if each metabolite and percentage changes in renal Gl) (Ckeach
parent compound following the administration of fluconazole and rifampin eedcalated with
model parameters estimated by each metabolite model or parent compoun@iveutgkt al.,

unpublisheda) with equation (4) as shown below.

b ¢ QOHBO £ 160 60 "YY'&#i60 "YY'Y p mmbr

(| CLs_TRT(or CLg_TRT)-100% | represent the absolute difference betwedreatment effects
on CLs of each metabolite (or Glof each parent compound) and 10@¥RT: Flu: fluconazole,

Rif: rifampin))

The 95% Cls were constructed with RSE estimated from the covariance steps by assuming a

symmetrical normal distribution.
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For modelbased analysisfahe elimination profiles of warfariand its metabolites- and R
warfarin CL, Clg and the covariate eff¢és on them were extracted from our companion
studyCheng et al., unpublishea). The S and Rwarfarin CL and Ck, CL: for each warfarin
metabolite in subjects with vario@YP2C9enotypes under different ¢eatments were first
calculated with the corresponding covariates. The percentages of €ch metabolite or GL

of each parent compound with respect t@SR-warfarin CL, in subjects with vario8YP2C9
genotypes under different-dreatments, were then calculated using the equation (5) as shown
below.

60 €160

P60 £iP6 D
60

Data Analysis

Model fittings were implemented with the layance Sampling Algorithm (IMP) with
interaction usi ng-ref@rancagwithinINONMEM 7.4 @CON Bavalopment
Solutions, Ellicott City, MD, USABauer, 2015)PertspeakdNONMEM (PsN 4.9.0, Uppsala,
Sweden) within Pirana interfa@éeizer et al., 2011yas utilized to facilitate the implementation
of VPC and SIR. R 3.6.3 (The R Foundation for Statistical Caimguand RStudio 1.1.453

(RStudio, Inc.) were utilized for data pr@nd posiprocessing and data visualization.
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3.3Results

Data

The number of plasma concentrations and urine amounts included for developing each metabolite
PK model are shown in Table S3.1. The plasma measurements are categorized into baseline
concentrations, nehaseline concentrations above the LLOQ and lpeselire concentrations

below LLOQ.

Parameters represarg baseline plasma concentrations in pesidcnd 3 were initially included

for 10-0H-S- a n d-, 64 BOH-R-warfarin, but relatively imprecise estimations (large RSE)
wereobservedThus, for these conmpinds, no parameters related to baseline plasma
concentrations were included and baseline plasma concentrations were assumed to be zero in all
treatment periods. Additionallpoor fitting ofthe 160H-S-warfarin plasma PK profiles in three
individuals wasobservedvith all the structure models tested aisboexhibited an excessive
influenceon the overall model fitting and parameter estimations. Thus, tH@Ht8-warfarin PK

profiles for these three individuals were subsequently excluded during maddgl fitt

The plasma and urine PK profiles used for developing each metabolite model are shown in

Figures 3.2 and 3.3 respectively. In geneg@hsma concentrations were readily detected and
substantiafor most of thewarfarinme t ab o |l i t e §8@HxScand#OH-R-warfarid. 6

The substantial numbeaf plasma concentrations below the LLOQ indicatextremely low

pl asma exposure of these meBOHMBEINDIOHR- ( Tabl e S3
warfarinvere readily detected in urinsuggest theare rapidlyeliminaiedfollowing their

enzymatic generatiorddditionally, despitesubstantial concentrations D8 OH-S- and 100H-

R-warfarinin plasmathesemetabolites were only sparsely detectedrine.
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Model parameters

The parameter estimations #r 6-, 7-, 8, 10-OH-S- and Rwarfarinare shown in Table S3.2

S3.11 respectively. Model parameters were estimated with reasonable precision as indicated by
the RSE estimated from the covariance steps and 95% Cls genelimethf the SIR

procedureThe inhibitory and inducing effects dfitonazole and rifampjrrespectively, on the

CL; of thewarfarinmetabolitesvas variable and metabolittependentAs would be expected,

the CYP2C9enotype impaedthe CL; of 6-, 7-OH-S-warfarinbut surprisingly 80H-S-

warfarin, alsa

For metabolites with spaOS 7-OH-R, SOthSvWakKarinpr of i | e s
large RUV estimations (128%, 2640% and 352%}liemplasma PK profildits wereobserved

(Table S3.2, S3.7 art3.8). In addition, for these metabolites, several excessively large IV

estimations for CL and ¥were also noted. It is suspected that the existenselstantial

numberof plasma concentrations beldiae LLOQ contributel to the excessive amount of

uncetainty (either IIV or RUV) estimated.

Model Evaluations

Again, the model parameters were estimated with reasonable precision baseR8ES
generated with the covariance steps and the 95% Cls calculated with SIR overall (Table S3.2
S3.11). The visual prediction checks (VPCs), which are stratifig€Mi2C9genotypes and €o
medications, suggested the developed madsipredict the PK olervations in both plasma and
urine for each metabolite reasonably well (Figure 8110, A and C). Importantly, the

observed fractionsf concentrationbelow quantification limits (BQL) in plasma PK profiles
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align well with the model predicted fractiah concentration8QL (Figure S3.1S3.10, B) which

indicate the appropriate use of M3 method.

Modetbased Analysis

The estimated inhibitorgffect of fluconazolend inducing effeadf rifampinon the Cl:of each
metabolite or on the Glof each parentampound ar@resentedn Figure 3.4. Following the
administration of fluconazole, the €bf each metabolite and the gbf each parergnantiomer
decreaselNotebly, the decrease in Glis much less compared with the decrease ino€each
metabolite, fdbwing the administration of fluconazole. In contrast, following the administration
of rifampin, the Cl.of each metabolite and the gbf each parent compound increase, with a
much lesserincrease in Ck compared with the increase in Qif each metabokt Interestingly,

our model identified subjects withe CYP2C9 *1B/*1Bgenotypeexhibit agreater induction of

CL: (higher Cl;_Rif) for 10-0H-S- and 160H-R-warfarin but a less induction orCL; (lower

CL:_Rif) for 8OH-R-warfarin following the administration of rifampin (Figure 3.4, B and D).

7- and 60H-S-warfarin are the most abundant metabolites-wféfarin, the formation of which
is mediated byCYP2C9(Table 3.1). Following the administration of ¢lonazole, the percentage
decrease in Glof 7- and 60H-S-warfarinwassimilar to the decrease in ¢bf 4 -Gand 80H-S
warfarin (Figure 3.4A)However fluconazolehad a lesser impact on-TiH-S-warfarin CL and

a minimal impact on $varfarin ClLr (Figure3.4A). Rifampin administration however, increaske
the CL; of 7- and 60H-S-warfarinto a lesser extent than any of the otBavarfarin metabolites

(Figure 3.4B).

The metabolic profiles for-®arfarin (the percentages of Gif each metabolite or Glof each

parent compound with respect tanarfarin CL), in subjects with variou€YP2C9enotypes
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under different cdareatments, are shown in Figure 3.5. For subjectsthtlCYP2C9 *2and*3
variants, the proportion €YP2C9mediated warfarin Cloccuring through the formation of-6
and #OH-S-warfarin decreases, but the proportion of @¥P2C9mediate warfarin clearance
increases. Interestingly, the gbf S-warfarin contributes more towardsv&rfarin CL in
subjectgpossessing theYP2C92 and*3 variants compared witlild-type subject CYP2C9
*1/*1), regardless of conedications administered. Despsteggestions thdhe Clg of S

warfarin is generallynconsequentialour results suggest for subjects whk CYP2C9 *2/*3and
*3/*3 variants the Clg of Swarfarin canconstituteup to 5.1% and 6.6% of overali&arfarin

CL respectivelywhen warfarin is administered alone, and canstituteup to 10.8% and 10.7%

of overall Swarfarin CL respectivelywhen warfarin is administered together withconazole.

The percentages of ¢for each metabolite or Glfor each parer¢nantiomewith respect tdr-
warfarin CLin subjects with variou€YP2C9enotypes under different ¢eatments, are shown
in Figure 3.6. Unlike Svarfarin, no obviou€YP2C9enotypedependency is detectedthre R-
warfarin metabolic profiles. Following the administratiorflatonazole CLr contributes more
and Cls through Rwarfarin metabolites contributes less towards overalbCR-warfarin
Following the ceadministratbn of rifampin, Clz of R-warfarin contribute less towards overall
CL. Interestingly, the formation @f 8-, 10-OH-R-warfarinplay a ,ore prominent role R-
warfarin eliminationfollowing the ceadministration of rifampirtompared to the control
situation (no rifampin)in contrastthe formation o6-, 7-OH-R-warfarinmetabolites appears to

play a lesser role iR-warfarin elimination following the cadministration of rifampin.
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3.4Discussion

In this study, we developePK models for 10 warfarin metabolites on the basis of thedSR
warfarin PK models built in our companion st{@ieng et al., unpublishea). Our models were

able to characterize the plasma amnide PK profiles of 10 warfarin metabolites reasonably well

as illustrated by VPCs in supplementary materials. The precision of parameter estimations was
reasonable as indicated by RSE estimated by the covariance steps and 95% Cls generated
following SIRprocedure. Importantly, the developed warfarin metabolite models were able to
provide more mechanistic insights about warfarin disposition, following warfarin administered

either alone or together with fluconazole and rifampin.

Many previous studies show and 60H-S warfarin are the major metabolites few&rfarin,

the formation of which are mediated G P2CqRettie et al., 1992; Kaminsky and Zhang, 1997;
Ufer, 2005) As expected, our modéhsed arlgisis confirmed previous findings by showing 7
and 60H-S-warfarin are the mogtiredominantnetabolites for Svarfarin, the Ckof whichis
associated witlCYP2C9enotypes (Figure 3.5). Surprisingly, subjects vd¥P2C9 *2and*3
variants also exhibit mwer CL; of 4-OH-R- and 8, 10-0H-S-warfarin which potentially suggest
CYP2C9may alsdbeinvolved in their formation. Interestingly, our model detects a strong
CYP2C9enotypedependent elimination clearance @cfor 10-OH-S-warfarin. Subjects with
more defectiveCYP2C9genotypes exhibit a higher €tor 10-OH-S-warfarin. This potentially
suggests further CY-Bependent metabolisor conjugation, such as glucuronidatiomy be
involved in the elimination of 1DH-S-warfarin. Indeed, the involvement safbsequent
metabolisimstepsmay also explain the relatively low urine level of @BI-S-warfarin (Figure 3.3
). Interestingly, a previous study also suggests the exposure levelQift-Bwarfarin is related

to CYP2C9enotyp€Pouncey et al., 2018However, this study concludes subjects who are
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CYP2C9extensive metabolizermay exhibita lower concentrationfd 0-OH-S-warfarinwhich is
paradoxical with our analysis. Given that many studies show the formatiorQffA®warfarin

is mediatedby CYP3A4Kaminsky and Zhang, 1997; Ngui et al., 2001; Pouncey et al., 20&8)
impact of CYP2C90n the elimination rather than the formation ofQB-S-warfarin
demonstratedby our analysis may provide additional insight about its disposition and warrant
further investigation. The formation of ADH-R-warfarin is mediated b YP3A4as wel{Ufer,
2005; Pouncey et al., 2018he plasma concentration of-T8H-R-warfarin appear to be the
highest amonghe R-warfarin metabolites (Figure 3.2), but its EKaracteristichaveheretofore
been extensively assessetire, our model identified a relatively low Gind a relatively small
Vqfor 10-OH-R-warfarin (Table S3.11). The namompartmental analysigpated inour

previous study demonstratétht 10-OH-R-warfarin also has an uncommonly long terminal-half
life (>100 hours) and exhibits elimination rdimited kinetic§Flora et al., 2017)In addition, the
urinary excretion of 160H-R-warfarin appeasto be very limited (Figure 3.3 J). The mechanism
behind the unusual PK behavior ofOMH-R warfarin is unknown. However, as indicated in our
previous study, we suspebiit10-OH-R-warfarin may undergo enterohepatic recirculationalfec
elimination, sequatial metabolism to another metabolite or even target mediated drug disposition
(TMDD)(Flora et al., 2017)interestingly, a previous study has reportedDHdmetabolites of
warfarin can potently inhibit the-®arfarin CYP2C9metabolic clearance in a competitive
manne¢Jones et al., 2010ayhus, more studies focused on the disposition €DHES- and R
warfarin are potentially valuable to provide a better understanding on the disposition of S

warfarin, the pharmacologically more active component in warfarin.

Our modelalso discovered thaubjects wittthe CYP2C9 *1B/*1Bgenotypeexhibit a lower 8
OH-R-warfarin CLs compared with subjects with oth€ly P2C9genotypes. Interestingly, a strong

linkage disequilibriunbetweenCYP2C9*1BandCYP2C19 *2vaspreviously
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reportedChaudhry et al., 2010)n addition,CYP2C19 *24s known to be the most common
mutation encoding a defectiv&yP2C19proteinde Morais et al., 1994; Dehbozorgi et al., 2018)
Since the formation of-®H-R-warfarin is mediated mainly b§YP2C1gPouncey et al., 2018)
the higher probability of the existencethé CYP2C19 *2genotype irsubjects witithe CYPZC9
*1B/*1B genotype serves &xplain the lower ©H-R-warfarin CL; in these subjects. The
previous study alsdemonstrated thaihe CYP2C9 *1Bhaplotype is associated with lower
phenytoin maintenance doses in epileptic patiduésto areffect ontheautcinduction of CYP
mediated phenytoin CL but is not associated with warfarin maintenance doses in Chinese
patient¢Chaudhry et a] 2010) Our companion study also suggest the increasean®&R
warfarin CL following the ceadministration of rifampin is similar between subjects wither
the CYP2C9 *1/*1or CYP2C9 *1B/*1BgenotypefCheng et al., unpublishea). However the
current study demonstrates tisabjects wittthe CYP2C9 *1B/*1Bgenotypeexhibit a more
pronounced induction of theL; for CYP3A4-mediated 1thydroxylation of both Sand R
warfarin (Figure 3.4, B and @ndTable 3.1), but a less inducible Gbr CYP2C19 mediate8-
OH-R-warfarin (Figure 3.4 BandTable 3.1). InterestinghiGChaudhry et.al abdemonstrated that
subjects witlthe CYP2C9 *1Bvariant tend texhibit greater induction a€YP3A4butless
induction of CYP2C19 although both associatiomgere not statistically significa@haudhry et
al., 2010) The mechanisrfor the alterednducibility of CYP3A4andCYP2C19maybe

attributed to binding element changes in transcription factors, such as Yin Yang 1 (YY1),

introduced byCYP2C9 *1B(Chaudhry et al., 2010)

In our companion study, we successfully utilized a TMDD model to charactersaaed R
warfarin PK profiles in both plasma and urine, when warfarin is administered either alone or
together with fluconazole and rifampin. Our metaked analysis suggfed the changes in S

warfarin CL, following the administration of warfarin together with fluconazole or rifampin,
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follows aCYP2C9enotypedependent manner, so calledP2C9genotypedependent DDIs.
Following the administration of fluconazole, the reduction-wedfarin CL is smaller for
subjects withthe CYP2C9 *2and*3 variants. However, following the administration of rifampin,
the increase in-@arfarin CL is larger fosubjects wittthe CYP2C9 *2and*3 variant§Cheng et
al., unpublishedh). Interestingly, the study presented emovides more mechanistic insights
behind theCYP2C9enotypedependent DDIs exhited by Swarfarin. Following the
administration of fluconazole, the inhibitory effects on the @LCYP2C9related metabolites,
such as Yand 60H-S-warfarin, are higher than some of the fOYiP2C9related metabolites,
such as 1@H-Swarfarin, and arenuch higher than the Glfor Swarfarin (Figure 3.4 A).

Since for subjectpossessing theYP2C9 *2and*3 variants, Clk.of CYP2C%elated metabolites
represents smaller proportion dheoverall Swarfarin CL, comparetb CYP2C%1/*1 subjects
(Figure 3.5), a higher inhibitability €YP2C9mediated Ckcompared with other elimination
pathways makes thewarfarin CL in subjects witleYP2C9 *2and*3 variants less susceptible
to fluconazole inhibition. In contrast, following the admirasion of rifampin, the inducing
effects on Ckfor the CYP2CO9related metabolites are lower than the 1@¥P2C9related
metabolites (Figure 3.4 B). Since for subjects \@¥P2C9 *2and*3 variants, Ckof non
CYP2C%elated metaboliteepresenta larger proportion of overall Svarfarin CL compared
with CYP2C9 *1/*1subjectqFigure 3.5), areater induction ofionCYP2C9mediated CL
makes subjects witthe CYP2C9 *2and*3 variants subject to higher CL changes following the

co-administration of rifami.

Limitationsto ourmodelsare recognizedrirsty, for met a b-OH-&t7®OH-R-sandc h as
8-OH-S-warfarin, the model predicted plasma PK profiles inctladighproportionof
concentrations below 0 (Figure S3.1, S3.6 and S3.7, A).otiaisrredbecause the estimated

RUVs for these metabolites are excessively large (>100%). In addition, several IV terms in these
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PK models were also uncommonly large (Table S3.2, S3.7 and S3.8). We suspect that a
significant proportion of the plasma concentratibaw LLOQ for these metabolites (Table

S3.1) leads tgubstantiainflation in the estimations of 1IVs and RUVs. However, given the
manyurine measurements collected, the model parameters were still estimated with reasonable
precision (Table S3.2, S3.7 and S3.8). In the future, more advanced analytical techniques with
higher sensitivity fodetection of thel -®H-S-, 7-OH-R- and 8 OH-S-warfarin metabolitesare

needed to better characterize their plasma PK profiles and provide more information for

developing their PK models.

Secondly, without the administration of each metabolite alone or any prior knowledge about the
fractionof warfarin enatiomersmetabolizedd a particular metabolite, the volume of

distribution of each metabolite is theoretically astimable based anetabolite plasma PK

profiles alonavhen only parent compound is administétakson et al., 20072\ common

approach to address this issue is to either fix the fraction of metabalisbagied on literature
valuesderived fromin vitro or in vivo studeqVanobberghen et al., 2016; Mian et al., 2049
assume a ¥yfor the metabolites (for instance, equal tpo¥ parent compoun@ael et al., 2017)
However, the Y of each metabolite becomes identifiable if the metabolite plasma and urine PK
profilesarefitted simultaneously by assumitigatall the metabolites generated are excrated
theurineand is eliminatednly through urie. In fact,in vitro studesconducted by Zielinska

et.al suggeghat4 ¢ 6-, 7- and 8hydroxywarfarin can undergo glucuronidation mediated by
multiple UDRGIlucuronosyltransferases (UGTSs), suctu&T1A1 and UGT1AlXielinska et

al., 2008) Human studies also suggest the overall percentages of glucuronmfation
monohydroxylated warfarimetabolitesan vary between 14%9%(Miller et al., 2009; Jones et

al., 2010b) Thisin vitro andin vivoevidence of phase Il metabolism indicates the metabolite PK

models presented in our stuachay potentially underestimate the actualahd ClL; of each
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metabolite. Thus, the Gkstimated in our study should be considered as the minpossible
CL: for eath metabolite. Nevertheless, despite the limitations discussed above, our collective
analygs presentedn Figure 3.5 and 3.6 can sti#asonablyeflect the warfarin metabolic

profiles in subject with variou8YP2C9enotypes under different ¢matments

To our knowledge, our modahalysis 6 warfarin parenenantiomergnd metabolites in both
plasma and urine, following the administration of either warfarin alone or together with
fluconazole and rifampin, is one of the most comprehensive populd€iam&lyss o warfarin
dispositionin subjects with differen€YP2C9enotypesto date This studyinvolved the
developnent ofpopulation PK models for 10 warfarin metabolites atilized these models to
conductamodetbased analysisfdhe warfarin metbolic profiles. The differentiaffects of
fluconazole inhibition and rifampin induction on the;©E warfarin metaboliteacross<CYP2C9
genotypegpotentially explains th€YP2C9enotypedependent DDIsbservedn our
companion studCheng et al., unpublishea). In addition, thalifferentialinhibitability and
inducibility of several CYP enzymes elucidated by our stidyarfarin metabolites is
potentidly usefulin informing the predicted extent dDDIs of other drugs eliminated by similar
metabolic pathways. Other novel findings such as the impaZ¥YBRC9 *1Bon the inducibility
of CL; of several warfarin metabolites and the association bet@¥&2® genotypes and GL
of 10-OH-S-warfarin may provide a better understandifngvarfarin disposition following the

administration of warfarin either alone or together with CYP inhibitors and CYP inducers.
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3.5Conclusion

In conclusion, we developed poputatiPK models for 10 warfarin metabolites and performed
comprehensive moddlased analysis. The modmsed analysis provides mechanistic insights
behind theCYP2C9enotypedependent DDIs exhibited byw8arfarin, when warfarin is
administered either alorw together with fluconazole and rifampin, suggested by our companion
study. In addition, our analysis provides a better understandlingrfarin disposition for

subjects with variou€YP2C9enotypedollowing the administration of both inhibitor and

inducerco-medications.
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3.6 Figure legends

Figure3.1. PK Model Structurgfor warfarin parent and metabolitd3ark-blue frames: S
warfarin parent compound ardetabolites models; Danled frames: Rvarfarinparent
compound andhetabolites modelsNotes: Periph: peripheral; Cent: central; R: receptors; DR:
drug-receptor complexes. {@ent: metabolite central compartment:riph: metabolite

peripheral compartm@; M-urine: metabolite urine compartment

Figure3.2. Plasma PK profilesforr&@ar f ar i n me t-@h&C)] A(BH, 8Gfankeft, 406
10-() OH-Swarfarinfand Rwar f ar i n met aB),&(D), 7-@&)s8(H) and §oIX , 4 06
OH-R-warfarin). Cob r s r e pr e ¥RRCQenatypep. Plots asedn log scales.

Figure3.3. Urine PK profilesforSvar f ar i n me t-@h®(C)] H(E,8(G anklbt , 46
() OH-Swarfarinfjand Rwar f ar i n met aB),&(D), 7-@E)s8(H) and HRIXOH 4 6
Rwar farin). Col oCY2Q%emtypes Rlatstare évy drgles.ct s 6

Figure3.4. Percentage changesCL: or CLr of Swarfarin metabolite¢A andB) and R
warfarin metabolites@ and D following the administration of fluconazole (A a@)l and
rifampin (B andD). Colorsrepresent the fluconazole and rifampitroduced inhibition and
induction respectively as shown in the figure legend. Error bars represent 95% confidence
intervals constructed with relative standard e(RBE) estimated from covariance steps

assuming a symmetrical normal distribution

Figure3.5. Swarfarinmetabolic profilesn subjects with differen€YP2C9%enotypes following
the administration of warfarin alon&) and warfarin together with fluconazol)(and rifampin

(C). Color represents different elimination pathway as shown in thediggend.

Figure3.6. R-warfarinmetabolic profilesn subjects with differen€YP2C9genotypes following
the administration of warfarin alon&) and warfarin together with fluconazol)(and rifampin

(C). Color represents different elimination pathwas/shown in the figure legend.
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3.7 Figures

Figure3.1 PK Model Structures for warfarin parent and metabolites.
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Figure3.2 Plasma PK profiles for-and Rwarfarin metabolites
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Figure3.3 Urine PK profiles for S and Rwarfarin metabolites
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Figure3.4 Percentage changes in @ CLr of S- and Rwarfarin metabolites
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Figure3.5 S-warfarin metabolic profiles in subjects with differé@lYP2C9gerotypes following the administration of warfarin alone and warfarin together with fluconazole and

rifampin
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Figure3.6 R-warfarin metabolic profiles in subjects with differ&\YP2C9enotypes following the administration of warfarin alone and warfarin together with fluconazole and

rifampin
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3.8 Tables

Table3.1 Summary of the major CYP enzymes involved in the formation of each mitabol

S-warfarin metabolites CYPs R-warfarin metabolites CYPs

I 4 ®H-S-warfarin I2019, 3A4, 2C8 I 4 -®H-R-warfarin 12C19, 3A4, 2C8
6-OH-S-warfarin 2C9 (major), 2C19 (minor) 6-OH-R-warfarin 1A2 (major), 2C19 (minor)
7-OH-S-warfarin 2C9 (major), 2C19minor) 7-OH-R-warfarin 2C19, 1A2, 2C8
8-OH-S-warfarin 2C19 8-OH-R-warfarin 2C19 (major), 1A2 (minor)
10-OH-S-warfarin 3A4 10-OH-R-warfarin 3A4

Notes: the information of CYPs is based on reference (Ufer, 2005) and (Pouncey et al., 2018)

91



3.9 Supplementary materials
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Red solid lines represent the medians of model predictions. The lower and upper red dashed lines represent the
90th percentiles of the model predictions respectively. The black dashedfinesent the lower limit of quantification
( LLOQ) -OH-8warfaid (0.75 ng/mL). For (B), Blue dots and lines represent the observed fraction BQL ver:
time. Red dashed lines represent the medians of model simulated fraction BQL. The red shadsuteseasthe 95%
confidence intervals of the medians of model simulated fraction BQL. All the figures are stratified QYB269
genotypes and etreatments. No observations collected from subjects@¥tR2C9 *1B/*1Bunder the treatment of
warfarin pus fluconazole. Notes: Warf: warfarin; Flu: fluconazole; Rif: rifampin; *1GY:P2C9 *1/*1 *1B/*1B:
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Figure S3.3 Visual prediction checks (VPCs) for®@H-S-warfarin

Visual prediction checks (VPCs) for®@H-S-warfarinplasma PK profiles (A), plasma concentrations below
quantification limit (BQL) fractions (B) and urine PK profiles (C). For (A) and (C), blue dots represent the observi
Red solid lines represent the medians of model predictions. The lower andaggashed lines represent the 10th ai
90th percentiles of the model predictions respectively. The black dashed lines represent the lower limit of quanti
(LLOQ) for 6-OH-S-warfarin (0.4 ng/mL). For (B), Blue dots and lines represent the obseaaibir BQL versus
time. Red dashed lines represent the medians of model simulated fraction BQL. The red shaded areas represer
confidence intervals of the medians of model simulated fraction BQL. All the figures are stratified BYBR&69
genotypes and cdreatments. No observations collected from subjects@itR2C9 *1B/*1Bunder the treatment of
warfarin plus fluconazole. Notes: Warf: warfarin; Flu: fluconazole; Rif: rifampin; *1C¥P2C9 *1/*1 *1B/*1B:
CYP2C9 *1B/*1B*1/*3: CYP2C9*1/*3; *2/*3: CYP2C9 *2/*3 *3/*3: CYP2C9 *3/*3
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Figure S3.4 Visual prediction checks (VPCs) for®@H-R-warfarin

Visual prediction checks (VPCs) for®@H-R-warfarinplasma PK profes (A), plasma concentrations below
quantification limit (BQL) fractions (B) and urine PK profiles (C). For (A) and (C), blue dots represent the observi
Red solid lines represent the medians of model predictions. The lower and upper red dastegatédises the 10th and
90th percentiles of the model predictions respectively. The black dashed lines represent the lower limit of quanti
(LLOQ) for 6-OH-R-warfarin (0.4 ng/mL). For (B), Blue dots and lines represent the observed fraction BQ& vers
time. Red dashed lines represent the medians of model simulated fraction BQL. The red shaded areas represer
confidence intervals of the medians of model simulated fraction BQL. All the figures are stratified BYBR2E69
genotypes and emeaments. No observations collected from subjects ®@itP2C9 *1B/*1Bunder the treatment of
warfarin plus fluconazole. Notes: Warf: warfarin; Flu: fluconazole; Rif: rifampin; *1¢¥P2C9 *1/*1 *1B/*1B:
CYP2C9 *1B/*1B*1/*3: CYP2C9 *1/*3 *2/*3: CYP2C9%2/*3; *3/*3: CYP2C9 *3/*3
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Figure S3.5 Visual prediction checks (VPCs) forGH-S-warfarin

Visual prediction checks (VPCs) forH-S-warfarinplasma PK profiles (A), plasma concentrations below
guantification limit (BQL) fractions (B) and urine PK profiles (C). For (A) and (C), blue dots represent the observi
Red solid lines represent the medians of model predictions. The lower andagpdashed lines represent the 10th ai
90th percentiles of the model predictions respectively. The black dashed lines represent the lower limit of quanti
(LLOQ) for 7-OH-S-warfarin (0.67 ng/mL). For (B), Blue dots and lines represent the obseactidoh BQL versus
time. Red dashed lines represent the medians of model simulated fraction BQL. The red shaded areas represer
confidence intervals of the medians of model simulated fraction BQL. All the figures are stratified GQYBR&89
genoypes and cdreatments. No observations collected from subjects@itR2C9 *1B/*1Bunder the treatment of
warfarin plus fluconazole. Notes: Warf: warfarin; Flu: fluconazole; Rif: rifampin; *1C¥P2C9 *1/*1 *1B/*1B:
CYP2C9 *1B/*1B*1/*3: CYP2C9 *1/*3 *2/*3: CYP2C9 *2/*3 *3/*3: CYP2C9 *3/*3
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Figure S3.6 Visual prediction checks (VPCs) forGH-R-warfarin

Visual prediction checks (VPCs) forH-R-warfarinplasma PK profiles (A), plasma concentrations below
guantification limit (BQL) fractions (B) and urine PK profiles (C). For (A) and (C), blue dots represent the observ.
Red solid lines represent the medians of model predictions. The lower andegdashed lines represent the 10th a
90th percentiles of the model predictions respectively. The black dashed lines represent the lower limit of quanti
(LLOQ) for 7-OH-R-warfarin (0.67 ng/mL). For (B), Blue dots and lines represent the obseaatioh BQL versus
time. Red dashed lines represent the medians of model simulated fraction BQL. The red shaded areas represer
confidence intervals of the medians of model simulated fraction BQL. All the figures are stratified By B89
genoypes and cdreatments. No observations collected from subjects@MR2C9 *1B/*1Bunder the treatment of
warfarin plus fluconazole. Notes: Warf: warfarin; Flu: fluconazole; Rif: rifampin; *1¥P2C9 *1/*1 *1B/*1B:
CYP2C9 *1B/*1B*1/*3: CYP2C9 *1/*3 *2/*3: CYP2C9 *2/*3 *3/*3: CYP2C9 *3/*3
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